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1. INTRODUCTION

Hetero-chain organic-inorganic polymers have been
widely studied lately. Of particular importance amongst
them are organophosphorus compounds which possess a
number of valuable properties, such as incombustibility,
and fire- and heat-resistance.

Organophosphorus polymers containing the —P=N- bond
are especially interesting, owing to their heat-resistance.
" The compounds of this type which have been studied the
most thoroughly are phosphonitrilic chloride and the poly-
mers based on it; these have high elasticity and are known
in the literature as “inorganic rubber”!™®.

January 1961

At present a homologous series of phosphonitrilic poly-
mers has been prepared, proceeding from tri- and tetra-
-mer to macromolecular compounds. They have a number
of important properties and are used industrially, e.g. in
the electrical industry, as additives to lubricating oils, in
fire-proofing textiles, andsoon. The applications of phos-
phonitrilic chloride and its polymers have been reviewed by
Rémond 4.

Polymeric phosphonitrilic chlorides are a class of in-
organic hetero-chain linear macromolecular compounds
which can exist as polymers both in the liquid and solid
state”.

Polymers which contain the —P=N- bond and various
organic branching groups are classified as organic-
-inorganic polymers. . This review deals with phospho-
nitrilic derivatives and the polymers based on them.

II. METHODS OF PREPARATION

1. Phosphonitrilic Halides

The basic method for the preparation of phosphonitrilic
chloride is the reaction of phosphorus pentachloride with
ammonium chloride:

PCl, + NH,C1 — PNCL, + 4HCL

This reaction can be carried out either in the presence
or absence of organic solvents®~!!. Audrieth, Steiman, and
Toy! and Rémond* have reviewed the methods of prepara-
tion of phosphonitrilic chloride.

Liebig!2, in 1834, was the first to react phosphorus
pentachloride with gaseous ammonia in an effort to prepare
the amides of phosphoric acid. However, instead of the
expected amides he obtained small quantities of a com-
pound which was stable towards hydrolysis.

A number of workers showed later®-18 that the com-
pound obtained by Liebig was phosphonitrilic chloride and



Vol. 30 No, 1

RUSSIAN CHEMICAL REVIEWS

January 1961

that its molecular formula was that of a trimer —(PNCL).
In order to prepare phosphonitrilic chloride, Stokes?8-10
reacted phosphorus pentachloride with ammonium chloride
at 150°-200°, in a sealed tube. Liberation of hydrogen
chloride during this reaction rendered the method danger-
ous and inconvenient. Stokes®-1%isolated and characterised
the cyclic trimer and tetramer of phosphonitrilic chloride.

Schenk and Romer!! improved this method by using an
autoclave instead of a sealed tube. A thorough study of this
reaction showedthat the yield of cyclic trimer and tetramer
depended upon the weight ratio of the starting components,
reaction temperature, and duration of heating!?. The most
favourable conditions, yielding about 95% of cyclic trimer,
were: 52.1 g of phosphorus pentachloride and 50-100 g of
ammonium chloride, heated 4—6 h at 145°-160°.

The use of organic solvents in this reaction is very
advantageous, providing mild homogeneous conditions and
minimising explosion risks. Schenk and Romer*! used
1,1,2,2-tetrachloroethane as solvent. If the reaction is
carried out with an excess of ammonium chloride at 135°
for 20h, a mixture of polymeric phosphonitrilic chloride
homologues is obtained, consisting of 75% of trimer and
25% of tetramer.

Teja and Peters'® recommend the use of AICl;, PCl;,
or quinoline as catalysts toobtain polymeric phosphonitrilic
chloride homologues with polymerisation coefficientn = 7
or more. Under such conditions the y1e1d of phosphonitri-
lic chloride heptamer reaches 55—-60%.

The molar ratio of the starting components, the reaction
temperature, and the duration of heating have the same sig-
nificant effect upon the yield when organic solvents are used.

Yokoyama and Yamada!? showed that when the tempera-
ture, duration of heating, and the excess of ammonium
chloride are increased, the yield of cyclic trimer de-
creases owing to side reactions. The maximum yield of
phosphonitrilic chloride trimer (40%) is obtained at 132°—
134°, with a molar ratio of PCl; to NH,Cl of 1:1.15.

If phosphorus pentachloride ammonolysis is not com-
plete, large yields of linear polymers of the composition
(PNCL,),.PCl,, which are insoluble in petroleum ether, are
obtained. The same linear polymers are formed by the
action of phosphorus pentachloride on cyclic polymers 2°.
Individual members of this series have not been prepared
in the pure state as they are unstable to heat and easily
split off phosphorus pentachloride even in slightly polar
solvents.

The linear polymers differ from the cyclic ones in being
highly polar and more reactive. Polymers with smalln
are converted to a mixture of cyclic polymers when treated
with ammonium chloride. When#z > 2, chain formation
predominates over cyclisation.

Yokoyama and Yamada?!? studied the effect of different
solvents, such as chlorobenzene, chloroform, and carbon
tetrachloride, on the synthesis of phosphonitrilic chlorides,
and showed that no reaction took place in chloroform and
carbon tetrachloride. Chlorobenzene can be used instead
of tetrachloroethane. It is probable that the most important
factor in the synthesis of phosphonitrilic chloride is not the
nature of the solvent, but the reaction temperature.

The mechanism of the reaction of phosphorus pentachloride
with ammonium chloride is still incompletely understood.
Paddock and Searle?® suggest that the reaction proceeds in
stages, the first stage consisting of the formation of ammon-

ium hexachlorophosphate,
NH,C1 + PC]; —NH,PCl,,

which subsequently decomposes into NH,PCl, or, more
probably, into NH=PCl,.!

The latter compound can react either with itself, or
with PCl,, to yield PCl,—N=PCl,:

PCl, + NH = PCl, — PCL,N= PC], + HCI.
(1) (1)

Compounds (I) and (II) are the first members of the two
series of polymers: H(NPCL),Cl and PC1,(NPCL),Cl. The
higher polymers are formed by the successive reaction of
such products with the starting components or with the
intermediate compounds.

Among other methods of preparation of phosphonitrilic
chlorides, the reaction of phosphorus pentachloride with
NH,HgCl may be noted?:

PCl; + NH,HgCl — PNCl, + HgCL, + 2HCI.

Moureu and Wetroff 2,22 showed that at temperatures
above 700°, phosphorus nitrides react slowly with chlorine
to form phosphonitrilic chlorides.

PN + Cl, — PNCL,

Phosphonitrilic bromides and some phosphonitrilic halides
containing both bromine and chlorine, can be prepared, in
like manner to phosphonitrilic chloride, by the reaction of
phosphorus pentabromide or pentachloride with ammonium
bromide in organic solvents 28,24,

To prepare phosphonitrilic halides containing both brom-
ine and chlorine, Rice, Daasch, Holden, and Kohn?® reacted
a mixture of phosphorus trichloride and bromine, or a
mixture of phosphorus tribromide and pentachloride, with
ammonium chloride. As a result they obtained the fol-
lowing phosphonitrilic halides: PyN;Cl;Br, PN,CLBr,,
and P;N;CL,Br,. Phosphonitrilic fluorides and fluoro-
chlorides have also been reported in the literature 5,26 -3%2,

Audrieth and his collaborators® did not succeed in ob-
taining a phosphonitrilic derivative by the reaction of phos-
phorus pentachloride with ammonium fluoride; in this re-
action ammonium hexafluorophosphate was formed instead.

The reaction of trimeric phosphonitrilic chloride with
silver fluoride resulted in products of indeterminate com-
position. By heating lead fluoride with phosphonitrilic
chloride at 130°-180°, a mixture of liquid products was
obtained, from whichthe following compounds were isolated:
P,N,CLF,, P,NCLF,, and P,N;,CL,F,,! and P;N,F,.2HF.
.2H,0.

2
Phosphonitrilic fluorides are also formed by the reaction of
phosphonitrilic chloride (trimer and tetramer) with potas-
sium fluorosulphinate at 120°-125°:
PNCL, + 2KSO,F — PNF, + 2KC1 + SO,.

The degree of polymerisation of the phosphonitrilic halide
remains unaltered 25.

Of particular note among the new methods for the syn-
thesis of phosphonitrilic fluorides is that of Mao, Dresdner,
and Young 28, whereby (PNF,); and (PNF,), are prepared by
heating P,N; with nitrogen trifluoride or CFSF; to 700°.

Phosphonitrilic isothiocyanates are also known. Otto
and Audrieth®® prepared them by reacting phosphonitrilic
chloride trimer with potassium isothiocyanate in acetone
solution.
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TABLE 1. Phosphonitrilic halides.
B.p., °C

Formula Mepes °C 113 mmtg| ar 760mmHg | SIS
(PNCl,), 114.0 127 265 1. 8. 12 17, 34—
(PNCl,), 123,0 188 328.5 1.0, 97. 38
(PNCL,)s 40.5 223 polymerises | & 37
(PNC1,)s 91.0 261 » 8. 37
(PNCl,)- —18.0 289 » 8- 37
(PNF,), 26.8 — 50.9 25, 27—19 34 - uh
(PNF,), 30.4 — 89.7 | -3
(PNF)s — - 1201 3
(PNF.)s — — 147.2 | &
(PNFy): — — 170.7 37
(PNF,)g . - 192.8 3
(PNF2)s — — 214.4 37
(PNFy);o — - 230.8 | 97
(PNFo)u — — 246.7 37
(PNF2)1s —_ —_ — 6. 36
(PNBrg)y 151.0 —_ — a
(PNBry), 202.0 — - u
PyN.ClgBr 122.5 — — 23
PyN,Cl,Br, 134.5 — —_ 23
P3NyClFg 165.5 — — 23
P{N,CloFg —12.1 — 16 N
P,N,CI,F, —24.9 — 130.5 L
PgN;Clg 237.0 — — 31
[PN(CNS)2]y 42.0 — — m

All phosphonitrilic halides known at present are listed
in Table 1.

As already mentioned, the reaction of phosphorus penta-
chloride with ammonium chloride yields a mixture of poly-
meric phosphonitrilic halide homologues, with the degree
of polymerisation » = 3 or more. Crystallisation, subli-
mation, and distillation are usually employed for the sepa-~
ration of the mixtures.

Trimer and tetramer are usually separated from the
higher polymers by extraction with cold benzene ®-19, in
which the latter are soluble (z = 5, 6, 7 or more). This
method, however, is not suitable when large quantities of
the higher polymers are present, as the viscosity of the
solution increases considerably and makes filtration dif-
ficult. Glacial acetic acid was also used for the separation
of trimer and tetramer from the higher polymers?. Steam
distillation is recommended for the separation of the tri-
mer only?!.

Good results were obtained in the separation of phospho-
nitrilic chlorides by gas chromatography. Gimblett 38
used a column packed with 30% E.301 Silicone on Celite 545,
using nitrogen as carrier gas, at a flow rate of 1.5 litreh~?.

2. Alkyl- and Aryl-Phosphonitriles

The synthesis of alkyl- and aryl-phosphonitriles can be
carried out either by replacing the chlorine in phosphonitrilic
chloride with alkyl or aryl radicals using the Grignard and
Friedel-Crafts reactions (for phenyl radicals?2,9~42), or
by the reaction of trichlorodialkyl- and trichlorodiaryl-
-phosphoranes with ammonia3™%,  Until recently the
former method was the more widely used.

In 1929 Rosset ?® was the first to prepare hexaphenyl-
triphosphonitrile, from trimeric phosphonitrilic chloride

and phenylmagnesium bromide, in molar ratio 1:4. The
reaction was carried out in toluene at 110°-115°, and
yielded 20—-25% of hexaphenylphosphonitrile. Bode and
Bach“® repeated Rosset's experiments and made a thorough
study of this reaction, including the effects of the component
ratio, the temperature, and the nature of the solvent. In
all cases they obtained the compound which corresponded to
the formula (C¢H,),N,P;H.HBr, m.p. 185°-187°, and to
which they ascribed the following structural formula:

Cetly, C4Hy CgHg
|
CeHy—P=N—P=N—P=NH-HBr »

|
CsHs CeHs CgHs

The yield of the cyclic trimer, hexaphenyltriphosphonitrile,
was very low, regardless of the reaction conditions.

By allowing tetrameric phosphonitrilic chloride to react
with phenylmagnesium bromide, Bode and Thamer 4 ob-
tained two tetraphenyl derivatives, m.p. 176° and 205°, and
two octaphenyl derivatives, m.p. 230° and 310°, which dif-
fered in their fluorescence.

In their attempt to prepare arylphosphonitriles, Bode
and Bach“® also allowed phosphonitrilic chloride to react
with benzene in the presence of AICL;, and obtained pro-
ducts incompletely substituted by phenyl radicals. The
quantity of the catalyst had no effect on the reaction rate.
With ratios of aluminium chloride to trimeric phospho-
nitrilic chloride of 2:1 and 6:1, tetrachlorodiphenyltri-
phosphonitrile was obtained, m.p. 92.5°. *

It is clear from these examples that Grignard and
Friedel-Crafts' reactions are unsatisfactory for the prepa-
ration of aryl phosphonitrilic derivatives. Recent efforts
of research workers have therefore been directed towards
the alternative synthetic route, namely the reaction of
tetrachloroarylphosphoranes, trichlorodiaryl-, and
trichlorodialkyl phosphoranes with ammonia.

Bode and Bach*® prepared the non-pairwise-substituted
phenyl derivatives of trimeric phosphonitrilic chloride by
reacting tetrachlorophenylphosphorane with ammonium
chloride at 140° in tetrachloroethane. Haber, Herring, and
Lawton4® reacted trichlorodiphenylphosphorane with am-
monium chloride in tetrachloroethane solution at 130°—-135°
and obtained very low yields of cyclic phosphonitrile deri-
vatives (trimer and tetramer).

In the reaction in liquid ammonia, a white crystalline
product was obtained, which upon heating under reduced
pressure at 275° was converted in 65% yield to a polymer
mixture. On fractional crystallisation, this product
yielded 48% of cyclic tetramer and 7% of cyclic trimer.
Searle* used this reaction for the synthesis of the alkyl
derivatives of phosphonitrile. He reacted the components
in tetrachloroethane at 120°-200°, and obtained very low
yields of cyclic trimer and tetramer, and a mixture of
linear polymers as the main reaction product. The linear
polymers were converted to cyclic products in 70-75%
yield on boiling with triethylamine or ammonium chloride
in chloroform solution.

Korshak, Gribova, and their collaborators* reacted
trichlorodibutyl- and trichlorodiethyl-phosphorane with
ammonium chloride in dichlorobenzene solution and isolated
linear products in which the molar ratio of phosphorus to
nitrogen was 3 : 2 and 3 : 3 respectively.
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In order to study the mechanism of the reaction of tri-
chlorodiaryl- and trichlorodialkyl-phosphorane with am-
monium chloride in organic solvents, Korshak, Gribova,
Artamonova, and Bushmarina % reacted trichlorodiphenyl-
phosphorane with ammonium chloride in chlorobenzene or
dichlorobenzene at 120°—180° for 8 -20 h, with various
molar ratios of the reactants. They carried out the re-
action with gaseous ammeonia in chlorobenzene at 0°.

The reaction of equimolar quantities of trichlorodiphenyl-
phosphorane and ammonium chloride in chlorobenzene solu-
tion at 120°-125° for 12 h, results in 60% of a compound,
m.p. 270°-272°, which corresponds to the formula (CgH,),.
.P,O,NH (I). On hydrolysis it yields diphenylphosphinic
acid. This reaction, carried out for 12—15 h at 160°—170°
in dichlorobenzene, yields 70% of a compound which, on
being recrystallised from benzene and alcohol, melts at
171°-171.5°.  On the basis of analysis for the elements
and ebullioscopic molecular weight determination in ben-
zene, the formula ascribed to this compound is (C4H;),.
.P,N,0,H (II).

The reaction at 175°, for 20 h, of trichlorodiphenyl-~
phosphorane and ammonium chloride in molar ratio 1:5
results in the formation of 70% of octaphenyltetraphospho-
nitrile (III) and another compound which, after recrystal-
lisation from dioxane, melts at 233°-235°, and whose for-
mula is (C¢H;),P,N,H,C1(IV): the compound (IV) is formed
in 60% yield in the reaction of trichlorodiphenylphosphorane
with gaseous ammonia at 0° in organic solvents. It is un-
stable to heat, and when heated at 3—5 mm Hg and 270°—
400° for 14 h, it is converted to octaphenyltetraphospho-
nitrile.

The authors assume the reaction to proceed in three
main steps:

1. Chain initiation occurs as a result of the re-
action of the NH; group with a chlorine atom in the tri-
chlorophenylphosphorane molecule, giving rise to an inter-
mediate compound:

Cla
(CcHs)ch’—NHz (1a)
CeHs
(CuHs)2PCly + NHCI —— Cl,;=P —NH, + 2HC)
f’ CeHs
o8 (1a)
<
sHs  CgHs
Cly=P—NH—P=Cl,
CeHs  CeHs
> (Ib) “50
?s”s ‘I:sHs sHs  CeHs
C|-—I"=N—I|’=CI, O=T—NH_l=O
3 CeHy  CeHs CeHs  CgHy
3 (Ie) m
+ CeHs CeHs CeHs  CoHs  CgHs
HC)-NH,—P=N—[=NH Cl=P=N—P=N—P=Cl,
sHs  Colls Cetls Cells  CeHs
é‘ +(1a)
- &
: Z CeHy CgHy CoHy C.H,
< Ci—P=N—P=N—P=N—P=Cl,

eHs  CeHs sHs  CeHy

+H,0

(CgHs)sP Ny . (CsHy )P Ny
(CoHslaPaNa ., x =5
6Hs  CgHy CeHy  CeHs
HU—P:N—P:N—P:N—;"ZO
sHs CuHs(u) 6tls  CsHs

2, The chain growth is thus a stepwise reaction,
each stage giving rise to an independent compound. At the
beginning the reaction consists basically of the interaction
of the starting molecules with each other or with the mole-
cules of the compounds formed, as is usual in polyconden-
sations. Accordingly, the reaction product is a mixture of
molecules with differing chain lengths. In principle, the
chain growth can continue until all the reactive groups are
used up. In fact, however, only small chains are formed
at this stage (pentamers and hexamers) and the eight-
-membered cyclic product.

3. Chain rupture in this reaction is obviously con-
nected with the tendency toform very stable eight-membered
cyclic products. The predominant formation of the cyclic
tetramer rather than the trimer is evidently to be accounted
for by steric factors.

All the alkyl and aryl derivatives of phosphonitrile
known at present are listed in Table 2.
3. Phosphonitrilamides and Their N -Substituted

Derivatives

The synthesis of phosphonitrilamides from phosphorus
pentachloride and gaseous or liquid ammonia in organic

solvents is very widely known !,8,%-30;

3PCl, + 24NH, — [PN(NH,), ], + 15NH,CL.

So is also the preparation from a solution of phosphonitrilic
chloride (trimer or tetramer) and liquid ammonia *:

(PNCL,), + 12NH, — [PN(NH,),}; + 6NH,CL.

In the reaction of phosphorus pentachloride with liquid am-
monia in different organic solvents a mixture of the poly-
meric homologues of phosphonitrilamides is usually
formed®!.

Becke-Goehring and Niedenzu ° studied the mechanism of
the reaction of phosphorus pentachloride with ammonia in
the presence of small quantities of water and suggested the
following reaction scheme:

PCly+-9NH; —— — HN=P (NH,),--5NH,CI .
[¢)]
N
y Loy _NH,
HN=P—NH. - 0=:P—NH: +NH,.
NH, \NH,

an

The triamide of imidophosphoric acid (I) formed in the
early stages of the reaction is easily hydrolysed to phos-
phoramide (II). In the presence of very small quantities

TABLE 2. Alkyl and aryl derivatives of phosphonitrile.

Formula M.p., °C | Reference Formula } M.p., °C | Reference
(CaHg)2PaN:Cly 92.5 b 270272 |
(CsHs):P;N,H.HBr 185.0 | ¢ R 50
(CeHjp)3sP,N,CI(OH), 294.0 a0 2 g | 04 48
(CeHs)aP Ny 310.0 [ 4438 195146 |
(CeHs)sPaNe 230.0 a (CHP Ny 163—164 |
(CeHs)sPNCl,y 176.0 4 (Cy11)4.NaC10 171172 | %
(CeHs)sPaNClg 205.0 a (CH)ePyNLOLH S8i—K7 | **
(CgHs)sP¢N,0:H 171—171.5] (Calh3)s P NLHICT 12134 |
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of water, the unhydrolysed compound (I) condenses with
compound (II), forming the amide of triimidotriphosphoric
acid (III):

R v i
Nl b opomemmeea W e
) —N+H ¥ H,N}T—&H, Frin—bc N
HyN [ d o2l S NH,
NI H
) 0) y
g g
2 _~NH,
— —NH—P—NH—P
H,N>l | “\NH,

NH,
)

Compound (I) can also polymerise:

NH, ‘I"Hf
nHN=PZNH; —~| —P—NH—
AN AN
NH, NH, NH, n.
av)

The hydrolysis of the polymer (IV) results in the forma-
tion of ammonium polydiimidophosphate:

[-P(NH,);—NH - ], — [-P(NH,),(OH) -NH- ], —
—[-P(NH)(ONH,) - NH — ],.

By carrying out the reaction of PCl; with an excess of
liquid ammonia at -50° in chloroform solution, Audrieth
and Sowerby obtained 36% of phosphonitrilamide trimer“.

Another method for the synthesis of phosphonitrilamides
is the ammonolysis of phosphonitrilic chlorides (trimer and
tetramer). This reaction is slow, and, as shown by
Audrieth and Sowerby %, the complete substitution of chlor-
ine atoms takes-48 h if an excess of liquid ammonia is used

and the reaction is carried out under pressure at room tem-
perature. The same result is obtained by slowly adding an
ether solution of phosphonitrilic chloride to an excess of
liquid ammonia at room temperature with vigorous agita-
tion*,

The products of partial ammonolysis are obtained by the
reaction of aqueous or gaseous ammonia with the ether
solution, or gaseous ammonia with the benzene solution of
phosphonitrilic chloride trimer!:®. From the mixture of
products obtained in this way, a diaminotetrachloro deri-
vative, PyN;(NH,),Cl,, was isolated®.

The ammonolysis of the ether solution of phosphonitrilic
chloride tetramer withammonia yields a mixture of products:
diaminohexachlorophosphonitrile 32, tetraaminotetrachloro-
phosphonitrile 32, and phosphonitrilamide tetramer“. As
in the case of phosphonitrilic chloride trimer, the reaction
with liquid ammonia is very slow!,%6,

It can be seen from these examples that the ammonolysis
of phosphonitrilic chlorides proceeds in stages: very harsh
reaction conditions are required for the complete ammono-
lysis to take place.

N-Substituted phosphonitrilamides are prepared by
ammonolysis of phosphonitrilic chlorides (trimer and.
tetramer) with aliphatic and aromatic amides1,5,47,18,53,54,55

(PNCL,), + 12RNH, — [PN(NHR),}, + 6RNH,HCI.

The reaction can be carried out either in the presence or
absence of organic solvents“®, Complete substitution of
chlorine atoms in phosphonitrilic chloride is only achieved

TABLE 3. Phosphonitrilamides and their N-substituted derivatives.
¢ g
€
Formula M.p., °C E Formula M.p.,°C | £
2 2
P3N3(NH;)s 161.5 1'4'7“‘ PaNa( NH—<~7>—CH3 )‘ 29 -
PsN,Cl,(NHz)s — 1 2N i
PyN,CLIN(CH,):1s os—togn| PoNs(NH ~_ >, s | s
P;N.CI.[N(CH;)a]3 107 |97 CH,
P3N, Cla[N(CHy)z}a 104 “: P3N,Claf(NH)CeH,CHyl 211 ®
P3N;[N(CHa)z]s 104 | ® CHa—CHa |
PN,IN(CH;)z]a 237 | ® PﬂNa( N >CH2)‘ 231266 | 1.4
PyNCI,[N(CH;); [(NHz)2 81 | v CH;—CH, .
PyN,CI3(NECH;)(NH,), 140 |47 |} PaNyCli[(NH).CeH,) 350 s
P3N; [N(CHy)z]o[NHCH,]Cly 82 | v . TN 200 '
PyN,(NH,)5(NHCH,), og | v || PaNo(NHNH—C )
P3N3(NH,)o(NHCH,), 161.5 ‘n PyNyCla(CyHe)2(NHy)2 162 |
P;3N,(CcHp)2(NHa), 215 | 7 PaNoClo(CoHy)o(NHC,H)s to3 |«
gx:a:gﬁ:s)),lﬁéccﬂm Is 120 | *7 |l PyNy(NHa)o(CoHy)o(NHCeHy)a iéﬁ "
aNy(CgHg)o( )4 174 PyN3(NH2)»(NHCsHs), 2
P3N;(CgHs)o(NHCH,)o(NHy), 140 |*7 || p N(NHa)o(NHCoHs), wo | o
P;N;(CeHs)a(NHa)o[N(CH;)z ), 137 | —NH=—, —~
PyN.CLi[N(CeHs)a]2 136 | '(—NH__\.‘/)':
PyN.CL[N(CoHs)a ]y 162 | ° {|PN,(No)s oil 5
PN, (NHC,Hj )y 119 | ° |[P,N;(NHNH,)s 360 | ¥
P;N.Cl4(NHCH,CH,NH,), 188 | ** {|PsNL(NSC), 42 3
P3N, CI[NHCH,CH(CHy)), — : P.N,(NCgHjy)s — 54,57
P3N, Cl14(NECyHy), — P,N,CI(NHR), - '
PyN.CIg[N(CeHi1)al2 200 |**° || where RNH, =ester of amino-acid
PyNy(NHCqH11)s 166 | *° ||P{Ny(NH2):Cle — 52
X - P,N,(NH,),Cl N P
PNCL{NH—¢ ™ as | at 4 .,
s ( < 191 PaN;(NHy)a(NHa)eCl - |=
. /7 N\ 1 |[PaNg(NHCsHs)g 250 1
P“N“(NH'\___/ Jo 268 P,Ny(NHN = CHC,Hg)s b50kecomp)
— |3 87
pzNJC,;(NH_ < N _cH, ) ira | @ ||PNa(NHN=CHCH,OH), 255
—_— 4
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under harsh reaction conditions®. The easiest to prepare
are the disubstituted amino derivatives.

The preparation of aromatic phosphonitrilamides re-
quires higher temperatures“®. The reaction with aliphatic
amines can occur under milder conditions if organic sol-
vents are used. The N -substituted phosphonitrilamides
reported in the literature are listed in Table 3. A large
number of these compounds have been prepared lately.

It was believed until recently that the substitution at
each phosphorus atom in phosphonitrilic chloride occurs in
pairs. Becke-Goehring*?, however, showed that in the re-
action of phosphonitrilic chloride with amines, substitution
can occur simultaneously at different phosphorus atoms.

Ray-and Shaw? obtained di- and tri-substituted phos-
phonitrilamides using secondary amines, diethylamine and
dicyclohexylamine. With primary amines, ethylamine and
cyclohexylamine, they succeeded in preparing the com-
pletely substituted products. In the reaction of phospho-
nitrilic chloride with diethylamine and dicyclohexylamine,
the substitution obviously takes place at different phosphorus
atoms. The rate of substitution in phosphonitrilic chloride
and its derivatives depends on several factors, such as
nucleophilic activity of the amine, steric effects, and the
polarity of the substituent“®%3, It should be noted that
under identical conditions, the substitution in phospho-
nitrilic chloride tetramer proceeds faster than in the tri-
mer®. Diamines, as well as monoamines, react with
phosphonitrilic chloride, forming N -substituted phospho-
nitrilamides®.

In the reaction with ethylenediamine, two chlorine atoms
are substituted by N-aminoethylamino groups®. The re-
action with aromatic diamines is similart. If the sub-
stitution of halogen atoms attached to phosphorus does not
proceed pairwise, di- and tri-substituted phosphonitriles
are obtained in different stereoisomeric forms.

Audrieth® suggested the possible sterecisomers of the
phosphonitrile trimer (see Fig.1).

b b

(u) (mesa) (m)(dl)
P3N3ABs

Bovian

® (V) (mesa)
P3N3A3B;

Fig.1l, Structural and stereoisomers of di-
and tri-substituted phosphonitriles (asym-~
metric phosphorus atoms are indicated by
an asterisk),

Becke-Goering 47 obtained two isomers, m.p. 161.5° and
204°, by the reaction of tetrachlorodiaminophosphonitrile
and dichlorodiaminodimethylaminophosphonitrile, respect-
ively, with methyl amine.

N

CH3HN> 7 \p _NHCH, CH,HN> Y <NH,

CH,HN Lok N\NH, CHHN| | “NH,
N N
p/ Np/
N\ VAN

CHHN  NH, CH;HN NHCH,

m.p. 161.5° m.p, 204°

The products from the reaction of phosphonitrilic chlor-
ide and hydrazine® or sodium azide also belong to
N -substituted phosphonitrilamides.

The phosphonitrile trimer and tetramer react with
esters of amino-acids yielding products in which some of
the halogens are replaced with amino-ester radicals!. The
trimer usually yields disubstituted derivatives, and the
tetramer, tetrasubstituted ones.

4. Esters of Triphosphonitrilic Acids

The reaction of phosphonitrilic chloride — trimer and
tetramer — with alcohols and phenols has been thoroughly
studied!,%8-82, Wissemann! studied the reaction with alco-
hols both in the presence and absence of proton acceptors
such as pyridine, and showed the reaction to proceed in the
following manner:

R
PNClg+2ROH ——s [PN (OR);]+2HC!, PN (OR);+HC! ——— PN <2 H+Rc|

PNCly4-2ROH % RCI4-HCI o R PNOR)
: SopTRAHHEL \OH \PN(OR)
,PN(OR)
2PN (OR); —— 0
PN (OR)

The trimer and tetramer react with absolute methanol to
form partially substituted products, the incomplete esters
of tri- and tetra-phosphonitrilic acids.

Dishon5® developed a method for the synthesis of phos-
phonitrilic esters in the presence of a proton acceptor at
0°. Hexamethyl and hexabutyl esters of triphosphonitrilic
acid were prepared by this method. Phosphonitrilic esters
can also be prepared by reacting phosphonitrilic chloride
with alcoholates. In this way, Ritz and Hess®' prepared
the hexaethyl ester of triphosphonitrilic acid.

Aromatic esters of phosphonitrilic acids can be pre-
pared by reacting phosphonitrilic chlorides with phenols,
in the presence of pyridine!, or with sodium phenoxide 2.

Table 4 lists all the phosphonitrilic esters known at
present.

TABLE 4. Esters of tri- and tetra-phosphonitrilic acids.
Formula M.p.,°C Ref.
P3N3(OCHz)s 127 —128/0.1mm| ®
P;N3(OC,Hs)s a
P3N;Clo(OC2Hs)e 61
P3Ny(OCqHy)s 170—171/0.3mm|
P3N3(OCH,—CH=CH,)4 — [H]

P3N3[(OHXOCH;)}s !
PN, [(OH)(OCH,)}s

PuNy(OCHs)s

P3Ny(OC4HCHy)e

P3N3(OCgH{NO2)s

P3N,(OCsH,CH;CeHs)s
P3N,Cly(CH,OCHOHCHOH)o(OCH3)o4CsHsN
P¢N,Clo(CH,OCHOHCH;OH)y(OCHj)- 4CsHg N
[PN(CCHg)XOCroHi2)]

P;Ny(OCH;)s

P,Ny(OCH.CHBrCH,Br),

[

(= I B
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5. Macromolecular Phosphonitrile Derivatives

The usual method of preparing macromolecular deri-
vatives of phosphonitrile is by polymerisation. Polymeri-
sation of phosphonitrilic halides has been very widely
studied !,3,%,18,25-32,35,37,62,64-7T1  The best known amongst the
halogen derivatives of phosphonitrile is polyphosphonitrilic
chloride, often called “inorganic rubber”. In 1897 Stokes®
showed for the first time that a mixture of phosphonitrilic
chlorides was transformed on heating to 250°-350° into a
rubber-like material. The polymerisétion of phospho-
nitrilic halides can be carried out in the presence®,%? or
absence®%® of organic solvents.

Patat and Kollinsky®® studied the polymerisation of
phosphonitrilic chloride in the presence of solvents and
showed the polymerisation rate to be determined by the re-
action temperature, the monomer concentration, and the
nature of solvent. During the polymerisation of phospho-
nitrilic chloride in solvents such as benzene, toluene, xylene,
and hexane, at 280°-340°, an excess hydrogen chloride
pressure was observed on opening the tube, whilst the vis-
cosity of the solution was only slightly changed, thus indi-
cating a possible reaction between the phosphonitrilic
chloride and the solvent, according to the equation®’

R, +nHCI.

m m>am—n’

n RH- (PNCly),, :g‘i P _N_ClI
A more thorough study of the reaction of phosphonitrilic
chloride trimer with toluene at 300° during 36 h showed that
a mixture of products was formed, from which PsN,C1;C,H,,
P,N,CL,(C,H,),, and others were isolated®®.

Dishon and Hirshberg found that in the photochemical
reaction of the phosphonitrilic chloride trimer and tetramer
with benzene and decahydronaphthalene both soluble and in-
soluble products were formed. From the soluble part
phenyl- and decahydronaphthyl-phosphonitrilic chlorides
were isolated:

a Ll acl acl
< /P\ A
\
cl o 1;Ricx NT a o) W R
) cl hv ) 1o
Np |p< P 4 Np p¢
ca’ s/ i cl \( Cl c’ Y% \ci,
N

where R = phenyl and decahydronaphthyl. The percentage
of carbon and hydrogen is higher in the insoluble part than
in the soluble one, indicating stepwise substitution of
chlorine atoms by R radicals.

Polymerisation in hydrocarbons and their derivatives is
catalysed by oxygen. Patat and Kollinsky® showed that
the polymerisation in these solvents did not take place in
the absence of oxygen.

Polymerisation of phosphonitrilic chloride was studied
in such solvents as tetrachloroethylene, hexachloroethane,
tetrabromoethylene, hexachlorobenzene, hexabromoethane,
phosphorus trichloride, phosphorus oxychloride, and con-
centrated H,SO,. The best results were obtained in a
solution of carbon tetrachloride. In this solvent, colour-
less, high-molecular-weight polymers were obtained.

When the polymerisation is carried out in solution, its
rate is substantially affected by the temperature and the
monomer concentration. Fig.2 shows the dependence of
the reaction rate on temperature and concentration. The

yield of polymer rises with increase of temperature and

concentration. It is clear from Fig. 2 that the rate equa-
tion is of the second order. The activation energy is E =
=40 + 3 kcal. The rate constant in carbon tetrachloride

is 2 = 4 X 1014 x 10740000/2.:3RT  The rate increases when
oxygen is added (see Fig.3), but when the reaction is
carried out in an atmosphere of pure oxygen, a general fall
in the reaction rate is observed. The molecular weight of
the soluble part of the polymer reached 130000. Table 5
shows that the molecular weight of the polymer depends on
the concentration of the monomer in solution.

Polymerisation of phosphonitrilic chloride can also be
carried out in bulk (block polymerisation), without organic
solvents®8-7,

Patat and Frombling®® studied the kinetics of the poly-
merisation of phosphonitrilic chloride at 250°—300° in the
absence of air. The reaction rate increases with increas-
ing temperature (Fig. 4).

?

‘« 1
Fig.2. Polymerisation of triphosphonitrilic chloride
in solution at different temperatures: 1) 15% trimer
at 270°% 2) 5% trimer at 300° 3) 10% trimer at 300°;
4) 15% trimer at 300°% 5) 30% trimer at 330°

6) 15% trimer at 330°, U = percentage conversion.

7% hours

e T ®
"0--

wr - - 00%
c -~ 5
Swi =
2 i N z
u 50 &
5, 3
w Pl <
pld s ' L E

7
oxygen, vol.%

Fig.3. Effect of oxygen on the polymerisation
of triphosphonitrilic chloride in solution.

% conversion
3

hours

Fig.4. Block polymerisation of triphosphonitrilic
chloride at different temperatures.
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This reaction can also proceed in the absence of oxy-
gen, and is of the second order (see Fig.5). Its activation
energy is 42 + 2.5 kcal. The addition of small quantities
of carbon tetrachloride to the system causes a sharp drop
in the polymerisation rate. Polymerisation of phospho-
nitrilic chloride in the absence of air is catalysed by alco-
hols, organic acids, and other compounds °.

Konecny and Douglas®® found that the following com-
pounds initiated the polymerisation of phosphonitrilic
chloride at 210° for a reaction time of 48 h (the weight of
the catalyst used per gram of the sample is given in
brackets): ether (2.1 mg), benzoic acid (10 mg), acetic
acid (0.96 mg), chloroacetic acid (20 mg), nitromethane
(1.6 mg), ethyl acetate (2.4 mg), n-butyl ether (40 mg),
acetone (3.0 mg), methyl ethyl ketone (1.9 mg), ethanol
(2.6 mg), di-t-butyl peroxide (2.3 mg), zinc (130 mg), tin
(40 mg), and sodium (200 mg).

Fig.6 shows the effect of different catalysts, ether,
ethanol, and tin, on the polymerisation rate of phospho-
nitrilic chloride trimer. The results of the polymerisa-
tion of trimer, tetramer, and their mixture in the presence
of 8.4 mg ether are given in Fig.7, which shows that the
trimer polymerises faster than the tetramer.

Manley ™ has shown that the polymerisation of phospho-
nitrilic chloride is not initiated by high-energy electrons.

The molecular weights of the samples of phosphonitrilic
chloride polymers obtained by block polymerisation in the
absence of air are of the order 1 X 10%; if the polymerisa-
tion is carried out in solution in the presence of oxygen,
the molecular weight reaches the values 1 X 10¢—1 X 10588,
Block polymerisation in the absence of oxygen, as well as
polymerisation in solution, gives an insoluble polymer in
yields which depend on the reaction temperature and not on
monomer concentration or reaction time®®. With a rise in
the polymerisation temperature the yield in macromolecular
products is decreased.

Patat and Frombling %8 showed that thermal polymerisa-
tion of phosphonitrilic chloride followed a radical mechanism.
The chain initiation is the result of the rupture of the
P-N-bond of the trimer ring, which gives rise to a radi-
cal-like chain (I) or a chain in which the nitrogen atom is

£l 4
em’® mole™,
E)
AR e
P4
my 1
1 2 J
hours

Fig.5. Kinetics of the block pelymerisation
of triphosphonitrilic chloride. U = percentage
conversion.

TABLE 5. Dependence of the degree
of polymerisation on con-
centration .

Concentration Mol.wt.
%
5 45600
10 108000
15 123000
30 131000
0
7
g 173 1/ -
.; ’/' I //-
g w— >
E o
iy z
® A e
"N w W w W @ w
time, h

Fig.6. Polymerisation of phosphonitrilic chloride
(trimer, tetramer, and their mixture) catalysed

by 8.4 mg of ether: I) trimer; II) trimer-tetramer
mixture (initially containing 53% of trimer);

1) tetramer.

» -
[P s
£ / ="y
E / ”/y P s
Ew Sz £
> & [P
Tn’. Za 7
e AL AT
0 W ¥ N 4 X & W
time, h

Fig.7. Catalytic polymerisation of phosphonitrilic
chloride trimer in the presence of: I) 8.4 mg of
ether; II) 2.6 mg of ethanol; II) 20 mg of tin.

electron-deficient, but in which the phosphorus atom has
an octet (II)*.
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1 |/t |
uzn>\"<«6 -7

é I(!u |cu
7]

11 ich ICu
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The chain growth is bimolecular, and chain termination is

* The symbolism used in the next four formulae (a line to
represent an electron pair is that of Patat and Frombling %
(Ed. of Translation).
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a result of monomolecular rearrangement, leading to the
formation of the P=N—bond at the end of the chain:

] Icu icll

- - — | -
1co— p&’_ﬁ(_’ p‘.”_N‘_L?‘:’_TJ( !

Patat and Frombling®® explain the inhibiting effect of
carbon tetrachloride by the deactivation of polymer radi-
cals through the electron deficiency in nitrogen being made
up:

11 ICl 11:1‘
——) (4') -—(—1 -—(—) —l’)

]
—l’?—-N i i Cll
8]

The product formed by the addition of carbon tetrachloride
to the growing chain becomes unstable in the presence of
oxygen, and the polymerisation can consequently start
again:

lfu 1Gi icu "i"
—p—R u—-_:’_p‘_ﬂ P2 ¢— G 5—5"

h%n |<!u 1_1 Tl

Phosphonitrilic halides containing bromine and fluorine
can also polymerise 25,27532,35, Seel and Langer 25 found
the phosphonitrilic fluoride trimer to polymerise on heating
at 350° for 15 h into a rubber-like product. Meyer?’
heated phosphonitrilic fluoride in an autoclave at 260° and
obtained a rubber-like polymer. The ability to polymerise
remains even if the halogen in phosphonitrilic chloride is
replaced by alkyl or aryl groups. Octaphenyltetraphospho-
nitrile and tetraphenyltetrachlorotetraphosphonitrile poly-
merise on heating to 300° 4, Bode and Bach*® showed that
a solid white mass formed on heating diphenyltetrachloro-
triphosphonitrile for 3 h at 250° in a sealed tube. Korshak,
Gribova, Artamonova, and Bushmarina % studied the poly-
merisation of octaphenyltetraphosphonitrile by heating it in
a sealed tube at 320°-500°. The time required for poly-
merisation varied from 6 to 127 h.  The results of these
experiments are given in Table 6. It is evident that at
320° the polymerisation of octaphenyltetraphosphonitrile is
already taking place, yielding penta- and hexa-mers, which
melt at 100°—140°. If the temperature is increased from
320° to 400°, the yield of these products rises from 6.0 to
50.5%. Hexaphenyltriphosphonitrile is formed as well as
the mixture of penta- and hexa-mers.

If the heating is continued for 41 h at 400°, a product
which does not melt up to 300°—400°, and whichis insoluble
in ordinary organic solvents, is also formed. Its yield
rises with the rise in polymerisation temperature from
400° to 500°. The polymerisation of octaphenyltetraphos-
phonitrile is a result of the rupture of the eight- -membered
ring, which is subsequently transformed intoa six- -membered
one.

Searle* showed that the methyl derivatives of phospho-
nitrile trimer do not polymerise to a rubber-like product
when heated up to 350°—400°, but are decomposed instead.

Polymeric esters of triphosphonitrilic acid are obtained

TABLE 6. The polymerisation of octaphenyltetraphosphonitrile.
Reaction Tims, Composition of pol:mon,d%
temperature, h penta- and |y, o, melting
C trime tetrame hexasmer
' amee mixture product
320 62.5 10.4 72.5 6.0 —
320 127.0 20.8 56.5 17.5 —
380 92.5 6.2 51.8 5.7 —
380 117.5 4.6 5.4 40.2 —
400 15.0 9.3 29.5 0.5 —
400 AW\ 4.4 9.2 V.4 AR
420 22.5 1.1 12.7 10.9 €7.5
460 10.0 — — 3.8 43.5
500 6.0 — — 2. 975
TABLE 7. Alcoholysis of polyphosphonitrilic chloride ™
% substie “u:bd'h'l"'
Alcohol toted  [tubstitured] o p | cun
chlorine by alkexy
groups )
Ethanol 99.5 79.5 1.59:1 251
Isopentanol 98.0 63.0 1.26:1 511.2
2-Bthylhexanol 88.0 68.5 1.37:1 8:17.1

either by the polymerisation of the cyclic esters (trimer
and tetramer) of phosphonitrilic acid, or by the alcoholysis
of the phosphonitrilic chloride polymers?,5¢-%%,  Brown?®?
polymerised the hexaphenyl triphosphonitrilic ester by
heating it to 320°, and obtained a solid thermoplastic resin.

Polymers of p-cresyl- and o-, m-, and p-nitrophenyl
esters of triphosphonitrilic acid have been described®2.
According toBrown®2, the nitrophenyl phosphonitrilic esters
are easier to polymerise. When heating the hexaethyl tri-
phosphonitrilic ester to 125°, Riitz and Hess® observed the
separation of ethyl ether and the formation of a polymeric,
amorphous, hygroscopic product, barely soluble in water,
but forming a strongly acid solution. They suggested the
following scheme for this reaction:

=¢><OC,Hs =N>)>0
o X

o y — O + (CaHghOQ.
e =
N Noc,Hs -—N/P>0

Dishon®® prepared polymers from the hexamethyl, hexa-
butyl, and hexaallyl esters of triphosphonitrilic acid.

The polymerisation of triphosphonitrilic esters can be
conducted in the presence of AlCl;, ZnCl,, and BF; as cata-
lysts®. These polymers can also be obtained, as mdlcated
above, by the alcoholysis of phosphonitrilic chloride poly-
mers®3,7:7,  Goldschmidt and Dishon®’® made a thorough
study of the alcoholysis of phosphonitrilic chloride poly-
mers with several aliphatic alcohols in different solvents
and inthe presence of pyridine as a proton acceptor. Their
results are given in Table 7, which shows that, under the
stated conditions, the chlorine atoms in polyphosphonitrilic
chloride can be almost completely replaced, partly by alkoxy
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groups and partly by oxygen. Goldschmidt and Dishon™ ob-
served a deterioration in the mechanical properties of poly-
mers obtained by treating polyphosphonitrilic chloride with
aliphatic alcohols in the presence of pyridine. They ex-
plained this by a difference in the properties of the layers
of the polyester formed and those of the unreacted poly-
phosphonitrilic chloride. There is no deterioration in the
mechanical properties of the polymer, and the alcoholysis
proceeds faster, if carried out in toluene solution with a
previously swollen polyphosphonitrilic chloride.

For the preparation of macromolecular phosphonitrilic
polyesters soluble inorganic solvents, theauthors? recom-
mended cautious heating of insoluble macromolecular poly-
esters with tetrachloroethane and other chlorine-containing
solvents. The polymer dissolves asthe cross-links between
the parallel chains of the polymer are destroyed. Soluble
phosphonitrilic polyesters are also formed by the alco-
holysis of polyphosphonitrilic chloride previously swollen
in a solvent.

Hamalainen” obtained phosphonitrilic polyesters by
treating polyphosphonitrilic chloride with 2,3 -dihalogeno
alcohols in the presence of pyridine. Esterification of the
phosphonitrilic chloride polymer can be carried out with
sodium alcoholate in the corresponding alcohol?®, but the
polyesters obtained by this method have a higher intrinsic
viscosity and a smaller number of alkoxy groups than those
obtained in the reaction with alcohol and pyridine.

Phosphonitrilamides and N -substituted phosphonitrilam-
ides can polymerise to form resinous products 50,54,5%,%8,77,
Lipkin®% obtained solid transparent polymers, insoluble in
organic solvents, by heating to 200°-400° under reduced
pressure the products of the reaction between phospho-
nitrilic chloride and butylamine. If the product of the
reaction between phosphonitrilic chloride and acetanilide is
heated, hydrogen chloride and acetyl chloride are liberated,
and a thermoplastic solid is formed, which softens at 90°—
110° and whose structure is probably that of a polyphenyl-
phospham 34,%8:

NC;Hs
i I

- P—N=P—N=P—N=P—...
) 1
NC,Hs NCoHj

NCqHs

Products of the reaction between phosphonitrilic chlor-
ide (trimer and tetramer) and chloroaniline, urea, guanyl-
urea, guanidine, etc. have been described ™.

|
Among other polymers containing a —P = N-— bond may
|
be mentioned phospham [~ N= P(=NH) - ] 78, and phos-
phoryl nitride (0=P=N),, a solid product which decom-
poses at '750°, &

Phosphoryl nitride polymer is formed on heating the
triamide of phosphoric acid at 600°. Similarly, on heat-
ing at 100°, the triamide of thiophosphoric acid poly-
merises with the liberation of ammonia; at 800° impure
phosphorus nitride is formed.

Audrieth and Sowerby “® observed that after prolonged
heating of phosphonitrilamide strong deamination occurred,
and a high-molecular -weight compound, polyphospham,
was formed. Polymeric phosphonitrilic thiocyanate,
[-N=P(NCS),]x, is also known?3,

10

III. PROPERTIES

1. Physical Properties

The physical properties of phosphonitrile derivatives,
trimer and tetramer, as well as the higher polymeric
homologues, have been widely studied!,%,20,81-53, Brockway
and Bright®? investigated the structure of phosphonitrilic
chloride trimer by electron diffraction. They found the
trimer to consist of a planar six-membered ring, with
phosphorus and nitrogen alternating, and all P—N bonds
equivalent. Two chlorine atoms are attached to each atom
of phosphorus, at right angles to the plane of the PyN, ring.
Ketelaar and de Vries ® showed phosphonitrilic chloride
tetramer to possess an eight-membered non-planar ring,
in which the P—N bonds are equivalent, as in the trimer.

Daasch?®,%, Shaw %, and others 2%23,57 studied the infra-
-red spectra of phosphonitrilic chloride trimer and tetramer
and their derivatives, and showed the absorption maximum
at 1200—1350 cm™ to be caused mainly by stretching vibra-
tions of the P—N group. Daasch and Smith % studied the
infra-red absorption spectra of phosphonitrilic esters and
showed the frequency of the stretching vibrations of the
P-N group to change insignificantly with change in the size
of the alcohol radical from CH;O to CgH,,0. This frequency
characterises the vibrations of the ring and depends mainly
on the electronegative properties of the atoms attached to
the ring; it increases with rising electronegativity, as
shown in Table 8.

The structure of the higher polymeric homologues of
phosphonitrilic chloride, pentamer, hexamer, and nitrilo-
hexamer, is still little known. Audrieth and Toy! think
that they have a linear structure. Kruse34, on the basis
of ultra-violet and infra-red spectra, and the dipole
moments of the lower polymeric phosphonitrile homologues,

TABLE 8. Frequencies of the stretching vibrations of

phosphonitrilic halides.

Compound l Frequency of :r;;l‘cii‘;\“guavigr;};, cm?

1218682
117020
124298
119590
1220. 119800
121000

P;N,Clg
P3N:Bre

P3N, (OMe)s
P;N;(NMe)s
PgN;Clz(NMe),
PaN,Cly(NMes),

12209
HiR4s0

1275 . 1235v0

P3N,Cl(NHMe), 1215 (shoulder), 1205
P,N,C14(NEts)s 1255; 1226 (shoulder)®®
P3NsCl4Phy 1220, 118990

P;N,Fe 128790

PyN;ClgBr 12052

P,N,ClBrp 120223

P,N,Cl,Br, 118022

P,Ny(NzHy)e 121857

P,NClg 130588, 131500

PyNBrg 127790

PyNy(OMe)s 137790

PyN,ClyPhy ( mep.
PyN,Cl Phy ( m.p.
PaNy(NMe2)s
P3NsCio

PeNeCiz
(PNClg)g-o
(PNCla);-sPCl5
(PNCly),, ( rubber )

248°)
148°)

1313, 1294, 12820
129290

126590

132520

132420

129120

124020

1365— 138020
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attribute to them a non-planar ring, rather than a chain
structure. There is very little difference in the infra-red
absorption spectra of different phosphonitrilic chloride
polymers.

Molar polarisation, P, (cm®) has been determined for
trimer (84 +0.5), tetramer (148.5 +4.5), pentamer (145.5+
+4.5), and hexamer (131.5:6.5). The low P,,, value,
44+ 3, for the nitrilohexamer is accounted for by its struc-
ture — condensed rings with low electron mobility.

\/CI

Cl
2N
N N

Phosphonitrilic halide trimers containing chlorine and
bromine also have the structure of a planar six-membered
ring2°, The heat of formation of phosphonitrilic chloride
trimer is AHs = -196.3 +3 kcal mole-1.?® The energy of
the P—N bond is approximately 75—80 kcal mole~!.

A study has been made of the distribution curves of
phosphonitrilic chloride (trimer, tetramer, pentamer, and
hexamer)between solutions of sulphuric acid and n-hexane 2°
to determine the acid -base equilibrium. The results are
given in Fig. 8, which shows that the trimer is a stronger
base than the other oligomers. The difference in basi-
cities, and the corresponding difference in the partition
coefficients for the distribution between sulphuric acid of
a chosen concentration and an inert solvent, can be used as
a basis for the separation of the phosphonitrilic chlorides.

Yokoyama and Yamada ® determined the solubility of
phosphonitrilic chloride trimer in benzene, toluene,
xylene, hexane, trichloroethylene, tetrachloroethane,
chloroform, carbon tetrachloride, methanol, ethanol,
acetone, ethyl ether, acetic acid, and dioxane. The best
solvents are found to be benzene, toluene, tetrachloroethane,
and chloroform. The solubility of phosphonitrilic chloride
trimer in these solvents increases as the temperature is
increased from 20° to 80°.

Exceptional heat resistance and chemical stability are
the main characteristics of the cyclic phosphonitrile de-
rivatives. Like benzene, phosphonitrilic chloride trimer
consists of a six-membered ring, with the length of all
P—N bonds equal. The energy of that bond, determined
thermochemically and spectroscopically, is higher than that
of the single P—N bond 5,29,97,%8,

The rings of cyclic phosphonitriles are apparently very
flexible, as is borne out by the existence of 17-membered
rings. The cyclic phosphonitrile derivatives can be re-
garded as aromatic compounds. The aromatic rings of the
phosphonitrile series seem to be able to assume any dimen-
sions as thearomatic bonds in them are formedby the over-
lapping of the p-orbitalof nitrogen and the d-orbital of phos -
phorus, whereas in benzene they are formed by the over-
lapping of the p-orbitals of carbon 35,%7,98,

The oily phosphonitrilic chloride polymer obtained by
the incomplete ammonolysis of phosphorus pentachloride,
of empirical formula PCL(PNCL,).,Cl, has a linear struc-
ture, as is illustrated by a comparison of the ultra-violet
spectra of this polymer with those of phosphonitrilic chloride
trimer (see Fig.9)2°.  Fig.9 shows that the ultra-violet

molarity of polymer in acid
log molarity of polymer in nehexane]

S

BN RYNUIE Y
acid concentration (% wt. H,S0,)

Fig.8. Partition coefficients for the distribution of
phosphonitrilic chlorides between sulphuric acid and
n-hexane. The initial concentration of every polymer
in n-hexane was 3.5 x 1073 M.

o w0 B W
wavelength, mu

Fig.9. Ultra-violet spectra of two samples of insoluble
oil of the composition PCl(NPCl,;),Cl (of different
molecular weight) and of phosphonitrilic chloride
trimer: 1) cyclic trimer; 2) oil insoluble in petroleum
ether (sample A); 3) insoluble oil (sample B).

T

Fig.10. Nuclear magnetic resonance
spectra of oily phosphonitrilic chloride.

spectra of the linear polymer are characterised by two
maxima, which are absent from the trimer spectra. The
intensity of these maxima depends on the molecular weight
of the polymer (see samples A and B) whereas their A mx
values remain unchanged. The linear structure of these
polymers is confirmed by their preparation from cyclic
derivatives by treatment with phosphorus pentachloride.

1l



Vol.30 No. 1

RUSSIAN CHEMICAL REVIEWS

January 1961

Becke-Goehring and Koch 88 studied the structure of phos-
phonitrilic chloride polymers (PNCL). (when n averaged
from 10 to 15)fromtheir nuclear magnetic resonance. There

are two resonance maxima (Fig. 10) which indicate the pre- .

sence of two different phosphorus atoms in the molecule.
On the basis of these results Becke-Goehring and Koch®
congider the oily polymer to have the linear structure, cor-
responding to the formula

The weak resonance maximum is ascribed to the phos-
phorus atom on the far left in the formula, whereas the
very intense maximum corresponds to all the other phos-
phorus atoms.

Meyer, Lothmar, and Pankow® used X-ray diffraction
in a thorough study of the structure of macromolecular
phosphonitrilic chloride. They showed the chain in
“inorganic rubber” to be spiral, as in Fig.11.

Using the relation between the modulus of elasticity and
the molecular weight (M = 3RTd/€) for ideal rubbers,
Specker 2% found the molecular weight of the macromole-
cular polyphosphonitrilic chloride to be 37 00078 000.

Patat and Kollinsky® established the following relation-
ship between the intrinsic viscosity Z, and the osmotic
molecular weight for phosphonitrilic chloride polymers
prepared by polymerisation in solvents:

Zy=0.165X 10-4 M09,

Fig. 12 shows that there is good agreement between the
experimental and calculated results. On the basis of these

Fig.11l. The structure of the polyphosphonitrilic
chloride chain: 1) phosphorus atoms; 2) chlorine
atoms; 3) nitrogen atoms.

log Z

-0 M

<0 a5 50 Yog M

Fig.12. The molecular weight and viscosity of
phosphonitrilic chloride polymers.

12

results the authors consider that in benzene or toluene solu-
tion phosphonitrilic chloride polymers are present in the
form of entangled balls %,

From the polymerisation and depolymerisation data for
polymeric phosphonitrilic chloride, Patat and Derst® con-
sider its structure to resemble a series of interlocking
rings. Such a structure would account for the limited solu-
bility of polymeric phosphonitrilic chloride. The insoluble
part swells to a certain extent only, as the interlocking
rings cannot dissolve without breaking. Thus, the very
high value obtained for the molecular weight of polymeric
phosphonitrilic chloride is misleading. If the large rings
were formed at low temperatures, and the small ones at
higher temperatures, a relationship should exist between
the overall rate [of dissolution? (Ed. of Translation)] and
the temperature of polymerisation. In fact, the reaction
rate constant depends solely on the concentration of the
polymer. Patat and Derst® determined the solubility in
benzene of polymeric phosphonitrilic chlorides obtained at
different temperatures (see Table 9),

TABLE 9. Solubility of polymeric phos-

phonitrilic chlorides®,

Temperature| Fraction
of soluble
polymerisas fin benzene,
tion, °C %

Reaction
product

Below 250 100 no polymer formed

250—260 | 20—30
300 20—30
400 30—40
300 40—50
600 100 only low-
«moleculare
weight
homologues

2. Chemical Properties

Owing to their structure, cyclic phosphonitrile deriva-
tives are extremely stable chemically!,%2°, Their charac-
teristic reactions are polymerisation, esterification, am-
monolysis, substitution, hydrolysis, and others. The
majority of these reactions proceed without ring rupture.
We have already discussed polymerisation, ammonolysis,
and esterification, and we shall now briefly mention another
series of chemical transformations.

We must first note the hydrolysis of phosphonitrilic
chlorides *18s10,20,100,101.

HO H,0
(PNClg),, —{PN (OH);] ,—>H;sPO,+ xNHy+ xHCl.

phosphonitrilic acid
(metaphosphimic acid)

Stokes 810 obtained dihydroxytetrachlorotriphosphonitrile,
P,N,C1,(OH),, as well as triphosphonitrilic acid, by the
hydrolysis of phosphonitrilic chloride trimer in ether solu-
tion. Most of the authors call triphosphonitrilic acid meta-
phosphimic acid, and assume that it exists in two tauto-
meric forms!s8:

Ho\p _/OH O\\P/,OH
2N VAN
N N o' NH
Ho\g {) OH  —— NG L (0
HO” N7 O HO” \n/ “OH
H

triphosphonitrilic acid trimetaphosphimic acid
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Steger's work!°2 on the infra-red spectra of this acid corro-
borates this hypothesis,

Triphosphonitrilic acid, P;N,(OH)g, is a tribasic acid,
very unstable, but forming stable salts (the hexasilver salt
is also known). Its trisodium salt is easily formed by the
extraction of the ether solution of phosphonitrilic chloride
trimer with an aqueous solution of sodium acetate. The
tetrasodium salt is also known, but it is evidently the deri-
vative of the linear acid — HO[PO(OH)NH];H. Upon further
hydrolysis of phosphonitrilic acid, imidophosphoric acids
are formed, which are eventually transformed into phos-
phoric acid and ammonia 8'°:

(0]
yn 1l

;=(0H)z

S ”{P/o )ﬁz(om:
S R el S
HO™ \| H H

N\/O F<(00H)2

l‘<(OH)2

diimidotriphosphoric acid imidodiphosphoric acid

Using ion-exchange, paper chromatography, and other
methods, Narath, Lohman, and Quimby !°! showed that the
first step in the hydrolysis of sodium trimetaphosphimate is
the gradual replacement of the P-N-P bond by P-O-P
accompanied by the liberation of ammonia and the formation
of the cyclic diimidotrimetaphosphate and imidotrimeta-
phosphate.

The cyclic phosphonitrilic chloride tetramer hydrolyses
more easily than the trimer, and forms a very stable acid,
[NHP(C)OH],.8*9:1%  The cyclic acid is tetrabasic.

Corbridge 1°° obtained X-ray diffraction constants for di-
potassium, dirubidium, and diammonium salts of tetrameta -
phosphimic acid. Octasilver tetrametaphosphimates are
also known 8,10,

Infra-red spectra of tetraphosphonitrilates indicate the
presence of hydrogen bonds (there is no maximum at
3620 cm™!, corresponding to the free OH group, but there
is intense absorption at 2600-3000.cm-!, indicating the
existence of hydrogen bonds between the P—OH groups).
For this reason, Paddock? thinks that the difference be-
tween the tautomeric forms NHPO(OH)- and —N=P(OH),
is less than might be expected from the formula. Yet the
same salts of tri- and tetra-phosphonitrilic acids react with
sodium hypochlorite to form N-chloro derivatives®!,

Seel and Langer ® showed that the cyclic phosphonitrilic
fluorides, trimer and tetramer, hydrolyse more easily to
the corresponding acids than the chlorides; the trimer is
more stable to hydrolysis than the tetramer, Tetraphos-
" phonitrilic acid can be easily isolated from the products of
hydrolysis.

Cyclic phosphonitrilic halides also react with nitrogen
peroxide, forming an unstable complex!®. Sulphur trioxide
reacts with the chloride trimer at 40° forming a hygro-
scopic addition product of the composition (PNC,.80,),. '
Bode, Blitow, and Lienau“® reacted perchloric acid with a
solution of phosphonitrilic chloride in acetic acid and iso-
lated (PNCl,);.HC10O, and (PNCl,),.2HC10,.

The reaction of phosphonitrilic chlorides with a solution
of sodium in liquid ammonia results in the rupture of the
ring®. This reaction can be used for the quantitative deter-
mination of the halogen in phosphonitrilic halides.

Substitution, polymerisation, etc., proceed far more
easily with linear derivatives of phosphonitrile, than with
the cyclic ones, which is evidently connected with the loss
of aromatic character by the former®., Thus, oily oligo-
mers are so easily hydrolysed in water, that atmospheric
moisture should be excluded during their preparation.

Polymetaphosphimic acid is formed by the hydrolysis of
oily polymeric phosphonitrilic chloride (n = 10—~15) with
aqueous alkali:

cl ?
U S . 4-3NaOH—— — - - - —P—NH—. - - +-2NaCi+H,0.
]

|
Cl ONa

During the hydrolysis of oily phosphonitrilic chloride
with aqueous acid, in addition to the water-soluble products,
a difficultly soluble material is also formed; this has acid
properties and is a metaphosphimic acid hydrate.

Salts of the soluble polymetaphosphimic acid with the
following cations have been prepared: Ag, Cu?, Mg?, Ca?,
Baz»’ an-o-, A13+’ Fe3+.93

Becke-Goehring and Koch?® showed that in the hydrolysis
of polymeric phosphonitrilic chloride with insufficient quan-
tities of water, hydrogen chloride splits off, and an oxygen
bridge is formed:

Cl - Cl - Cl Cl Cl Cl
| | | | |
U-pN-lP:N—J —P—O—P=N—| P=N— | —=P—O—....
n

| | |
Cl Cl

|
Cl n NH Cl NH

The product obtained is rubber-like, and soluble in or-
ganic solvents.

Goldschmidt and Dishon 7" studied the esterification of
phosphonitrilic chloride polymer, and we have covered it in
detail in the present review (see p.6). Becke-Goehring
and Koch® made a study of the esterification of the oily
phosphonitrilic chloride polymer, Its alcoholysis with
sodium methoxide in absolute methanol yields a viscous
colourless liquid of the composition

(‘)R OR OR
|
Ro—l"=N—~ [ P=N—J ~!|3=NH, where R = CH,

|
OR OR n—2 (l)R

0
n
D
@
20
2
%R
0
g 20 0 40 min

Fig.13. Depolymerisation of phosphonitrilic chloride
polymer samples obtained at 250°, 400°, and 500°.
Depolymerisation temperature 350° [R = percentage
of polymer ? (Ed. of Translation)].
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Mild alcoholysis with sodium t-butoxide yields sodium poly-
metaphosphimate and isobutylene 8,

?l CH,
|
-++—P=N—...4NaO—C—CH;, -
|
Cl CH,
ONa CHj;
| . CH:\ |
= —P=N—- {INiCI42 _ ' SC=CH,+2HO—C—CHj.
| CHjy |
ONa CH;

On being heated above 350° phosphonitrilic chloride poly-
mer depolymerises®’,%,%, Patat and Derst®® studied the
effect of various factors (such as temperature and time of
polymerisation, and the presence of oxygen) on the destruc-
tion of polymeric phosphonitrilic chloride. The tempera-
ture of polymerisation has no effect on the depolymerisation
rate, as is shown in Fig. 13, neither has the time of poly-
merisation. It is true, however, that there was some dif-
ference in the quantities of the soluble polymer owing to the
incomplete conversion during the polymerisation in too
short a time. The results of Patat and Derst's study ® on
the depolymerisation kinetics, are given in Table 10,

Depolymerisation of phosphonitrilic chloride polymers
is a first-order reaction. The beginning of the reaction
consists of the rupture of the larger rings, giving rise to
two active chain ends at the rate vy = k[P], where [P] is
the concentration (weight) of the polymer. During depoly-
merisation, low-molecular-weight products, (PNCL,),, with
x = 3=, are split off, according to a ¢chain reaction with
rate

vdepulym = kdepolym [P*]’
where [P*] is the concentration of “biactive” polymers;
Raepolym i8 the depolymerisation rate constant, The reaction
ends by the cyclisation of the low-molecular-weight resi-
dues from the initial ring.

The gross reaction rate,
Ur = vdepulym = kdepolym[P*] = kR[P]!

depends only on the concentration of the high-molecular -
-weight phosphonitrilic chloride, and the gross reaction
rate-constant is

kr = 7.5 X 105 e-26 000/RT ggc-1

The activation energy for depolymerisation is 26 + 2 kcal %
X mole-!,

3. Application

Rémond has made a thorough survey of the applications
of phosphonitrilic chloride and its polymers+, Cyclic phos-
phonitrilic chlorides are of special interest because they
form, on heating, macromolecular inorganic polymers with
excellent elastic, heat- and fire-resistant qualities. These
macromolecular compounds have functional groups which
can be substituted by different organic radicals, thus
making possible a combination of the properties of organic
and inorganic polymers.

Phosphonitrilic chloride is used for the preparation of
coatings and adhesive for glass, ceramics, asbestos, and
metals4, Phosphonitrilic chloride polymers are used as
additives to lubricating oils, and for the impregnation and
fire-proofing of textiles. In combination with glass, asbes-

14

TABLE 10. Depolymerisation kinetics of
9

phosphonitrilic chloride polymers®®,

Temp. of de- Depolymerisa-

polymerisation,| o8 min* Ition constant,
°c sec”

250 1030 1.1215.10%®

300 89.5 }11.6105.40-%

350 18.0 .1806-10-®

215 350 3.3007-10-%

3 75 145.4003. 10-6

330 32.5 5.5462-10-5

* ty.5 = time of 50% depolymerisation.

tos, and other inorganic fibres, they are used for the pre-
paration of insulating materials resistant to high tempera-
turess, ‘

Transparent solid materials have beenobtained from the
products of condensation of phosphonitrilic chloride with
butylamine s, As a rule, the addition of phosphonitrilic
chloride to polymers increases their heat-resistance 4.
The products of the reaction of phosphonitrilic chloride
with alcohols, phenols, naphthols, mercaptans, and thio-
phenols are used as plasticisers for resins and varnishes®,

Phosphonitrilic esters, prepared from the macromole-
cular phosphonitrilic chlorides and an alcohol in the pre-
sence of pyridine, can be used as plasticisers for nitro-
cellulose varnishes and films7. Allyl phosphonitrilates
can be used to increase the adhesion of resins to glass
fibres+*, and for fire-proofing textiles 83,74,
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development of theoretical organic chemistry, and they and
their derivatives are also versatile synthetic agents. While
B-ketoesters, p-diketones, and similar compounds are
readily accessible, syntheses and synthetic uses of 8-keto-
aldehydes have received relatively little attention for three
reasons. Firstly, few p-ketoaldehydes of established
structure are available. Until recently the main synthesis
was the Claisen formylation!-3, which gives unambiguous
results only with symmetrical alkyl, alkyl aryl, and some
other ketones. Most other ketones undergo side reac-
tions3-* which make the isolation of the g-ketoaldehyde
difficult or impossible. A number of hitherto inaccessible
B-ketoaldehydes have been made by alkylation of 3-amino-
vinyl ketones, a route which was recently proposed by
Kochetkov, Ivanova, and Nesmeyanov®. Secondly, 3-keto-
aldehydes are very labile, except for formyl derivation of
aryl methyl ketones and for those o -substituted by alkyl,
nitro, or halogeno groups®:”’~*4; others exist only as the
metal derivatives of the enols. Thirdly, B-ketoaldehydes
often react simultaneously in different ways; syntheses of
pyrazoles, isoxazoles, etc., nearly always give mixtures
of isomers'5, which reduces their preparative value.

The B-ketoacetals are important as stable and acces-
sible derivatives of 3-ketoaldehydes, still retaining the high
and diverse reactivity of those compounds.

II. SYNTHESIS OF 8-KETOACETALS

1. Synthesis from g-Chlorovinyl Ketones

This is the most important synthetic method, used in
1937 by Nells!®:!7 and a group of German chemists!® to ob-
tain the first simple B-ketoacetals. Alcohols react with
B-chlorovinyl ketones in the presence of bases such as
alkali-metal hydroxides and carbonates, or tertiary
amines:

ROt OR’
e R—CO—CH,CH
NOR’

R—~CO—CH==CH—({

Since this synthesis was described only in patents, with little
detail, B-ketoacetals attracted little attention at first*. In
1950 Nesmeyanov, Kochetkov, and Rybinskaya!® and Price
and Pappalardo?® studied this method independently and
simultaneously, and recommended it for the preparation of
dialkylacetals of 3-ketoaldehydes in 50—-90% yield**. It
has been suggested that an alkyl 8-alkoxyvinyl ketone,
R-CO—-CH=CH-OR, is an intermediate!, which reacts
with a second alcohol molecule, in the presence of a base,
to give a B-ketoacetal. This is a general reaction of
a,3-unsaturated ketones. The suggestion is supported by
the reaction between 3-chlorovinyl ketones and phenol to
give B-phenoxyvinyl ketones, which under suitable condi-
tions can react with more phenol to give diphenylacetals!®:

R~-CO~CH=CH—OCstk

Q>

(&)
c,b\\’ 3o
/0C5H¢,
R -CO—CH=CHCl “Cetion >

R—CO —CHQ—C{ .
OCeHs

* The use of g-ketoacetals was impeded by lack of a suitable
synthesis of g-chlorovinyl ketones. The latter are now well known
and accessible ..

**  The reaction between g-chlorovinyl ketones and alcoholic
hydrogen chloride also gives g-ketoacetals but in small yield ¥°.
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By recent modifications of the dialkylacetal synthesis,
higher B-ketoacetals?2~2¢ and g-ketoacetals with a
functional group in the alkyl radical® have been prepared.
In 1957 Kochetkov, Nifant'ev, and Nesmeyanov?® syn-
thesised cyclic ethyleneacetals by the reaction between
B-chlorovinyl ketones and ethylene glycol in alkaline media:

CH;OH—CH,0H O CH,
R—CO—CH=CHC|] —————— R—~CO—CH,—CH .
K:CO,(KOH) N H

These products are widely applicable synthetic agents,
being very stable relative to the dialkylacetals. While
syntheses of dialkylacetals of aromatic 3-ketoaldehydes
have been limited to the unstable dimethylacetal of benzoyl-
acetaldehyde?®, the analogous cyclic derivatives are readily
made 27;

O-—CH.
- Ar—CO--CH,~CH | .
NO-—CH,

CH,OH —CH:OH
Ar—CO—~CH=CHCl ———oo—
K;CO; (KOH)

Recently acetals of heterocyclic aldehydes, such as

a -furoylacetaldehyde and its sulphur and selenium ana-
logues 22, have been made. Alcohols and a -glycols also
react with g-alkyl-8-chlorovinyl ketones in the presence of
alkali to give the monoketals of 8-diketones 30733;

cl CH,
CH,0H | OCH,

~ CHa—CO—CHy—C
“OCH,

CHy—CO—CH=C
\CH,

NaOH

Ethylene glycol reacts in this way with 1-chloro-2-acyl-
cyclopent-1-enes to give ethyleneketals of 2-acylcyclo-
pentanones3':

COR COR
/\/ CH;OH -~ CH,0H /7/
| “ cl Kon L_/O_CH’ ’
NO—CH,

and with 2-chloro-3-acylcyclohexenes 32-33;

COR COR
NS CHsOH~—CH,OH N
L /l KOH ] |/0‘|CH‘: i
4 \Cl \/\O_CH2

Very recently, mercaptans have been converted in this way
to the hitherto almost unknown B-ketomercaptals34:

SR’

R‘SH /

R—CO—CH=CHC] ~—————’ R—CO—CH,—CH
(CH.SH—CH,SH) SR

Ethanedithiol, giving cyclic ethylenemercaptals, was more
effective than simpler mercaptans.

2. Synthesis from S-Ketoaldehydes and Their Sodium
Derivatives

In 1927 Sugasawa 3 first converted the enol form of a
B-dicarbonyl compound to an acetal, using the sodium
derivative of malonic monoaldehyde ethyl ester:

HCOOGC,H, et t',,l]_.,()\

— HC=CH—COOC,Hy, ——— CH-C11;—CO0C, Hy.

Na | GHOH  CoH0”
ONa

CHyCOOC,Hs
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This was later developed into a general synthesis of
acetals from derivatives of that ester 36,37,

In the 1950's Sugasawa, Yamada, and other Japanese
chemists described syntheses of acetals from acetoacetal-

dehyde ; Sugasawa3® converted the sodium derivative to
the diethylacetal:
C.H,0OH ,/OC"H"
CH,CO~CH=CH—ONa - CHy—CO—~CH,—CH
Cl \\OC¢H5.

The dimethylacetal was obtained in the same way in 45%
yield®®. Chlorosulphonic acid, phosphorus trichloride,
thionyl chloride, and hydrogen chloride, were later shown
to catalyse this reaction?®. Later, Richmond* studied
these reactions and improved the conditions and the yield
in the synthesis of acetoacetaldehyde diethylacetal. The
same synthesis was applied to the ethyleneacetals of
acetoacetaldehyde and o -methylacetoacetaldehyde 42,%:

O—CH,
CH3;—CO—CH—CH

CH,OH—CH,OH
HCl ] NO— CH,,

CH;—CO—C ~CH—ONa —
|
L
where R = H or CH;. Yields of the latter were usually
small; in the former case, some of the bisethylene acetal-
-ketal was also formed, which Sugasawa et al.** obtained
pure in 1950 by using sulphuric acid as catalyst:

H.C—CH,
(!
0O O
)  CH:OH—CH,0H N/ /O
CHy—CO0—CH=CH—ONa ———— CHg———C—CH,—CH .
No—dn,

Royals and coworkers**~%" studied the formylation of
ketones, and showed that the reaction between sodium
derivatives thus formed of 3-ketoaldehydes and alcoholic
hydrogen chloride give 3-ketoacetals or, more often,
B-alkoxyvinyl ketones, depending on the initial compound.
Cyclohexanone-2-aldehyde and benzoylacetaldehyde give
only vinyl ethers, other compounds give mixed products,
and only some of the simplest 3-ketoaldehydes give
B-ketoacetals alone. Schanz*® obtained an acetal from the
sodium derivative of w-formyl-B-ionone and ethanolic
calcium chloride:

HyC. ,CH
N¢ CH=CH—CO—CH=CH—ONa

W/ CHIOH £ CaCl,
\/\CH3
0—CaH
H,C. ,CH oHs
"¢ CH~CH—CO—CH,—CH
P H o
— “ O0—CaHy.
NN
“ cH,

RuZicka and coworkers*® synthesised 8-ketoacetals of the
cyclohexane and cycloheptane series from the free parent
enol and orthoformic ester:

. ,CH, . CH, CH,
,/ \!/ ’/ \,/ ! HCOCH) ‘/ \l/ i
N/>o NN NN

;

CHOH CH (OC:Hy)z

Cyclohexanone-2-aldehyde has recently been shown to form
a B-ethoxyvinyl ketone, not a 8-ketoacetal, under similar
conditions3®, Korte® "5 recently discovered a related
conversion of lactones and thiolactones to acids of the di-
hydropyran, dihydrofuran, and dihydrothiophene series,

e.g.:

3
H—OH LcooCH
HCOOC,Hs > ) 2 00CH,
) CH,ou.ucn’ * I
H,C7 0" X0 H,¢” 0" No HsC NocH; H, .

1t is therefore clear that g8-ketoaldehydes cannot always be
converted to B-ketoacetals, on account of the diversity of
the products and the subsequent difficulty of isolation.

3. Other Methods

Bowden, Braude, and Jones>* reported the addition of
ethanol across the triple bond of benzoyl and n-butyryl
acetylene in the presence of sodium ethoxide:

C,H,0H 0——CzHy
~~ R—CO--CH,—CH .
C,H,;ONa \‘O—CZH,,

R—CO—C=CH

where R = C¢gH; or CgH,.

The oxidation of 3-hydroxyacetals* is not a widely
applicable synthesis, since these compounds are not readily
available; since they are useful synthetic agents, they are
in fact made by reducing 3-ketoacetals, as is shown below.

The preparation of 3-ketoacetals from g-phenoxyvinyl
ketones ¢,

C,H,OH / O—CeHy
-+ R—CO—CH,;—CH
NaOH

NO——-CyHy

R—CO—CH--CH—0OCgHj;

is of theoretical interest only, as are the other two syn-
theses described above.

In 1953 Franke, Kraft, Teitejen, and Weber *? developed
an industrial synthesis of acetoacetaldehyde dimethylacetal
from butadiyne,

. . .ocHon CH,OH /O-—CH:s
CH=zC—C=CH— — HC=C—CH=CH~—OCH, — CH;—CO—CH,—CH
KOH H,0; H N N
O——CH,

based on earlier detailed studies of the reactions of buta-
diyne and its derivatives38-¢2. This synthesis has not been
applied generally, but some 3-ketoacetals bearing other
functional groups have been prepared?®3,%4;

0
CHO—CH=CH—CZCH 4 HC/ 4 HN(CHy)y — -
“H
N - . CHZOH; HLO
—+ CHO—=CH=CH-.C. = C—CHy—N (CH,), —_—
Hg, 20,
— = (CH0)—CH—CHy—CO—CHy—CHa =N (CHy)a.
.0
CHO—CH=CH—C2CH 3 HCZ
H

) CHL0IL; HLO
e CH30 —CH + CH—C = Cm CHLOH -
111,80,

~—— (CH0):CH—CHy—€0—CHy—CHy—OCH,.
a -Ethoxycarbonyl-f-ketoacetals ®®, such as a -ethoxy-
carbonylacetoacetaldehyde acetal,

(CH;C0),0 - HC (OC:Hy)y ~ CH;COOC,Hy + CH,COOCH (OC,Hy)s |
CH,COOCH (OC:Hs); + CH,COCHACOOCeHy ~- CHy—CO—CH—CH (OC,H,),
|
COOC,H,

17
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are compounds of great interest, but no general synthesis
has been suggested for them. A related reaction was
recently described giving the hitherto unknown -keto-
aldehyde diacetates®e:
Hcio,
R'CH=CH—0COCH,+ (RCO):0 ——— R—CO—CH—CH (OCOCH ).,

|
R’

II. PROPERTIES OF 3-KETOACETALS

B-Ketoacetals contain two functional groups, show many
of the reactions of g-dicarbonyl compounds, and possess a
reactive methylene grouping. Their reactions are con-
veniently classified in this way.

1. Reactions of the Acetal Group

Almost all the reactions typical of acetals are undergone
by B-ketoacetals. Theyarehydrolysedbytraces of mineral
acid or by acetic acid, the resultant 8-ketoaldehydes poly-
merising spontaneously to sym -triacylbenzenes!:

COR
|
OR’ . "\
H /0
3R—CO—~CH,—CH - 3 R—CO—CHg—C\/\ al
Norr rROC” N \cor

1,3,5-triacetylbenzene has recently been converted to tri-
vinylbenzene on an industrial scale, and hence to synthetic
resins®’:

H,C OH
AV
” l e l/// \, — '/\” copolymerisation
ith styrene °
AN \ \ with sty
HC—C0 ™ TOCH,  po & “cHoH H,c=6-l 7/ NeH=CHy

| |
CH; CH;

Dialkyl-B-ketoacetals undergo the usual transacetalisation
with ethylene glycol 28:

CH,OH -CH,0H . / O—Ch.
R—CO—CH,~CH (OCH,), R—CO—CH,—(CH |
KOH \O—CHE

where R = n-CgH,; or C;H;. A molecule of alcohol is lost
in the presence of alkaline catalysts to give 8-alkoxyvinyl
ketones*:

OH’
R—CO—CH3—CH (OR")g Rom R~CO—CH=CH—OR".

Aromatic B-ketoacetals undergo this reaction readily, but
aliphatic analogues only with difficulty. Reaction with
ammonia and primary and secondary amines is excep-
tionally ready %%:

HN

R*R’*
R—CO—CH; —CH(OR’); — R—CO—CH=CH--NR"R",

where R”, R” = H oranalkylgroup. Theresultant §-amino-
vinyl ketones are usually more conveniently obtained, how-
ever, direct from g-chlorovinyl ketones® ™. Nesmeyanov,
Rybinskaya, and Kel'skii?? recently obtained 4-alkyl-
pyrido[1,2-eJpyrimidinium salts from B-ketoacetals and

18

2-aminopyridine, and also isolated the intermediate amino-
vinyl ketones:

/
QN + (RO)—~CH—CH;—COR — (k .. . @
Hy =CH—CH;—COR 7"
x'

Later, the improved synthesis was carried out in one stage ™.

2. Reactions of the Carbonyl Group

Orthoformic ester reacts with B-ketoacetals in the pre-
sence of acidic catalysts togive acetal-ketals in high yield ™:

H-
R--CO—CHy—CH— (OR’)3 +HC(OC4H;)3 —— R—C—CH3—CH (OR').
N\
o O
[
H;Ca Gyl

. Thecarbonylgroup is readily reduced by lithium alumin-
ium hydride+,%2, aluminium isopropoxide 2, and sodium and
ethanol“®. The resulting secondary alcohols are readily
dehydrated and hydrolysed to a,pB-unsaturated aldehydes.
A recent synthesis of a-lipoi€ acid has as its first stage
the catalytic reduction of w-ethoxycarbonylpentanoyl-
acetaldehyde dimethylacetal 25:

(o] 0
it [ Ha/Ni
CyHy—O—C—(CHi)—C—CH;—CH (OCHg)y —"0%

0 OH

~ [ I Hy/Ni

——— CoHyOC—(CH,)¢—CH—CH—CH(OCHg); —s
[0} OH

1 |
-+ CgHgO—C—(CHy)y—CH—CH,—CH,—OCH; ——
o] OCOCH;,
Il é H
——~ C4H;0C—(CH;)—CH—CHy—CHy—OCHg —
O IS S
]
0O—(CHz)—CH—CH;—CHs—OCH; — CH,—CHy—CH— (CH,), COOH .

—

Grignard reagents react smoothly with B-ketoacetals;
Price and Pappalardo?® synthesised a series of a, 3-un-
saturated aldehydes related to the terpenes:

R'Mgx R CHs—CH (OCH :
R—CO—CH,—CH (0 Hy)s ——s >l amCHOMD: 1w R eneer© .
R’ OH wo r/ \H

Crombie™ used similar aldehydes to prepare naturally
occurring acids derived from cyclopropane:

OoH
CHy Mgl CHal

CHy—CO—CHy—CH{OCHy)y ————— [ "SC—CH,—CH(OCH), - -~

k)

City
CH; Z0 CHyCHBr—COOC,Hy CH.
— =CH— —_— —CH=CH-—CH—COOC;Hy; —»
cn:>c K cn>c i

H,C. CHy

CH. H Ny CH—COOC,Hs HiQ  CHy
— LA
— H>c_c<?=@= = 00O oy X ey
OCyHs i
H ’ H HC= HOOC HC=C

|
COOH COOtH

The tertiary alcohols obtained from B-ketoacetals and
Grignard reagents have recently been cyclised to aromatic
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and heterocyclic compounds. Kochetkov, Nifant'ev, and
Nesmeyanov 26,7 readily obtained alkylnaphthalenes from
derivatives of benzylmagnesium chloride:

HyMgCl CHa R’ R
. 4+ R'COCH,CH(OCHy), —> @ NOH —= qj
R

(CH, m,cn

A general synthesis of alkyltetrahydrophenanthrenes from
cyclohexane B-ketoacetals afforded hitherto unknown com-
pounds 32,%3;

R 9H

CIMgCH:
I ;((Z —CH; + %C Ha
—CH, CH,

Palladium dehydrogenation readily converted these into
alkylphenanthrenes in almost quantitative yields. Nes-
meyanov and Rybinskaya?” and Richards and Stevens™ ob-
tained 2-alkyldehydroquinolizinium salts from p-keto-
acetals and a -picolyllithium:

HaLi
| + RTCO—CH,—CH(OCH,}; ——> —OH HBr

N H,
(CH«O):(.;

Compounds have been synthesised related to 3,6 -di-
hydroxy-B-methylvaleric (mevalonic) acid, a growth factor
for microorganisms such as Lactobacillus acidophilus. In
1957 Birch, Pride, and Smith™ synthesised a related
aldehydo-ester from acetoacetaldehyde dimethylacetal and
ethoxyethynylmagnesium bromide:

2

T

\//

CH3—CO—CHj3--CH—(OCHjy)s + BrMg—C=C—O0C,Hg —

HL OH CH,
\( 0\ i
— (CH30);—CH—CH,—(—C=C~—0C,H, — u /-C—CH,—CI_CH,—COOC,H. .
OH

Almost simultaneously Folkers and coworkers ® synthesised
(+)-B-hydroxy-B-methylglutaric monoaldehyde by the
Reformatsky reaction:

CH;3
BrCH,COOCH,
CHy—CO—CH;—CH— (OCHs)y ———— 2, (CH,O),—CH_CH,-(Ji—OH —
CHa—COOC,H,
HO CH,
\\

CH,
e ciy—d—cH,—coon = /W
- Se-ondoncon = |

OH wd 6 b

Sodium borohydride or platinum and hydrogen reduced the
product to mevalonic acid 8:

CH, CH,
H)
:>C—CH,—J—CH.—c00H B HO—CHy—CHa—&—CH,—COOH,
3 o

In 1956 Burness first applied the Darzens condensation
to B-ketoacetals, and cyclised the glycidic esters pro-
duced to furan derivatives 8:

R

ICH,CO,CH, é
» (CH30)g—CH—CH;—C—CH—COOCH; —
\/

R—CO—CH,—CH (ocn,)z

CHy—C—R
- CH ('IZOH
CH.O/}CH. éOOCHg

-—CH.OH

- ’ O) - l
CHy & L0/ \COOCH, \CO,CH, l

Although of great potential value, this reaction has not been
investigated further. Acetone cyanhydrin converts
B-ketoacetals to cyanhydrins 82:

CH, CN
R—-CO—CHy—CH (OCHg); + CH;—C—OH — R—C—-CH;—CH (OCHjy)s + CH;COCH,.
\CcN o

From these, 3-alkylpyrroles may be made®%2:

CN (in"‘NHz R
| 1) l I
R—C~—CH,— CH(OCH3); — R——IC—CH,—CH (OCHs); — | I .
N

(I)H OH |
H

3. Reactions Typical of g-Dicarbonyl Compounds

Like other 3-dicarbonyl compounds, p-ketoacetals may
be used to synthesise heterocyclic compounds. In 1951
Nesmeyanov, Kochetkov, and Rybinskaya!® obtained
N -gsubstituted 3 -methylpyrazoles from acetoacetaldehyde
dimethylacetal:

—CH,
CH;—CO—CH,—CH (OCH;,),+R—-—NH—NH2——-—-—-I Il B
N
|
R

where R = CiH; or p-C;H,NO,. In this way, other
authors 22,84,8,8 ghtained 50—85% yields of pyrazoles of
general formula

R* R’
” L.

N

Ru/ N/

where R = H, alkyl, CgH;, p-CcH,NO,, 2,4-C4Hy4(NO,),,
CONH,, or CSNH,; R’, R”, and R” = H or alkyl. The
expected hydrazone is clearly an intermediate, and was
isolated in some cases.

Dimethylacetals may be converted into mixtures of 3-
and 5-alkylisoxazoles 8:

R

R—CO—CH;—CH (OCHjy);+NH;O0H —— ” "
N
7

The stabler ethyleneacetals yield only 5-derivatives®; an
intermediate oxime can be isolated:

0——CH, O—CH; -
R—CO~CH,—CH +NH;0H —— R—C—CH,—CH - n
No__ i N
O——CH, NOH O—CH. p. /N .
R O
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In 1952 Kochetkov ® published a general synthesis of

6-alkyl-3 -cyano-2-hydroxypyridines, which he used to pre-
pare the relatively inaccessible 6-alkyl-2-hydroxypyridines:

NN
R —CO~CHy—CH(OR ")+ HsN—CO—CN —— —_—
H/\\\ /COOH /\\
R \N+\oH R” N7 \oH.

Franke and Kraft® recently prepared highly substituted
pyridine derivatives by this method.

One of the most important pyrimidine sulphonamides,
sulphamerazine or 2-sulphanilamido-4-methylpyrimidine,
and its N -substituted derivatives were made by Japanese
chemists 39,42,43,87 from acetoacetaldehyde dimethylacetal
or methyl f-methoxyvinyl ketone, in 70—-80% yield:

NH CHy

I

. Il N—
CHy—CO—CH;~CH (OCHy)s-+R—~NH—C—NHg — - R—NH—¢ >
N\Ne=—

where R = H, p-NH,CeH,SO,, p-CH,CONHC.H,SO,, or
b-(CH;),NC;H,SO,. The same authors, as well as Franke
and Kraft 8, synthesised other 2-derivatives of 4-methyl-
pyrimidine, of general structure

where R = OH, SH, Cl, NH,, NH-CN, or C;gH,. An 85%
yield of the important pharmaceutical 2-amino-4~methyl-
pyrimidine was obtained.

Fischer and Fink 88 used acetoacetaldehyde dimethyl-
acetal in the Knorr pyrrole synthesis, but obtained
2-methyl-5-ethoxycarbonylpyrrole and not the expected
2,4-dimethyl-5-ethoxycarbonylpyrrole-3-aldehyde. This
they explained by the elimination of acetic acid from
o -aminoacetoacetic ester, formed by reduction of the
corresponding isonitroso compound; the resultant glycine
ester reacts with the S-ketoacetal:

(1) Cliy—CO—CH~COCC.H, CH{CO—CH—~COOC;Hy ——
CH,COOH

|
NO NH.
-——— H.N—CH;—COOC.Hj.

(1) HeN—CH,—COOC,Hy-CH,COCH,—CH (OCHy)s ———

VAN
fy N 00CH,.

The formation of the same product from isonitroso-n-
-butyroacetic acid lends support to the above mechanism.
The reaction has been recently re-examined?®°,

The ready ketonic hydrolysis of other g-dicarbonyl

compounds applies to B-ketoacetals %%, and has been used
by Wakayama and Maekana ®* as a source of methyl ketones:

CH,0H
R—CO~CH,—CH(OCH,): ——~ R—CO~CH,.
NaOH

20

4. Reactions of the a -Methylene Group

Substitution in this group was discovered only recently
when bromination of 8-ketoacetals with N-bromosuccinim-
ide, dioxan dibromide, and bromine itself, was carefully
examined ®,%. Bromination is most effective when
bromine is used together with hydrogen bromide accep-
tors; the solvent also influences the reaction. Aqueous
bromine and barium carbonate cause monosubstitution in
the a-CH, group and hydrolysis of ethylene- or dialkyl-
-acetal groups, giving a-bromo--ketoaldehydes:

40

R—CO—CHBr—C

R—CO—CHz—CH— (OR")y —— s
BaCO,; H.O \H

where R = CH;, C,H,, or n-CiH,;; R’ =CH;; R'-R’' =

= CH,—-CH,. Ethyleneacetals alone withstand hydrolysis
when dry ether is the solvent:
0—CH, . 0—Cli,
R—CO—CHy—CH | —————+ R—CO—CHBr—CH |
\O———CH, BaCO,; ether \0———CH¢.

where R is an alkyl or aryl group. Mild treatment of the
product with acid effects hydrolysis. The exclusive
bromination of the a-methylene group indicates activation
by the acetal group. The products are useful synthetic
agents; «a-bromo-B-ketoaldehydes react readily with urea,
thiourea, and thioamides to give the hitherto inaccessible
oxazole and thiazole ketones %:

)
R—CO—CHBr—C
\H RCO

i
NH- C~R’

N N\Re

where R = an alkyl group; R’ = NH,, H, or C;H;; X=Oor
S. Corresponding acetals will also yield heterocyclic
compounds, such as brominated pyrylium derivatives %:

OH
/\“/ \]/
+R—CO—CHBr—CH
NN \o-cu,
Other syntheses depend on the ready replacement of the
bromine atom %:

Vs OoCH
R—CACH—CH :

oc.H, N %—CH .
n/,:’ o, +
N

O-?H
R—-CO—CHEP-CH

g~ v

—CO—?H C -CO—(]Z—CH —N{ >

Dehydrobromination of o -bromo-g~acetals with powdered
potassium hydroxide in benzene gives the acetal of an
acylketene %:

0—CH,
l FeCl,

0~CH,
R—CO—CHX—CH |
0-CH,

X =1, SCN, NO,,
—S—CH,—C,H,

_O0—CH,  you _O—CH,
CaHiCO—CHBr—CH | =2 cH—co—CcH=C

0—CH, 0-CH,
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Excess of alcoholic alkali gives a B3-ketoester %
KOH
CH,CO—CHBr—CH(OCH,); ——. CH,COCH,—COOCH;.
,

The action of lead tetraacetate on 3-ketoacetals was
shown by two groups of chemists %2,%5,%7 to give the acylals
of a-acetoxy-B-ketoaldehydes:

OCOCH
Pb (OCOCH,),
R~ CO—~CHe—CH (OCHy); ——e R —(O—CH—CH
I N
OCOCH, OCHs

where R = CHg, C,H;, n-C;H,, or CgH,. The double bond
of the 3-methoxyvinyl ketone, formed by 3-elimination of
alcohol®®, is attacked as in other vinyl ethers ®°:

- CH,OH
——= R-CO—CH=CH-~

P11 (OCOCH, OcH,
— R-—-CO—CH-—-CH

Reet:0—CHy—CH (OCH)s OCH; —~

{ \oc
0COCH;PC0CH; .

Stepwise hydrolysis of the simplest product gave a high
yield of methylreductone!%:

OH
o OCOCHs 0 /O wow /¢ \
CHCO-—-CH—CH CH;—CO—CH—C CH,C § Cf{‘i
| \OC LN
OCOCH, OCH: 0cocH, 1 \) LH-0
Other alkylreductones may be made similarly. Alcoholic

hydrogen chloride yields acetals of a-hydroxy-3-keto-
aldehydes 97,%:

_/0~COCH,
R—CO—CH — CH CHOH R CO—CH—CH (OCHj)s,
| AN :
ococH, “O—CH: " OH

where R = CH;, C,H;, n-CgH,, or CgH;. Acylals of

a -acetoxy-S-ketoaldehydes react with phenols to give
acetoxy-substituted pyrylium derivatives®. Ferric chlor-
ide catalyses the condensation with 8-naphthol and resor-
cinol, but is unnecessary with phloroglucinol:

COCH,
+/

OCH. [F Cll”
c.H,co—CH—K ;

°°°c”’\ ocns

The flavilium salts produced are monoacetyl derivatives of
anthocyanins.

OCOCH,

@
m\x\ ‘}1
—

FeCly/HC1

[Fech]—

The B-ketoacetals are readily available, versatile syn-
thetic reagents, from which natural and pharmacologically
active products have been made, as well as others difficult
or impossible to obtain earlier. Much doubtless remains
to be discovered about the uses of these recently developed
compounds.
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POLYMERIC COMPOUNDS OF BORON

V.A.Zamyatina and N.I. Bekasova

Little information is available in the scientific and
patent literature about polymers of boron, although it is
known? that they are of great importance because of their
resistance to heat and the action of hydrocarbons. Of
special interest are polymers containing in the main chain
atoms of boron and nitrogen, -B-N-B-N-, or boron and
phosphorus, -B—P-B~P-2, although up to the present the
only systematic descriptions of such compounds which have
been published are of cyclic representatives with low mole-
cular weights, namely the borazoles,

R
RN \I\I‘R,
R
LN
X
(where R and R’ can be H, alkyl, or aryl), and the phos-
phinoborines,
(Crl;lu)z
HB” NBH,
(CH,—,),& \p/ lL(CH;.), .
H

Very little is as yet known about linear polymers whose
molecular chains consist of atoms of boron and nitrogen
or of boron and phosphorus. In most cases the properties
of polymeric compounds of boron have been inadequately
described, and often no information is given on their mole-~
cular weight, melting points, solubility, or resistance to
oxidation and hydrolysis. In addition to work on the pre-
paration of polymeric compounds containing boron, the
following review covers also investigations concerned with
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monomeric compounds of boron during the course of which
the formation of polymers has been observed.

Polymers containing B-B bonds in the main chain are
unknown, apart from the polyboranes3, although the possi-
bility of their preparation has been suggested4s5. Only a
few organic polymers whose main chain consists of boron
and carbon atoms are known. Thus Goubeau and Epple®,
who heated trimethylboron in an autoclave to 400°—-600°
and observed the elimination of methane, obtained, in addi-
tion to 1,3,5,7-tetramethyl-1,3,5,7-tetraboracyclooctane,

CH,
CHB” " "NBCH,
Hel >CH.z
CHgB\CH: _/BCH,

a coloured solid of the composition (B,C;Hy)x. At 600° it
splits off further methane and hydrogen, forming a polymer
of the empirical composition(BCH,), to which these wor-
kers ascribe a cross-linked structure. The disproportio-
nation of other trialkylborons is also accompanied by the
formation of polymers; thus tri-n-hexylboron on being
boiled under reflux undergoes the following reaction:

xB(CgH,3); — [B(CgHyy) ], + 22CH), + H,.

The polymer [B(C4H,,5)], proved to be a mixture of solid
substance having the composition [BHB(C¢H,,)],, contain-
ing 20% of boron, and a liquid [B,(CgH,;),(CgH,,) ] with a
molecular weight of ~600 7.

Schlesinger et al. ® obtained a quantitative yield of B,B’-
-tetrachloroethylenediborine C1,BCH,CH,BCl, by the action
the action of ethylene on tetrachlorodiborane, On treat-
ment with dimethylzinc, this compound is converted into
the corresponding B,B’-tetramethyl compound, (CH,),BCH,.
.CH,B(CHy),, which on pyrolysis splits off trimethylboron
to form vitreous polymers of the type

— B3 (CH,)—CH,CH.—B (CHp)—

CH.CH,
SN

—CH,CH,—B:
"UNcH,cHY

Pyrolysis of the original B,B’-tetrachloroethylenedi-
borine yields hydrogen, methane, ethane, boron, trichlor-
ide, and a solid polymeric boron subchloride (BCl), °.
Similar observations have recently been published by
Holliday and Massey 1°,

By heating the tetrahydrofuran compound of triphenyl-
ethynylboron, Kriierke!! isolated a reddish-violet polymeric
solid stable to the action of water:

B(C=CC,C;)s. OC,Hg = C,H,O + polymer.
Its molecular weight and structure were not determined.

The formation of polymeric products was observed also
in the synthesis of bisdi-n-butylborylacetylene (n-C,H,),B—
C=C-B(n-C,H,),. **

Pyrolysis of diphenylboron chloride in the presence of
aluminium chloride yielded a solid polymer which did not
melt below 300° 13, The pyrolysis was accompanied by the
formation of an equivalent amount of benzene:

m (CgHy);BC1 — CgHy (BCICeH,),,_ | BCICeH +(m- 1)CqH,.
During the sublimation of boron tricyanide B(CN),,

Chaigneau!* observed the formation of a polymer which
became darker at 130°, The action of an electric discharge
on a mixture of boron trichloride and carbon monoxide led
to the formation of a polymeric film with a softening tempe-
rature of 115° 5, Mikhailov and Tutorskaya ® observed
the formation of polymeric derivatives of 1,5-diboracyclo-
octane by the interaction of triallylboron and triisobutyl-
boron:

(CHy=CH—CH,),B 4 i50-CH,),B+

CH3=CH—CH3\B B [CH:CH=CHEB CH.CHCH

- B | ~CH,—~CH=CH, + C/H,
CHy=CH—CH,” \CH.CH.CH,” ]

The polymer formed a gelatinous mass, which was swollen
by ether and benzene., The same workers noted that the
anhydride of 2-propeneboronic acid can be polymerised by
slow distillation!”. Topchiev et al. suggested a new method
for synthesising triallylboron and trivinylboron!8, They
investigated the chemical changes undergone by these com-
pounds, and proposed using the resulting monomers, in
particular 2-propeneboronic esters, as starting materials
for the synthesis of boron-containing polymers !°,

Noarmant and Braun synthesised substituted ethyleneboronic
and ethyleneborinic acids.of the types >\C=C--B(OH)2
and (>C=C—)2B0H and a substituted trivinylboron,
(>C=(I2—)3B. They note that compounds containing the

vinyl groups CH,=CH- and CH,=C(CH,)— rapidly polymer-
ise in the air?°, p-Chloroethyleneboronic acid, which has
been known for some time 21,22, js recommended for co-
polymerisation with vinyl monomers 23,

The synthesis of p-vinylbenzeneboronic acid, its esters,
and its anhydride has been described. These compounds
polymerise readily in the presence of the ether compound
of boron trifuloride and of peroxides, as well as in the
liquid state»%, Lennarz and Snyder report that the poly-
mer of p-vinylbenzeneboronic acid is a white powder slight-
ly soluble in aqueous alkali; it does not melt below 300°,
but at 300°-350° it decomposes slightly and darkens %,
Bis(p-vinylbenzene)borinic acid (CH,=CHCgH,),BOH was
copolymerised with styrene and other vinyl compounds;
the resulting insoluble resins could be used to extract ami-
noethyl alcohol from solutions. It was readily regenerated
in aqueous media, releasing free aminoethyl alcohol 27,

Considerably more work has been published describing
polymers containing B—N links in their structure. The
simplest polymer of boron and nitrogen is boron nitride,
which has beenknown for a long time, Wohler and St.Deville 28
as well as Moissan?® established that boron combines with
nitrogen at 1230° to form a white solid having the composi-
tion BN. This compound can be obtained also by the action
of urea 3° or ammonia 3! on boron trioxide at red heat. The
purest boron nitride is obtained by the pyrolysis of boron
imide B,(NH), 32, as well as by the action of ammonia on
boron tribromide 3 or trichloride#, Soviet investigators
have suggested preparing boron nitride by the action of
ammonia on boric acid in the presence of ammonium chlor-
ide at 1200° *, The kinetics of the formation of boron
nitride by the action of nitrogen on elemental boron have
been studied by Sleptsov and Samsonov®,

Boron nitride is a white powder melting at about 3000°
under pressure; it is slowly hydrolysed on boiling with
water, forming boric acid and ammonia; like graphite it

23
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has a hexagonal structure:

| | |
v B B s By

| | | |
BN B BN
| | )
7B B BN
| |

Until recently boron nitride found no great practical use,
However, interest in this compound increased rapidly when
it became known 7 that the hexagonal form passes intoa cubic
form on heating to 1800° under a pressure of 85000 atm,
the change being from a solid resembling graphite to a hard
crystal surpassing diamond in mechanical strength. Cubic
boron nitride withstands heating to 2000°, being only slight-
ly oxidised at the surface; it is a good dielectric.

Numerous attempts to prepare a linear polymer with a
main chain consisting of boron and nitrogen atoms have
generally led to the formation of the cyclic trimer borazole.
However, a polymer of this type has now been prepared by
Gerrard. Using phenylboron dichloride and n-butylamine
or isobutylamine as starting materials, he was able to pre-
vent ring formation by steric hindrance, and obtained a
linear polymer containing 20-40 atoms of boron and nitro-
gen in the chain:

'IlsHs
BN B BN BN
L,

Ce¢Hs CgH; CeHs
| | |

(I:(HD é(Hﬂ
This polymer melts at about 150°, and remains stable on
heating to 400°, but is readily hydrolysed?3S,

The view has been expressed !,39:4° that borazole and its
N- and B-substituted derivatives, being very heat-resistant
substances, might be used to synthesise polymers of high
melting point which are heat resistant. Hexaphenylbora-
zole, for example, melts at 413°-415° without decomposi-
tion4!"43, Some polymers of this type have already been
obtained; Lappert obtained a brittle substance of high melt-
ing point, sensitive to hydrolysis, by the interaction of
boron trichloride and ethylamine*¢:

NHCHs _ NHGH, —
| |
B B
CHN  NCH, CHN  NC.Hs
BCl, 4 C.HyNH, - —
C,H,NHB  BNHCpH, ~— BN —-B  B—N—
AN AN
v Vb
C.H, _ C.Hs

Analogous syntheses have been described by other
workers4%,%, A similar type of polycondensation is the
elimination of alkyl chloride and alkyl phosphate from the
complex of trichloroborazole with a trialkyl phosphate:

|
(ROP=0 RO—P=0
| |
0 0
5 A
HN” “\NH HN” “\NH
(BCINH),-3(RO)P=0—— O l | 0 — I i o
_RCI I | —(RONP=O I
P—O—B,  B—O—P —8,, /B—0—P=0—.
(OR), l!)l (OR), N OR

The poly(alkyl borazole orthophosphate) which is obtained
does not dissolve in the usual organic solvents, is slowly
hydrolysed in water, and is stable up to 400°, At higher
temperatures breakdown of the borazole rings occurs %,

24

Another type of condensation is observed on the pro-
longed heating of B-trichloro-N-triphenylborazole to 600°.
This compound loses nearly all its chlorine as hydrogen
chloride and is converted into a brittle black substance
stable to the action of sulphuric acid, alkali, and hydrogen
peroxide®®, Korshak et al., by the migration copolymeri-

‘sation of B-substituted borazoles with hexamethylene diiso-

cyanate, obtained a series of copolymers of linear orthree-
-dimensional structure depending on the proportions of the
components:

- r o o
BN 1
——T N—C—NH (CH;)NH—C—
R .| RB BR
B \N/
BN N
HN  NH - ap
l 4 O=C=N(CHyp)N=C=0—
RB R - /g 0 0 -
\N/ N il
N N N—C—NH (CH,)]NH—C—
Rt BR
N
|
L O=C—NH(CH,— Ja

The copolymers are transparent vitreous substances with
softening temperatures depending on the nature of the sub-
stituent attached to the boron??.

In a study of the reaction of diborane with ammonia,
Burg et al. *8, as well as other investigators4%5°, obtained
in addition to borazole an insoluble solid with the composi-
tion (BNH,),, which may possibly have the structure

NH,

NSNS NS

BH, BH, BH, BH. .
This polymeric aminoborine was isolated also by Schaeffer
and Basile®! when studying the reaction between lithium
amide and diborane. The properties of the polymer were
not described. However, no mention is made of this poly-
mer in subsequent papers either by these authors or by
other investigators; and it is possible that its linear struc-
ture has not been confirmed®2, Pyrolysis of the complex of
borazole with methanol led to the isolation of a polymeric
material with a composition close to [(CH,0)BNH], together
with trimethoxyborazole 53,

Ha NH,

With the aim of preparing aminopolyboranes, Burg®* in-
vestigated the reaction of pentaborane with trimethylamine,
which can be represented by the scheme

BsHy 4 2 (CHy)aN —= BsH,- 2 (CHy),N
—78° sg
é’—ZOO}\x

vacuum
BsHy + 2(CH,),N (B3Hy), + 2(CHy)sNEH, .

The polymer (B;H,), includes a small amount of excess
trimethylamine which, in Burg's opinion, is responsible for
its thermoplastic properties above 100°. At ordinary tem-
peratures the polymer is a hard and brittle material in con-
formity with its cross-linked structure. Burg studied also
the reaction between pentaborane and bisdimethylamino-
borine, [(CH,),N],BH, which yields, together with other
products, triaminotriborane, a coordination compound con-
sisting of one molecule of dimethylaminodiborane and a
molecule of bisdimethylaminoborine:

H H
[

/ \\'( CHa)z
Z

{CH;)2N,
B~————————NI(CHa)2 .

]
H
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Triaminotriborane melts at 95°, boils at 220°, and
remains unchanged on being heated to 300°. On being
heated to 360°, it becomes still more stable, and apparent-
ly polymeric. Zhigach et al. investigated the pyrolysis of
the complex of pentaborane and di- and tri-alkylamines,
and found that formation of alkylamino derivatives of di-
borane and borine is accompanied by that of a solid poly-
mer containing B, H, C, and N 35,

Goubeau and Zappel®, heated trimethylboron with
ethylenediamine and trimethylenediamine in sealed tubes
to 250°. In addition to cyclic borazans and borazens, they
obtained polymeric oils and solids soluble in water with
decomposition. On further heating these were converted
into a vitreous mass unaffected by air, water, or acids.
These authors write the reaction as follows:

—2CH, 450°
2(CH,);B + NH,CH,CH.NH; —— (CHj;).B == NHCH,CH,NH = B (CH,), —(;) polymer.
250° —2CH,

It has been reported also that a vitreous polymer having
the composition CgH,NBH, which is stable in the air, can
be obtained by heating monoisopropylaminoborine to 300° 57,
This polymer does not dissolve in water or dilute acids, and
is a good dielectric. The results inthe earlier patents 3859,
which describe the preparation of boron-containing resins
by heating boric or phenylboronic acid with diisocyanates
ina non-aqueous solvent, were not subsequently confirmed®®,
The resins proved to be formed by reaction of the diiso-
cyanates with the water eliminated by the dehydration of
the boric or boronic acids, and contained boron only as
impurity.

Unusually high thermal stability is shown by organic
boron-phosphorus polymers, which have been prepared
and investigated by Burg and his collaborators®!. By the
interaction of diborane and dimethylphosphine, they ob-
tained a cyclic trimer, [(CH,),PBH,|;, which is stable up
to 400° and is very inert chemically. According to Burg®?,
the great thermal stability of such compounds is explained
by the boron-phosphorus bond being strengthened by some
interaction between the electrons of the B~H bond and
neighbouring phosphorus atoms. In an attempt to streng-
then this delocalisation of electrons, Burg and Brendel®?
replaced the methyl groups attached to the phosphorus by
the more electronegative fluorocarbon groups. The stron-
ger inductive effect was accompanied, however, as these
authors had foreseen, by a weakening of the ordinary o bond
between boron and phosphorus, which resulted in the weak-
ening of the ring. The trimer and tetramer of bis(tri-
fluoromethyl)phosphinoborine (CF,),P.BH,, obtained by
these workers, were stable only up to 200°; above this
temperature pyrolysis occurred with the formation of BF;,
H,, and solids containing no boron.

In his later work® Burg evidently obtained both cyclic
and linear polymers starting from the borine complexes of
tetramethyldiphosphine. Pyrolysis of the diborine com-
plex (CH,),P,.2BH, (170°-200°) gave a 75% yield of the
cyclic trimer [(CH,),P.BH,]; and a 15% yield of the polymer
[(CH,),PBH,]|,. The monoborine complex 2(CH,),P,.2BH,
under similar conditions eliminated hydrogen and dimethyl-
phosphine to form cyclic trimers and tetramers in 42.3%
yield. The thermoplastic white residue was stable up to
300°, but when heated at 330° for 20 h, it was largely con-
verted into the trimer and tetramer. In an attempt to in-
crease the yield of polymer, Wagner and Caserio® carried
out the pyrolysis in the presence of triethylamine (10% and

more). They put forward the following reaction scheme:
200°
(CH;),HP -BH; —— (CH.)sPBH, + H; ,

(CH,):PBH, + (C.Hp)sN — (CHa)aP - BH-N(CeHs)s

(CHg)aPBH,- N(C2Hy)s + 1 (CHg)sPBH; — [(CH;)2PBHy), (CHy);P-BH,- N (C2Hs)s.
The end group of the triethylamine complex is not conducive
to cyclisation, and the yield of polymer was therefore in-
creased to 49%. Its molecular weight was 6000, and its
melting point 170°. These workers ascribe a linear struc-
ture to the polymer; they regard a macrocyclic structure
with an eighty-membered ring as improbable.

In 1959 a patent was granted to Burg and Slota in which
they proposed to obtain cyclic phosphinoborines by heating
disubstituted phosphinyl chlorides with sodium tetrahydro-
borate in the dimethyl ether of diethylene glycol®. These
starting materials are considerably more readily available
and more convenient to handle than phosphines and diborane.
Detailed investigations in this field have already been des-
cribed®. Burg studied also the reaction of pentaborane
with trimethylphosphine, aminophosphines, and diphos-
phines. He obtained several transparent polymers of com-
plex composition, which after removal of volatile impuri-
ties were found to be high-melting and thermostable®?,

Polymeric compounds containing boron-oxygen links in
the main chain include polyanhydrides and polyesters.
These materials are very stable to heating, but the over-
whelming majority of them are readily hydrolysed, which
hinders their practical application. Synthetically they form
the most easily accessible and the cheapest class of boron-
-containing polymers, and therefore research in this field
is being tenaciously pursued. Individual representatives
of this group which are quite stable to hydrolysis have been
obtained.

Boron oxide is a polymer®®, vitreous B,O; having a
tetrahedral structure. Linear polyanhydrides containing

a —B-0O-B-O- chain, resembling the chain of siloxanes,
have not yet been obtained. The anhydrides of alkane- and
arene-boronic acids or of alkylboric acids [“O-alkyl-" (Ed.
of Translation)], the boroxoles, are usually cyclic trimers
or dimers 775,

.R "
i B o
§ o § o rB{ SBR
P Lo No/
RB BR RO—-B B—OR
N No/

Boroxoles are very stable to heating. Thus, for example,
tri-n-butylboroxole, whichboils at 259°, remains unchanged
on being heated to 600°. Above this temperature it evolves
ethylene and gives a non-volatile product containing

>BCH2-CH3 groups ®, The action of heat on benzene-1,4-

-diboronic acid yielded a polymeric anhydride with the
structure

(0]

~

0 o
7 UNB —GeH,—B” N\ xlaacsﬂ._s/
| 1 |

0 O\B/O o
|
CoHy
|
/B
0 [¢]
| |
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It does not melt, does not sublime, and remains unchanged
on being heated in air to 350° or in a vacuum to 450° 77,

A similar polymer was obtained from benzene-1,3-diboro-
nic acid %,

An infusible but strongly hygroscopic and readily hydro-
lysed mixed polyanhydride of boric and phosphoric acids
obtained by the reaction of boron triacetate with triethyl
phosphate has been described ®:

|
*B(OCOCH,); -+ x (C2H;0),P0 > [ —o—z;~o‘p_l + 3xCH,COOC,Hs.

x

Heterofunctional polycondensation of alkyl- or aryl-
-dialkoxysilanes with triacetoxyboron, and of alkyl- or
aryl-diacetoxysilanes with butyl borate, yielded organo-
borasiloxanes, the molecular chains of which contained
silicon, oxygen, and boron®: '

(—SiRs—0—B—O—SiR,—0—), ,
|
OC,H,

These polymers are stable on heating, but are readily
hydrolysed by water with the formation of boric acid and
an organosilicon polymer. Other investigators ®% have
also studied the preparation of such polyanhydrides.

Polyesters of boric and substituted boric acids have
been known for a comparatively long time, being readily
prepared by simple esterification or “transesterification”.
Several of them are used as adhesives, plasticisers, and
textile sizes. Reaction of ethyl borate with methylene
glycol diacetate yielded polyborylformal 8, a solid which
hydrolyses in the air. Similar instability in the presence
of moisture is shown by poly(ethylene glycol borate) #,85,
the polyester obtained by heating glyceryl borate in a
vacuum 8¢, and by the products of the polycondensation of
boric acid with catechol, resorcinol, and pyrogallol 878,

Topchiev et al. ® obtained a branched polyester of 2-pro-
peneboronic acid by the oxidative polymerisation of triallyl-
boron:

0—-0
11
sHg +20, O—CH,—CH—CHa»
B(CyHg) +- Oz ~ c,H.B/OC el _—
NOC.Hs \O—CH;—CH—CH,
.
0-0

O—
|

—— C4H;B (0—CH,—CH—), + 2CH,0.
|

A polyester resistant to hydrolysis was synthesised by
Kamenskii ef al. * by condensing trisdiacetonyl borate with
furfural. After being hardened in the presence of alkali,
the polymer did not melt below 400°. The resistance of
this polyester to the action of water may be explained by
the formation of a coordinate link between the carbonyl of
the diacetonoxy group and a boron atom. An example of
this type of stability is provided by the esters formed by
dialkylborinic acids with ethyl acetoacetate %*:

26

A broad investigation of the hydrolysability of boric
esters was carried out by Steinberg and Hunster®, They
synthesised a large number of alkyl and aryl borates, in-
cluding many for the first time, and studied their rates of
hydrolysis in water and in aqueous dioxan, These workers
derived several rules which could be utilised in the syn-
thesis of polyesters of boric acid.

Several new polyesters are described by Bamford and
Fordham ®, some of which are quite stable in moist air.
Polyesters of p-phenylene- and polymethylene-diboronic
acids with pentaerythritol and tetrakishydroxymethylcyclo-
pentanone of general formula

g /OCH [ CHIOL o JOCHs  /CHiO
NOoCH,”  NCH,0” NocH,

are infusible and stable to heat and hydrolysis when X =

= p-CeH,. If, however, X = [CH,],, fibre-forming poly-
esters obtained are of relatively low melting point and less
resistant to hydrolysis. Chelate polyesters of diboronic
acids with tetrakishydroxyalkylated polymethylenediamines
have also been described:

R
JCHL CH
CH, O O CH,
AN N/
—(CHy),,~N—B—X—B«N—

VAN
G, b d
Nen” \cH”
R R »

Whenn = 2, R = CHg, and X = p-CgH, the polyester remains
unchanged in boiling water, and darkens slightly on being
heated to 300°. The intramolecular coordination between
boron and nitrogen atoms in this polymer is probably res-
ponsible for its great stability to the action of water %,

Several hydroxylated carbon-chain polymers modified
with boric acid are known, e.g. poly(vinyl borate)®*, and
the products obtained by the reaction of boron oxide with
hydroxylated polymers of conjugated dienes or hydroxylated
natural rubber®. These products are employed in the
manufacture of moulding powders, sealing compounds, and
varnishes.

Polymeric compounds of boron containing sulphur and
arsenic have been obtained. Thus the reaction between
diborane and hydrogen sulphide yielded a polymer of com-
position (BHS),, containing the B—S bond and probably
having a linear structure. It forms a colourless trans-
parent film, readily hydrolysed by water®?, Wiberg and
Sturm 2%:% gynthesised several cyclic borasulpholes with
the structure

where X = H, Cl, Br, OCH,.

Pyrolysis of the addition product of diborane and dimethyl-
arsine yielded trimers, tetramers, and polymers having
the composition [(CH,),AsBH,], analogous to phosphino-
borines, but less stable to heat and chemical reagents ',

The above brief review of polymeric compounds of boron
shows that this branch of high-polymer chemistry has only
just begun to evolve. Synthetic methods have been little
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developed, the properties of the polymers are not always
described, and the polymers themselves are rarely avail-
able, since many of them have been prepared only in gram
quantities. The requirements of modern technology, how-
ever, demand that research shall be continued on the poly-
meric compounds of boron, as theoretical considerations
suggest that it may be possible to make materials of high
melting point, which are stable to heat and to chemical
agents. The most promising compounds are evidently the
phosphinoborines, which are expected to have good mecha-
nical properties.

Polymers containing borazole rings in the main molecu-
lar chain will probably have very rigid three-dimensional
structures. It would appear from individual examples that
linear polymers containing —B—N- and —B—P- chains do
not have high melting points, are less heat resistant, and
in the case of phosphinoborines tend to change into cyclic
compounds of low molecular weight at high temperatures.

The properties of polymers containing the —B—C— bond
have hardly been described at all; the fundamental dis-
advantage of many of them is the readiness with which they
are oxidised by atmospheric oxygen. Although the poly-
anhydrides and polyesters of boric and substituted boric
acids show a general tendency to be readily hydrolysed,
isolated representatives of these polymers are completely
stable both to hydrolysis and to oxidation and the action of
high temperatures.
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INTRODUCTION

The rare-earth and actinide sulphides are of interest on
account of the combined effects on the outer s and d elec-
irons (in the metal) of the electronegative sulphur atom and
of the incomplete metal 4f and 5f orbitals, which are them-
selves unable to take part in bonding. As a result, the
bonds in these compounds are always heterodesmic and
sometimes even predominantly ionic, rather than covalent
or metallic, and this leads to important and useful physical
properties. Sulphides with metallic bonding and structure
have the hardness, high melting point, and large heat of
formation characteristic of interstitial compounds. Those
rich in sulphur have semiconductor properties and rela-
tively low melting points, are less hard, and dissociate
more readily on heating in a vacuum. Some sulphides,
inert to molten metal, are used as refractory materials;
others will be used as high temperature semiconductors,
large resistances, and anti-emission materials. This
article reviews the electronic structure, chemical and
physical properties, and applications of these compounds,
in order to facilitate further study of them.

STRUCTURE AND PROPERTIES

The rare-earth and actinide sulphides have the general
formulae MS, MsS;, MaSs, M.Ss, and MS; the rare earths
and plutonium form oxysulphides M:0.S, and the remaining
actinides form oxysulphides MOS. These resemble sul-
phides in their properties, structure, and bonding. X-Ray
investigation of the structures of the lanthanum, cerium,
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and actinide sulphides and oxysulphides is due to Zacharia-
sen'”. Makarov* has studied the sulphides of Th, U, Np,
and Pu by optical crystallography. All the compounds of
type MS have the face-centred cubic lattice of sodium chlo-
ride, while MsS7 is monoclinic, and MsS, and MS; have the
cubic ThsPs and the PbCl; structures respectively. Th2Ss,
Y2Ss, and Np:Ss have the orthorhombic Sh.Ss structure?.
Ac2Ss, Pu:Ss, and AmSs, and the rare-earth sesquisul-
phides, apart from Y.Ss and the 6 modifications of Dy,Ss,
Er:Ss, and Yb.Ss, form defect cubic lattices deficient in
sulphur. The unit cell contains 16 sulphur atoms and 10§
metal atoms, randomly distributed among the 12 available
positions. As a result of the low proportion of metal atoms
in relation to the available positions, every ninth lattice
position remains empty, on the average.

The rare-earth oxysulphides are isomorphous with
Pu20.8, their structure being derived from the hexagonal
Cez205 lattice (Fig. 1), in which the oxygen atoms are cubic-
ally close packed with cerium atoms in the octahedral
holes, two full layers alternating with one empty one. The
replacement of one oxygen by sulphur causes distortion of
the Ce20s lattice. In the unit cell each metal atom is linked
to four oxygen and three sulphur atoms. Th, Pa, U, and
Np form oxysulphides, MOS, of tetragonal structure.

The ratios of sulphur's atomic radius (1.04 A) to those of
the rare earths and actinides (Table 1) are generally near
to or less than the critical Higg value 0.59 for formation of
interstitial compounds. In nearly allthe monosulphides the
sulphur atoms are packed interstitially in the tetragonal or
octahedral holes of the metal lattice; high melting points
and hardness result.

Scandium and yttrium, d transition metals, have been
included for historical and geochemical reasons in the rare
earths; the lanthanides are f transition metals (4f level
unfilled), although lanthanum and lutetium also resemble
the d metals. The behaviour of scandium and yttrium com-
pounds is largely determined by the number of electrons in
the d orbital (r) and the so-called acceptor capacity® of this
orbital, expressed as 1/Nn, where N is the principal quan-
tum number of the orbital, The values of 0.33 for Sc and
0.25 for Y exceed those for the remaining d transition
metals, even Ti, Zr, V, and Hf. Sc and Y should there-
fore have great polarising power; the effect is insignificant
in compounds with elements such as nitrogen, which has a
high first ionisation potential (14.51 eV). In compounds
with phosphorus, sulphur, and carbon (ionisation potentials
respectively 10.43, 10.42, and 11,24 eV), there should be
electron displacement towards the metal atom and a con-
sequent tendency towards metallic bond formation, although
with partial conservation of the ionic bond. Scandium and
yttrium sulphides should therefore be heterodesmic, with

Fig.1. The CeyO4 structure.

both metallic and ionic bonding, the degree of the latter in-
creasing with increase in the number of sulphur atoms per
molecule.

The well-screened 4f electrons of the lanthanides and
the 5f electrons of the actinides, in contrast to d electrons,
cannot participate directly in the bonding with sulphur, but
their influence on the s electrons is indicated by the magnetic
properties of the metals®~®, and results in relatively strong
attraction of the s electrons. Bonds with sulphur, which
is fairly difficult to ionise, should therefore be both metal-
lic and ionic; the asymmetric distribution of electron den-
sity causes energy gaps, characteristic of semiconductors.
This effect on the s electrons should be larger, the more
incomplete the f orbital; the consequence of Hund's rule®
must be taken into account, namely that the ions La®, with
the xenon configuration, Gd:", with a half complete f orbit-
al, and Lu®", with a complete f orbital, are the most stable.
The 5f lgg? valency electrons of these three atoms should be
loosely bound in the sulphides. Conductivity data (Table 6)
support this in that LasSs, at least, has a lower resistivity
than most analogous lanthanide sulphides. The resistivities
of pure specimens of thorium sulphides (Table 2) illustrate
that as the proportion of sulphur increases, so do the extent
of covalent bonding between sulphur atoms, the asymmetry
of electron-density distribution in the lattice, and the per-
centage ionic character of the metal—-sulphur bond. ThS is
reported to be a metallic conductor, and the other semicon-
ductors'®; the sharp increase in resistivity from Th.S; to
ThS- is evidently due to increasing covalent character of
the bonds, which rises to a maximum for ThS..

TABLE 1. Radius ratios for rare-earth
and actinide sulphides.
Metal I gy I Metal I rginy ‘ Metal | 7g g
Sc 0.64 Eu 0.50 Lu 0.60
Y 0.58 | Gi | 0.58 | Ac =
La 0.56 Tb 0.59 Th 0.58
Ce 0.57 Dy 0.59 Pa 0.64
Pr 0.57 Ho 0.59 U 0.68
Nd 0.57 Er 0.59 Np 0.69
Pm — Tm 0.60 Pu 0.65
Sm | 0,56 Yb 0.54 | Am 0.57
TABLE 2,
Sulphur .
Sulphide | content, Resistivity,
at.% ohmem
ThS 50.0 0.2
ThySs 60.0 10
Th,S7 63.5 25-19?
ThS, 66.7 10-10®
TABLE 3.
Sulphur Heat of
Sulphur content, { formation per
ot.% g-atomof
sulphur, keal
CeS 50.0 17.9
Ce,Sq 57.0 105.2
Ce;S3 60.0 100.2
ThS 50.0 120
Th,S; 6r.0 102
Th,Ss 63.5 95
ThS, 66.7 85
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TABLE 4.
Dlzmncﬁ
lculated fr
Oxysulphide observed mi:nuic vedii
M—10| M —3C|M—38| M—40 I M —33
La,0,S 2.41 ) 2.38[3.06) 2.44 | 2.92
Ce 0,5 2.39 | 2.36 | 3.04 2.42 2.90
Pu,0;S 2.37 (2,33 2.99 | 2.4 2.89
TABLE 5.
Effective magnetic moment in Bohr magnetons
metal M MS ! M,S, I MS, MO, M08
La 9 0.8 0.22 0.25 0.35 (~0
Ce 2.56 [ 2.34 2.50 2.30 2.39 2.31
Pr 3.62 — 3.65 —_— — —
Nd 3.68 3.3 3.1 3.48 — 3.48
Pm 2.83 — — — — —
Sm 1,55 3.51 1.60 2.42 - 1.57
Eu 3.51 7.71 — — — —
Gd 7.9% — 8.3 — — _
Tb 9.7 — — — — —
Dy | 106 — 10.8 — — —
Ho 10.6 — — —_ — _
Er 9.5 — 9.8 — — _
Tm 7.6 — — -— — —
Yi 4.5 — 4.8 — — -
Lu 0 — — — — -

The transition from highly conducting monosulphides to
semiconductor polysulphides, withforbidden gaps and a sig-
nificant proportion of ionic bonding, is also marked by a
decrease in the heat of formation per g-atom of suiphur
(Table 3). As the proportion of sulphur rises electrons
are transferred from the M-S to the S-S bond, as with the
borides of transition metals !, and the M-$§ bond length
increases. The Ce—S bond length is 2.88 Ain CeS, 297 A
in CegS,, and 2.98 AinCe,S,. In the oxysulphides the high
ionisation potential of the oxygen atom causes greater
participation in bonding of the outer electrons of the f tran-
sition metals, so that the average heat of formation per
g-atom of non-metal rises, reaching 143 kcal for Ce,0,S.
When a sulphur atom is substituted in the Ce;Oy lattice, the
Ce—0 bond becomes stronger and shorter, the Ce—S bond
being relatively long and weak?® on account of electron
deprivation caused by the more electronegative oxygen
atom. This is true of other oxysulphides (Table 4); they
are even more metallic than monosulphides. Their con-
ductivity should be high, but has not yet been studied.

The effective magnetic moments of trisulphides of the
lanthanum series (Table 5) approximate to those of the ion®
M¥, indicating a significant degree of 1onic bonding; they
are also close to the values for the atoms *, indicating that
the f electrons take no direct part in bonding. The magne-
tic moments of the sulphides were calculated by means of
the van Vleck formula from magnetic susceptibility values
taken from Foex's handbook'* and sources referred to in
Table 6. The magnetic moment of SmsS¢, as well as its
resistivity, is extremely high. The moments of other sul-
phides are less than that of MzSs, on account of either the
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pooling of electrons or the formation of covalencies; excep-
tions are SmS and EuS, the unusually high magnetic mo-
ments of which are difficult to explain. On account of the
small energy gap between 4d and 5d orbitals (the latter be-
ing unoccupied in free lanthanide atoms), f —d transitions
may occur in lanthanide compounds, as data on thermionic
emission from lanthanide borides show'®**. Assuming the
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TABLE 6. Physical properties of the rare-earth and actinide sulphides.

Crystal structure and properties EI'::’:’::?“'”‘
Formula Heat of b
Metal w‘;‘hid. Cotour lattice constants, x density, gem™ M.p. {:;Ta":;?:“ resis- :‘:"::;,'f,
P structure ciu by by X-ray ity iy x
Y
a b ¢ pyk el analysis ohm em x 10°, at 20°
Sc | S¢Sy | yellow — — — — — 2.89 '8 — — — — _
Ys ruby
red 19 cubict? 5.4660)  — — kst a2t 2040 19 — - 100
Y;S7 - monoclinic™12.67 V1 3.81% 111432 | 3-74 %4102 | 4182 1630 2" — - 39.3%0
Y.Sy  |yellow™  nonoclinic®{t0.17 *'| 4.02% fi7.a7® 3.87 1821 | 3.87 % 1600 2 — - 83.4%
) ) 1900—1950%7
Y| vs, {brown tewagonal® [ 7.71 ' — 78950 | fo2® f250 | 405" |converted to YpSy| — 125 %
violet® above 600° in a
20
vacuum
Y.0,S [grey
white?*  hexagonal® {3.78 #| — | 6.56%2 | 1.73% K.89% | 4.95% a2 - - | z0®
Las 01d # cubic®® % |5 7828 — — — bas® 5.8629 197028 - — s
tinged with 5.842 ' — — — — 5.70 - - — -
green!® 5.84 % — — — - 5.3624 - _ _ _
La | LagS, [blue black® |cubic?® 8.748% | — - — 5.3428 | 5.44% — - 0.24 | 7.2
La;S;  [yellow' cubic? 8.7237 — - - 4.90% | 5.00 275018 342108 | 0.2 | -18.5'2
vermilion™ 4.9 | 4.98 - g
black 4 — 2100—=21507
Las, yellow-“ - - - - — {4a7® — ] dissociates to 180 16 —50'2
brown LagSy and S at _5p18
18
La.0,5 |pale yellow!{hexagonal™®| 4 02020 | —  [6.006%| 1.71% |5.77% I Lty _ — | s
3.9273 — 6.804° | 1.763 — I5.813
405120 — 6.943 | 1712 —  |s.713%
Ces rassy to cubic® - - - — |5.96% 2450 %° 117.9% 1 9.10-8 2140 %
bronze® - — - - }5.93! 4.5.10-42110 12:19
- - —  Is.081®
o |77 - — — 5.88'% §5.9819
CesSy Ilack® cubic?s 8.6232 . — - — |s.672% 2050 % a21.5% ) ¢ 10-1321252
R.E2625) — — 5.51 2 - 483.6'°
Ce 860631 — — — —  |5.72®
1,3 ar 2
CeSy  [Jred™ cubic’ 8.635% 1 — - — f5.19° 18400 300.5% | >1000 2520 %
8.618%0) - 5.25% — 347.1'%] 0.3 [2540'2
81 4 3l 31 31 <
CeS,  |black-brown®icubic 8.12° — — — 4,963 |5.07 decomposes — — o002
. . . . above 720" ¥ N
Ce,0.S lbrownto  |hexa- 4.00° - 6.82 1.7 — |59 1950 22 430 % —  [21a91222
black® nai® | 4.008%21 6.833%2] 1.7132 —  ]6.02%
¢ 82 so02 ] _ lesr2 12| _ |eo2
Prs  |dark gold® [cubte!®™® [ 57275 — - — — 6.8 - — - —
Pr tinged with 574781 — - —  |6.08%
18
green
PrzS;  |blue or e -
black cubic®® ROV . — _ 5.57% 1 577 _ _ _ —
ProSs  |dark brown'® | cubic?® 8.611% — - - 52725 1 5,27% — — — 53851218
5.23 '8
Pr.0,S |black® hexn-“ R =6 — €.8270 | 1,727 — 6.22 % _ — — _
gonal™ 3.974 29 — 6.825-° | 1.72%9 — 6.16 9
NdS  [gotd® cubic® 5.690% | - — — |62 | 636 2402 - — |
tinged r;ith 5.681 1% - — — 6.9715
green -
Nd | NdS,  |plack cubic?® 85415 — — — 5.91% | 6,022 — — L2 fagin
Nd:S;  [brown!® cubic?®® 8.609% — — 5.49% | 5.502° 22007 3n2 10 5545 '
geen — 5.30%7 S650 12
yellow )
Nd.0.5 [pale blue® |hexa- BRIXI R — 6.750° | 1 6.472%° 1a90 2 - — lusis
gonal’® | 5 | 672 | 6.40 20
Sms  |black®® cubic® : — — 6.01 2 194 8 — — o
SmyS:  |black®® cubic® — - 6.4 — 66 420 2350 =
Sm,S; |brown®® cubic® - - 1900 27 - — e
Sm black®’ 5.8y G 12
o0 @3
$m,0,$|light brown 2| hexa- LR S - IR 6.0 0 1agn 993,01
= 26,3 ooy 20 Lm0 < 24 512
1 gonal 58004 — 6717 l. — 6.87 94
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TABLE 6 (contd.)

Crystal structure and properties Elbcfromc.gneﬁc
Metal F";”I" Colour = Heot of properties
sulphide lattice constants, A density, g cm™ © Map. formation, resis-  {magnetic
structure ¢/a b by Xera keal mole )| tivity, [sUsceptic
a b ¢ Y rivd m cm blllf! x o
Y Y % 10°, ot 20
EuS  [black® cubfc®™ ™ | 5073 _ — Ts7% | 5753 — — — 12260
- 35400
- N 195°K
- 1000
Eu - 90°K
EugS, |black® cubic® 8.5373] - - 6.26% | 6.273 — - - 14500 3
Eu:Sa,51 tetragonai®| 7.86% | -} g.03% {1023 ) 5703 §5.70% — - - 5800 %
Eu,0.S | pink™ hexa, o | 5812}~ |e.e86® 1722} — 7047 — - -
gonal™ .87 M - 6.65 §1.72% - 7.04™
GdS  [yellow®™ _ lcubic® - - — — - — - - —
-Gd,Sy {red brown™ — - - - — — — — - — _
7 -Gd,Sy [brown™ cubic® 8,387%f — — - 6.06% | 6.15% 1885 3% — —  |2r75012:18
Gd
Gds, [prown violet¥hexagonal®| 7 g5 35 _ 7.06% |1.015 | 5.00% | 5.08% _ . _ _
Gd.0,S [pale brown™ lhexa- 3851290 . 1 ee67®f 1732 | 7.34% - - - -
|gona®™® | 3.850% 6.668 % 1.73%
Th | Tb,0:S —  lhexagonar®| 38257 — | e.626%) 1739 — | 7.5 - - - —
DyS lIred viole?! Jcubic®* — — — - — - — - - —
DysS; {black™ monoclinic® 12.84%) 3.81% [ 11,613 — | 6.14% | 6.35% 15403 - - —
- - — — — | s.7% 4760018
a-Dy,Sy {red brown® 6.08 8 — — — — | amnte
DY |y -DysSs | black®  feubic?! 82028 — - — | 6482 6.542 1490 %! - - -
5-Dy;Sy | green® nonoclinich 10172 | 4,022 | 17,572} — 5757 1 5.91 %' | 1470° (passesinto | — — —
DyS. |red brown® kerragona1® | 7.69% — 7.85%) 1,02 6.11% | 6.48% | Y-DyaSe) - - -
Dy.0.S | pale hexa - 3.803%° — 6.60329 1.73%° — 7.80 99 — - - -
grey® ‘sﬂnﬂ”’“ 37923} — 6.587°9 1.73% | 7.84% | 7.88%
Ho | Ho:0,S - hexagonal™| 3.782%%0 _— | 6.380%) 1.742®| _— | 8.02% - - - -
ErS red viole?! lcubic® 5.424 2 - — — —_ — - — _ —
13
ErSi,q | red viole? foypic?t 54522 — - — | g5z | 7.40% _ _ — _
Er | Erg, [black® nonoclinic™ 12.63% | 3.77% 1 14.473)  — | 6.39% | 5,71 162038 - - -
5-Er,Sy [pale brown ™ knonoclinic™] 10-07 *°} 4.00%° | 17.33%)  — 6.07% 1 6.21% 1630 %5 - —  |386001218
01,38
Er,0,S | pale pink™ lhexa- 3.760' ) — 6.552 29 1.742 — 8.252° - — — -
gonal”®® | 3.774%9 6.571% 1,743 7.92% | 8.1638
Tm | Tm,0,8 — hexagonal®| 3.74729) — 6,538 | 1.75%° - 8.59 % — - — —
vp | YbuSs [yetlow!®  forth 6.78%6§9.95% 1 3.61% [ — — | 6.02% - - - 915018
Yb,0,S — hexagonal®| 3.723%} - | 6.503%°|1.75% — | 8.72%® — — _ —
Lu | Lu:0S —  |hexagonai®{ 3.7002°] — {6.486¥|1.74%) - | 8.89% — — _ _
Ac | AcS, — cubic? 8.992 — — - — | e.752 —_ - — —
Ths  [silver™ cubic! s.682'] — - -~ ~ )56l >2200 % 120'% ) 0.27° |diamag-
>2500 % “ netic ®
~2400—2450
o t 1 13.96! - 9.57— 1 16 306 16 10 Miamag-
ThyS; [brown orth. 10.99 10.85 7.87 ~2300
. —9.69% 1900—2000 %0 netic®
Th [ThS; or [red™ hexagonal® [11.041 37}  — 3.983%7[ 0.36%7 | 6.91 %8 T.65— ~2300 16 665'6 | 25.10010| —
ThySye - —7.85 1770 %9
ThS, |purple,brown |orth. ! 4.268' | 7.2641 | 8.617' - 7.3% 17.36! 1905 41-42 10t6 | 10-108%0)
violets # - 22036
ThOS |yellow®  fretragonal! § 3.963' | — [6.747' | 1.70" —  }s.8! - — — -
Pa | PaOS |yellow® eragonal“ | 3.83241 — 6.704% | 1.75% — 9.44 9 2000 % _ _ —
us  |mey® o |ebtct sass! | — - — flose]osr >2000 % - - fuek
yellow — 4603 *°
1.5, | black® orth. * o410 110650 1 3.89! - _ 8.78 " - - - 5206 ¢
- 1).36% | 10.58 % | 3.86%¢ - 416 ] 9.011
“ 5 " s 8.94 16 900 46
v | UsSs orth. a7t 8.05% 11,70 — g3t ] 8.34% - - - 11220
2-US, | greyish teragonal™ 10,26 7 - 63007 Lot | 7} 7577 - - - 313717
black®
7 A7 B 17
B-US; | greyish orth, 47 G027 a1t - g7 17| 89t - — - 3470
Eotack® 4209 | 7030 74570 | — i 7.99% - 1850 %9 - -
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TABLE 6 (contd.)

Crystal structure and properties Elepcr:potmr:iger;cﬁc
F 1 Heat of -
Metal | "0 Colour lattice constants, A density, g em™ Mer- formation, ) resis- mag"e:’:?
) —_— 1 o suscepti-
sulphide structure c/a by by X-ray eal mole ;l"\:‘;’:m bilif! x
a b < pyk analysis x10°, at 20°
7-US: hexagonal®| 7.238°%] — 10594 50,3618 | g yes | 8.18% ransition 10 8 -USy  — - -
at 425~
U05  |hlue black®™ |tewragonal’ | 3843 S IR SR - |om! - - - -
Np | Np=S: black®® orth.* 10.32" |10.621 | 3.86° — 8.8" — - - - -
P | Npos  |black®® tewagonal | 3804t | — fessit Pirar | oo - - - — 1 =
pus  |golden cubict 55%' | — - - Jwe'} - - - - -
bronze™
Pu 2 2
PusSs blacks® cubic 8.4542 — —_ =, 8.41 - - - - -
Pu,0,$ _ hexagonal® | 3.926° —  {6.769° |1.72° | 9.95° — - - -
Am Am,S, - cubic‘ 8'4452 - - - 845“2 - - - - -
Note. orth. = orthorombic.

lanthanide 4f orbitals to be little perturbed by bond forma-
tion, Hund's rule® may be applied in the form which states
that the greater the spin multiplicity, the greater the stabi-
lity of the orbital and the more firmly are its electrons
held. The resultant calculation (Fig. 2) shows that elec~
trons are most firmly held, and f —d transitions are least
probable, for Sm, Eu, and Gd. The small proportion of
sulphur in the monosulphides exerts little polarising effect
and induces no transitions, so that the probability of hybri-
disation and mutual spin compensation is reduced. This
effect is absent in the rare-earth hexaborides, on account
of the extensive polarisation of the metal atoms by the co-
valent octahedral groups (closed octahedra) of boron atoms,
to the structure of which the metal's electrons are necess-
ary. The improbability of f —d transitions may account
for the high magnetic moment of SmsS,, since it counter-
acts the increasing covalency due to the high number of
sulphur atoms relative to Sm2Ss.

Makarov* showed that 5f —6d transitions in actinides,
on compound formation, are more important than f —d
transitions in lanthanides, since the 5f and 6d energylevels
are so close. The actinides consequently display several
valencies, as exemplified by the thorium and uranium sul-
phides.

The lanthanide and actinide contractions are reflected in
the dependence of sulphide and oxysulphide lattice constants
on atomic number (Fig, 3). The effect is more pronounced
for the less ionic oxysulphides. The graphs indicate the
+2 state for Nd in Nd2Ss and Sm in SmS. The M-S distance
andthe sumofthe ionic radii in lanthanide sulphides decrease
as the atomic number of M increases *:

Sulphide M-S distance, A Sum of ionic radii, &
Las 2.92 2.97
Ces 2.88 2.93
PrS 2.86 2.91
NdS 2.84 2.89

The vapour pressures of sulphides with a high degree of
metallic bonding are low — e.g. 10™° mm for CeS at 1900°,
and for CesSq at 1840°, When a larger proportion of coval-
ently bonded sulphur is present, some is lost fairly readily
on heating through thermal decomposition as in M2Ss and
especially in MS..

The M--S bonds in the lanthanide and actinide sulphides
are therefore ionic or metallic, and the S—S bonds covalent.
From a study of interatomic distances, Zachariasen® also
concludes that all three bond types are present.

Little is known of the chemical properties of these sul-
phides and oxysulphides. They are mainly stable at room
temperature in dry air, but in moist air some are very
slowly hydrolysed and evolve hydrogen sulphide. They are
oxidised in air at 200°~300° to basic sulphates and oxides;
the monosulphides are less stable to atmospheric oxida-
tion'® than MSe or MTe. The sulphides are inert towards
nitrogen, hydrogen, and carbon dioxide even at high tempe-
rature. La,S,, LaS,, CeS, Ce,S,, Ce,S,, Nd,S,, ThS, Th,S,,
Th,S,, and ThS, are insoluble in water!®.  The sulphides
react with mineral acids and acetic acid, evolving hydrogen
sulphide and hydrogen; the MsSs sulphides react least readi-
ly. The oxysulphides react less readily, being difficultly
soluble in acetic acid, or even in concentrated hydrochloric
acid (e.g. Yb:0:S); at high temperatures they are converted
by aluminium to sulphides. A useful property of the sul-
phides is their stability towards fused metals and salts,
although they form intermetallic compounds with the noble
metals.

Physical and structural data for the rare-earth and acti-
nide sulphides and oxysulphides appear in Table 6. Sereb-
rennikov's monograph'? also gives data on rare-earth sul-
phides.

METHODS OF PREPARATION

1. From the elements. Almost any sulphide may
be made from suitably pure metal powder and sublimed sul-
phur, heated together in a sealed tube, which is often eva-
cuated. Despite other stoichiometric proportions, M:Ss is
generally formed at 400°-600° and is slowly converted to
MS at 1000°-1100°. Iandelli'® obtained LaS, CeS, PrS, and
NdS in this way.

2. From the metal powder and hydrogen
sulphide. The metal hydride is often used, since the
metal powders are sometimes pyrophoric, and oxysulphides
may arise from them.
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3. From the metal oxide and hydrogen
sulphide. -Sulphur or carbon may be added to reduce
the oxide. The reaction occurs between 1200° and 1600°,
The sesquisulphides of cerium 51’52, lanthanum, and other
metals have been made thus; MS is difficult to make in this
manner, even if reducing agents are used. Oxysulphides
are generally formed at lower temperatures and when the
quantity of reducing agent is insufficient *°.

4. Thermit reduction by metals. WM:S; mixed
with an oxysulphide or oxide, is generally reduced by alum-
inium to MS:

3M2S; + 3M202S + 4Al = 12MS + 2A1:0s
2M;S; + M:0s + 2Al1 = 6MS + ALOs.

The reaction proceeds in a vacuum at 1300°-1500°, excess
Al and ALOs vaporising as AlO at 1600°,

5. Preparation from the sesquisulphides.
These are readily obtained, and may be reduced with the
metal: M:S; + M = 3MS. The powdered metal hydride is
normally used, however, at 1600°-2250° in a vacuum, or
briquettes of sesquisulphide are impregnated in a vacuum
with very hot molten metal?®*. Higher sulphides may be
obtained by reactions such as " M:S; + § = 2MS;, and at
1500°~1600° in a vacuum by the reaction M:S; + MS = MaS..

6. Reaction of metal salts with hydrogen
sulphide. The dry gas reacts with anhydrous chlorides
and sulphates at 600°—-1000° to give various products, often
contaminated with oxysulphide. Ce:S; was obtained thus %%»**,
by treating cerium chloride, bromide, or iodide in a quartz
tube for periods of the order of several dozen hours. The
colour change often indicates the course of the reaction; a
rapid temperature increase is avoided since the resultant
sintering and fusion of the halide slows down the reaction.

7. Thermal dissociation of higher sul-
phides. Vapour pressure measurements for the metal—
sulphur systems are based on this 38,

Oxysulphides. Rare-earth and actinide oxysul-
phides may be obtained from oxides and a deficiency of
hydrogen sulphide, by partial oxidation of sulphides, by the
reaction between oxides and sesquisulphides in a vacuum
at 1200°-1500°:

MzSg + 2M203 = 3M202S,

by heating metal oxides in carbon disulphide vapour at
700°-800° (for La, Nd, Sa, and Eu), and from the oxides
and excess thioacetamide (for the remaining rare earths).
Thiosulphates, which are salt-like compounds, areobtained
from the soluble chlorides and sodium thiosulphate *:

2MCla + 3NazS20s = M2(S20s)s + 6NaCl.

Scandium and Yttrium Sulphides and Oxysulphides

Scandium sulphide. Only the preparation of Sc:Ss
has been described; ScCls is heated in a current of hydro-
gen sulphide for several hours at 500°-600°, the tempera-
ture is raised to 600°-700° over 10-12 h, andthen to 800°~
1000° over several hours, and the product finally cools in
a stream of the gas ',

Yttrium sulphides and oxysulphides.
Yttrium forms the compounds YS, YsS7, Y2Ss, YSz, and
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- directly with the oxide.

Y:0:S. Flahaut and Guittard'® first obtained YS by heating
equal quantities of Y2Ss and aluminium for 4 h in a vacuum
at 1350°. The chemical individuality of YsS; is very doubt-
ful; it was obtained by heating Y,Ss rapidly in a graphite
crucible, in a vacuum, by slow fusion of YS; ina vacuum*°,
and by heating a mixture of 1 mole of YS and 2 moles of
Y2Ss for 2 h at 1600° *°:

YS + 2Yst = YsSq.

Y:S; is made by heating the oxide at 1460° for 23 h in a cur-
rent of dry hydrogen sulphide®°, or by heating the chloride
in the same gas *°, as described above for Sc:Ss. YS; is
formed when Y:S; and sulphur are heated in a sealed tube,
first for 24 h at 400° and then for 5 days at 500°-600° 2°,

It behaves like a polysulphide, and evolves sulphur on heat-
ing. The oxysulphide is made by heating Y2S3 with Y20s in
a graphite boat for 3 h at 1350° in a vacuum *?, or bytreat-
ment of Y,Os with dry hydrogen sulphide at 1000° 5"*; the
small proportion of sulphide produced is washed out with
dilute (1 :10) hydrochloric acid.

YS dissolves in dilute acetic and mineral acids, and is
oxidised by permanganate and iodine solutions and, slowly,
by heating in air. Y:0:S dissolves with difficulty in dilute
hydrochloric acid, but readily in the concentrated acid;
iodine and permanganate solutions do not oxidise it, but air
at 200° converts it to Y20s.

Little is known of the physical properties of yttrium sul-
phides; YS is metallic in that its resistivity approaches
that of CeS, 9 x 10~ ohm cm.

Sulphides and Oxysulphides of the Lanthanum Series

Lanthanum. This forms the compounds LaS, LasS,,
LazSs, LaSz, and Laz0;S. La.Ss is most readily obtainable;
the sulphate or chloride may be treated with hydrogen sul-
phide at 800°~1000° 8% or H,S may be allowed to react
Zvereva® treated La(NOs)s with
carbon tetrachloride vapour in a sealed quartz tube, and
treated the resultant LaCls with dry hydrogen sulphide inthe
same tube at 800°. We prepared La.Ss by heating La.Os ina
current of dry hydrogen sulphide for 1-2 h at 1000°-1200°.
LaS was prepared by Zvereva?* by sintering at 1800° and
107*-10"° mm Hg pressure porous crucibles of the sesqui-
sulphide, made at a compression of 1 ton cm™?, filling them

.with a small stoichiometric excess of lanthanum, and heat-

ing in a vacuum. The molten metal penetrated the pores
by capillarity and began to react very slowly at 1250°; the
reaction was completed after 10 min at 1600°. Picon and
Patrie®® compressed an equimolecular mixture of La;0.S
and La,S; with aluminium powder and heated it inanalumina
crucible for 4 h at 1350° in a vacuum furnace, and then for
2 h at 1600° in a graphite crucible to remove excess alum-
inium and alumina as AlO.

3Laz0:S + 3LazS; + 4A1 = 12LaS + 2A1;0s.
We used the reaction
2LazS; + La:0s + 3C = 6LaS + 3CO

by heating briquettes of the required stoichiometric compo-
sition at 1650° and 10™-10"2 mm Hg in a vacuum furnace
with a graphite heater ®, The product was ground and re-
heated in order to obtain a full yield of the correct compo-
sition, 81.2% La and 18.7%S (and C, a trace). Iandelli'®
prepared pure LaS by the fusion of lanthanum and sulphur
at 400°~500° in a sealed tube, and subsequent prolonged
heating at 1000°-1100°.
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LasSs has been prepared by means of the reaction?:
LazSs + LaS = LasS;,

heating at 1600° being prolonged for 2 h. LaS, (or LazSs)
has been obtained by heating Laz(SO,)s at 580°~600° in a
current of dry hydrogen sulphide **:

La-ASO,)g + 12H2S = LasSs + 118 + 12H,0.

In 16 h, 2-3 g of sulphate were converted. The reaction is
too slow at lower temperatures, while La,Ss decomposes to
La,Ss and sulphur at 620°, La.S, is a polysulphide, con-
centrated hydrochloric acid liberating H.S. from it.

Flahaut and Guittard® prepared La,0.S by means of the
reaction
2L3.203 + L3.283 = 3L8202S,

a mixture containing a 20% excess of sulphide being com-
pressed and heated in a graphite boat at 1350° for 3 h in a
vacuum. Excess sulphide is dissolved in acetic acid, and
the product vacuum-dried. Eick?® heated the oxide at
750°~800° for 2-8 h in carbon disulphide vapour; traces
of the latter were removed in a vacuum, and other impuri-
ties oxidised at 800°~1200° for 1 h in an oxygen current.
The basic sulphate formed was reduced to oxysulphide at
1200°-1300° in a current of hydrogen. The sulphate itself
can be reduced thus at 800° *":

Laz(SO4)s + 12Hz = Laz0:S + 10H20 + 2H:S.

The melting point of La:Ss is variously recorded as 210
and 2750° ', the sulphide is described as a black glass”,
as shiny, pale yellow or orange hexagonal platelets *®, and
as a vermilion crystalline powder #, We obtained a yellow
powder. These variations are probably due to differences
in particle size. La:S; is a semiconductor with thermo-
-e.m.f. of 270 pV deg™. We found it readily soluble in cold
inorganic or organic acids, but inert towards boiling water
and solutions of alkalis.. Heating in a vacuum at 1800°
causes loss of sulphur and formation of the La2S3—LasS,
eutectic, melting between 1800° and 2000°. The traces of
oxygen present convert the vapour of the volatile LasSq to
La20.S, which is harder to fuse and volatilise.

Oo 27

The physical properties of LaS are given in Table 6; it
is unstable and is readily decomposed by dilute organic and
inorganic acids. LasSs is even less stable towards acids
than LaS, and air converts it to the basic sulphate at 600°,
La$S; dissociates at 660° to LazSs. La20:S dissolves in dilute
inorganic acids, but only with difficulty in acetic acid, un-
like other lanthanum sulphides; it is oxidised above ~680°
in air to the basic sulphate.

Cerium. There has been much work on the sulphides
and oxysulphides of this element, which are refractory
materials suitable for use in the fusion and casting of high-
-melting metals. The compounds CeS, CesSs, Ce:Ss (a, B,
and y forms), CeSg, and Ce:0:S are known. CeS is made
by the reaction3°

2Ce:Ss + 2CeHs = 6CeS + 3H..

The hydride, prepared from its elements at a little over
room temperature, is mixed with Ce:Ss in a molybdenum
vessel, and the powder is heated slowly at first in a vacuum
furnace (Fig. 4) to remove hydrogen. The temperature and
pressure are adjusted after a few minutes to 2200° and

107* mm Hg, when alkali metal and alkaline-earth impuri-
ties, oxygen, possibly evaporating as CeO, iron, and ex-
cess cerium are removed. Flahaut and Guittard!® used

view from side view from rear

Fig.4. Vacuum furnace for preparing CeS: 1) rubber tubing;
2) booster pump; 3) support; 4) tap; 5) oil diffusion pump;

6) connection to manometer; 7) detachable Pyrex window;

8) Pyrex T-pilece; 9) screw flange; 10) iron bracket; 11) centre
guide.

Fig.5. Graphite furnace for preparing Ce,S; and Ce,0,S:

1) Pyrex inlet tube for H,S; 2) copper tube; 3) Pyrex tube;

4) water jacket; 5) graphite tube; 6) porous graphite support;
7) detachable graphite 1id; 8) fixed graphite crucible; 9) de-
tachable graphite crucible; 10) reaction mixture; 11) water-~
-cooled induction heater; 12) graphite inlet tube; 13) threaded
graphite parts; 14) carbon insulation; 15) copper partition;
16) porous graphite collar; 17) Pyrex cap; 18) seals.

the thermit reaction
Cez20s + 2CezS3 + 2Al = 6CeS + AL;Os,

the oxalate acting as a source of oxide. A mixture con-
taining a fivefold excess of aluminium was compressed and
heated for 2 h at 1600° in a vacuum, the aluminium evapora-
ting as Al0. Samsonov and Radzikovskaya *® reduced an
oxide-sulphide mixture with carbon at 1500°~1700°, in a
vacuum:

Cez2S3 + CeO: + 2C = 3CeS + 2CO.

The product contained 1.3-1.6% of carbon and up to 3% of
oxygen, reduced to 0.2-0.3% and 0.1-0.2% respectively by
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the addition of 70% of the initial weight of Ce;Ss and sub-

sequent vacuum heating at 1650°~1700° for 1 h. The use

of all the sesquisulphide in one stage raises the impurit?Y

levels to 0.7-0.9% and 0.2-0.3% respectively. Iandelli'®

prepared CeS by prolonged heating of the elements in a

gealed tube at 1000°-1100° after a short period at 400°-
00°.

Very pure Ce2Ss may be prepared directly from its ele-
ments ; and from the dioxide and hydrogen sulphide *'+*2,
Picon *"% heated CeO; at ~1500° in a graphite boat, in
hydrogen sulphide. Strotzer and coworkers>® obtamed a
fairly pure specimen by heating CeQz for 2—3 h at 1200°-
1300° in a current of hydrogen sulphide. Eastman and co-
workers®
on the reactions

6Ce0. + 4H,S = 3Ce20:S + 4H:0 + SO2,
Cez0,S + 2HaS + 2C = CezS3 + 2CO + 2He.

Hydrogen sulphide was passed through a graphite tube, at
2550 litre per h, into an induction-heated reaction vessel
inside a water-cooled Pyrex container (Flg 5). The tem-
perature was raised slowly to 1200°~1400°, and reactlon
was complete after 2-3 h.
oxygen-free CezSs by heating CeO: in a graphite boat in a
current of hydrogen sulphide, dried over calcined AlzSs.
Heating at 1000° for 10 h gave 8-Ce:Ss, Wthh the authors
considered idential with Eastman's product®®. On heating
CeS; in a vacuum at 850°-1100°, @-Ce:Ss is formeds‘, des-
cribed earlier®. The passage of very dry hydrogen sul-
phide for several dozen hours over cerium halides at 600°—
1000°, in a quartz tube, yields Ce:Ss ‘*°.

CesSq is prepared from CezSs and CeS, in Eastman's
apparatus , for example. The important refractory
“black cermm”, a solid solution of Cez:Ss and CesSq,
formed when Ce:Ss is heated almost to its melting pomt"
CezSs is heated in a molybdenum container to 1800° at
10™-10"° mm Hg, and then, slowly, to 2200°. The com-
position of the product after several hours is CeS;.40.

CeS: is prepared by heating y-Ce2Ss w1th an excess of
very dry sulphur at 600° in a sealed tube®, and also from
hydro%en sulphide and anhydrous cerium sulphate at 720° -
750° ®

Cez0:S is prepared® by passing hydrogen sulphide
over CeO: at 1300°, in a refractory tube (4CeO; + 4HS =
= 2Ce20,S + 4H:0 + ), by the reaction between ceric oxide
and sulphur vapour (CeO; + S = Ce:0:S + SOz), and by the
action of hydrogen sulphide on CeO: at 1000°-1300° in
Eastman's apparatus, for less than 2 h. At higher tempe-~
ratures CezSs is formed in 2-3 h. Cerium oxalate may be
heated with Ce:Ss in a vacuum, initially at 200° and then at
1350° (2Cez0s + CezSs = 3Ce20,8) 2. The product is washed
with cold 10% acetic acid to remove the sulphide. Partial
oxidation of CezSs with moist hydrogen sulphide at 500° also
yields the oxysulphide 58

A review by Samsonov, Popova, and Tikhomirova ®*°
describes most fully the preparation and properties of
cerium sulphides. The hypothetical Ce-S phase diagram°
shows two maxima corresponding to the congruently melting
CeS and CesSq (Fig.6). These form a eutectic with S: Ce =
=1.14, melting near 2000°. CeS has the highest melting
point of these sulphides, 2450°, a low vapour pressure at
high temperatures, and metallic conductivity (thermo-
-e.m.f. 10 pV deg™). Very strong heating causes loss of
sulphur and subsequent lattice defects. CeS is fairly stable
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used an unnecessarily complicated method, based
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Fig.6. Part of the Ce-S phase diagram.
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Fig.7. Rate of oxidation of Ce,C3 powder.

TABLE 7. Melting points of cerium sulphides and

oxysulphide and their mixtures.

Added components
Initial
compound Ces CesS, CesSs Ce 0,8
CeS 24504100 2000—75 - 19004100
Ce;Sq — 2050+75 19004- 2000 1650
Ce,S; — — 189050 1650
Ce, 0,8 — — — 2000420

to water, but dilute acetic and inorganic acids decompose
it readily. With graphite at 1900° it yields the carbide;
air begins to oxidise it at 200°-300°. Like other lanthan-
ide and actinide sulphides, CeS has a metallic conductivity;
it also has a small temperature coefficient of expansion,
and articles made from it withstand heating at a rate of
1000° min™.

CesSs melts and vaporises more readily, but is oxidised
by air only at 700°. Chlorine reacts with it at 200°, and
water vapour above 300°.

Ce2Ss is stable in air at normal temperatures, but burns
with a blue flame on heating. An air current begins to
oxidise it slowly at 300° and rapidly at 600° (Fig. 7). Ce:Ss
is unaffected by boiling water or alkali solutions, but dis-

solves in dilute inorganic and organic acids. It is very
brittle, like all sulphides; it has a low en _1gh temperature
coefficient to withstand heating at 100° min Its semi-

conductor properties have long been suspected because of
its high resistivity; its thermo e.m.f. is 430 pV deg™. It
has long been suggested that CezSs and CesS, form sohd
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solutions melting between 1900° and 2000° (Fig. 6), or even
near 2200°'®. Above 2300° the mixtures give off sulphur
rapidly. Zachariasen? showed by X-ray analysis that the
region of homogeneity of these solutions is bounded by
CesSs, in the cubic unit cell of which cerium atoms occupy
all the vacant places, and by CezSs, in the disordered struc-
ture of which every ninth metal-atom site is vacant. The
lattice constants change regularly with the S: Ce ratio:

Density from X-ray

S:Ce a, kX - -
analysis, gcem
1.495 (~Ce.Ss) 8.6173 5.186
1.45 8.6131 5.313
1.40 8.6123 5.455
1.33 (CesS4) 8.6076 5.675

Zachariasen correctly relates the decrease of lattice con-
stant, as the extent of the lattice defect decreases, to the
transition from the largely ionic bond in Ce2S; to the largely
metallic one in CesS;.

CeS: is unstable towards air and water, and may be
considered a polysulphide since sulphur separates when it
‘dissolves in hydrochloric acid. Cerium sulphides are
pyrophoric when finely divided. Additon of Cez0:S to the
sulphides lowers their melting points by 200°-400°, so that
refractories of this type must be free of oxygen (Table 7).

Ce2028 is insoluble in water, and dissolves with diffic-
ulty in acetic acid but readily in inorganic acids, evolving
hydrogen sulphide. It reacts with cerium only above 1300°,
the equation evidently being **

Cez20:8 + Ce = CeS + 2CeO.

Cez0:8 is the only rare-earth oxysulphide to be oxidised at
room temperature 56; the colour changes from brown to
dark green, and the lattice constants decrease. It gains
weight rapidly above 180°, but loses it above 650° as the
basic sulphate is formed.

CeS, and solid solutions of CezSs and CegS,, are import-
ant refractory materials, being resistant to fused metals
(Tables 8 and 9°%).

Praseodymium, neodymium, and samarium.
These form the compounds MS, MsSs, M.S;, and M:0.S.
PrS and NdS were prepared by prolonged heating of the
elements in a sealed tube at 1000°-1100°, to ensure homo-
geneity, after a preliminary period at 400°-450° *°,
Iandelli®® prepared SmS in this way. PrS, NdS, and SmS
are also prepared by reducing a sesquisulphide—oxysulphide
mixture with aluminium, at 1350° in a vacuum *3:

2MzS3 + 3M20.S + 4Al = 12 MS + 2A1,0s.

A mixture of MS and M.Ss, heated for 2 h at 1600°, gives
MsS, *:
M2Ss + MS = MsS,.

The sesquisulphides are prepared, like those of La and Ce,
from hydrogen sulphide and the oxides at 1500°~1550°% or
the chlorides or sulphates at 1000°'%; the oxysulphides are
prepared by the method used for lanthanum ***°*, The mono-
sulphides react with dilute acids, evolving two volumes of
hydrogen sulphide to one of hydrogen with hydrochloric or
acetic acid. Solution in nitric or concentrated sulphuric
acid is accompanied by separation of sulphur. Hydrogen
peroxide oxidises PrS, NdS, and SmS, but dilute perman-
ganate only SmS; slow atmospheric oxidation begins at 200°.
PrsSs, NdsSi, and SmsS, are decomposed by acids, evolving
eight volumes of hydrogen sulphide to one of hydrogen.

TABLE 8. Effect of molten metals on CeS.
Metal Temp,, | Time, | Atmos- T f interaction
°c min’ phere ype o y
u 1300 5 | vacuum | none; shining ingot produced
8) 1400 30 » ditto
u 1900 4 » golden efflorescence on ingot surface
Ce 1500 15 » none
Th 1825 6 — pure ingot firmly attached to crucible
Mg 900 5 |vacuum | good ingot, readily leaving crucible
Bi 1400 5 » as for Th
Bi 1500 10 » ditto
Al 1500 10 » fine black film on ingot
Ti 1500 10 » as for Th
Pt 1900 10 » crucible destroyed by formation of CePt
Sn 1200 3 > ingot firmly attached to crucible;
grey film on surface
Zn 500 1 » asfor Mg
Zn 700 5 » ditto

TABLE 9, Effect of molten metals on Ce,S3-Ce3S, alloy.

Time,

min Type of interaction

Metal ng'w

black efflorescence on ingot surface
black ingot, readily leavinﬁ,crucible;
bronze effloresceiice crucible

U 1475 30
Ce 1500 15

Th 1825 6 | ingot readily leaves crucible; fine layer of
CeS on crucible surface

Mg | 1900 5 | good ingot; crucible partly reduced to CeS
by magnesium vapour .

Be 1400 5 good ingot, not adhering to crucible; crucible
not desyoyed

Be 1500 10 slight® rediction of crucible to CeS )
Bi 1200 5 good ingot; some metal attached to crucible,
but latter not destroyed

Al 1500 10 ditto

Fe 1500 10 ditto, but no adhesion to crucible

Ti 1500 10 good in§ot with a film of CeS, adhering to

crucible

pure ingot, not reacting with crucible but
adhering lightly to it

no reaction with crucible; slight adhesion
to crucible

Sn 1200 3
Zn 900 5

* Russian ambiguous; could mean "ready reduction ..."
(Ed. of Translation).

Air oxidises them slowly at 500°, forming the basic sul-
phates (MO).SO,, at 600°. SmsSs sublimes at 600°. The
oxysulphides dissolve more slowly than the sulphides in
dilute inorganic acids; Sm:O:S alone is insoluble in cold
dilute acetic acid. Iodine and permanganate solutions do
not oxidise the oxysulphides.

Picon and Flahaut showed the magnetic susceptibilities
per metal atom of MsSs and M.Ss to be almost identical, and
inferred that the metals are trivalent®. The high value
for SmsSs, 2350 x 1078, they attributed to the composition
SmS3.SmS.

Europium. EuS, EusSs, EuzSs.s1, and EuzO:S are
known. FEuS is prepared from EuCl; and excess sulphur,
heated up to 600° over several hours in a rapid stream of
pure hydrogen:

EuClz +S + Hz = EuS + 2HCI.

Excess sulphur is removed by prolonged heating at 820° in
a stream of hydrogen. Domange, Flahaut, and Guittard®*
prepared EuS by heating EuzOs at 1000°-1200° for 1 h in
oxygen-free hydrogen sulphide. Eus;S4 is prepared by heat-
ing a mixture of composition 3EuS + S at 600° in a sealed
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tube. If sulphur is in excess, EuzSs.s: is formed under
those conditions **. At 600° a mixture of composition
2EuS + 2Euz0s + S yields EUzOzsg excess sulphur being
removed with carbon disulphide®*. Eick?® obtained Euz0.S
by heating Eu20s in carbon disulphide vapour at 750°-800°.

Gadolinium. GdS, a- and y-Gd2Ss, GdS:, and
Gdz20:S are known. GdS is prepared from aluminium and
an equimolar mixture of GdzSs and Gd20:S *°:

3Gd2Ss + 3Gd20:S + 4 Al = 12GdS + 2A1,0s.

Gd20s and hydrogen sulphide yield a-Gd2Ss and a little oxy-
sulphide at 800°°°, and y-GdzSs at 1000°. Purer a-Gd2Ss
is obtained by the thermal dissociation of GdS; at 800°.
Gd,S, is obtained in anunknown modificationfrom the sul-
phate and hydrogen sulphide at 1000° %, At 600°, Gd.Ss
reacts with sulphur in a sealed tube, yielding GdS: *°.
Gd20:S is obtained by the most general method for rare
earths, described above for La:0:S:

2Gd20s + Gd2Ss = 3Gd2028S.

Eick?® prepared the oxysulphides of gadolinium and other
rare earths by heating the oxide with excess thioacetamide
in a sealed tube for 4-6 h at 1200°. At 800° impurities
were burned in the tube by a stream of air, and the pro-
duct was then reduced again in a stream of hydrogen.

Terbium. Only Th.0:S is known, prepared by Eick?®
in the same way as Gdz0.S.

Dysprosium. Flahaut, Guittard, Loriers, and
Patrie prepared DysS:, a-, ¥-, and 6-Dy.Ss, DyS., and
Dy20:S. DyS, prepared by heating 6-Dy.Ss with a large
excess of aluminium in a vacuum at 1450°%!, contains a
variable excess of sulphur. The cubic unit cell dimension
increases as the sulphur content falls. DysS; is obtained
by heating a mixture of 6-Dy.Ss and 20-50% of aluminium
for 4 h at 1300°-1350° in a vacuum?'. Hydrogen sulphide
and Dy20s yield a-Dy.S; and a little Dy20.S at 800°, and
6-Dy2Ss at 1000°-1300°. ¥-Dy2S; is formed from a-Dy:Ss
at 1250°, in a stream of hydrogen sulphide®'. DyS; is
prepared, like GdS:, from the sesquisulphide and sulphur
at 600° in a sealed tube. Dy20:S is obtained in the same
way as La:0.S and Gd20.S *°°¢,

Holmium. Eick?® prepared HozO:S in the same way
as Gd20.S.
Erbium. Like dysprosium, this forms the compounds

ErS, ErsSs, Er:Ss, ErSz, and Er:0.S. At 1450° in a vacuum
a large excess of aluminium reduces Er.S; to ErS, thecom-
position of which varies. The cubic unit-cell dimension
increases from 5.424 A to 5.452 A as the sulphur content
falls?*. ErsSy is prepared in the same way as DysSr.

Er:0s reacts less readily than Gd20s; and Dy.0s with hydro-
gen sulphide, giving only the oxysulphide at 1000° and Er2Ss
only at higher temperatures; at 1250° the last traces of
oxygen disappear. At 1000° hydrogen sulphide converts
erbium chloride to Er:Ss . ErS: and Er;0:S are prepared
in the same way as the gadolinium and dysprosium com-
pounds 29,35 56

Thullium. Eick?® prepared Tm:0:S by the general
method of heating Tm.0O; with excess thioacetamide.

Ytterbium. Domange, Flahaut, Guittard, and

Loriers® prepared YbS:.i«, YbS:1.33, YbS1.4s, and YbzSs.
The sulphide YbS:.1« was formed on heating YbS;.ss and
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YbS;:.4s for several hours at 1450° in a vacuum. At 1000°-
1100° in a vacuum, Yb,S; forms YbS,.ss. At 1350°-1400°,
Ybz0s and hydrogen sulphide form YbS;.4s, and at 900°, they
form a mixture of Yb2Ss and Yb20:S. Pure Yb:Ss is pre-
pared by heating Yb2Os at 1300° in hydrogen sulphide to
remove oxygen completely, and then by converting the lower
sulphide formed to Yb,Ss at 1100° for 1 h. The sesquisul~
phide is also prepared from YbCls and hydrogen sulphide at
1000°'®,  Yb,0:S is prepared by heating Yb2Os with a 5%
excess of Yb.Ss to 1350° under argon®, or from YbzOs and
dry hydrogen sulphide at 1000° %, It dissolves with diffic-
ulty in concentrated hydrochloric acid, but readily in aqua
regia.

Lutetium. Only Lu20:S has been described; it was
obtained by Eick?® by heating LuzOs with thicacetamide.

Actinide Sulphides and Oxysulphides

Actinium. Only Ac:Ss is known, prepared by heating
the oxalate or oxide to 1400° in a graphite crucible, in a
stream of h_'ydrogen sulphide first passed through carbon
disulphide 5.

Thorium. The compounds ThS, TheSs, TheS: (or
Th7S:12), and ThOS are well known; they have promising
refractory and semiconductor properties similar to those
of the cerium compounds. ThS and ThzSs are the most
stable, the composition of the latter varying from ThS;.z2
to ThS1.se *° that of ThsS; varies from ThS;,71 to ThSize .
Although the Th-S phase diagram has not been studied, the
existence of these sulphides is indicated by preparative
work, particularly that of Strotzer and Zumbusch®.
Various products may be obtained, depending on the tem-
perature, pressure, and proportions of the reagents. ThS
and TheS; are oprepared from stoichiometric proportions of
the elements *°, and by thermal dissociation of higher sul~
phides or their interaction with a theoretical quantity of
thorium hydride. ThsS; is formed on dissociation of ThS:
or the polysulphide, ThS, *®. ThS; is obtained by the action
of hydrogen sulphide on the metal ®*™%, the halides *®*7, or
the hydride ****, from sulphur and thorium 3% or its
carbide®, by the action of carbon disulphide and hydrogen
on ThO,, %8 and by the treatment of mixed thorium and
potassium chlorides with hydrogen sulphide ®%". ThO:
may also be heated with carbon in a stream of hydrogen
sulphide®®, ThOS is obtained by treating ThO: with carbon
disulphide ™, or the anhydrous chloride with hydrogen sul-
phide™. It is also formed as an impurity when ThS; is
prepared in the presence of oxygen. At 600°-700° sulphur
replaces the non-metal in thorium selenides and tellurides;
these compounds also react with other sulphides '°, e.g.:

TiS; + ThTez = ThS; + TiTe:.

When heated in air or oxygen, thorium sulphides yield
the oxide and sulphur dioxide. Below 300° chlorine con-
verts them to ThCls and sulphur dichloride. They are de-
composed by concentrated inorganic acids, but not by boil-
ing water or alkali solutions; they are oxidised by boiling
hydrogen peroxide. ThS has the silvery lustre and conduc-
tivity of a metal, and is diamagnetic. Its dissociation pres-
sure is less than 1073 mm Hg at 2200°, and its microhard-
ness*®is ~350 kgmm~2 ThS forms a continuous series of
solid solutions with CeS and US, for some of which lattice
constants determined by Zachariasen® are given in Table 10.
TheSs is very stable when heated in a vacuum, and melts
between 1900° and 2C00° without appreciable evaporation.
It is diamagnetic, of microhardness*® ~250 kg mm™.
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TABLE 10. Composition, %. TABLE 12, Effect of molten metals on sintered ThS.
—
Ths | s JUS {a, kx Me'oll TgE\P-. IT:m. ‘;}r::: Type of interoction
331 61 |— |57 Ce | 1500 | 15 |vacuum goc‘:ﬂcliilla ot firmly attached to
P O Bl B Th | 1325 6 » itto
50 — |} 50 | 5.587 Mg 900 5 » good llx;%ot. easily detached from
C.
Al | 1500 | 10 » crucible to
Fe 1500 10 > fine black film on ingot
TABLE 13. Effect of molten metals on Th,S; and ThyS;.
0
Z! b Sulphide | Metal T%"(‘:p" T,:,T:’ Type of interoction
v TheSs | Ce 1500 | 15* | good inqot sticking firmly to
I/ I crucible
TheSy | Th | 1500 | 15%* ditwo
/ ThyS, Th 1825 6 ingot easily detached from crucible,
5 and showling fine efflorescence
1 Th,S: U 1300 5 pure ingot, €asily detached from
4 crucible
e 9 | ThsS: | U 1475 | 30 ditto
s u TheS: | Ce 1500 | 12 good ingot, adhering to crucible
£ ml I ThS: Ce 1500 15 itto with fine layer of TheS7 on
3 ingot
E
5”0
T * Porosity of crucible 20%.
vt / ** Porosity of crucible 5%.
u’
]
i
=5
as W0 1B 20 26 0
x
molten metals (Tables 12 and 13); like the selenides and
Fig.8. Relation between resistivity of tellurides, they resemble graphite and molybdenum sul-
ThSy and x. phide in their lubricating power, and may be used as solid
lubricants and as components of metal-ceramic bearings .
Protactinium. Only PaOS is known, prepared by
Elson, Fried, and Sellers* from hydrogen sulphide and
TABLE 11. Electrical properties of thorium sulphides. PaCls.
ool Resistiviny T‘;"m-;::f'-- Uranium. US, U.S;, UsSs, a-, 8-, and y-US;, UOS;,
] Tohmem | emid Tvpe of conductor. and UOS are known. US is obtained at 400°-500° from
ThS 0.2 mv:'g metallic stoichiometric proportions of hydrogen sulphide and uran-
Ths, o o1 P-type semiconductor ium powder, obtained by decomposition of the hydride **.
™S, 25000 0.2 P- type semiconductor Picon and Flahaut*® prepared US, with the oxysulphide as
21,70 3/ A ’ ¥y
Ths.0 tor - Wmi““d““"' an impurity, from UOS and aluminium at 1775°, excess
TS, 5o 5-10 — | semiconductor aluminium and Al,Os vaporising at 1500° in a vacuum. It

ThSz, prepared as described above, varies in colour from
yellow to black, probably because other sulphides are
formed. Specimens, whose composition was checked by
X-ray analysis, are purple or brown-violet 38’“"2, ThS:
melts at 1904°, decomposing to lower sulphides.

In a study of the electrical properties of the sulphides,
selenides, and tellurides of Ti, Zr, Hf, and Th, McTaggart 1
showed the sulphides of composition ThS;.s, ThS1.70, ThS2.00,
and ThS:.s0 to be semiconductors (Table 11, Fig. 8); he con~
siders invalid the work of Eastman et al.**, which showed
the resistivity of all these compounds to be lower than 10 3_
10! ohm cm. The thorium sulphides are stable towards

dissolves in inorganic acids, but is inert towards acetic
acid and ammonia and alkali solutions. It is converted to
UOS in 48 h at 160°. U,S; is formed on heating US; powder
with aluminium in a graphite boat at 1325° for 13 h, in a
vacuum ™, Hot 50% acetic acid removes excess aluminium
and Al:S;. U:S; is also formed from stoichiometric quan-
tities of uranium powder and hydrogen sulphide . U;Ss is
prepared by heating US; for 3 h at 1530° in a vacuum "%, and
comprises most of the mixture obtained by heating US;
under hydrogen for 2 h at 1530°. USg, like US and U.Ss,
may be obtained from hydrogen sulphide and the powdered
metal. Excess hydrogen sulphide reacts with UO» and car-
bon at 1200°-1300° to give UO S and steam at lowtempera-
ture; carbon monoxide is evolved at higher temperatures,
and the reaction is completed by a brief increase of tempe-
rature to 1400°-1500°.
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Picon and Flahaut*’ report that a- and 8-US; are stable
above and below 1350° respectively; from UsSs and dry
hydrogen sulphide at 380 “ they obtained y-US., which passes
into the 8 form at 425°*%, The three forms differ very little
chemically, y-US: being the most easily oxidised. UzSs,
UsSs, and US: are also very similar chemically; they all
react with inorganic acids, aquecus iodine, permanganate
solution, and hydrogen peroxide ‘“, but not with aqueous
solutions of strong alkalis or potassium dichromate. U,Sq
and UsSs, unlike U3z, are not soluble in 50% acetic acid,
even at the boil. The uranium sulphides are inert towards
air over periods of several months, but are slowly conver-
ted to oxides at 300°. UOS is obtained by heating UO. or
UsOs with carbon in a stream of hydrogen sulphide®’. On
addition of arimonium sulphide to a solution containing the
uranyl ion, the brown, relatively unstable UQ.S is precipi-
tated in an impure state ™.

Neptunium. On treating NpO: at 1000° with a mix-
ture of hydrogen sulphide and carbon disulphide, prepared
by bubbling the former through carbon disulphide at 25°,
NpOS is formed after a few hours and Np:Ss after 12 h*°.
The products were identified by X-ray analysis .

Plutonium. PuS, (PuzS;-PusSs), and Pu.0:S are
known. PuS was obtained by chance in an attempt to reduce
PuF; with barium vapour in a barium sulphide crucible ®°.
(PuzS;~PusS,) was formed when dry plutonium “hydroxide”
in a graphite crucible was heated slowly to 1340° under
dry hydrogen sulphide *® and maintained at 1340° for 2 h.
Another specimen was made by heating PuCl; in a quartz
crucible for 1 h at 900° in a stream of hydrogen sulphide.
Pu:0:S was obtained by passing technical hydrogen sulphide,
dried over phosphorus pentoxide, over a graphite crucible
containing dry plutonium ‘“hydroxide”. The temperature
was gradually raised to 1225°-1300° in 1 h and kept there
for a further 3C min.

Americium. As with neptunium, Am.,S; and AmOS
are formed from AmOQO:, hydrogen sulphide, and carbon
disulphide at 1500° ™,

APPLICATIONS

Although investigation of the rare-earth and actinide sul-
phides is incomplete, many possible technological uses are
apparent. Thorium and cerium sulphides withstand fused
salts and metals of high-melting point, such as uranium,
cerium, thorium, titanium, and iron, and also relatively
low-melting metals such as bismuth, tin, magnesium, and
aluminium ™. A method is described of preparing crucibles
and other refractory vessels from these two sulphides,
which are mixed in powder form with a 5% solution by
volume of naphthalene in ether and moulded at a pressure
3.5—7 ton cm ™ before being sintered in vacuum furnaces *.
Denser products are made by hot pressing of the powdered
sulphides **. The refractories produced are very resistant
to heat impact, but can only be used in a vacuum or an inert
atmosphere ™.

The sesquisulphides in particular '° combine semicon-
ductor properties with a high melting point and low vapour
pressure. The higher sulphides tend to lose sulphur at
relatively moderate temperatures. The sulphides, espe-
cially those of cerium, lanthanum, and thorium, should be
of use as thermistors and resistances, and also as thermo-
electric generators on account of their high thermo-e.m.f.
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The sulphides which are semiconductors should also be in-
vestigated as possible heterogeneous catalysts. The mono-
sulphides may be used in anti-emission screens on account
of their high electronic work functions., The thorium sul-
phides are good solid lubricants. Further investigation and
the increasing availability of these compounds will lead to
their application in new fields, especially precision metal-
lurgy and semiconductor technology, and to progress in the
elucidation of their crystal and electronic structure.
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INTRODUCTION

Stereochemical studies have undergone a qualitative
change in the last 15—20 years, because of the development
of conformational analysis. In addition to static stereo-
chemistry, an ever increasing part is beginning to be
played by studies on dynamic stereochemistry, in which a
chemical reaction is investigated from the stereochemical
viewpoint!. It is difficult to overestimate the importance
of this movement in organic chemistry. In fact, the
stereospecific synthesis of many compounds can be suc-
cessfully achieved in practice only by using stereospecific
reactions, and such syntheses are of particular importance
in the chemistry of polymers and natural products, which
have recently taken on an ever increasing economic sig-
nificance. Conformational analysis has contributed to the
successful study of the stereoselectivity of reactions and to
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the prediction of the possible results of a chemical pro-
cess?. At present there exist a number of communications
on the steric course of substitution and cleavage reactions
at a saturated carbon atom, addition to a carbon—carbon
double bond, etc.!, but until recently, the stereochemistry
of addition to the double bond of the carbonyl group, par-
ticularly in cyclic ketones, had received little attention.
The original work and review articles in this field are de-
voted almost exclusively to the reduction of ketones to
alcohols®.

In the present review we have attempted to systematise
the existing data on nucleophilic addition reactions (Ady) to
the carbonyl group of cyclic ketones with a six-membered
ring, free of additional distorting factors (erdo- and exo-
-cyclic double bonds, oxide rings, bridge linkages, etc.).

This review embraces the literature on mono-, di-, tri-,
tetra-, penta-, and hexa-substituted cyclohexanones, in-
cluding polycyclic systems containing the keto-group in a
six-membered ring. Asreactions for comparison, we have
selected chemical reduction under alkaline conditions, the
acetylene and cyanohydrin syntheses, and the addition of
organometallic reagents, particularly Grignard reactions.

1. MONOSUBSTITUTED CYCLOHE XANONES
(see Table 1)*

Addition reactions to the carbonyl-group of monosub-
stituted cyclohexanones, particularly 2-methylcyclohexan-
one, have long been described, but the composition of the

* The following symbols are used in the tables. The indices «
and B, as in the steroid series, indicate the disposition of sub-
stituents above and below the plane of the diagram; 0 isomer not
detected; + present in the mixture; x predominates in the mix-
ture; xx greatly predominates in the mixture; a numeral with an
asterisk * the yield (in %) based on the starting ketone; ! our
suggested configuration; ? configuration (or content in the mixture)
not established or doubtful; ?? configuration unknown; a and e
conformation of the new substituent; substituent positions are indi-
cated with reference to the carbonyl group.
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TABLE 1. Stereosolubility of addition reactions to mono-

substituted cyclohexanones.

- Content in product mixture, %
Existing Entering
substituent Reagent substituent . . Reference
R’ cis-addition trans-addition
(R-R") (R-R°)
Ortho-substitution
CH, Na+ ROH H | ax,98-99, |2,2-1,3—1,42,] *5¢
97—99, 88,72 28 S
CH, LiAlH, H 82,70,%9,64,60 18,30,31,36,40 | %'0:!1.12
0
CH,3 NaBHy, CH,OH H 69 3 9
CH, NaBH(CH;0)s H 70 30 s
CHj NaBH,, pyridine H 56 44 2
CH3s LiAlH,, AlBry H 59—71 41—29 A
CH, KBH, H 41 59 1314
CH; KCN CN 80~175 20—25 1
CH; HCN CN 69 34 1
CH; HC=CH, KOH C=CH 60 40 1817
CH, HC=CNa, NH; C=CH 51,34,23 49,66,77 (1) ‘5vw=
CH; HC=CK, C=CH 60 40(1)
t-CH,0H o
CH; CHsMgl CHs 25 75 ot
C,H; Na + ROH H Xx ? m'zz
C;H, Na -4 ROH H xx ? I
iso=C3H; LiAlH, H 69—57 31—43 n
iso-C3H, LiAiH,, AlBr, H 66—48 34—52 11.20
t=-C4Hp Na -+ H 85,xx 15,? és
t-C,Hy LiAlH, H 51 49 2a1t
CeHu Na + ROH H 97,81 3,19 .
CeHny LiAlH, H 7168 2932 "
CeHyt LiAlH,, AlBry H 5713 4387 25
CeHyy CgHgMgBr CesHs one isomer (?) 24.96
CgHsCH, LiAlH, H xx )
C¢HyCH, KBH, H xx 27
C¢HCH, HC=CNa, NH,3 C=CH two isomers 2
Ce¢Hs Na + ROH H 100 I 0 o
CeHs KCN CN 4446 (1) +
Paraesubstitution
CH, Na + ROH H xx, 83 2,17 pron
CHs LiAlH, H 81,;9&81 19,21—19,25,16 310
CH; NaBH,, CHsOH H 75 25 g
CH, NaBH,, pyridine H 60 40 s
CH,3 KBH, H 65 35 a1
CH,@ HC=CNa, NH, C=CH one isomer (??) pss
CHj C.H(,M&:Br CgHp one isomer (?? 3
CH30 HC=CK, t-C H,0H C=CH | one isomer (??) 27 did not
o asree after
hydrogena- 2
CH30 C;HgMgBr C,Hg one isomer (??) tion
iso=CyH, Na -+ ROH H xx -+ 29,34
iso=-C3H, HC=CNa, NH; C=CH 12 (?) 88 (?) 35
t=-C,Hy Na+4 ROH H =+ 29
t-C,H,y LiAlH, 91—93 9—17 20
t-CH, HC=CNa, NH, C=CH 86 14 36’
t-C,Hy C,HsMgBr CzHs 27 73 s
CeHyy Na+ ROH H 55 45 c
CeHyt LiAlHg H 43 57 N
CeHny KBH, H 50 50
Meta-substitution
CH, Na -+ ROH H ?,20,22 xx.80.78 48,97
CHy LiAlH, H  |6-7.8,41,15,13 94—93,92,80 | 798
85,87 2
CHj LiAlH,, AlBry H 6—17 94—93 1
CHj3 BH, H 42 58 8
CH; KCN CN 25 75 38
gg, CHCsCNa],_I NH, C=CH 15—25 (?7) 8575 39
C=CH, H - . =
CH: C“:zissC;CMggrO EZP{:S—E} one isomer (??) 95—97* 42,43
CHj; CH3zMg! : CHs 60 40 38
t-C,H, LiAlH; LOH- + p 10

resulting mixture of isomers has only rarely been deter-
mined.

Thus in the reduction of 2-methylcyclohexanone with
sodium and alcohol, Skita* separated only frans-2-methyl-
cyclohexanol (cis-addition of hydrogen) from the reaction
products, but he suggested that no method of reduction
would give one isomer exclusively; the other would always
be formed, even if in small amount. Later work has con-
firmed this in respect of 2-methylcyclohexanone; a num-
ber of workers*~8 found that the reduction of 2-methyl-
cyclohexanone with sodium and alcohol produces a mixture
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containing 99—72% of the frans - alcohol (cis -addition) and
1-25% of the cis-alcohol (trans -addition):

o H OH H OH
I CHs N’ N

- —CH, —CH,
- g+ K
7

cis-addition trans-addition

Reduction of this ketone with lithium aluminium hydride
gives®-12 from 60 to 82% of the trans -alcohol (cis-addition)
and from 8 to 40% of the cis-alcohol (trans -addition). The
predominant formation of the {rans -alcohol is also found in
the reduction of 2-methylcyclohexanone with sodium boro-
hydride®. The addition of carbon-containing nucleophilic
reagents to 2-methylcyclohexanone has also been much
described, but apart from a few data on the acetylene syn-
thesis, the stereochemistry of these reactions has not been
studied at all until recently. The data on the acetylene
synthesis!571% are so contradictory that no conclusions can
be drawn. The recent study of the stereochemistry of the
cyanohydrin, acetylene, and Grignard reactions of 2-methyl-
cyclohexanone showed that a mixture of isomers is formed
here also, cis-addition predominating in the cyanohydrin
and acetylene syntheses. Thus the cyanohydrin synthesis
produces a mixture containing, depending on the reaction
conditions, from 80 to 69% of cis-1-cyano-2-methylcyclo-
hexanol and from 20 to 31% of the ¢{rans-compound, while
under the Nazarov — Favorskii conditions reaction with acetyl-
ene under pressure gives 60% of cis -1-ethynyl-2-methyl-
cyclohexanol and 40% of the trans-compound !3:

o HO CN HO CN O HO C=CH M C=CH
AN s \,'1 It N4 N 7
_CH, o —CH, ( W‘—-cm ¢ NmCHyo=cut {)—~CH, —CH,
- RN . L | - = . .
! R L/J A ! ot
80—699% 20—Ho, 66% A5

_ On the other hand, it has been shown!® that the stereo-
chemistry of the Grignard reaction is quite different, frans -
-1,2-dimethylcyclohexanol (frans -addition) predominating
(75%) in the resulting mixture:

HQ CH,3
\:j'CHa +
“H

HO CH,
I -

CH,
O/" '

 Comparison of data onthe reduction of other 2 -substituted
cyclohexanones shows that reduction with sodium !1,20-22,2¢
or complex metal hydrides!!s2%,24:2¢ 3]1so produces mainly
the trans -alcohols with cis-configuration between the
2-substituent and the entering substituent (H):

CH,Mgl

25%

OH
.R!

Lr
H
trans-addition

cis-addition

The position in respect of 4-substituted cyclohexanones
is analogous, reduction of the ketones with sodium in
alcohol 4,8,29,34 or with alkali metal hydrides®,®-19,!2,%¢ also
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producing predominantly the frans-alcohol with the cis-
-arrangement between the existing and the new (H) sub-

stituent:
0 R! Ok
e OH RS
— +
R H R H R~
i : :

cis-addition trans-addition

Information on the stereochemistry of the addition of
carbon-containing substituents is very sparse in this series
also.

Marvel's results® are interesting. By condensing
4 -methoxycyclohexanone with acetylene in the presence of
potassium t-butoxide he obtained, in low yield (27%), one
isomer of 1-ethynyl-4-methoxycyclohexanol, which on
hydrogenation gave 1-ethyl-4-methoxycyclohexanol. The
reactionbetween the same ketone and ethylmagnesium brom-
ide gave a different stereoisomer of 1-ethyl-4-methoxy-
cyclohexanol in 63% yield. However, he did not establish
the configurations of these compounds:

HQ C=CH HQ CoHs

CHy OH f
OCH, OCH,

More is known about addition to 4-t-butylcyclohexanone.
It has been shown*® that this ketone exists only in one con-
formation, in which the t-butyl-group is in the equatorial
position. Stork and White?® show that when it is reduced
with sodium in alcohol, it forms almost exclusively a pro-
duct with an axial hydrogen atom at C,, ¢.e. trans-4-t-
-butylcyclohexanol. The reduction of 4-t-butyleyclo-
hexanone with lithium aluminium hydride produces, accord-
ing to Elie and Ro3°, a mixture containing 91—-93% of the
same trans-alcohol. Moreover, Hennion3 showed that
condensation of this ketone with sodium acetylide in liquid
ammonia gives a mixture of acetylenic alcohols in which
86% have the axial disposition of the ethynyl group. On
the other hand, the Grignard reaction with ethylmagnesium
bromide produces a mixture in which the tertiary alcohol
with an equatorial ethyl group, i.e. trans-1-ethyl-4-t-
-butylcyclohexanol, predominates (73%)3:

H H
...OH ...H
LlAng
+
g H >
H
91-93% 9-7%
H
-C=CH
HC CH
: 3
H
QHs
-+OH ’Csz
CaMsMex
+

27%

In this case, therefore, the reduction with sodium in

alcohol or with lithium aluminium hydride, and the acetyl-
ene synthesis, take place predominantly in the same sense
with respect to the double bond of the carbonyl group,
while the Grignard reaction takes place predominantly in
the opposite sense.

Goering and Serres* showed in 1952 that the configura-
tions which had been given to the stereoisomeric 3-sub-
stituted cyclohexanols should in fact be reversed, and the
stereochemical results obtained by the earlier workers on
the reduction of mefa-substituted cyclohexanones mustalso
therefore be reversed. Taking this into account, it may
be concluded that reduction both with sodium in alcohol and
with complex metal hydrides produces in this case mainly
the cis-alcohols (trans -addition):

trans-addition cis-addition
Iotsich®? condensed 3-methylcyclohexanone with phenyl-

ethynylmagnesium bromide and obtained one of the two pos-
sible phenylacetylenic alcohols in 97% yield, while Bertond
condensed 3- methylcyclohexanone with phenylacetylene by
the Favorskii method in the presence of potassium hydrox-
ide and apparently obtained the same isomer, in 95% yield.
It is interesting that 3 -methylcyclohexanone also reacts
with acetylenedimagnesium bromide to form only one glycol,
in 93% yield*4. Study of the stereochemistry of the cyano-
hydrin synthesis and the Grignard reaction of 3-methyl-
cyclohexanone has shown that as with 2-methylcyclohexan-
one, both reactions have opposed spatial directivity 3¢, In
the cyanohydrin synthesis the resulting mixture consists
of 75% of the trans -1-cyano-3 -methylcyclohexanol (trans -
-addition) and 25% of the cis-compound. The Grignard
reaction produces a mixture containing 60% of cis-1,3-di-
methylcyclohexanol (cis -addition) and 40% of frans-1,3-di-
methylcyclohexanol:

HO CN HO CHy
N <
~ ‘/ \J G steps
—CH, —CH,
-
(0] ¢}
Ij N
J 75% 407 N
25% 60%
e, HO CN HO CH, NcH, .
i/ 6 steps ]
N NcH, cH,

All addition reactions to the carbonyl group of mono-
substituted cyclohexanones can be provisionally divided
into two groups, of which the first comprises reactions
(reduction with sodium and complex metal hydrides, the
cyanohydrin and acetylene syntheses) which normally take
place with a spatial directivity in one sense (predominantly
cis-addition in the case of 2- and 4-substituents and trans-
-addition in the case of 3-substituents), and the second
comprises the Grignard reaction, which normally shows
the opposite spatial specificity (predominantly trans -
-addition with 2- and 4-substituted ketones and cis-addition
with 3-substituted ketones). In deciding the spatial direc-
tivity of the reactions under review, it is of great import-
ance to establish the conformation of the substituents in the
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starting ketone. Since the stereochemical course of re-
actions with t-butyl-substituted cyclohexanones, which have
the substituent fixed in the equatorial position, fit into this
scheme, it is clear that for reactions of the first group,
the addition of the new substituent (H, CN, C iCH)takes place
predominantly into the axial position. With the Grignard
reaction, the new substituent enters predominantly in the
equatorial position38;

0 Ot
...Rl
=R R
H f

cis(ax laddition trans(eq-addition
R H
--OH . R
- —_—
R R/ R
H H H
cis(ax }addition trans(eq addition
R 0 OH
i —OH H R
”ﬂg - *ﬂ
trans(ax paddition cis(eqaddition

In the case of other substituents of smaller volume than
tertiary butyl, particularly in the ortho-position to the
carbonyl group, there are two theoretical conformations
with the cyclohexane ring in the “chair”-form, which differ
as to whether the substituent is in the equatorial or axial
position. Romers® studied the actual conformation of the
2-methylcyclohexanone molecule in detail by electron dif-
fraction, and found that in the vapour phase thisketone exists
in the “chair”-form, but without an axis of symmetry of

the third order, because of distortion of the valency angle
at C,. At the same time, according to Romers' results,
the valency angles at the other carbon atoms are still in
the range 109.5° + 2.5°, and the C—C and C—H bonds have
length 1.54 + 0.01 A and 1.09 + 0.02 A respectively. The
angle between the C—C bonds at C, is 117°+ 3°, and the
angle between the C—C and C—O bonds is 121.5° + 1.5°:

s

The methyl group occupies exclusively or almost ex-
clusively the equatorial position, but distorted from the
normal. Geometrical calculation shows that the angle
between the projections of the methyl and carbonyl groups
is 15° (105° with the methyl group in the axial position):

eq(CHy

|
(CHs)ax

Thus an equatorial o7tho ~substituent occupies a more
shielded position with respect to the carbonyl oxygen than
the splayed position which occurs in the undeformed cyclo-
hexane molecule. The Raman spectra of the methylcyclo-
hexanones also show that the methyl group in the ortho-,
meta-, and para-methylcyclohexanones is predominantly
in the equatorial position. This is a further confirmation
that cis-addition to o7tho -substituted ketones takes place
with axial entry of the substituent, and frans-addition with

TABLE 2. Stereoselectivity of addition reactions to disubstituted cyclohexanones.
, Content in resulting mixture, %
Ketone Reagent R Reference
R “a-form R Beform
- 2,2-substitution R "
28 -Methylcyclohexan-2-0l-1-one Na + ROH H i 100* | 0 ol
28 -Ethylcyclohexan-2-o0l-1-one Na 4- ROH ' H 70 30
2,6-substitution 18
28, 68 -Dimethylcyclohexan-1-one Na -+ ROH H l 1o0* l o s
28, 68 -Dimethylcyclohexan-1-one Na in moist ether H xx -4
2,5-substitution 12
Menthone (2a, 58) LiAlH; H 71 29 9
Menthone NaBH, H X 49 5
2a-Methyl -58 -isopropylcyclohexan-1-one CsHyC=CMgBr CeHsC=C | one ‘s(gg")“ I did m;lt agree
S ft. ro= .
2a-Methyl -58 -isopropylcyclohexan-1-one CoHsCH=CHMgBr CgHyCH=CH | one 1?_?;’)‘" | ;e:.:uzn 9
2,3-substitution “
gﬁ -:;;JIIS~ Dﬁcalox-lfl-]_ NﬂLﬂ;\ IRHOH S é‘ 1"7 ) 8 50
-Ethyleneketal -di- 1.8 -nor -D -homo-18 -androst -5-en-3, 17a -di 1 x(17a o 5
%8 -lra):ls- Decalone-1 ros en a-dione HCECNa,‘ NH, HC=C 66 33 !
9B -cis- Decalone-1 LiAlH, H 90 10 ]:
98 -cis-Decalone-1 HC=CNa, NH, HC=C 60* 0 5
3,4-substitution o
98 -trans- Decalone -2 Na + ROH H 99* N 5
19 -norandrostan=-178 -ol ~3-one NaBH, H gé:(gz) :: ot
17a-Methyl-19-norandrostan-178 -ol-3-one NaBH, H el o 5
17a-Vinyl'~19-norandrostan-178 -ol-3-one '&‘:gg« H 67'%32{ o 52
38 ans Decatona g OSran 118 -ol -8-one HC=CK HC=C one isomer  (??) ”
t«CsH,,0H o 1
98 -cis-Decalone -2 Na + ROH H 68 32 B
58, 108 -Oestra -3, 17 -dione Na -+ ROH H o + (332’
17a-Ethyl-5a, 10a-oestran-178 -ol -3-one Na + ROH i 0 1(0 ) 1
98 -cis=Decalone -2 CiATH, l—g 4 9% 0 o
58, 108 -Oestra -8, 17 -dione NaBH; :—I 1 (38) 9 i
17a-Methyl -50, 10a-0estran-178 -0l -3-one NaBH, '+ (3¢)
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entry of the substituent in the equatorial position. Np
doubt the ketone can enter into reaction not only in the pre-
dominant conformation with an equatorial substituent, but
also in the other conformation (with the substituent in the
axial position), which may be a partial explanation of the
incomplete spatial selectivity.

2. DISUBSTITUTED CYCLOHEXANONES (see Table 2)

On passing to di- and tri-cyclic disubstituted ketones
with more rigid rings, the conformational features of addi-
tion to the carbonyl double bond become much clearer.

The stereochemistry of addition to such ketones with a
cyclohexane ring retains in general features the same ten-
dencies as in the case of monosubstituted cyclohexanones.
On reduction with sodium and alcohol, these ketones also
form mainly the alcohols in which the hydroxyl group is
equatorial!l,?7749,5¢,55  and the same is found in reduction
by means of lithium aluminium hydride!*,*2,5°.  In a num-
ber of cases, however, reduction with sodium borohydride
leads predominantly to the formation of alcohols with an
axial hydroxyl group (equatorial addition of hydrogen).
Thus while Noyce and Denney?!? found that when menthone
is reduced with lithium aluminium hydride menthol pre-
dominates (71%) in the reaction mixture, Dauben, Fonken,
and Noyce ® observed that neomenthol predominates (51%)
in the mixture of alcohols obtained by reduction with sodium

borohydride:
P2 [ w

O

(“H;,

N

\/\0 \

tom ot
AN /\

CH; CH;, CH; CH,3 CH; CH;

methone menthol neomenthol

After reducing 58,108-oestra-3,17-dione % and 17a-
-methyl-5a,10a -oestran-1738-0l-3 -one 5° with sodium in
propanol, Rapala and Farkas obtained only products with
an equatorial 3-hydroxy group, while by reducing the same
ketones with sodium borohydride, they obtained only pro-
ducts with an axial hydroxyl group in the 3-position 5%,5¢:

{e) 1{ H {a) H

The acetylene synthesis on 1-decalones shows interest-
ing differences in the cis- and frans-compounds. While
trans-1-decalone reacts with acetylene to form both
stereoisomeric alcohols (the isomer with the axial ethynyl
group predominating), cis-decalone produces only one iso-
mer, apparently that with the ethynyl group in the axial
position 5:

l HC=C
/“ / m CH
/
. .
OH
ﬂ HC=CH ﬂ

C=CH )

Rupe and Kambli®*® have shown that the condensation of
trans -2 -methylisopropylcyclohexanone with phenylethynyl-
magnesium bromide and styrylmagnesium bromide gives
products with different spatial structures, but their con-
figurations were not established:

CH, CH, CH, CHa
i\ /QH /OH VIS CH=CHCH,
CH=CHC,Hy « l NCECCH; - | I E\OH
; N
\ N ’ N
| Y \

N N\ PN

3. TRISUBSTITUTED CYCLOHEXANONES (see Tables
3 and 4)

As distinct from the case of mono- and di-substituted
cyclohexanones, the stereochemical data on the reactions
of tri- and more highly substituted cyclohexanones relate
almost exclusively to rigid systems. This provides more
definite results on the compogition of the mixtures, par-
ticularly in the preparation of secondary alcohols, which
isomerise in this case to a lesser extent.  On the other
hand, the great rigidity of these systems is associated
with the appearance of additional factors which influence
or might influence the stereoselectivity of the reactions.
Because of this, it is considerably more difficult to sepa-
rate the particular causes underlying the observed stereo-
selectivity.

Most data on the stereochemistry of addition to the
carbonyl group of trisubstituted cyclohexanones relate to
the 3,4,4-trisubstituted compounds:. 10-substituted
2-decalones and 3-oxosteroids:

@

Both types of ketone belong to the angular-substituted
decalin systems, and can exist with the rings A and B
joined in the {rans- and cis-positions, being thereby divided
into two types:

R H [[(

B

o7

trans-attachment cis-attachment

A definite similarity canbe observed between the stereo-
chemistry of addition to the carbonyl groups of 3,4,4-tri-
substituted cyclohexanones and mono- and di-substituted
cyclohexanones. Thus in the series under consideration,
as before, reaction takes place, with a few exceptions,
with entry of the hydrogen atom mainly in the axial posi-
tion:

Cholestan-3-one has been the most studied in this series.
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TABLE 3. Stereoselectivity of addition reactions to 3, 4, 4-trisubstituted cyclohexanones.

Content in resulting mixture, %
Ketone * Reagent R’ Reference
: R Gform . R ’Bform
108 -Methyl -trans-decalone -2 LiAlH, H 75%(a), 63(a) 2,0 6,67
108 -Hydroxymethyl -trans- decalone -2 mesylate LiAlH, H >48* (a) ? o
108 -Hydroxymethyl -trans-decalone-2 mesylate NaBH, H 99* () 0 g
108 -Carboxy-trans- decalone-2 NaBH,NaOH H 69* (a) 0 8
108 -Carbethoxy -trans- decalone-2 NaBH, H 90* (a) 0 it
5B -Ethynyl -1.08 -methyl -5a-hydroxy -trans- decalone -2 NaBH, H 88* (a) 0 &
58 -Vinyl -10B -methyl -5a-hydroxy -trans-decalone -2 NaBH, H 83* (a) 0 %©
58 -Ethyl -108 -methyl -5a-hydroxy -trans-decalone -2 NaBH, H 66* (a) 0 60
1-Methoxy -8~0x0-10aB -methyl-4b, 5, 6, 6ac, 7,8,9,10,10a,10b,11,12~ LiAlH, H 82* (a) 0 61
~dodecaliydrochrysene
1-Methoxy -8 -ox0-10aB-methyl-4be, 5, 6, 6ac, 7, 8, 9, 10, 10a, 10beg 11,12~ LiAlH, H 86* (a) 0 62
-dodecahydrochrysene
1-Methoxy-8-oxo~-10aB-methyl-5, 6, 6ac, 7,8, 9, 10, 10a,11, 12~ LiAlH, H 76* (a) 0 62
-decahydrochrysene
3, 6 -Dioxoallocholanoic acid Na-+ROH H 74* (3a) 0 63
2-0x¢-6a-hydroxycholanoic acid Na--ROH H 40* (a) 0
Allopregna-3, 11, 20 -trione LiAlH, H 75* (3a) 0
Allopregna -17¢, 21~diol -3, 11, 20 -trione 21-acetate LiAlH, H 63* (3a) 0 " .
Cholestan-3-one i LiAlH, H 96,87,88(a) 4,13,12(e) L
14 -Methylcholestan-3-one LiAlH, H a \]
5a, 22a ~Spirostan-3, 6 -dione LiAlH, H 58* (3a) 0 70
Solanidan-3-one-18 -al . . LiAlH, H -} (3a) Q 7
Androstan-3, 17 -dione NaBH, in CHsOH H 71% (3a) 0 I
Androstan-3, 17-dione NaBH, in pyridine H 93(3a) 7(3e) 72
Allopregna -3, 20 -dione NaBH, H 86,76(3a) 14,0 73,78
Allopregna-3, 11, 20 -trione NaBH, H 87(3a) 13 L
3-Oxoetianic acid methyl ester NaBH, H + (@) 0 5
Cholestan-3-one NaBH, H 86,85(a) 14,15(e) €7,68
Androstan-3-one . CHgMg! CH, 2(a) 58(e 76
ngalestatﬂ-a -oned CHaMgl CHj 40,43(a) 60,57(e) 77,78
108 -Methyl -cis-decalone-2 Na Oil 1 79% 79
108 -Methyl-cis-decalone-2 L;I;\I[tH‘ {,1 1009 (© v O(a) 79
5a-Ethynyl -108 -methyl -58 -hydroxy ~cis-decalone -2 NaBH, H 57(e) 43(a) 60
108 -Hydroxymethyl -cis-decalone-2 NaBHq H 50(e) 0 59
108 -Hydroxymethyl-cis- decalone -2~tosylate NaBH, H 19(e) 81(a) 56
1-Methoxy -8 -0x0-10aB-methyl -5, 6, 6a8, 7, 8,9,10,10a, 11,12~ LiAlH, H 0 76 (a) 62
~decahydrochrysene
1-Methoxy-8-0x0-10aB-methyl-4a8, 5, 6, 628, 7, 8,9, 10, 10a, 10b8, 11, 12+ LiAIH, H 0 62* () “2
~dodecahydrochrysene .
3-Oxothiobillianic acid trimethyl ester NaBH¢ H v 50 (@) ::
Pregna -3, 16, 20 -trione Na+4-ROH H 0 -+ (a) 6,
Testa-3, 17-dione 17-ethyleneketal - LiAlH, H 0 + (a) 2
Pregna -3, 20-dione 20 -ethyleneketal LiAlH, H 0 82* (a) :2,
3-Oxo-bisnorchol -7-enoic acid methyl ester LiAlH, H 3] 32*% (a) p
3-Oxobisnorcholanoic acid methyl ester LiAlH, H 0 74* (a) b
3, 11 -Dioxobisnorcholanoic acid methyl ester LiAlH, H 0 + (3a) 3;
Lithocholic acid LiAlH, H 0 95* (a) o
9a, 11a-Epoxy -3 -oxolithocholanic acid methyl ester LiAlH, H 0 80* (a)
Coprostan-3-one LiAlH H 4,8,7(e) 96,92,93(a) 66,67,68
Coproergost -22-en-3-one LiAlH, H 0 -+ (a) 82
22-Isospirostan-3-one LiAlH,q H 0 -+ (@) &=
22a-Spirost -7 -en-3-one LiAlH, H 0 90* (a) 86
22 -Isospirostan-T, 9(11)-dien-3-one LiAlH, H 0 69* (@) 87
22.-Isospirostan-3, 11-dione LiAlH, H 0 63* (3a) ig
5B -Spirostan-3-on-~27-oic acid LiAlH, H 0 83* (a) { u
Testa-3, 17-dione NaBH, in CHsOH H 20(3e) 80(3a) 72
Testa-3, 17-dione NaBH, in pyridine H 0 43* (3a) iz
Testan-178-o0l-3-one acetate NaBH, H 17(3e) 83(3a) =
Pregna -3, 20-dione : NaBH, H 15,2 85, 63*(3a) 774
Pregnan-1lo-0l1-3, 20-dione acetate NaBH, H ? 63*(3a) 7
Pregna-118, 17a, 21 -triol -3, 20-dione 21 -acetate NaBH, H 0 30* (3a) 7
Pregna-3, 11, 20 -trione . NaBH, in C.H,OH H 2 61* (3a) i
Pregna-3, 11, 20-trione NaBH, in pyridine H 0 -.82% (3a 91.74
Pregnan-17a-o0l-3,11, 20-trione NaBH, H 0.7 78% 63* (3a) 91,74
Coprostan-3-one NaBH, H 17.13(e) 83,87(a) 67,68
3, 11 -Dioxocholanoic acid NaBH,;, NaOH H 12(e) xg(a) :)—
Digitoxigenone NaBH,4 H -+ 72(a) ,J~‘
Sarsasapogenone CHjMgl CH;y one isomer | (?) 100* g
There are no data on the reduction of this ketone with i.e. the product of equatorial addition of the methyl group:
sodium and alcohol, but its reduction with lithium alumin-
ium hydride produces a mixture containing, according to
various workers® -8, from 96 to 88% of cholestan-33-ol, CHy CH,
while sodium borohydride shows a slightly reduced selec- N s A N Py
. : : 3 Al Mg K
tivity, producing 86—85% of the 33-alcohol®7,®®, It is ] [ —27 CHs, J B ”O“\I (
extremely interesting that methylmagnesium iodide reacts 0F HO N A
. . : | Ay P
with this ketone to form predominantly (although the selec- A ! i
tivity is small) 38-methylcholestan-3¢ -ol (57-60%) 7778, 5760, A3 40",
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TABLE 4. Stereoselectivity of addition reactions to various trisubstituted cyclohexanones.
Content in resulting mixture, %
Ket 4
etone Reagent R R &form R*Beform Reference
2,2,3-substitution
Cholestan-1-one Na-+CsH,0H H 64 (a) 36 (e) >
Cholestan-1-one Na+n C3H,OH H 91 (a) 9 (e) ol
D-Homotestan-3a-0l-11, 17a -dione acetate LiAlH, H -+ (17aa) 0 97
Cholestan-1-one LiAlH, H 35 (a 65 (e) %
D-Homotestan-3a-0l-11, 17a -dione acetate NaBH, H 94 (17aa) 6 (17ae) 97
D-Homoepiandrostenone acetate NaBH, H 85 * (17aa) 0 %
D-Homoandrost-5-en -3 -ol-17a -one HC=CH C=H x (17aa) 4 (47ae) 90
D-Homotestan -3a-ol-11, 17a-dione HC=CK, t-CH,0H C=H 86 (17aa) 14 (17a¢) 100
D-Homotesta -3a, 118 -diol -17a -one acetate HC=CK, t-C,H,OH C=H 50 * (17aq) 0 100
D-Homotesta -3a, 11a-diol-17a-one 3, 11-diacetate HC=CK, tCH,0H C=H 85 * (17aa) 0 100
D-Homoandrosten-3-ol -17a -one CH3Mgl CHj 0 90 * (17ae) Mt
D-Homotestan-3a-ol -11, 17a~dione 3-acetate CHgMgl CHs 0 65 * (172¢) 1o
3,3,4-substitution
Cholestan-2-one NaJ-ROH H 0 +{a) 102
Cholestan-2-one LiAlH, H 58 (e) 42 (a) 103
Cholestan-2-one NaBH, H 82 (e) 18 (a) 103
2,3,3-substitution
Cholestan-4-one Na+ROH | H ) 0 + (@) ‘ 104
Cholestan-4 -one LiAlH, H 92 (e) 8(a) 105
3,4,5-substitution
la-Methyl-19 -porandrostan-178 -ol -3 -one | NaBH, I B | 70%3q | o | =
2,4,5-substitution
2a-Hydroxy ~cis-98, 108 ~decalone-3 LiAH, H ’ 27 l 13 (e) ‘ i
28 -Hydroxy-cis- 98, 108 ~decalone -3 acetate LiAlH, l H 30 70(e) 8

A similar effect is observed with other ketones of this
series. Thus androstan-3,17-dione, on reduction with
sodium borohydride, provides androstan-383,17-diol in 93%
yield, the 3a-isomer being produced in a very small
amount, while androstan-3-one, like cholestan-3-one, with
methylmagnesium iodide, gives a mixture containing 58%
of 38-methylandrostan-3a -ol 8:

kbjﬁ (X L)

%
Hf\O W C
HO” i H,C’
589,

Such directivity has already been mentioned in respect
of the monosubstituted cyclohexanones, where it was shown
that the Grignard reaction takes place with stereoselecti-
vity opposite to that found with reduction or the acetylene
synthesis.

PANER
i_,(“l

CH ng

()/

The steric course of the reduction of the ketones (axial
addition of hydrogen) in the 3,4,4-trisubstituted cyclo-
hexanones is also retained in respect of cis-fusion of rings
A and B. The only exception is the reduction of 103-methyl-
and 108-hydroxymethyl-cis -2-decalone with lithium alumin-
ium hydride or sodium borohydride 5°,"°, where the results

(predominantly equatorial addition of hydrogen) agree with
those of the reduction of cis-2-decalones. These facts have
not yet been explained. There are very few reliable data
on the quantitative determination of the relative proportions
of isomers in the products of addition to 3,4,4-trisubstituted
cyclohexanones. Most workers give only the amount of the
one isomer which they have separated, and the yield is
sometimes less than 50% of the theoretical; no further
information on the composition of the reaction product is
usually given. However, a few results of the accurate sepa-
ration of these mixtures (from cholestan-3 -one % -88,77,78
androstan-3-one ™, coprostan-3-one® % testane-3,17-
-dione??, and 3,11-dioxocholanoic acid ?2) show that the re-
duction of these ketones with lithium aluminium hydride is
apparently somewhat more selective (87—96% of one iso-
mer) than reduction with sodium borohydride (80—-88% of
the same isomer).

It is very interesting to compare the data on the stereo-
chemistry of addition to 2,2,3 -trisubstituted cyclohexanones.
Representative of such ketones are the 1-oxosteroids and
17a-oxo-D-homosteroids. The reduction of cholestan-1-
-one with sodium and alcohol produces mainly alcohols with
an equatorial hydroxyl group (64—91%) ?5,%, and the same
is found in the reduction of 17a-o0xo-D-homosteroids with
sodium borohydride (94%)%. However, according to
Henbest's results %, reduction of cholestan-1-one with
lithium aluminium hydride gives predominantly cholestan-
-1a-ol with an axial hydroxyl group.

Studies by Dodson et al.% and Clinton et al.°® have
shown that the addition of acetylene to 17a-oxo~D-homo-
steroids proceeds mainly with the formation of an axial
ethynyl group (86%). while the Grignard reagent adds ex-
clusively in the equatorial position19%,1%, Exclusively
axial addition apparently also occurs in the acetylene syn-
thesis on 103-methyl-6-methoxy-A®-cis-1-octalone .
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In this instance, therefore, the difference in the direc-
. tivity of these two reactions is greater than with 4-t-butyl-
cyclohexanone and the 3-oxosteroids:

HC Q H,C HO HC Q HiC  CH,
C=CH OH

predominantly exclusively

The 3,3,4- and 2,3,3 -trisubstituted cyclohexanones such
as cholestan-2-one and cholestan-4-one differ greatly in
the directivity of their addition reactions. In both cases
only reduction of the keto-group with sodium and alcohol
produces alcohols with an equatorial hydroxyl group 192194,
reduction with lithium aluminium hydride'%®,!% or sodium
borohydride !® takes place mainly with addition of hydrogen
in the equatorial position:

Hs CHy

HO
LiATH,

Such a sharp difference in the directivity of the reactions
can only be due to the presence of the axial methyl group

in the meta-position to the carbonyl group, which greatly
hinders the approach of the reagent from one direction.
However, this steric hindrance apparently does not affect
the directivity in the case of sodium and alcohol, since only
one isomer, with an equatorial hydroxy! group, has been
obtained from the reduction products*°2,*™  although there
are no quantitative data in the literature.

4, TETRASUBSTITUTED CYCLOHEXANONES -
(see Table 5)

In respect of the spatial specificity of addition reactions
to the carbonyl group, the ketones of the tetrasubstituted

cyclohexane series can be divided into two groups, the re-
actions of which correspond in general features with those
already described. The first group comprises those com-
pounds which do not contain other axial substituents, other
than hydrogen atoms, in the meta-position to the carbonyl
group, ¢.e. the tetrasubstituted cyclohexanones which are
unsubstituted or monosubstituted in the 3- and 5-positions.
The directivity of addition reactions to the carbonyl group
of such ketones is in general features the same as in the
case of mono-, di-, and tri-substituted cyclohexanones,
other than the 2,3,3- and 3,3,4-trisubstituted cyclohexan-
ones. The second group, which corresponds to these last
compounds, includes the tetrasubstituted cyclohexanones
which are geminally substituted in the 3~ or 5-positions.

A review of the available factual data confirms such a divi-
gion:

First group
3,4-substitution

Second group

2, 2,3,3,4-substitution
3.4, S-substitution 2.4.5,5-substitution
34 S-substitution 2,2,5,5-substitution
y

s
,4esubstitation ’

2,
2,
2,
2,

Thus ketones of the first group (2,3,4,5-, 2,4,4,5-, and
2,3,4,4-substitution) on reduction with sedium and alcohol
or complex metal hydrides give predominantly, as a rule,
alcohols with an equatorial hydroxyl group, the selectivity
being apparently somewhat higher with lithium alumin-
ium hydride 109-111,1147116,119 and reducing when using sodium
borohydride 108,112,118

A very interesting example, which is a connecting link
between the first and second groups, is the sodium boro-
hydride reduction of the methyl ester of 13-hydroxy-3-oxo-
etianic acid (3,4,4,5-substitution), described by Schlegel
and Tamm!2, This compound contains an axial substi-
tuent in the meta-position to the carbonyl group — the

TABLE 5. Stereoselecticity of addition reactions to tetrasubstituted cyclohexanones.
Content in resulting mixture, %
Ketone Reagent R 4 R ‘Gsform R Bform Reference
2,2,3,4-substitution
4,4-Dimethyl -19 -norandrostan-17 -ol -3-one NaBH, W | 78 *(da) 0 -
4,4, 17a-Trimethyl -19 -norandrostan-178 -ol -3-one NaBH, 80* (4a) 0 .
2,2,4,5-substitution
2, 2, 17a-Trimethyl -19 -norandrostan -17B -ol -3-one NaBH, H | 9%0@ [ o poom
2,4,4,5-substitation
5q, 22a -Spirostan-2a-ol -3-one acetate LiAlH, H 81 * (a) 0 109
5@, 22a -Spirostan -28 -0l -3-one acetate LiAlH, H 58 * (a) 0 wg
2a-Bromocholestan-3-one LiAlH, H 87 * (a) 0 1"
2a-Methylcholestan-3-one LiAlH, H 87* (a) 0 i
2a-Bromocholestan-3-one NaBH, H 68,61 (a) 32,39 112, 113
28 -Methylcoprostanone LiAlH, H 0 82* (a) ni
2,3,4,4-substitution
a-Methylcholest -7-en-3-one Na+-ROH H 83 * (a) 0 :::
4a-Methylcholestan-3-one LiAlH, H 87 * (a) 0
4a—Meth§lsngmasmn -3-one LiAlH, H 81 * (a) 0 15
4a-Methylcholest-7-en-3-one LiAlH, H 85*, 62* (a) 0 mxi;ls
3-Ox0-5¢, 1Li&r(H), 4, 68(H)-eudesman-6: 13-olide KBH H 78* (3a) 0 s
la~(2‘a-Hydroxyethyl)~7, 7,108 -trimethyl -trans-decalone -2 CH,“ 1 CH, 52 (2a?) 48 (2e?) "
48 -Methylcoprostan~3-one . LiAlH, H 46 * (a) "
3-Oxo-11a(H), 48, 58, 6B (H)-eudesman-6: 13-olide KBH, H 76 * (3a) i
6a-Hydroxy ~3-oxo-4a(H), 58 (H)-eudesmanoic acid KBH;. KOH H 66 (3¢) 0
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TABLE 5 (contd.)

Content in resulting mixture, %
Ketone Reagent R’ R Zeform R Beform Reference
2,3,4,5-substitution
1-Methoxy -88 -hydroxy -11.-oxo ~10a8 -methyl -4b8, 5, 6, 6aa,
7,8,9, 10, 10a, 10b8, 11, 12-dodecahydrochrysene LIAIH, H |0 83 * ({1a) "
2,2,3,6-substitution
lb}eni%a%ga -Tetramethyl -28 -hydroxy -trans- decalone -5 CH=CNa, NH;, lc=cH | 92+ (5a) | o [
3,4,4,5-substitution
18 -Hydroxy-3-oxoetianic acid methyl ester NaBH, | H | 50@) [ 5030 |
2,3,3,4=substitution
Friedelin i} 5% 50* 122, 123
Friedelin E?XIE?H ’ g ‘ + I (7)0 n 0@ ’ 123
2,4,5,5-substitution
Cholestan-38 -0l -2-one tosylate 124
Cholestan-38 -ol -2-one acetate ﬁﬂgﬂ: g 8 2(4) : 52 o
7-Oxotetrahydroalantolic acid Na+ROH H [} 75* (7a) 125
7-Oxotetrahydroalantolic acid NaBH; H 68 * (7¢) 0 .
2,2,5,5-substitution
2,2, 5, 5-Tetramethylcyclohexa-1, 3-dione | LiAlH, | H | $5@8§ | 658 |

13-hydroxy group — but a hydroxyl group has a smaller
volume than a methyl group, and so screens one side of
the carbonyl group to a substantially lesser extent than an
axial methyl group. The reduction of the methyl ester of
13-hydroxy -3 -oxoetianic acid with sodium borohydride
therefore produces a mixture of equal quantities of both
isomers:

Hoo H GHs Ho. H CHs H CHy

HO.
NaBH, +
——
H HO

HO" H

Tetrasubstituted ketones of the second group are re-
duced by all methods, except sodium and alcohol!22,123,125,
to form mainly or exclusively alcohols with an axial
hydroxyl group!23,124,126,127 However, the examples of
T-oxotetrahydroalantolic acid, which by reduction with
sodium and isopropanol gives the corresponding a -alcohol
in 7% yield*2s

CH, CHy
PN AN OH
I COOH

l/\/YCOOH - Y \Vave

CH, CH, CH, H,
7-oxotetrahydroalantolic acid 7a-hydroxytetrahydroalantolic acid
and friedelin, which under the same conditions gives frie-
delan-3B-ol in 50—75% yield*??,}2% ] show that reduction with
sodium and alcohol takes place with the same stereoselec-
fivity as in the case of less substituted ketones.  This is
possibly due to polar influence of the carboxyl group.

5. PENTASUBSTITUTED CYCLOHEXANONES
(see Table 6)

The existing material on the stereochemistry of addition
to the pentasubstituted ketones can be divided into nine

groups of variously substituted cyclohexanes (2,2,3,4,4-,
2,2,4,4,5-, 2,3,4,4,5-. 2,2,3,4,5-, 2,2,3,6,6-, 2,2,4,5,6-,
2,3,3,4,5-, 2,3,3,6,6-, and 2,3,4,5,5-substitution). The first
six of these do not possess the geminal substitution in the
meta-position to the carbonyl group which exists in the last
three. However, spatial hindrance exerts an effect in the
pentasubstituted ketones, even when these do not possess
large axial 3- or 5-substituents. While the 2,2,3,4,4-penta-
substituted ketones, mostly 4,4-dimethyl-3-oxotriterpenoids,
are reduced by complex metal hydrides mainly to alcohols
with equatorial hydroxyl!28-i4l  the 2,3,4,5-pentasubstituted
ketones (7-oxosteroids)!%,147 and 2,2,3,4,5-pentasubstituted
cyclohexanones (12-oxosteroids)!5!,t5® are converted by re-
duction with sodium borohydride predominantly into alcohols
with an axial hydroxyl group. There are indications that
even the reduction of 7-oxosteroids with sodium and alco-
hol (38-hydroxyergost-22-en-7,11-dione)# and with lithium
aluminium hydride (cholestan-38-o0l-7-one acetate)'%3,146
leads predominantly to Ta -alcohols with an axial hydroxyl
group.

The reduction of hecogenin with sodium and ethanol has
produced only rockogenin!4® (128-equatorial hydroxyl
group, 57%), while with lithium aluminium hydride *°, both
isomers are formed, and reduction of hecogenin acetate
with lithium aluminium hydride produces 54 —82% rocko-
genin and 18-46% 12-epirockogenin (12« -axial hydroxyl
group) 150,15t

CH, CH,

a=-:! CH
HO ™\ / i HO [\ 3

CH| ©0© cn/ 00

CHj,|
) di/ j\
/ | / \
RO rockogenin RO 12-epirockogenin
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TABLE 6. Stereoselectivity of addition reactions to pentasubstituted cyclohexanones.

B “Content in re:uifin§ mixture, % [

K Reagent R’ N T " Ref
etone Raform | R “Beform | eference
2,2,3,4,4-substitution ] .

Elemadien-3-onic acid methyl ester LiAlH, H -+ (@) 0

Masticadien-3-onic acid LiAlH, H -+ (a) o

Dihydromasticadien-3-onic acid methyl ester LiAIH, H -4 (a) 0

Dihydroisomasticadien-3-onic acid LiAlH, H I- (a) 0

B-Amyren-3-one LiAlH, H 55* (a) 0

Lupen-3-one LiAlH, H 60* (a) 0

Taraxerone-3 LiAlH, H + (a) 0

20q, 21a-Epoxy -19a (H)-taraxastan-3-one LiAlH, H 50* (a) 0

B -Boswellonic’acid methyl ester LiAlH, H (a) 0

Betulonic lactone LiAlH, H 85* (3a) 0

4,4-Dimethylandrostan-178~0l-3-one NaBH, H 88* (a; 0

4,4, 17a-Trimethylandrostan~178 -01-3-one NaBH, H 87* (a) 0

20-Isoeburico-7, %(11)-dien~168 -0l -3-on-21-o0ic acid lactone NaBH, H 76* (a) 0

Thurberogen-3-one NaBH, H 60* (a) 0

Masticadlen-3-onic acid Eag:d g i za; g

Dihydromasticadien-3-onic acid abBH, a

DiO)):oechInocystic acid methyl ester NaBH, H 5% (30 0

Olean-12-en-3-on-28, 30-didic acid dimethyl ester NaBH, H 92* (a) 0

11-Desoxy -8 -glycyrrhetinic acid methyl ester NaBH, H 71* (a) 0

B -Boswellonic acid methyi ester NaBH, H + (a) 0

2,2,4,4,5-substitution

2, 2-Dimethylcholestan-3-one | LiAlH, | H | 5* (@) | 0 | 1

2,3,4,4,5-substitution

Cholestan-7-one - Na+ROH H + (a) 0 142

Cholestan-38 -01-7-one acetate Na-+ROH H 78 (a) 22 (e) 143

3-Hydroxyergost-22-en-7, 11 4dione Na+ROH H 45 (7a) 55 (7€) 144

Lanostan-38-0l-7-one acetate Na-{-ROH H 70* (a) 0 145

Cholestan-7-one LiAlH, H 67 (a) 33 (e) 142

Cholestan-3-o0l-7-one acetate LiAlH, H 50,43--35 (a) 50.57—65 (e) 146, 103

Lanostan-38 -ol-7 -one acetate LiAlH, H 70* (a) 0 145

Cholestan-3-0l-7-one acetate NaBH, H 27 (a) 73 (e) 103

7-Oxocholanoic acid NaBH, H 9 (a) 9 (e) 147

2,2,3,4,5-substitution .

Hecogenin | Na+4ROH H 57* (a) 0 ::a

Manogenin diacetate i Na++ROH H 25* (a) 0 148

Mexogenin diacetate ! Na-+ROH H + (a) i 0 19

Hecogenin i LiAlH, H + (@ + (e) e

Hecogenin acetate ; LiAlH, H 54,82 (a) 46,18 (e) “‘g‘_‘

12-0x0-138 -ursan-38-ol acetate | LiAlH, ' H 90 (a) 10 (e) s

Allopregna -38, 178 -diol -12, 20-dione | NaBH, H ? -+ (e) 153

Allopregna-38, 17a, 21 -triol -12, 20-dione 21-acetate i NaBH, H ? + (e) 1o

Hecogenin acetate : NaBH, H + (@ x () ’

2,2,3,6,6-substitution

178 -Methyl -D-homotesta -3¢, 17o-diol -1, 17a-dione diacetate Na+-ROH H 17* (aa) 0 5

178-Methyl -D-homotesta -3¢, 17a-diol-11, 17a-dione diacetate LiAlH, H 22* (17aa) 0 '

178 -Methyl -D-homotesta -3a, 17a-diol -11, 17a~dione acetate ' CHzMgl CH, 0 +17 (ae)

2,2,4,5,6+substitution

28, 4b-Dimethyl -2-allyl -7 -ethylenedioxy-~1, 2, 3, 4, 4ac, 4b, 5, 6, 0* 0 156
7,8,10,1 Oaﬂ)—ldodeca ydrophe%amhren-);ﬂ-ol-], -one NaBfl, H 8% (@ 57

28,4b-Dimethyl -2 -methallyl -7-ethylenedioxy-1,2, 3, 4,4a¢, 5, = =COC.H 88 (la 12 (1e
6,7.8, 10, 1038 -dodecanydrophenanthren-1» 4-dione CH,0C=CMgBr | C=COCeHs (ia) (e)

di- A -48 -Hydroxy ~28 -tormyl -20- (3" -hydrox{?l:ropyl) -4b8, w
7-dimethoxy-4ac, 10aB -dodecahydrophenanthren=1-on- C.H,OC=CLi C=COCyH;s 68 (1a) 32 (1e) B
-dilactol(4-+2« 8)-3-methyl esrer = =

dl-A8-1-Ox0-48 -hydroxy -2a~(3” -dime thoxypropyl) -4b8 -methyl - 118
;;-g:i: lix;?;iéo:g’i?am 10aB -dodecahydrophenanthrene + CHsOC=CLi C=COC,H; 89—063 (a) 1137 (le;

2,3,3,4,5-substitution ,
" 59

2, 3~Secocholestan-6-on-2, 3-dioic acid Na--ROH ! I3t 0 90* (@) o

Cholest-2-en-6-one Na--ROH H 0 ;(—)*(u‘)x o

Cholestan-6-one Na-+ROH H 0 " (@ 11

Cholestan-3a-o0l-6-one Na+ROH H 0 93~ () 126

Cholest-2-en-6-one LiAIH, H 96 (e) 4 (a) Lo

Cholestan-6-one LiAlH, H 95 (e) 5@ 163

Cholestan-3a-0l-6-one : LiAlH, H 84‘ (e) 161

Cholestan-38 -01-6-one LiAlH, H 39, ((f%‘ ) 'f; 161, 164

3a-Chlorocholestan-6-one LiAlH, H 100+ () e 164

3a-Bromocholestan-6-one LiAIH, H JHi (i) o 14

3a-lodocholestan -6 -one LiAlH, H w* () 0 16

6-Oxocholestan-3-acetic acid methyl ester LiAlH, b 47 (e)

N-Benzyl-3-aminocholestan-6-one ‘ LiAlH, H 75* (e) 0 133

5a, 22a -Spirostan-3, 6-dione | LiAIH, i 58* (be) +

i

2, 3~Secocholestan-6-on-2, 3 -dioic acid dimethyl ester ; NaBH, H 0 80* (a) 167

Z.eizgesrecocholestan-(i-on -2, 3-d}01c acid 2-methyl, 3-ethyl NaBH, H ,.. 0 75% () :gg

Androsta-3, 6, 17-trione 3-ethyleneketal NaBH, H 56* (6e) '(i)‘ 169

Cholestan-38 -0l -6-one _3-tosylate ‘ NaBH, H 1 (@) o 170

Androsta -38, 178 -diol -6 -one ‘3, 17-diacetate ! CHyMg]) CHy T+ (o) 9 ™

A?drg%taéno-sg]-oé e 17{1? l'.?ne g'-acetgte thylenedioxyallopregna . CHiMe! cHh o

1 ; 20, 21 -Bis -methylenedioxy -3-ethylenediox - .
—%‘, 11"-dione Y y Y y ! CHyMg) CH, 79* (6e) 0 i

Cholestan-6-one ; CHyMg! CH, 60 (e) o 173, 174

Cholestan-38 -ol-6-one ! CoHgMg) CoHs 92* () | 0 e

56, 25D-Spirostan-38 -ol -6 -one 3-acetate : CHaMgl CH,; o4 (e | 0

! 2,3,3,6,6-substitution

: 76
19-Oxo-18-iso-B -amyranol ; LiAIH, H + () 0 g
19-Oxo0-18-iso-8 -amyranolic acid H LiAlH, H + (e) 0
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TABLE 6 (contd.)

R , Content in resulting mixture, % _
eagent ]
Ketone gen R R torm l R ﬂ-fum
2,3,4,5,5-substitution

Testan-3a-ol-11, 17-dione N--ROH H 0 99* (11a) i
D-Homotesta -3a, 17a8 -diol -11-one N--ROH H 0 (@) e
dl-Pregn-5-en-3, 11, 16, 20-tetrone 3-ethyleneketal N-+ROH H 0 16* (11a) 179
Ergost-22-en-38-ol -11-one acetate Na+C,H,OH H 0 66* (a) 180
Esgost-22-en-38-ol-11.-one acetate Na+n-C,H,0H H 0 100* (a) 181
11-Oxatigegenin acetate Na-+ROH H 0 87* (a) 182
Adrenosterone LiAlH, H 62* (11e) 0 183
Androst-5-en-3, 11, 17-uione 3, 17-bisethyleneketal LiAlH, H 83* (e) 0 184
Androsta-3, 5-dien-3-01-11, 17-dione 3-benzoate LiAlH, H 64* (11e) 0 '2‘
Testan-3a-ol -11, 17-dione cyanohydrin acetate LiAlH, H + (l1e) 0 s
?7-1-12%m§ées2t]ans-.3a-ol 61111. 1’72:j -dione acetate LiAlH, H + (11e) 0

7, 20; 20, 21 -Bis-me enedioxy ~-A -norpregna-2, 5-diol -11-

“on-2-oic acid Y y-A-horpreg LiAIH, H 68° (¢) 2 @ s
Pregna -3a, 20a-diol -11-one diacetate . LiAlH, H 83* (e) 0 188
Pregna -3a, 17c, 208, 21-tetrol -11-one 20, 21-acetonide LiAlH, H 53* (e) 0 189
17, 208 -Epoxygregzna -3¢, 20a~-diol -11-one diacetate LiAlH, H 90 (e) 40 (a) 190
Pregnan-3a-0I-11,20-dione acetate 20-ethyleneketal LiAlH, H 92+ (11e) 0 101
Allopregnan-38 -0l-11, 20 -dione acetate 20-hemithioketal LiAlH, H 88* (11¢) 0 o
Pregna-3q, 17a-~diol-11, 20 -dione 20-ethyleneketal LiAlH, H 76 (i1e) 2% (i1q) 163
Allopregna -3, 11, 20 -trione LiAlH, H 75* (11e) 0 193
Pregn-5-en-17a-0l-3, 11, 20-trione 3-ethyleneketal LiAlH, H 79 (11e) 21 (11a) 192
4 -Chloropregnan-17a-ol-3, 11, 20 -trione , 20-his-ethyleneketal LgAIH. H 90* (11e) + (11a) 194
Pregn-4-en-3, 11, 20-trione 3, 20-bis-ethyleneketal LiAlH, H 9 (11e) 6 (11a) p
Allopregna -1Ta, 21 -diol -3, 11, 20 -trione 21-acetate LiAlH, H 63* (11e) Q 195
Pregn-5-en-17a, 21-diol-3, 11, 20 -trione 3, 20-bis-ethyleneketal LiAlH, H 88 (e) 12 (a) oo
Cortisone 3, 20-bis-ethyleneketal LiAlH, H 90 (e) 10 (a) s
Pregna-1,4-dien-17a, 21-diol-3, 11, 20-trione 3, 20-bis- 17

-semicarbazone 21-acetate i LiAlH, H 90* (11e) 0 170
16-Isopropoxypregna -5, 16 -dien-3, 11, 20-trione 3-ethyleneketal LiAlH, H 41* (11e) 0 s
11-Oxolanost-24 -enol acetate LiAlH, H + (o) 0 19
Lanostan-3 -ol-11-one acetate LiAlH, H 93* (e 0 199
Lanostan-38 -0l-17, 11.-dione acetate LiAlH, H 100° (11e) 0 199 .
Ergost-22-en-38 -ol-11-one acetate LiAlH, H 90* (e) 0 ;x, 181
22 -Isospirostan-3, 11-dione ~iAlH, H 63* (11e) 0 18
11-Oxotigogenin acetate . i . LiAlH, H 75* (e) + 201
Pregn-5-eén-17a, 21-diol-3, 11, 20-trione 3, 20-bis-semicarbazone KBH, H 99* (11e) 0
Pregna-1,4-dien-17a, 21 -diol-3, 11, 20 -trione 3, 20-bis- )

-semicarbazone KBH, H 85* (11e) 0 202
7-Methylpregn-4-en-17a, 21-diol -3, 11, 20 -trione 3, 20-bis- 208

-semicarbazone 21-acetate KBH, H 54* (11e) 0 o
3a-Hydroxy -11~oxoetianic acid acetate NaBH,-+NaOH H 74* (&) 0 204
3, 11 -Dioxoetianic acid 3-ethyleneketal NaBH,+NaOH H 90* (e) 0 205
Pregnan-3a-ol-11, 20-dione . NaBH, H 85* (11e) 0 206
Pregnan-3a-ol-11, 20-dione 20-ethyleneketal NaBH, H 87* (11e) 0 ;g;
Pregna-3a, 17a-diol-11, 20 -dione 20-ethyleneketal NaBH, H 100* (11e) 0 28
Pregna-3«, 17a-diol-11, 20~dione NaBH, H 74 (i1e) 0 20
3-Diethoxy-20-cyanopregn-17-en-21-ol-11-one NaBH, H + (o) 0 207
Pregna-3, 11, 20-trione 3, 20-bis -ethylepeketal NaBH, H 91* (11e) 0 w7
Pregnan-17a-0l-3,11, 20-trione 3, 20-bis -ethyleneketal NaBH, H 96* (11¢) 0
20 -Isopropoxypregna -5, 17(20)-dien-3, 11, 16-trione 3-ethyleneketal NaBH, H 50* (11¢) 0 ;g
5c-Pregna-17c, 21-diol -3, 11, 20 -trione 3, 20-bis-ethyleneketal NaBH, H 67: (i1e) 0 02
3a-Hydroxy -11 -oxocholanoic acid NaBH,+-NaOH H 82‘ (e) 0 e
38 -Hydroxyergostan-11-one NaBH, H 84 (e) 0 o
oS8 -Pregnan-3a-ol-11, 20-dione 20-ethyleneketal CH,Li CH; 50* (11€) 0
58-Pregna-3, 11, 20-trione 3, 20-bis-ethyleneketal CH,Li CH, 65* (11e) 0 o
5a-Pregna-3, 11, 20-trione 3, 20-bis-ethyleneketal CHylLi CH, 82% (11¢) 0 o
18 -Benzylidene-14-iso-17 -isoallopregnan -38 -0l -11, 20~dione LiAlH, H 5% (11e) 0 T
98 -Ergostan-38 -0l ~11-one acetate LiAlH, H 0 - (11a)

‘The sodium borohydride reduction of hecogenin acetate
produces 12-epirockogenin in greater amount!*!. The re-
duction of 178-methyl-D-homoetiocholan-3a,17a -diol-
-11,17¢ -dione with sodium in isopropanol or with lithium
aluminium hydride gives the 17ag-alcohol, possessing an
equatorial hydroxyl group, in low yield!*¢. On the other
hand, the action of methylmagnesium iodide on 173-methyl-
-D-homoetiocholan-3a,17« -diol-11,17a-dione acetate
produces only 173,17ag-dimethyl-D-homoetiocholan-
-30,17a,17aa -triol~11-one acetate, which is formed by
addition of the methyl group in the equatorial position*:

0
Cily i CH,a
“Hi on AN OH
CHy| - CH. < OH HC | oy
| L7 en j NN A
AN A NN l r“OH
‘ ! J OH i [ SN
IS RO-INS j

The literature on the stereochemistry of addition to the
carbonyl group of 6-oxosteroids (2,3,3,4,5-substitution) in-

dicates considerable steric hindrance.

Here, as would be

expected from the presence of the axial methyl group in the
mela-position, only with sodium and alcohol does reduction
of the carbonyl group take place predominantly with addi-

tion of hydrogen in the axial position159-16!,
with lithium aluminium hydride :5¢-168 or particularly with

Reduction

sodium borohydride 67-1%° produces the 63-alcohol with an
axial hydroxyl group as the predominant product.  The
esters of 2,3-secocholestane-6-one-2,3-dioic acid are
exceptions!®?; this is apparently due to the loss of rigidity
of ring A and the possible polar influence of the acid side
chains:

Clly CHy

ROOC
ROOC.

ROOC
ROOC

53
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The Grignard reaction on 6-oxosteroids leads exclu-
sively to 6a -methyl-63-hydroxy -compounds 1707175,

The considerable literature on the stereochemistry of
addition reactions to 2,3,4,5,5-pentasubstituted ketones
with a cyclohexane ring relate only to 11-oxosteroids. The
data can be collated into a few rules which can be deduced
from the published material. 11-Oxosteroids with an
axial methyl group in the meta-position show considerable
steric hindrance to the approach of a reactant from the
direction of this group, so that only reduction with sodium
and alcohol produces 11a -hydroxysteroids formed by the
axial addition of hydrogen ¥7,178-182_  In all the other cases
described in the literature, the reactions take place pre-
dominantly with addition of the substituent in the equatorial
position. It was earlier thought!® that all these reactions
are strictly stereospecific, forming 113-hydroxy-com-
pounds exclusively, but the studies of Bernstein et al.19,%,
Brooks et al.1%2, Poos!®, and several others 89,192,194
showed that when 11-oxosteroids are reduced with lithium
aluminium hydride a small quantity of the 11 -hydroxy-
steroid (4—22%) is formed in addition to the main product,
113-hydroxysteroid: .

There is nothing in the literature on the formation of
11a -hydroxy-compounds by the reduction of 11-oxosteroids
with sodium or potassium borohydride.

Fonken2!! has shown that 11-oxosteroids condense with
methyllithium to form, as would be expected, 11a -methyl-
-118-hydroxy-compounds. Interesting results have been
obtained in the lithium aluminium hydride reduction of
11-oxo-compounds in which the B and C or C and D rings
are cis-fused. Thus the reduction of 18-benzylidene-14-
-iso-17-isoallopregnan-33-0l-11,20-dione with lithium
aluminium hydride gave 18-benzylidene-14-iso-17-isoal-
lopregnan-33,113,20-triol in 75% yield#'2, while from the
reduction products of 93-ergosten-38-0l-11-one acetate
only 938-ergosten-33,11a-diol, which has an equatorial
hydroxylgroupthat canbe acetylated, was obtained 23. The
same product is obtained in the reduction of this steroid -
with lithium and methanol in liquid ammonia 2!3,

6. HEXASUBSTITUTED CYCLOHEXANONES
(see Table 7)

The compounds of this type for which the literature con-
tains data on the stereochemistry of addition to the car-
bonyl group either carry halogen or oxygen as a substituent,
or are 6-0x0-3,5-cyclosteroids. The existing material
shows that for compounds of the first class, the spatial
directivity of the reactions is greatly dependént on the con-
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formational position of the non-alkyl substituent o¥tho to

the carbonyl group.

acetate, in which the bromine atom has the axial confor-
mation (68-configuration) is reduced by lithium aluminium
hydride to form only the 78-hydroxy-compound 11° (axial
addition of hydrogen), while the ketone with equatorial

bromine (6« -configuration) is reduced to a mixture of the
two epimers, containing 56% of the Ta -hydroxy- and only
14% of the T3-hydroxy-steroid1°:

Thus 6-bromocholestan-33-0l-7-one

Hy
T
R
exclusively
TABLE 7. Stereoselectivity of addition reactions to hexa-
substituted cyclohexanones.
Content in resulting ]
, mixture, H
Ketone Reagent R - ; 3
R a-form R“Beorm K
, 2,3,4,4,5,6-substitution
68 -Bromocholestan~38 -ol -7-one-
acetate . L1AIH, H 60*(a) 0 1o
6] -38 -0l -7~
t:cBergtneocholestan 38-01-7-one LiAlH, H 44(a) 56(e) 10
! 2,3,4,5,6,6-substitution
23a -Bromo-5¢, 25D -spirostan-38, 214
118 -diol-12-one 3-acetate % LiAlH, H + (@ + (e)
23a -Bromo -5a, 25D -spirastan -
118 -diol-12-one 3,1]1-diacetat LiAlH, H 46%(a) 0 214
11c, 23 -Dibromo -5¢, 22a -spiro~
stan-38-0l-12-one acetate aBH4+NaHCO,| H 72 (a) 28(e) 215
2,2,3,3,4,5-substitution 0
Cholestan-5-ol -6 -one Na-+ROH H 0 1, () 216
Cholesta ~38, 5a-diol -6 -one Na--ROH H 0 60> () 162
3, 5-Cyclocholestan-6-one NC'T\ ﬁ_([)H 1}1{ + (() ) 40 0(‘1) 105
Cholestan-5a-0l-6-one 1A, e 216
ggolestﬂ '%: 5a-diol -6 -one LiAlH, H 82* (e) Y !
olesta ~38, S5a-diol -6 -one
acetate LiAlH, H 60 (e) 0 zi;
3,5-Cycloandrostan-6-one I]:l ﬁlls. !!_—xl 38* 25)) 8 218
3, 5-Cycloandrosta-6, 17-dione iAlH, e
3, 5-C;clocholestan-6-one LiAlH, H | 86*.0.13 (e) [0.78*.77 (a) 21%!81’1‘.2
5-Bromocholestan -38 -ol -6 -one
acetate NaBH, H + () + (a) 320
3, 5-Cyclocholestan-6-one CH;Mgl CHs 96* (e) 0 221
2,2,3,4,5,5-substitution
Pregna-5¢, 9, 17a,21 -tetrol -3,
11, 20-trione 3, 20-bis- + 202
ethyleneketal LiAlH, H 68 (11e)
117, 20; 20, 21 -Bis-methylene -
* dioxy -3-ethylenedioxy -9a- 0 223
-methylpregn-5-en-11-one LiAlH, H + (e)
3¢, 9a-Dihydroxy -11.-oxo0-
cholanoic aci NaBH,+NaOH| H 78* (e) 0 92
38, 9a-Dihydroxy-11 -oxo~
cholanoi¢ acid methyl ester )
acetate : NaBH, H 98 (e) 0 v
2,3,3,4,5,6-substitution
3a, 78 -Dihydroxy -6 -oxoallo-
cholanoic aci NaBH, H 90re) 0 224
7a-Bromocholestan-38 -0l -6 -one a0
acetate NaBH, H 47 (e) 53 (a) o
7a-Bromacholestan-6 -one NaBH, H 44 (e) 56 (a) ?
2,3,4,5,5,6-substitution
22-Isoallospirostan -38, 1.28 -diol - 226
-11-one LiAlH, H 94* (¢) 0
5a, 22a -Spirostan-38, 1.28 -diol - ’ 227
-11-one 3-acetate 12-tosylate LiAlH, H 40* (e) 0
12a-Bromo -11-dehydrocortisone | 298
acetate ; LiBH, H i(e) 0
Pregn-4-en-21-0l-3, 11, 20 ~trione' 299
3,20-bis-semicarbazone 21- ; LiBH, H 91* () 0
acetate 2,3,3,4,4,5-substitution
11e§%’§°a'§’el?§{é°h° acid methyl LiAlH, l H } + () 1 0 ! 23
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An analogous effect is found with 7-substituted 6-oxo-
steroids. For example, 3a,78-dihydroxy-6-oxoallochol-
anoic acid is reduced by sodium borohydride to form
only the 68-hydroxy-isomer with an axial hydroxyl group 22,
while Ta -bromocholestan-38-0l-6-one acetate is reduced
by the same reagent to a mixture containing 53% of the
6a -hydroxy- and 47% of the 6B8-hydroxy-compound?2, i.e.
the addition of hydrogen takes place alsofrom the direction
screened by the angular methyl group:

/ H
CHj O!Zl
—_—
— ——L0H
H #

An interesting effect is found in the reduction of
11a,23¢ -dibromo-5a,22a -spirostan-33-o0l-12-one acetate,
with an equatorial bromine atom, by means of sodium boro-
hydride 25, While the sodium borohydride reduction of
12-0x0-~compounds leads mainly tothe formation of products
of addition of hydrogen in the equatorial position!%,!33  the
introduction of the 11 -bromine atom directs this reaction
towards predominantly axial entry of hydrogen 2!%:

Inits general features, the reduction of 6-ox0-3,5-cyclo-
steroids obeys the same rules as in the case of ketones
with an axial meta-substituent. Reduction of 3,5-cyclo-
cholestan-6-one with sodium and alcohol produced only the
6a -alcohol with an equatorial hydroxyl group!®2. Reduction
with lithium aluminium hydride gives the 63-alcohols with
axial hydroxyl in dominant amount 162,218,219;

HaC Hy H,C
- . +

OH OH

However, the existing literature on this subject are some-
what contradictory. Thus Wagner, Wolff and Wallis 2!8
show that the lithium aluminium hydride reduction of
3,5-cyclocholestan-6-one produces only 3,5-cyclocholestan-
-63-0l (in 86% yield), while in the same reaction, Shoppee
and Summers %2 and Kosower and Winstein 2¢ obtained

3,5 cyclocholestan-6a -ol in considerably predominant
amount.

7. ATTEMPTED GENERALISATION OF THE RESULTS
ON THE STEREOCHEMISTRY OF NUCLEOPHILIC ADDI-
TION TO THE CARBONYL GROUP

Tiffeneau?¥! suggested that addition to a carbonyl group
in ketones with an asymmetric carbon atom adjacent to the
keto group takes place under the influence of this asym-
metric centre. This theory found its widest development
in the so-called “Cram rule”, deduced by Cram and Abd El
Hafez?®? from a study of the stereochemistry of addition to
optically active ketones and aldehydes. Although Cram
himself related this rule only to aliphatic cOmpounds, later
workers attempted to apply it to cyclic ketones.

According to the Cram rule, addition of a nucleophilic
reagent to a ketone (or aldehyde) takes place from the less
screened side of the carbonyl double bond in conforma-
tion (I), where this bond lies between substituents A and
D of smallest volume (A < D < B) attached to the adjacent
asymmetric centre:

w—0

1y m)

It is thus assumed that in the initial conformation the oxy-
gen atom occupies a position between the smallest sub-
stituents on C, (A and D), and the substituent on C, (R)
occupies a shielded position with respect to the largest
substituent on C, (B). However, the conformation which
exists in o7tho -substituted ketones with a six-membered
ring is nearer that in which the carbonyl oxygen and the
equatorial ortho -substituent are in the shielded position
with respect to one another, since the angle of projection
between them is 15°.4¢ Existing data show that the Cram
rule cannot apparently be applied to the cyclohexane series.
According to this rule, which was deduced from the Grig-
nard reaction and reduction with lithium aluminjum hydride,
the addition to 2-methylcyclohexanone of the methyl group
in the first case and hydrogen in the second must take place
from the same direction. In practice, however, these two
reactions show opposite selectivity!3,'®, Moreover, the
selective course of nucleophilic addition reactions depend,
according to the Cram rule, on the presence of an asym-
metric centre adjacent to the carbonyl group?®?, but in the
cyclohexane series even ketones without asymmetric
centres, such as 4-t-butylcyclohexanone, show a spatial
selectivity in these reactions 29,30,%,

Other attempts at generalisation in the literature relate
exclusively to the reduction of cyclic ketones.

In 1919 Skita 2 considered that the reduction of cyclic
ketones with sodium and alcoholalways gives trans -alcohols
as the main product (cis-addition of hydrogen). This was
developed by Vavon #4; who, on the basis of a number of
examples, proposed the rule that trans-alcohols are pre-
dominantly formed when cyclic ketones are reduced in
alkaline medium, and by Hiickel?33, who extended Skita's
suggestion to include the reduction of oximes. However,
after the actual configuration of 3-substituted cyclohexanols
had been proved%, it became clear that 3-substituted
cyclohexanones are reduced by sodium and alcohol to form
not the trans-, but the cis-alcohols (frans-addition of
hydrogen).

Finally, in 1953 Barton2*¢ formulated a rule for the
stereoselectivity in the ionic reduction of ketones (with sodium
and alcohol, complex metal hydrides, etc.), according to
which such reduction of ketones not sterically hindered (III)
produces as the main product the thermodynamically more
stable isomer with an equatorial hydroxyl group (IV):

H H
OH H
—_ +
)

( )
Barton was led to his rule from the fact that the compo-
sition of the mixture of alcohols (IV) and (V) formed in
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such a reduction is close to that of the mixture obtained
when either of the stereoisomers (IV) or (V) is isomerised
under the action of alkaline reducing agents. It was con-
sidered that the composition of the equilibrium mixture
depends only on the relative thermodynamic stability of the
two isomers (IV) and (V). The equilibrium position in
this case is independent of the method by which it is
attained. However, Hiickel!! recently showed that the
composition of the equilibrium mixture of the alcohols (IV)
and (V) is different when different isomerising agents are
used (sodium, lithium aluminium hydride, sodium boro-
hydride, etc. ) On the other hand, Hiickel and Naab 27
and later Doering and Aschner 238 showed that the isomeri-
sation of secondary alcohols from one form into the other
under the action of alkaline agents is an oxidation-reduction
process in which the ketone (III) is an intermediate. The
equilibrium in such processes will only depend on the re-
lative thermodynamic stabilities of the components (or
more correctly, on the energies of activation) only with
symmetrical (ideally dynamically homologous) systems 239,
The systems under consideration are clearly not of this
type, and therefore the composition of the equilibrium mix-
tures obtained in the reduction of the ketones isnotdetermined
by the relative thermodynamic stabilities of the isomers
(IV) and (V), but primarily by the kinetics of the competing
reactions (II) — (IV) and (III) — (V). This agrees com-
pletely with Hiickel's deduction?®? that “the quantitative
relationship between the components in competing reactions
is determined primarily not by their thermodynamic stabi-
lities, but mainly by the relative rates of the reactions
taking place in the various possible directions”.

The suggestion that the equilibrium depends on the
kinetics of the reduction reactions finds confirmation in the
following facts: (1)theuse of different reducing agents gives
mixtures of alcohols of different composition; (2) the
addition of aluminium bromide to the lithium aluminium
hydride can completely change the directivity of the reduc-
tion}!, because of attack by the larger ion AlBr H" instead
of AlH;; (3) increasing the temperature of the lithium
aluminium hydride reduction from -60° to +35° increases
the quantity of the conformationally less stable isomer with
the axial hydroxyl group*!; and (4) reduction of lanostan-
-3,11-dione'® and cholesta-383,5a -diol-6-one 2% with
sodium and alcohol produces the alcohols with an equatorial
hydroxyl group (11¢, 6a), while reduction with lithium
aluminium hydride gives the alcohols with axial hydroxyl
(118, 68), which are not isomerised to the former alcohols
by the action of sodium. Quite recently, Beckett, Harper,
Balon, and Watts 24° also apparently came to the conclusion
that the stereochemistry of the reduction of tropinone de-
pends primarily on kinetic and not thermodynamic factors.

In 1956 Dauben, Fonken, and Noyce ® put forward the
suggestion that the stereoselectivity of the reduction of
cyclic ketones with complex metal hydrides is determined
by two factors, the first, which they called “steric
approach control”, comprising screening of one or other
side of the molecule, and the second (“product development
control”) comprising the energetic effect, which depends
on the relative stabilities of the resultant reaction pro-
ducts. The reduction of menthone with lithium aluminium
hydride, which gives predominantly axial addition of
hydrogen with the formation of the more stable equatorial
hydroxyl group, they attributed to the influence of the
second factor, and the reduction with sodium borohydride,
which leads mainly to equatorial addition of hydrogen, to
screening of the carbonyl bond by the 2-isopropyl group
and to the larger size of sodium borohydride as compared
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with lithium aluminium hydride. However, the radius of
the boron ion (B** = 0.2 A)is less than that of the aluminium
ion (A1%* = 0.57A)24, 242 go that only the solvated ion
BH(OR), can have a larger volume, and this is confirmed
by the identity in the stereoselectivity in reduction with
sodium borohydride in methanol and with the complex
NaBH(OCH,),. The steric hindrance in the ketone mole-
cule is ascribed by Dauben, Fonken, and Noyce® to the
presence of axial alkyl groups in the meta-position to the
carbonyl group. The influence of the second factor, in
their opinion, is shown by the complex hydride ion so
orientating itself in the reaction mixture that when it de-
composes, the product is the more stable alcohol isomer
with the equatorial hydroxyl group. Here again, therefore,
the relative thermodynamic stabilities of the end products
are largely responsible for the stereoselectivity of the
reaction. The existence of steric hindrance because of
axial mela-substituents is well knownt,%43, It is also
known that an axial substituent in the cyclohexane ring
enters into steric reaction even with axial hydrogen atoms
in the meta-position. According to Angial and Mills 244,
the distance between the 1a- and 3a-hydrogen atoms in the
undistorted chair form of cyclohexane is 2.51 A, which is
only slightly greater than the sum of the van der Waals'
radii for two hydrogen atoms (2.34—2.4 A)2,242,  When
the hydrogen is replaced by any other axial substltuent,
the sum of the van der Waals' radii for this substituent
and the axial hydrogen atom becomes greater than 2.51 A,
causing strong mutual repulsion. Thus for an axial
hydroxyl group, with a van der Waals' radius for oxygen
of 1.36—-1.4 A""11 this sum becomes 2.6 A. The cyano-
and ethynyl-groups are linear, and their axis is approxi-
mately parallel to the axial carbon—hydrogen bond, so that
any reaction between these substituents and meta-hydrogen
atoms will depend only on the van der Waals' radius of
triply -bonded carbon (1.7—1.8 A)24, and the sum of the
two van der Waals' radii (la, 3a) will be 2.9 A. The
methyl group, being branched, has large dlmensmns in the
la—carbon—3a—hydrogen dlrectlon (2.05 A) 241,242, Even
these rough calculations show: (1) that not only ax1al
carbon-containing meta-substituents, but even axial meta -
-hydrogen atoms, cause spatial screening of one side of
the carbonyl group, and (2) that this screening effect in-
creases with increasing size of the entering substituent.

The steric hindrance therefore depends on the number
and size of the axial substituents (including hydrogen
atoms) in the meta-position to the keto-group, and on the
size of the entering substituent (or attacking complex).

The experimental material given above shows that with
increase inthe size of the entering substituent (from hydrogen
to methyl) with the same ketone, or with increased steric
hindrance in the ketone (for the same reaction), there is an
increase in the yield of isomer formed by entry of the sub-
stituent in the equatorial position. This can only be due to
the influence of the steric hindrance factor. On the other
hand, decreasing the size of the attacking agent and the
number and size of the axial mela-substituents in the ketone
molecule leads to the formation of an increased quantity of
the isomer formed by axial addition. This cannot be
explained by a simple comparison of the relative thermo-
dynamic stabilities of the two isomers, as follows from the
Barton rule 2%,

In fact, in the reduction of ketones of low steric hin-
drance, when the entering substituent (H) is small in com-
parison to the hydroxyl group, the secondary alcohol with
the equatorial hydroxyl group which is the main product is
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conformationally more stable, as is seen by calculation and
from experiments ;%42 independent of alkaline isomerisation.
However, the isomer which is the main product in the
cyanohydrin and acetylene syntheses has in the axial posi-
tion a cyano- or ethynyl-group, which have a greater effec-
tive volume than the hydroxyl group. Comparison of the
van der Waals' radii and the generalised Auwers-Skita
rule?,2#2 both show that an axial cyano- or ethynyl-group in
combination with an equatorial hydroxyl group is apparently
conformationally less favourable than the reverse. Some
attempts can be made to explain these facts. The Arrhenius
equation for the velocity constant of a reaction, K = ae~9/RT,
contains two terms, of which one (¢e~9/7T) depends on the
energy of activation, and the other (the frequency factor a)
is related to non-thermodynamic quantities: the frequency
of collisions, the size of the molecules, the size of the
“sensitive region”, and other steric factors.

According to Hiickel?*®, all organic reactions can be
divided into two groups: (1) reactions whose rates depend
mainly on differences in the energies of activation, and
(2) reactions whose rates are mainly determined by the
frequency factor.

The high velocity of reactions in which the carbonyl
group takes part indicates its comparatively low energy of
activation (10—13 kcal mole™), and the considerable com-
plexity of molecules of cyclic ketones must inevitably lead
to a small frequency factor. It can thus be assumed that
these reactions belong to the second group.

The stereoselectivity of nucleophilic addition to the car-
bonyl group of cyclic six-membered ketones is apparently
therefore determined by two opposing factors: one which
directs the entering substituent into the axial position, and
one which depends on steric hindrance and directs the sub-
stituent into the equatorial position.

It seems probable that the first factor is determined
mainly by the orientation taken up by the charged nucleo-
philic (anion) attacking agent under the influence of polar
forces, and not the thermodynamic stability of the end
products. This orientation is closely bound up with the
actual mechanism of the nucleophilic reaction, and may be
due to the difference in the electrostatic fields originating
from the upper and lower ends of the carbonyl double bond,
produced, for example, by the non-compensated dipole
moments of the carbon—hydrogen bonds.

In comparing the stereochemical data on the nucleo-
philic addition, the Grignard reaction with 2-methylcyclo-
hexanone!? is clearly more stereoselective than the re-
action with 3-methylcyclohexanone 38, the first producing
75% equatorial addition, and the second only 60%. A mole-
cular model of 2-methylcyclohexanone shows that a methyl
group in the equatorial position will be most stable when
the hydrogen atoms are in angular pcsitions with respect to
the substituents at C,.

In this case the hydrogen atom H will be the same dis-
tance from the carbon atom C, as the axial meta-hydrogen

atoms, ¢.e. it will act as a third axial meta -hydrogen
atom, causing additional steric hindrance. The existence
of considerable steric hindrance in 2-methylcyclohexanone
in comparison with 3 -methylcyclohexanone is additional
confirmation that these ketones enter into these reactions
predominantly in the conformation with an equatorial
methyl group. In fact, if with the methyl group in this
position there is more hindrance with 2-methylcyclo-
hexanone, there would be considerably more screening of
one side of the molecule with an axial methyl group in the
case of 3-methylcyclohexanone.

It is very interesting to compare the stereochemistry of
the Grignard reaction in the cyclohexane and steroid
series. 3-Oxosteroids, which like 3 -methylcyclohexanone
possess two axial meta-hydrogen atoms, react with methyl-
magnesium iodide to form a mixture containing 57—-60% of
the product of equatorial addition of the methyl group 78,

]:{ CH, CH, CH, |

J V\/ 4
]/ - "0\()\) + CH"\(
o” ' CH,,/\ ) HO/\/X-il\
H 57609 43—40%

However, 17a-oxo-D-homosteroids, which have three
axial meta-hydrogen atoms in a rigid system (at C,,, C,,,
and C,¢), form only the equatorial addition product 199,19 ;

CHis OH

and Clinton, Christiansen, Neumann, and Laskowski 190
explained this as being due to these hydrogen atoms. The
difference in the stereoselectivity of the reactions of
17a-oxo-D-homosteroids (with a rigid skeleton) and
2-methylcyclohexanone shows that the latter clearly re-
acts partly in the conformation with an axial methyl group.

We have attempted to systematise the existing data on
the stereochemistry of these nucleophilic addition reactions
from the point of view of increasing steric hindrance in the
ketone molecule, using average compositions of the mix-
tures formed from variously substituted ketones with the
cyclohexane ring (Table 8). The steric hindrance is con-
sidered as being due to hydrogen atoms and methyl groups
in the meta -position to the carbonyl group in the ring or in
a side chain, and possessing, in the most stable conforma-
tion, an axial disposition.

TABLE 8. Content in the mixture (%) of the isomer with axial
disposition of the entering substituent,
Hindering axial groups and disposition of substitvents
T
3H 1CH,, 2CH, 1—
Reagent BH 9223255 |icH 11 | baabs | 2eihem,
EA el v et IIER 3.5 455,68,
v i '2'2"3"4"5' ' 2,2,3,3,4,5 2,3,3, 4,4,5
Na in alcohol 78 80 main main main
product product product
HCN ] 73 ? ? ?
HC=CHand KOl 86 T3 ? 2 >
LiAlH, 82 61 42 23 14
NaBH;, 77 55 18 low ? 0
CH Mgl 38 26 ? 0 0

57
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Table 8 shows that increasing the number and size of the

axial substituents in the meta-position to the keto-group
causes a regular increase in-the quantity of isomer formed
by equatorial entry of the substituent.

It cannot at present be stated definitely whether the volume

of the incoming substituent or the size of the attacking com-
plex as a whole plays a large part in the stereoselectivity
of the reaction.

Summarising what has been set out above, despite the

limited quantity of material, it appears that the spatial

directivity of nucleophilic addition reactions (which may be

the result of definite orientations of molecules in the re-

action mass) depends on two factors — polar orientation
(polar factor) and steric hindrance (steric factor).
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contained in small amounts in horsetails, and definitely
occurs in ferns?!.

The process of lignification and lignin formation in the
plant cell must be regarded as part of normal metabolism.
Manskaya' showed that cambium and wood of the new
annual layer of pine contain 8-glucosidase and the oxidising
enzymes peroxidase and polyphenol-oxidase. Coniferin
(a glucoside)

HCO

[CeH1,05) —O— <_\\—CH=CH—C Hz—OH,

found in the cambium of conifers, serves as a substrate
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for oxidising enzymes. Under the action of the 8-gluco-
sidase it is split into glucose and coniferyl alcohol, the
latter of which, by being oxidised and reduced, can serve
as an intermediate link in the chain of reactions accompany-
ing respiration of the cells. When the living cells die off
in the course of lignification, the oxidising processes begin
to predominate over the reducing processes, and the oxida-
tion products are deposited in the form of lignin. Thus on
Manskaya's hypothesis the formation of lignin is directly
associated with breakdown of the respiratory apparatus in
plant cells. When the cell wall, and in particular the
region of the middle lamella, where the main amount of
lignin is found, lignifies, the life of the cell and the acti-
vity of the enzymes cease.

The biosynthesis of lignin in plants has been investigated
in detail during recent years by several workers2-%. A
method which proved to be fruitful was to compare the prin-
ciples underlying the synthesis of amino-acids by bacteria
and of lignin monomers by the plant cell. Many protein
amino-acids, e.g. phenylalanine and tyrosine, contain ben-
zene nuclei. The experimental results now available show
that coniferyl alcohol (I) (or its glucoside coniferin) is
formed in the plant via the same intermediate stages as
occur in the biosynthesis of phenylalanine or tyrosine in
micro-organisms:

10— __y—CH—CH—CH,—OH

CH,
I

A protracted study of the metabolism of some mutants
of Aerobacter aervogenes and Escherichia coli using radio-
actively labelled starting materials clarified the biosyn-
thetic pathways of aromatic and in particular phenylpropane
derivatives, which include phenylalanine and tyrosine as
well as the lignin monomer, coniferyl alcohol’.®, It was
shown that, starting from glucose, bacteria synthesise aro-
matic amino-acids in several stages. The organism first
converts the glucose molecule through intermediate steps
into the cyclic compound shikimic acid (II), a substance
which is widely distributed in the vegetable kingdom ®:

0=C—OH
¢

HLAM
& ¥

| 4
HO\| l<}{

v’ N oH
w6

an

This latter compound, after a series of changes, passes
into the aromatic compound hydroxyphenylpyruvic acid*®
and then into an aromatic precursor of proteins.

The biosynthesis of aromatic substances by bacteria can
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be represented schematically by the following stagesi:

i
C=0 o O\ OH
N/
H—J:——OH C

ch /é_
| H H H |
HO—C—H >C \C<H e WZoN c <H

H:(!: OH -~ i (]:<H - ’/g - an + pyruvic acid
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H— ]_oH HO H OH/\H

H
D-glucose Sedehydroquinic acid 5-dehydroshikimic acid
HOOC COOH

|
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L,
I\

@ - phenylalanine
7

[i30)
phenylpyruvic acid

CH,;—COOH

Hoo” Neon
n b . «"E—H -

e

prephenic acid
(unstable)
As can be seen from the scheme, the glucose molecule
(the main product of photosynthesis) is converted into the
cyclic compound 5-dehydroquinic acid!2, and then into
5-dehydroshikimic acid!® and shikimic acid. This last
acid can condense with pyruvic acid to form the unstable
prephenic acid!¢, which splits off carbon dioxide and water
to yield (Ill). Phenylalanine can be formed from (II) by
transamination?!s.

The synthesis of aromatic lignin monomers by plants
resembles the bacterial synthesis and is represented by the
following sequence!:

) !

COOH —C— —C— —C—

Loo & | {

. - 5

(I:H’ (I: —C— »Cl—

| ]
7 7 / '
D-glucose —— J1 —— , _ or I or

I ¢ NocH;  cH0” N NocH,
OH OH OH 3}1

p-hydroxyphenylpyruvic acid lignin monomers

The possibility of accomplishing such a stepwise aro-
matisation of shikimic acid has been demonstrated by the
work of American biochemists -8, Shikimic acid labelled
in the 2,6-positions was introduced artificially through the
leaves into the growing sugar cane. After six days of such
feeding, the plant was cut, the lignin was separated, and
from it vanillin (IV) was obtained by the usual methods.

The cyclohexene ring of shikimic acid was shown 8 to pass
directly into the aromatic nucleus of lignin, the radioactive
carbontracer (14C)occupying the 2,6 -positions inthe vanillin:

COOH CHO
| |
) 7
* * - -
lq —— lignin —— @
Ho” \‘/ “oH N NocH,
OH OH (V)

According to investigations by Brown and Neish!®, pre-
cursors in the formation of lignincan be alsophenylalanine,
cinnamic acid, and especially 4-hydroxy -3 -methoxycin -
namic (ferulic) acid, which is detected chromatographically
in aqueous extracts of straw and wheat 2°,

To obtain confirmation of these hypotheses, Freuden-
berg?' introduced radioactively labelled ferulic acid or
penylalanine into the wood of a young spruce. Structural
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lignin was obtained by treating the radioactive region of the
branches with alcohol in the presence of hydrochloric acid
(by ethanolysis). After radioactively labelled phenylalanine
had been introduced, it was possible to isolate from the
wood of the spruce active lignin and also active coniferin?2.
These results show that plants possess all the enzymes
which are necessary to convert an aromatic amino-acid
into a ring-substituted carbinol. The hydroxylation of the
nucleus, partial methylation of the phenolic hydroxyl, and
reduction of the terminal carboxyl group, evidently occur
at the same time as aromatisation, and are catalysed by
enzymes of the phenolase type 2%,2¢ or methyl-transferase 2.
The order in which the hydroxylation, methylation, and re-
duction reactions occur has not yet been confirmed experi-
mentally.

When L-coniferin, obtained from L-glucose and radio-
active coniferyl alcohol, was used, no radioactive lignin
was obtained 26, which is perhaps explained by the absence
of the enzyme L-glucosidase in plant tissue.

Freudenberg showed the presence of cellular g-gluco-
sidase by using the synthetic glucoside indican, which is
split by the B-glucosidase present in wood tissue into
glucose and indoxyl. The latter is oxidised to indigo by
the action of air. Application of indican to a wood section
gave a blue coloration due to indigo?’.

According to Freudenberg, coniferylalcohol — coniferin
aglucone — originates from an acid possessing a C4—C,
grouping, the precursors of which are shikimic and pre-
phenic acids. During the period of growth, the cambium
and the neighbouring cells contain a large amount of coni-
ferin?®, It diffuses into the newly formed cells, and is
there hydrolysed by B-glucosidase into glucose and coni-
feryl alcohol. The latter, coming into contact with laccase
and peroxidase, is transformed into lignin?.

Thus lignin formation involves both enzyme systems, the
presence of which in the lignification zone can be detected
by means of colour reactions 2°,%°,

III. ARTIFICIAL PREPARATION OF LIGNIN BY ENZYMIC
DEHYDROGENATION OF CONIFERYL ALCOHOL

Study of the course of the biochemical synthesis of lignin
in plants in vivo proceeded in parallel withintensive investi-
gation of the intermediate products formed by enzymic oxi-
dation of coniferyl alcohol in vitro. The genetic relation-
ship of coniferin to lignin was first suggested by Tiemann
asearly as 1875 3!, and later this idea was fruitfully applied
by Klason?®2.

The possibility of obtaining a product similar in proper-
ties to lignin by enzymic oxidation of aromatic monomers
was pointed out by Erdtman3®. He showed that the sub-
stance obtained by Cousin in 1908 3¢ by the oxidation of iso-
eugenol (V) with fungal oxidases was the phenylcoumaran
derivative (VI) having the structure suggested for lignin:

(fH:CH——CH_-,
V4

CH, I

|

CH H,C—-CH-\\ Noch
i | s
TH CH—O

|
| I) (\“ - @
\|/\OCH3 \ \OCH;,
OH OH

\Y] (VD

Study of this oxidising enzymic reaction made clear the
principle underlying the formation of lignin, which on
Erdtman's hypothesis3® was to be regarded as a product of
the dehydrogenation of guaiacylpropane derivatives having
an oxidised side-chain.

During the pastdecade Freudenberg and his collaborators
have studied the possibility of preparing lignin in vitro.
When air is passed through a dilute (< 0.5%) aqueous soiu-
tion of coniferyl alcohol in the presence of fungal laccase
at 20° and pH 5.5-6.5, a brownish-grey deposit is formed.
Up to 80—90% of the coniferyl alcohol is used up in this
process. The fungal laccase can be replaced by cambium
laccase, horseradish peroxidase, or dilute solutions of
hydrogen peroxide®. The time required for the formation
of lignin varies from a few minutes to many hours depend-
ing on the concentration of the enzymes. Some of the pro-
ducts of low molecular weight can be extracted from the
precipitate with butanol, and the residue (“dehydropolymer”)
represents abiosynthetic lignin formed by enzymic dehydro-
genation of coniferyl alcohol.

Physical and chemical studies of biosynthetic and
natural lignin preparations suggested that they were quite
similar3674°, Investigations with labelled coniferyl alco-
hol in vitro and in vivo confirmed that coniferyl alcohol is
utilised in the biosynthesis of lignin2®% %%, The prepara-
tion of dimeric products by the enzymic dehydrogenation of
coniferyl alcohol in vitro and their chromatographic detec-
tion in the cambial sap must be regarded as the most
important result*t. Study of the structure of the dimeric
products makes it possible to judge the nature of the bonds
between the phenylpropane monomers in lignin. It must
be stressed, however, that it is impossible to apply with
complete success conclusions derived from in vitro experi-
ments to processes occurring in the living cell*5, 1t is
still true that “no natural compound has been structurally
elucidated by following its biosynthesis, nor is it likely
that this will be accomplished, especially in so complex a
group of ill defined compounds as the lignins’ 45,

The “oxidase” system (mainly laccase)*®~4® takes part
in the enzymic dehydrogenation of coniferyl alcohol and the
formation of lignin dehydropolymer. According to
Freudenberg*®, the formation of lignin in spruce wood be-
gins with the dehydrogenation of coniferyl alcohol, and the
radical which is formed (a) can be represented in several
mesomeric and tautomeric forms (b), (c), (¢’):

CH,0H CH,0H CH,OH CH,0H

cH CH CH CH

I | I y

CH cH CH CH

| il |

VA /\] ZN /l
o= =0 = (]

N Noch, Ny Nocw, WA N ocw, g NocH,

191 o Q OH

@ ) © ()

As a result of spontaneous dimerisation, these meso-
meric radicals are stabilised, forming dimeric inter-
mediate products, the secondary structural units of lignin.
Four of them, the structures of which have been elucidated,
form about 80% of all these products. It has proved pos-
sible to isolate the following intermediates 26,29,49-51.

A. Dehydrodiconiferyl alcohol (VII), corresponding to
about 20% of the initial coniferyl alcohol. Its forma-
tion can be explained by condensation of the tautomeric
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radical (c’) with a quinomethane of the type of (b), the
phenolic hydroxyl groups undergoing ring-closure with
formation of a benzenoid structure:

CIHgOH
CH
I
-CH
|
?HzOH CH,OH CH,OH |
CH- CH CH——|
1: ] | \l \OCHs
i H (iH CH ——0O
@\ ‘ @ .
i OCH, ’ \| \OCHa \| \OCHx
(o] OH OH

() () (VD

B. DL-Pinoresinol (VIII), corresponding to 20% of the
initial coniferyl alcohol. It is formed from two quino-
methyl radicals (6):

OH
| /OCH;
CHyOH '
H. N/
(I:H /O\i
| ﬁH, CH
CH _. c|1-1
2 T ch
Y daH, No”
X @
\| OCH,
OH
%10) R

C. The §-ether of guaiacylglycerol and coniferyl alcohol (IX),
corresponding to 30% or more of the initial coniferyl

alcohol. It is formed from (b) and (a) with subsequent
addition of water:
C‘Hzoﬂ CH.OH
CH du
i
cH CH
| !
( (L
?H’OH IJ Noch, H’(,:“OH N NocH,
CH. 0 H—C———0
i @ |
i“ - H,0 H——f—OH
1\ .
L
]
| OCH; N Nocx,
OH

(b) (1X)

D. Coniferaldehyde (X) (1% yield)

Ho—__)—CH=CH-CHQ

OCH (x)

E. Dehydrodiconiferyl aldehyde, 4%.
F. Aldehyde corresponding to (IX), 3%.

G. Dehydrodipinoresinol, a crystalline diphenyl derivative
formed from two molecules of (VIII) with the elimination
of two hydrogen atoms, 4%. Dehydrodiveratric acid (XI)
can be obtained from this, after methylation and oxida-
tion; the link hetween the two molecules is thus in the

5,5'-positions #7.
COOH ('ZOOH

Va ( |
Haco/\l — I/\OCH;‘
Hs OCHs
(XI)

H. A diether formed by two molecules of coniferyl alcohol
with guaiacylglycerol (XII), 5%.

CIH =CH—CH,0H

CH,OH Q \OCH;

n—0

<—OCH
?H—O—CH,—CH:CH—{ ~ Son
7 [ (XI1)
N NocH,
OH

I. A diether formed by coniferyl alcohol (8) and dehydrodi-
coniferyl alcohol (y) with o -guaiacylglycerol, analogous
to (XII).

The maximum yield of each substance occurs at different
stages in the formation of lignin?’, and it is therefore un-
allowable to add up the above percentages. The continued
action of enzymes leads to the occurrence of further de-
hydrogenation and condensation processes, with the forma-
tion of polymeric lignin4®. The initial radical, dehydro-
genated coniferyl alcohol, is optically inactive. Therefore
all dimeric intermediate products are also inactive, as are
both native and biosynthetic lignins.

The above forms of combination between different radi-
cals do not exhaust the variety of possible links. = Some
time ago it was shown spectrophotometrically 52 that di-
phenyl links probably occur in dehydropolymers and in
native lignin. It is possible that o —3 bonds are formed
between two side-chains, and these may arise as a result
of dimerisation of coniferyl alcohol or of a coniferaldehyde
group 3°:

: CH,OH
CH CH, £
] L

A A

The possibility of links between @ —a’ carbon atoms is
likewise not excludeds®,*¢. No direct proof of the existence
of quinomethyl radicals is yet available. This is evidently
due to their short life. Spectrophotometric measurements
have shown that their half-life under the experimental con-
ditions was about 60 sec.

CH.—OH

>
O
o}
)

If the enzymic dehydrogenation of coniferyl alcohol is
carried out in water containing 30% of methanol, the methyl
ether (XIlla) is formed. In the presence of much sorbitol
or of a sugar, an adduct is formed between the dimeric
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structural unit and the polyhydroxy compound (XIIIb):

CH=CH—CH;—OH

Vi
H,C—-OH
2| \OCH3

HC 0
1
HC—OR

E) \OCH; (X1ID—(X11I6)

!
OH

where for (XIII) R = H, for (XIIllz) R = CH,, and for (XIIIb)
R = C},H,,044.

Direct spectrophotometric measurements®®, colour re-
actions, and the formation of the methyl ether and the
adduct with the sugar (XIII6) may serve as a basis for
accepting the existence, even if for only a short period, of
quinomethyl radicals during the enzymic dehydrogenation of
coniferyl alcohol. The formation of a chemical bond with a
sugar molecule is important also for an understanding of the
nature of the possible links between the aromatic units in
lignin and carbohydrates.

The enzymic dehydrogenation of coniferyl alcohol does
not lead to its quantitative conversion into biosynthetic
lignin.  This is explained by the fact that the lignin itself
undergoes degradationas a result of the action of the laccase
or peroxidase enzymes 3. This processisprobably similar
to the humification of lignin and phenolic substrates in the
soil. It should also be noted that wood-degrading fungi
contain, predominantly in the mycelia, laccase and peroxi-
dase, the enzymic action of which leads to the breakdown
of lignin??, Consequently, both the formation and the de-
composition of lignin can evidently be caused by the same
enzymes.

Although coniferyl alcohol may be regarded as the
original structural unit for lignin from conifer wood
(spruce), the lignin from deciduous species contains also
sinapyl alcohol (XIV), while the lignin of annual plants con-
tains p-hydroxyphenol residues (XV):

|

CH,OH —Cc—
! l
CH —C—
] {
CH —C
|
/@ @
H,007" Y NocH, l
OR OH
(xXvn (XV)

where for (XIV) R = H and for (XVI) R = C4H,,0;.

Sinapyl alcohol, which is found in the wood of deciduous
trees in the form of the glucoside syringin (XVI), does not
form lignin. The action of laccase and peroxidase on sin-
apyl alcohol leads solely to the formation of an 80—-90%
yield of syringoresinol (the 5,5'-dimethoxy derivative of
pinoresinol) 35,%,

Freudenberg believes that in this case intermediates
containing phenyl ether links, e¢.g. as in (VI) or (IX), can-
not be formed owing to steric hindrance??’. This to some
extent explains the experiments in vitro, because the lignin
of deciduous wood necessarily includes coniferyl alcohol,
apart from sinapyl alcohol, as a structural unit.

Study of the degradation products of lignins obtained
from different kinds of plants has shown that each of them
is built up from monomers of several types in varying pro-
portions. Therefore theterm “lignin” refersnottoa single
compound but to a group of closely related products!!. The
great variety of combinations arising among the separate
structural units leads to the formation, not of an individual
substance of definite constitution, lignin, but to a group of
“lignin substances” 5.

Gymnosperm lignin (spruce, pine, etc.) is, according to
Freudenberg, a dehydropolymer of coniferyl alcohol. The
lignin of angiosperms (beech, etc.) is formedby the dehydro-
polymerisation of coniferyl and sinapyl alcohols.  Mono-
cotyledonous plants (bamboo, etc.) contain also a substantial
amount of p-hydroxyphenyl structural units 58,

Iv. ISOLATION OF LIGNIN AND LIGNIN-—
CARBOHYDRATE BONDS

The separation of unchanged natural lignin (“proto-
lignin”) from plant tissue has unfortunately not yet been
achieved. All existing methods require the application of
chemical, mechanical, or fermentation procedures to the
plant tissue for the separation. However, Brauns has
shown ®9,8¢ that is is possible to remove 2—3% of the total
amount of lignin by extracting wood with cold ethanol. It
was found that after numerous reprecipitations the pre-
paration behaved in many respects as protolignin, exhibited
typical lignin reactions, and gave derivatives identical with
those obtained directly from wood. Chromatographic ana-
lysis of the products of hydrolysis of native beech lignin
(according to Brauns) showed that it contains no combined
carbohydrates®. However, it differs substantially from
the main part of the lignin, e.g. in the content of free
phenolic hydroxyls. By extracting spruce wood with cold
acetone or alcohol, it is possible to obtain substances of
low molecular weight of the type of lignans, to which the
soluble lignin obtained by Brauns?®’ evidently belongs.
Therefore the lignin isolated by Brauns' method can hardly
be considered any longer to be representative of the lignin
in wood ¢2,

The task of isolating natural lignin from wood touches
directly on the problem of lignin-carbohydrate bonds, the
discovery of the nature of which has beenthe aim of numerous
investigations, summarised in the work of Merewther,
Lindgren, and others®-%¢. The insolubility of lignin in
tissues can be explained in three ways: it is chemically
combined with some component of the cell wall, it has a
high molecular weight and therefore has a low solubility,
or it is “encrusted” with carbohydrates to such an extent
that it cannot be extracted by organic solvents.

The “encrustation” theory was shown to be untenable by
the work of Brauns and Seiler®’, who ground up finely
divided wood meal with water to such an extent that part of
it passed into colloidal solution, from which the wood was
separated in the form of a fine powder. It could be com-
pletely dissolved by cuprammonium hydroxide solution,
and reprecipitated with acid. Nevertheless, lignin could
not be extracted from such wood powder, either with
ethanol or with dioxan. Brauns' lack of success can be
explained by the swelling of the wood in water and the pos-
sible formation of additional hydrogen bonds between
carbohydrates and lignin.

The second possible cause is also improbable, since
lignin can be partly extracted from wood by ethanol in the
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presence of very small amounts of hydrochloric acid, which
are insufficient to bring about the depolymerisation of lignin.

The most probable cause is the presence of hydrolysable
lignin—carbohydrate bonds in wood.  Heating wood with
water, chlorination, ethanolysis, acetylation, and boiling
with sulphite and sulphate led to the separation of compounds
containing no free carbohydrates but liberating lignin and
sugar on hydrolysis. Since such products were separated
under greatly varying conditions, it can be assumed that
part of the wood exists in the form of a lignin— carbohydrate
complex®-7 Xylan has been frequently identified as the
principal carbohydrate linked with the lignin 72,

According to the results of Aaltio and Roshier ™, wood
contains two lignin—carbohydrate complexes, one in the
middle lamella, where the greatest amount of lignin is con-
centrated, and the other (with a verydifferent ratio of lignin
to hemicellulose) in the secondary wall.

Considerable scientific and technological interest attaches
to the nature of the bonds existing between the lignin and
the carbohydrate components of vegetable tissue. Among
the many types which have been suggested, the following
are selected as the most probable — (A) phenyl 3-gluco-
sides and (B) benzyl ethers:

A CH,OH OCH, B
; . >
- C . O
S0 4 —c—c—¢ (0
| i
-0 : CH —-0— ¢y
' OCH, 4 i yaN
lignin portion AN O C
hemicellulose portion I i bl
i
N/ N\OcH, hemicellulose portion

|

o)

f
Phenyl 8-glucoside structures (A) are abundant in woody
tissue (coniferin), and such links are evidently very pro-
bable for some of the lignin—carbohydrate complexes.

Study of the ultra-violet absorption of fractions of
acetylxylolignin showed the presence of pheny! glucoside
bonds in the lignin of wheat straw?. As with all glucoside
structures, phenyl 8-glucosides are hydrolysed by acids.
It was shown also that such links, in contrast to alkyl
glucosides, are relatively easily broken also by alkalis
The possibility of the existence of phenyl -glucoside links
was shown also with a model substance®.

K4} ,75‘

It is quite probable that some lignin—carbohydrate links
are also benzyl ethers (B). In contrast to ordinary ethers,
the oxygen bonds here are more difficult to break down with
acid”. The presence of benzyl ether groups in lignin has
now been proved by numerous experiments. The reactive
alcoholic hydroxyl attached to the @ carbon atom of the
propane side-chain of the structural unit of lignin may be
the position for the formation of a chemical bond with
carbohydrates in the biosynthesis of lignin. This is con-
vincingly shown by the later papers of Freudenberg (see
XII1b) 55.

Thus there now exists hardly any doubt as to the pre-
sence in wood (and in other plant tissue) of a lignin—hemi-
cellulose complex. The chemical nature of the lignin-—-
carbohydrate bonds varies. The most probable are phenyl
3-glucoside structures and benzyl ethers.

During recent years attempts have been made to isolate
lignin from wood without the use of acid or alkaline catalysts.
An interesting method was suggested by Asplund™, treat-
ment of the wood with steam at 170°-180° for 1-15 min.
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In this case softening of the middle lamella is accompanied
by breakdown of the bonds and liberation of the lignin. No
data are yet available as to the nature of the resulting pre-
paration; it can merely be assumed that lignin which has
been subjected to such a strong, though short-lived, thermal
treatment will differ from the natural, native lignin.

Experimental work has shown that high yields of lignin
can be extracted from well ground wood by neutral solvents.
Recently this has been most successfully accomplished by
Bjorkman’® and by Pew’. The latter ground the wood in
a dry state, and observed that the carbohydrates them-
selves underwent strong cleavage during the grinding. In
order to shorten this process, Bjorkman ground the wood
in the form of a suspension in toluene. The resulting wood
meal did not swell and proved to be less soluble in alkali
than Pew's material.

Wood ground by Bjorkman's method is extracted first
with aqueous dioxan and then either with an aqueous solution
of acetic acid or with dimethylformamide. Both fractions
contain about half of the lignin present in the wood.  The
dioxan-soluble lignin contained only a fewper cent of carbo -
hydrates (mainly hemicelluloses). The first fraction was
termed by Bjorkman “milled wood lignin” and represents
about 30% of the wood lignin. The second fraction, ob-
tained from the dimethylformamide extract, was termed
the “lignin—carbohydrate complex”; it contained about one
part of lignin associated with 3 —4 parts of carbohydrates.
Electrophoretic studies®® have shown that this “complex”
consists of two fractions with different mobilities, a pure
hemicellulose fraction and a lignin—hemicellulose fraction,
ir which the weight ratio of the two components is approxi-
mately 1:1.

Bjorkman's lignin cannot be regarded in any way as wood
protolignin, since mechanical treatment can produce break-
down of the chemical links between the parts of the lignin
complex. However, the use of comparatively mild condi-
tions to separate the product in quite a good yield led to the
acceptance of this preparation as the most suitable material
for studying the structure of lignin.

During the past 10-12 years biochemical methods have
also been used to separate lignin®® ., In the enzymic
breakdown of wood by the so-called “brown rot” fungus, the
latter destroys the cellulose and other carbohydrates, setting
free the lignin, whichbecomes accessible for extraction with
neutral solvents.

On the basis of his biochemical investigations, Nord &
concludes that lignin is not combined with other components
of wood. This contradicts the now proven facts of the
existence of lignin—hemicellulose complexes in wood.
Biochemical lignin, obtained by the fermentative action of
“brown rot” fungi, can hardly be identical with natural
lignin. As Freudenberg?’ has shown, wood-degrading
fungi contain, predominantly in the mycelium, laccase and
peroxidase, the enzymic action of which leads to rupture
of the links between carbohydrates and lignin and also to
destruction of the latter.

An investigation made not long ago of the properties of
lignin obtained by Schubert and Nord's ® enzymic degradation
of spruce wood with the fungus Lenzites saepiaria showed
that it differed sharply from natural lignin (especially with
respect to the methoxyl content). Therefore the native
character of enzymically separated lignin is now denied 2.

Other methods for extracting lignin in the presence of
catalysts (acid or alkaline) lead to its interaction with the
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solvent used for extraction®. It has been proved that an
alkoxyl group adds on to lignin when it is obtained by
extraction with ethanol in the presence of hydrochloric

acid 8, a phenolic group during extraction with phenol®3,
and a mercaptoacetic acid group in mercaptoacetyl lignin%8.

The alkoxy groups in the lignin derivatives obtained by
condensation of the corresponding alcohol with lignin can be
split off again by means of acid®. However, this requires
the use of severe methods, which may change the nature of
the lignin.

A new method for preparing ethanol-lignin® consists in
treating spruce wood meal with a mixture of alcohol and
chloroform (1:4) in the presence of 0.2 N hydrochloric acid
at 60°. In this way it is possible to separate 80% of the
lignin in the wood, 20% of it being converted into an ether-
-soluble oil.

A good yield of lignin can be obtained by the action on
wood of benzyl alcohol containing 1-2% of hydrochloric
acid®, In view of the fact that benzyloxy groups are com-
paratively readily cleaved forming toluene on reduction with
hydrogen in the presence of palladium under mild conditions,
Brauns ® proposed this method for obtaining lignin free
from benzyl radicals. To what extent it would be possible
to remove benzyloxy groups without changing the lignin is
difficult to assess. If this could be fully achieved, then it
would be possible to obtain in this way a product closely
similar to natural lignin. Hydrolytic methods of splitting
carbohydrate — lignin bonds, which make it possible to obtain
different lignin preparations (Willstitter's hydrochloric-acid
lignin %, “cuprammonium lignin” %2, or “periodate lignin” ®),
result in a marked change in the properties (e.g. the lignin
loses its solubility in organic solvents). At the present
time these methods, and the products obtained by means of
them, cannot be regarded as entirely suitable for studying
the structure of lignin.

V. ANALYTICAL DATA*

As already pointed out, the lignin isolated by Bjorkman 78
is closely similar in properties and structure to natural
lignin.  Therefore the analytical data cited below are
based on Bjorkman's lignin obtained from conifer species
(spruce) or on “guaiacyl lignin” %,

Elementary analysis of the Bjorkman lignin shows that
it contains 63.84% C, 6.04% H, 29.68% O, and 15.75% OCH,."®
If account is taken of the fact that this lignin contains 1.9%
of a sugar, thenthe appropriate correction (it being assumed
for simplicity that the sugar consists of equal proportions
of hexosans and pentosans) yields the following calculated
formula for the phenylpropane or C, unit:

CoHg.530,.57(0CH;)g.06 (M = 184.7).

It can be seen from this formula that 0.96 OCH; group
is associated with 2.37 oxygen atoms, or one methoxy
group with 2.43 oxygen atoms. The distribution of oxygen
not combined as methoxyl is of considerable interest for
an understanding of the nature of the functional groups
present in the phenylpropane structural unit of lignin.

Of the 2.37 oxygen atoms present in the C; monomer,
one may be the phenolic oxygen of the guaiacyl nucleus.
According to the data of Swedish investigators, however,
only 0.29 oxygen atom occurs in the form of a free phenolic
hydroxyl%,%. Hence the difference, 0.71 oxygen atom,
must be present in blocked phenolic groups, evidently as

the oxygen of alkyl aryl ethers:

U (0.29) U ©0.71)

| |
OH o—

The difference between the total oxygen and the oxygen
forming part of phenolic hydroxyls (2.37 -1 = 1.37 atoms)
occurs as aliphatic hydroxyls, and as carbonyl and ether
groups.

Acetylation of lignin shows the presence of 1.15 hydroxy
groups”®, of which 0.29 represents phenolic hydroxyl.
Hence the difference, 0.86, represents aliphatic hydroxy
groups (primary, secondary, or tertiary).

The content of carbonyl groups in Bjorkman's lignin was
determined volumetrically using potassium borohydride ¥,
which gave 0.41-0.48 carbonyl group for every methoxy
group. Investigations recently carried out with model car-
bonyl compounds similar in structure to lignin have shown
that the hydroxylamine method gives results which are too
low, whereas use of borohydride yields values which are
close to the theoretical content of carbonyl groups in the
products investigated .

If the content of carbonyl groups in lignin is taken as
0.41 (this value requires verification), the remaining ali-
phatic oxygen (0.51 - 0.41 = 0.10) can be ascribed to alkyl—
alkyl ether bridges, since carboxy groups and diphenyl
ether links have not been found in spruce lignin.

On the basis of this oxygen balance, the formula for
Bjorkman lignin can be written as CyH, ¢;(phenolic OH)g ., -
. (aliphatic OH), g(carbonyl ), ,, (alkyl aryl ether O), .o, .

. (dialkyl ether Q),.,0(0CH;),. g6-

The molecular weight of the Bjorkman “milled wood
lignin” is about 11 000, which corresponds roughly with 60
phenylpropane units.

VI. THE STRUCTURE OF LIGNIN

The phenylpropane structural unit of lignin substances
(guaiacylopropane unit for spruce lignin) possesses an aro-
matic nucleus which hasbeen methoxylated and hydroxylated,
as well as a propane side-chain carrying various oxygen-
-containing functional groups.

Consideration of the structure of wood lignin can suit-
ably start from an account of the principles underlying
substitution in aromatic nuclei and of the ways in which
they can condense together. The methods of hydrolytic
cleavage utilised to study many plant polymers (e.g. cellu-
lose, starch) are unsuitable for application to lignin. The
most valuable have proved to be oxidative cleavage in alkaline
medium, cleavage by hydrogenation, and also cleavage with
metallic sodium or potassium in liquid ammonia %,

1. Oxidative degradation with alkali and
nitrobenzene !%-1%2 By this method, vanillin is ob-
tained from spruce lignin, and mixtures of vanillin and
syringaldehyde from deciduous lignin. Lignin from straw'®
yields also p-hydroxybenzaldehyde on oxidation, this com-
pound being formed in small quantities from lignins of hard
woods and soft woods too1%,1%,

Spruce lignin has been found!% to contain also deriva-
tives of vanillin substituted in the orfho position relative to
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the phenolic hydroxyl:

CIHO CHO CHO _
2\ /'\ ( !
SUEY |
I
()HC/\|/ \OCHB ¢/ { NocH, H3CO/ \l/ b
OH by OH OH

Oxidation of ligninsulphonates obtained by boiling aspen
wood with sulphite leads to the separation!®” of appreciable
amounts of 5-carboxyvanillic acid (XVII):

COOH

Hooc” N
OH

(XVID

OCH,

2. Oxidative cleavage of wood meal or of
isolated lignin with permanganate, after preliminary
methylation with diazomethane, involves the formation of
veratric and isohemipinic (XVII) acids in yields of 4.9%
and 0.9% respectively based on the lignin:

COOH

@
Hooc” N NocH,

OCHs
(XVHI)

If lignin is first heated with 70% caustic potash at 170°, then
methylated with dimethyl sulphate, and finally oxidised with
permanganate, the yield of isohemipinic acid can be approxi-
mately doubled 108,110,111

Experimental data on the nitrobenzene and permanganate
oxidation indicate the existence in natural lignin of guaiacyl
radicals substituted in the 1- and 1,5-positions:

1
| ()
N NocH, 5 ((Loc H,
OH

du

N\

Richtzenhain!% separated 1.3% of metahemipinic acid
(XIX), inaddition to isohemipinic acid, by the permanganate
oxidation of isolated methylated “alcohol-lignin”.

COOH

|
HOOC—-@
N \‘OCHJ

|
OCH,

(XIX)

However, he was unable to prove the presence of meta-
hemipinic acid in protolignin by oxidation of wood meal!2,
This acid evidently originates in condensation processes
occurring in the lignin macromolecule during its separa-
tion with alcohol in the presence of acid catalysts.

The formation of isohemipinic acid can be explained by
the presence of ortho-substituted phenolic nuclei [see
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scheme (I) below].
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The increase in the yield of veratric and isohemipinic
acids after severe alkali treatment of lignin (before methyl-

ation and permanganate oxidation) can be explained either
by the presence of etherified phenolic hydroxyls, which are
hydrolysed by the action of alkali, or by the existence of a
structure similar to that occurring in dehydrodiconiferyl
alcohol. Scheme (II) shows that the action of strong caustic

alkali can cause rupture of the oxygen link and formation of
the product capable of yielding additional isohemipinic acid.

Freudenberg*!® synthesised artificial lignin from coniferyl
alcohol labelled in the B-position of the side-chain with
radioactive carbon (indicated by an asterisk in the scheme).
In both cases of permanganate oxidation (i.e. with and with-
out alkali treatment) the resulting isohemipinic acid was
radioactive. It is thus proved that the 8 carbon atom is
linked to the nucleus of the neighbouring guaiacyl unit.

In the above two condensation schemes, the aromatic
structural units are linked via the side-chain.  Special
interest attaches to condensation with the formation of a
diphenyl structure. Pew?!!* was able some time ago to
isolate dehydrodivanillin (XX) from lignin after oxidation
with nitrobenzene and alkali. Under the conditions used,
numerous model substances not containing diphenyl links
were unable to form such a product.

CHO CHO
|
H,co” K'/ l “\OCH,
OH OH

The yield of XX was several per cent, so that it can be
concluded that diphenyl links of this type are quite abundant
in lignin.

The presence of diphenyl structures in natural lignin is
supported also by spectrochemical investigations 2. Thus
aromatic nuclei can be linked either by means of an ether
bond or by C—-C bonds. Leopold!!5 suggested that these
two types of bonds occur in roughly equal proportions in
the lignin molecule. Later investigations show that the
number of units linked by C—C bonds (“condensed units”)
is evidently less and constitutes 30-40% * of the total
number of links.
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3. Hydrogenolysis of lignin preparations.
This leads to the production of considerable quantities of
derivatives of propylcyclohexane and of substituted phenols
(XX1), (XXII) 118-120,

R__/CHa—CHy, H:,cq\
CH, —CH,—CH,— TN o
R, \CH2*~CH2/CH CH,—CH,~CH,—R, HO </ S CHy—CHy—R,
Ry
(XXD) (XX1D)
1. R=R1=R2=H 1. R1=H; Rzon
2. R=H; R, =0H; R,=0H 2. R, =0OCHy; R,=H

3. R,=R,=H; R=0OH,etc. 3. R, =OCH,; R,=0OH

Identification of the products of hydrogenation and hydro-
genolysis showed the presence of one free or etherified
hydroxyl group in the v- and p-positions of the side-chain
of the phenylpropane structural unit of lignin!?.

The hydrogenation of sulphate lignin under pressure
demonstrated 2?2 that water-soluble and ether-soluble
phenolic compounds predominate among the reaction pro-
ducts, cyclohexanol, catechol, and guaiacol being isolated
in addition to other aromatic substances. Results of the
hydrogenation of lignin, yielding up to 50% of cyclohexyl-
propane derivatives, show that a great proportion of lignin
is composed of phenylpropane derivatives, since there can
be no doubt that the cyclohexyl ring is formed by hydro-
genation of benzene nuclei.

4. An important contribution to the uncovering of the
aromatic structure of lignin was made by Shorygina and
her collaborators. By treating cuprammonium lignin with
metallic sodium in liquid ammonia at -33° nine times, they
were able 23,124 to separate dihydroeugenolfrom the fraction
of low molecular weight, and from aspen lignin they also
separated 1-(4-hydroxy-3,5-dimethoxyphenyl)propane*?s.

Extraction with ether of the acid portion of the decom-
position products of lignin yielded hydrated eugenol, i.e.
1-(4-hydroxy-3-methoxyphenyl)propan-2-ol. In the case
of cuprammonium lignin, a total of about 28% of monomeric
aromatic substances was obtained 2.

The formation of dihydroeugenol (as a result of hydrogena-
tion of phenols) was confirmed also by the cleavage of spruce
wood with metallic sodium under the same conditions!?.
Chromatographic analysis of the phenols obtained **” showed
that their composition was quite complicated. In addition to
the previously observed dihydroeugenol and 1-(4-hydroxy-
-3 -methoxyphenyl)propan-2-ol, the cleavage products
contained 1-(4-hydroxy-3 -methoxyphenyl)propan-1(and 3)-
-ols.

The p-hydroxybenzyl alcohol grouping, which is
extremely important for an understanding of many of the
reactions of native lignin (see below), is usually detected
by indirect methods. Employment of the decomposition of
lignin with sodium enabled Shorygina and her collaborators
for the first time to demonstrate the presence of this group
directly. The possibility of a far reaching cleavage of
lignin with metallic sodium into monomers shows that the
aromatic components are linked to one another mainly by
C—-0-C bonds, which, of course, does not exclude the
presence of a certain number of C—C bonds between the
main units in lignin isolated from wood!?®. The cleavage
of the phenyl ether bonds of lignin by the action of alkali
metals in liquid ammonia was confirmed also by Freuden-
berg's work!2°,

Kratzl® included, among the criteria which he suggested

for distinguishing lignin from other substances in wood, its
ability to yield benzenepolycarboxylic acids on oxidation
with permanganate!3°.  Although the yield of such poly-
carboxylic acids (especially of the pentacarboxylic acid)
obtained from native lignin is low (0.14% according to
Cabott's data)!3!, the possibility of obtaining them is an
argument in support of the existence in protolignin of a
small number of systems of the type (XXIII):
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As a result of condensation processes occurring during
alkaline or acid treatment of lignin preparations, the yield
of polycarboxylic acids obtained during oxidation with alkaline
permanganate is sharply increased !3!,1%2,

VII. REACTIVE GROUPS IN LIGNIN

Among the reactive groups in lignin, the three carbon
atoms of the propane side-chain, which can carry various
functional groups, are usually included. These are res-
ponsible for the majority of the typical reactions of lignin—
sulphonation by sulphite solution at different pH values,
alkylation by alcohol, and reaction with mercaptoacetic
acid¢. The phenolic hydroxy (free or etherified) situated
para to the propane side-chain is also an important re-
active group of lignin, governing many properties of native
and technical lignins (e.g. the ability to dissolve in alkalis,
form salts, etc.).

During recent years there has been considerable interest
in the determination of the content of phenolic hydroxyl
groups in lignin. Their amount forms one of the criteria
of identity between artificial lignin preparations and native
lignin!3®, Severaldifferent methods for determining phenolic
hydroxyls in lignin have been published 3437,  Among the
suggested methods the most important is the spectrochemical
method, whichhas been developed and thoroughly investi-
gated by Aulin-Erdtmann!38, The spectra of phenols undergo
bathochromic shifts when they are measured in the ionised
condition, ¢.e. in an alkaline medium. If the shift for an
appropriate model is compared with the spectrum of lignin,
an estimate can be obtained of the number of free phenolic
hydroxyls in the preparation under investigation. The con-
tent of phenolic groups fluctuates depending on the lignin
preparation tested and on the method of determination.
Therefore the number of phenolic hydroxyls per phenyl-
propane unit indicated above (0.29 OH/OCH,) must be re-
garded as approximate. The complexity of the lignin~
molecule and steric factors result in several cases in some
of the phenolic hydroxyls not being recorded, even by an
optical method!3%. The three-carbon propane side-chain
of the aromatic structural unit of lignin is a most important
functional group, and it is mainly by means of this group
that the phenylpropane units are linked together. The
propane side-chain is also the location of the most import-
ant reactions, the most characteristic of lignin. The
carbon atom of the propane chain is especially important.

Lignin contains several types of functional groups with
different reactivities with respect to sulphonation. ~ How-
ever, the hydroxylated @ carbon atom (benzyl atom), in
either the free or the etherified form (XXIV), is evidently
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responsible for sulphonation and for reaction with methanol
and hydrochloric acid and with mercaptoacetic acid!3s,

—C—OR
/!
@ (XXIV)
\I OCH,
OH
1. R=H; 2. R~=alkyl

The main reaction in the sulphite process for obtaining
cellulose is based on the conversion of lignin into water-
-soluble ligninsulphonic acid. The process by which wood
is delignified during boiling with sulphite is still not very
cleari4®; according to Hagglund !4, it occurs in two stages:
in the first stage, lignin is sulphonated in the solid state
without dissolution, and in the second stage the action of
hydrogen ions produces hydrolytic liberation of lignin-
sulphonic acids and their passage into solution with further
sulphonationto a content of about 0.5 SOzH group per methoxyl.
Higglund's hypothesis of a two-stage sulphonation of lignin

was confirmed by boiling periodate lignin %2 with bisulphite.

From an investigation of numerous model substances,
Lindgren!43,!4* worked out a very probable picture of the
sulphonation of the various groups which are evidently
present in lignin. He imagined four possible structural
variants having different reactivities with respect to
sulphonation.

Rapid sulphonation of lignin, which is observed even in
neutral sulphite solution, occurs at the expense of the
phenolic benzyl alcohol A and its ethers B, the aliphatic
hydroxyl or ether group being replaced by SO H.

|
H (OH) n (O—Alk) CH (OH)

| |
c CH (O—Alk)
| | | |
B (] () ()
) '\\T/ “OCH, ?\\I)L»OCH3 ,/\l/\OCH;i 7 l NOCH,
©oom ‘" OH T 0-C— 0—C—
A B c D

A grouping which reacts slowly in neutral medium but
quite rapidly with acid sulphite solution is represented by

C, i.e. guaiacylcarbinols etherified at the phenolic hydroxyls.

Structural elements which react only with acid sulphite
solutions (group D) are guaiacylcarbinols etherified both at
the phenolic and at the alcoholic hydroxyls. It is quite
possible, however, that some of the sulpho groups are
combined also with other carbon atoms (not only with the
benzyl carbons) of the lignin complex.

It is very significant that during sulphite treatment (as
during mild alkylation) no additional formation of free
phenolic hydroxyls is observed %,%,:38,  This means that
the o carbon atom is linked either to a free hydroxyl or, if
it is etherified, to an alkyl but not an aryl radical.

The presence of benzyl alcohol and benzyl ether groups
was shown also by the reaction with alcohol in the presence
of small amounts of mineral acid. By the action of 0.5%
methanolic hydrochloric acid on Brauns' lignin at room
temperature, up to 50% of methoxyl (based on its original
content in the lignin) can be introduced!45.  Methylation
for 72 h enabled up to an additional 70% of methoxyl to be
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introduced into Bjorkman's lignin.

| !
HC—OR, H—C—OCH,

7 CH,OH~HC! a

ﬂ 20° J
N Noch, N Noch,
OR, OR,

wheré R, = H or C — alkyl; R, =H or C—alkyl.

Brauns 8 put forward the hypothesis that such alkylation
leads to acetalisation of the carbonyl group or that an existing
acetal group is transalkylated. If, however, all the car-
bonyl groups in lignin are reduced with sodium tetrahydro-
borate, and the ligninis thenagaintreated with methylalcohol
in the presence of hydrochloric acid, it is methylated just
as before reduction. In view of the absence of carboxyl
groups in native lignin, the only process which remains
probable is alkylation of the benzyl group. Examination
of the reaction with methanol in the presence of hydro-
chloric acid of numerous model substances of the type of
benzyl alcohol or benzyl ethers showed that the alcohol or
ether groups were replaced by methoxyl, the rate of re-
action being different for each class and depending on the
nature of the radicals in the side-chain4s,

The presence of a benzyl alcohol or analkylbenzylether
group in lignin received additional support from a study of
sulphide formation in model substances and in lignin during
the boiling of cellulose with sulphate 146-148,

It was shown that p -hydroxybenzylalcoholand p -hydroxy -
benzyl ether react with a neutral solution of sodium hydro-
gen sulphide at 100° to form the corresponding dibenzyl
sulphide 146,147,

|
H—-C——S ——C—H

|
H-—C—OR l
| | |
A p V.
¢ NaSH { +-ROH
2 l 100 ” I
i N .
\I/ NOCH, N NocH, N ocH,
OH OH OH

Sulphide formation occurs under similar mild conditions
also with Brauns' and Bjorkman's lignins 149,150,

Neutral sulphite treatment of thiolignin preparations and
model sulphides results in the formation of ligninsulphonic
acids containing the whole of the sulphur in the form of sul-
phonic acid groups which can be titrated potentiometrically,
The number of such groups corresponds exactly with the
quantity to be expected if such sulphite treatment converts
one sulphide group into two sulphonic acid groups:

neutral |
2 ~-C -SO;H.

| ]
S
sulphitisation |

i |

Thus under conditions of the neutral sulphite treatment
of thiolignin there is a complete replacement of sulphide
groups by sulphonic acid groups!4®. A similar exchange
has been shown in model experiments. For example, di-
vanillyl sulphide (XXV) and divanillyl disulphide (XXVI) on
neutral sulphite treatment are rapidly converted into
vanillylsulphonic acid (XXVH) in good yield.

]CHz -=5 ——?H: CHp——$—S——CH, CH,—S$O,H
| [ |
O O O J
. L .
\| "\OCH, \( OCH, Y™ “OcCH, ¥ NocH, y \OCH.
OH OH OH OH OH
(XXV) (XXVI) (XXVII;
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Etherification of the phenolic hydroxyl group completely
blocks reaction with sulphite under mild conditions.

If thiolignin preparations are heated with a mixture of
acids (HI, HCl, and HyPO,)!5!, they give up a large part of
their combined sulphur in the form of H,S, which can be
determined iodometrically. This cleavage reaction is to
some extent specific to p-hydroxy- and p-alkoxy-benzyl
sulphide and disulphide'*2. An analogous cleavage is ob-
served also with ligninsulphonic acids.

On the basis of the above there are sufficient grounds
for accepting the hypothesis!>® that the reactions of sul-
phonation and sulphide formation occur to a considerable
extent at the same reactive groups in lignin.

The presence of a benzyl alcohol group in lignin was
confirmed also by Gierer's investigations!®. He found
that the action of benzoquinone-N-chlorimine on wood or
isolated natural lignin forms a blue dye, guaiacylindophenol,
identical with the product obtained from free guaiacol and
the chlorimine. This reaction may arise from the pre-
sence of phenolic guaiacylcarbinol groups in lignin, the
alcoholic substituent being split off as aldehyde under the
conditions of the coupling reaction (in faintly alkaline solu-
tion) with the formation of the corresponding indophenol*%5.

By treatment of spruce lignin it was possible to isolate
“guaiacylindophenol” (XXVIII), and aspen lignin yielded in
addition “syringylindophenol” (XXIX)!54.

=\
+Cl—N=(" N—0 N=(___ =0

|
7 |
+OH- — kﬂ\ +H-C
|
RN Noct, o

E
R/ N Noc, ,
OH OH (XXVIID  (XXIX)

|
H—C—OH
|

where for (XXVIII) R = H, and for (XXIX) R = OCH;,.

The reactiondoes not take place in the absence of phenolic
and alcoholic hydroxyl in the free state. Quantitative
measurements showed that in Brauns' lignin approximately
every seventh, and in Bjérkman's lignin every fourteenth,
phenylpropane unit has the guaiacylcarbinol structure 54,

Apart from the colour reaction with the quinoneimine,
other reactions were found which demonstrated the pre-
sence in lignin of p-hydroxybenzyl alcohol and p -hydroxy-
benzyl ether groups. It has been known for a compara-
tively long time % that both p-hydroxybenzyl alcohol and
p-hydroxybenzyl ether are very readily converted by the
action of HBr into p-hydroxybenzyl bromide (reactionA),
which reacts in ethereal or chloroform solution with an
aqueous solution of sodium bicarbonate to form a p-quino-
methane (reaction B):

—C— —C— —C—
| |
& e _r%—
| |
H—-C—OR H—C—Br %—
T 4 NaHCO,
o= =
HBr
N Nock, \‘ ocH, \OCH,

OH A OH B O

The occurrence of quinomethane reactions (A and B) in
solution is readily observed from the change in the absorp-
tion curve. Adler and Stenemur!5? worked out a technique
for carrying out “quinomethane” reactions with various
model substances for lignin, and showed that a dioxan—
chloroform solution of Brauns' lignin, which originally had

a single maximum in the absorption curve, gave a new
maximum after reactions A and B.

Shorygina's discovery by chromatography!?? of the
“benzyl alcohol” group, the indophenol and quinomethane
reaction, and also the results of studies on the model re-
actions of sulphonation, sulphide formation, and alkylation
with methanol containing hydrogen chloride — all these
important investigations demonstrate convincingly the
presence of p-hydroxybenzyl alcohol (or ether) groups in
native lignin.

The condensation of lignin with phenol in the presence of
a small amount of hydrochloric acid may also to some ex-
tent be adduced as evidence of the presence of a benzyl
carbon atom. Reaction between lignin and phenol leads to
the formation of phenol-lignin, the phenol reacting with
hydroxyls inthe lignin situated para or ortho to the phenolic
hydroxyl158,159,

| .
H——(]Z——OH H—({:— @-—OH

7 7
HCl
l < OH ——» @ +H,0
o/ HiCO N

OH (gH

(XXX)
The formation of a diphenylmethane structure (XXX) was
confirmed experimentally not long ago!®°. As Ziegler 155
has shown, benzoquinone-N -chloroimine splits off the car-
binol group from p-hydroxybenzyl alcohol, and removes
the methylene bridge from p-hydroxydiphenylmethane.
Therefore compounds having the diphenylmethane struc-
ture (XXX) may be expected to yield two indophenols —
(1) a derivative of phenol itself and (2) a “guaiacylindo-
phenol” of the type of (XXVIII). After reaction of Brauns'
and Bjorkman's lignins with 2,6-xylenol and subsequent
treatment with the quinonechlorimine in faintly alkaline
solution, it was possible to separate and identify both indo-
phenols by means of paper chromatography !€°,

H,c0”

No quantitative assessment of the reaction between
phenol and the “benzyl group” in lignin has yet been made.
It is quite probable that the condensation of phenol with
hydroxy groups occurs also at the 8 or ¥ carbon atoms of
the propane side-chain. The possibility of condensation
with glycol groups in the side-chain!%® is not excluded, al-
though the proportion of these in the lignin macromolecule
appears to be smalli8,

In the main dimeric products (VII)—(IX) and (XII), ob-
tained by Freudenberg in the enzymic dehydrogenation of
coniferyl alcohol and the formation of “biochemical lignin”,
the links between the guaiacyl(or syringyl)propane units
necessarily involve the 8 carbon atom of the side-chain.
Study of the dehydrogenation of coniferyl alcohol and of
several model compounds 77,162,183 guggests the existence of
the followiglg types of bonds involving the 8 C atom in lignin:

—C— |
I —C—
e —C|
i —
e l/ j' ) //'\l ¢
| I e N
—CT NN\ ocH & o/ 1
T e R
—b ~<|:_ ox 3 _é_ ; 0/ [
l ! <
4 / /
A L
Ry \OR OCH,4 R Y Noch, RN NocH
1 OR OR
A. phenylcoumaran IB-B"’WI ! C. [3-aryl ether
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Apart from these three maintypesthere is the possibility of
the existence of bonds between 3—p’ and @ —8 carbon atoms.
Formation of the latter was shown recently in the dimerisa-
tion of cinnamyl alcohol 284,

| | CH,OH
—C— —C—
| | CH,3 CH,—OH
B IS ¢ L
~C— —C— 7 I
| | CH
Vi 4 |
| /I [ AN\ ocH 4
BCO N NRe RN Nock, N
o OR, /! (" “NOCHs.
/ 0\
f—p’ a~3

Pearl and Beuer 3 suggested the existence also of a —o’
carbon bonds in lignin, since oxidation of ligninsulphonic
acids with alkaline copper hydroxide leads to the formation
of a small quantity of stilbene derivatives:

|
: - Hy CH,
|
Cu (OH), ~

I = wor + (M He

—?———C— C C
|

. 1 0
\{J No—cH; N NocH, N NocH, N Nock,
0 0 OH oH

The phenylcoumaran structure (A) was considered in the
early 1930's to be characteristic of lignin33,3 and investi-
gated in detail in connection with the sulphite reaction!6%,
but has now been shown to be present in comparatively
small proportions in the lignin molecule. Dehydrodiconi-
feryl alcohol, having the phenylcoumaran structure, is
formed in amounts up to 20% of the original coniferyl alco-
hel during the biosynthesis of lignin. Adler!®® employed
a spectrophotometric method to determine the abundance of
the phenylcoumaran structure.

The action of CH;OH—~HCI1 or of HCI in aqueous dioxan
on dihydrodehydrodiconiferyl alcohol or its methyl ether
was found to convert the saturated phenylcoumaran system
into the unsaturated phenylcoumarone system:

CH,OH CH,OH
|
CH, CH,
1 |
CH, CH,
0.5% HCI
N Vs
HO—CiH"’ @ in methanol Hg(;‘ ]
————
HC|—- Jor in dioxan—water C-— \och
HC i 5 )
—O C
E |
J\
OCH,4 \ OCH,

OH

Phenylcoumaran has a typical guaiacylpropane absorp-
tion spectrum with a maximum at about 282 mu. The
phenylcoumarone obtained exhibits both a sharp increase
in absorption and a bathochromic shift at the maximum to
about 310 mp. Bjorkman's lignin treated with a CH,OH—
HC] mixture for 24 h showed an increase in absorption. It
was found by comparison with the phenylcoumarone maxi-
mum obtained on models that lignin does not contain more
than 5—7% of the phenylcoumaran structure!¢. Freuden-
berg, employing acetolytic ring cleavage (acetic anhydride—
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acetic acid—perchloric acid), also came to the conclusion
that native lignin contains comparatively few phenylcoumaran
rings.

The possibility of the existence of both phenylcoumaran
(type A) and B-aryl (type B) structures is demonstrated by
the formation of isohemipinic acid, as noted previously in
the section concerned with the oxidative cleavage of native
lignin with potassium permanganate. The B-aryl ether
structure (type C) is of considerable interest and import-
ance for an understanding of the nature of the links between
the individual monomers. In the biosynthesis of lignin
Freudenberg separated from among the dimeric products
of guaiacylglycerol B-coniferyl ether, having a structure of
the B-aryl ether type, with a yield of more than 30%.

Investigations carried out in the 1940's by Hibbert and
his coworkers!®7-1"' showed that treatment of wood meal
(or lignin preparations separated under mild conditions)
with ethanol in the presence of HCI results in the formation,
together with ethanol-lignin, of four ketones:

(o] 00 R—CH,—C—ClH.
H H ] 1
R—C—C—CH, R—C—~C—CH; , R—C—C—CHa , 0 ,
[ |
O OCaH4 OC,Hs
(XXXH (XXXID) (XXXI111) (XXX1V)

" where R = 4-hydroxy -3 -methoxyphenyl for conifer lignin

or R = 4-hydroxy-3,5-dimethoxyphenyl for lignin from
deciduous species.

Hibbert considered that native conifer lignin is formed
from the extremely reactive B-hydroxyconiferyl alcohol
(XXXV), whichis the enolic form of the keto-alcohol (XXXVI).

HO— Q—CH —=C (OH) —CH,0H Ho—{_ >—CH,—(‘—CH,—OH
HyCO

Heo!
(XXXV) <xxwx)

The extremely reactive side-chains of the propylphenol
units of lignin undergo intramolecular rearrangements!72
according to the scheme:

R—CH;—CO—CH,0H 7 R—CH=C (OH)--CH,OH 7
= R—CH (OH) —C (OH) =CH; = R—CH (OH) —CO—CH; =
= R—C(OH) = C(OH) —CH; 7= R — CO—CH (OH)—CH,,

where R = 4-hydroxy-3 -methoxy(or 3,5-dimethoxy)phenyl.
Asaresult of such allylic and keto-enol transitions, etheri-
fication with ethanol in the presence of HCl may give rise
to the compounds (XXXI) and (XXXII), and disproportiona-
tion of R.CH(OH).CO.CH, may yield (XXXMI) and (XXXIV).

Adler!%® gtudied veratrylglycerol p-guaiacyl ether
(XXXVII) as a model substance containing a 3-aryl ether
structure:

* CH,OH
| —

H—C o0—< N
| ) >:/

H—C—OH

OCH,
[i
l/ OCH,

OCH,3

(XXXVI)

This product on treatment with sulphite solutions or with
cold methanol in the presence of HC1 was converted into
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sulphonic acid derivatives or gave a methyl ether at the a
carbon atom. But the most important fact was that, like
lignin, it gave Hibbert ketones on ethanolysis. The products
obtained by the ethanolysis of lignin by Hibbert's method
(see above) are characterised by a considerable content of
= C(CH,;) groups. On heating the model substance (XXXVII)
with 0.2 N hydrogen chloride in agueous dioxan (1 :9) (acido-
lysis), guaiacol was liberated, i.e. the proportion of free
phenolic hydroxyls increased, and the reaction products
formed were shown chromatographically to include ketones
also containing == C(CH,) groups.

In order to determine the abundance of the g-aryl ether
structure in lignin, Adler % compared the behaviour of the
model substance (XXXVII) and lignin preparations in acid
hydrolysis. Two preparations were used, dioxan—hydro-
chloric acid lignin!™ and Bjorkman's lignin?®.  In both
cases acid hydrolysis gave an ether-soluble oily fraction
containing monomeric ‘“Hibbert ketones” in addition to a
solid substance insoluble both in water and in ether. The
solid substances were characterised by an increased con-
tent of free phenolic hydroxyls and == C(CH,) groups. Adler
supposes that the guaiacylglycerol 8-aryl ether structures
(XXXVIII) in lignin undergo acid hydrolysis.  Apparently
dehydration occurs first, leading to the enol aryl ether
(XXXIX), which is sensitive to acid hydrolysis. This re-
action exposes a new phenolic hydroxyl in addition to the
hydroxyconiferyl alcohol.  The latter undergoes Hibbert

rearrangements to give monomeric ketones.

p J

Hz‘]:OH @\OCH:;

1
L
H.C—OH N/

CH;0H
OCH,
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| _ i + i
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7 3 ) N V' N\OCH,
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! | | OH
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© o © HO ’ HO
(XXXVII) (XXXIX)

Comparison of model substances with lignin preparations
led Adler!%¢ to the conclusion that at least 25—-33% of all
phenylpropane units in spruce lignin are guaiacylglycerol
units having a B8-aryl ether linkage. Such a conclusion is
in agreement with the results obtained by Freudenberg in
the biosynthesis of lignin*® by the enzymic dehydrogenation
of coniferyl alcohol.

The synthetic model substance, veratrylglycerol 3-guai-
acyl ether (XXXVII), proposed by Adler, behaves like lignin
in three important reactions:

boiling with 28% HaS04 110 (0,19 mole)
CH,OH
0=

|
H—C—S0;H OCH,

4
" reaction with sulphite I ‘

XXXV >

( ) WH 1,56 \\/\OCH3

OCHa

CH,OH
1
~ /
H—‘u 0 \I J
H--C-—OCH, OCH,
CHOH 159 HCL g

20 {

According to this scheme, the compound (XXXVII) yields
formaldehyde on being boiled with 28% H,SO,, is sulphonated
by acid sulphite solutions, and forms a methyl ether with
CH,CH and HC1. In contrast to lignin, however, this pro-
duct does not react with sodium hydrosulphide under mild
conditions 146-150,  This fact again shows that the use of
model substances to ascertain the structure of lignin, and
the conclusions thus obtained, can have only a relative value,
since no single model can reproduce the whole variety of
properties which Nature has piled into the lignin macro-
molecule.

To determine the presence in native lignin of a lignan
structure, i.e. of bonds between the 8 carbon atoms of the
propane side-chains [this structure is represented by pino-
resinol (VIII) among the dimeric products of biosynthesis],
Erdtman's cleavage reaction!? was employed*™. If pino-
resinol is methylated, brominated, and then oxidised, the
dilactone of bishydroxymethylsuccinic acid should be ob-
tained.

o
0= \CH,
CH—CH

i
HeC  C=0

(VIH) e—>

However, it has not yet proved possible to separate this
lactone from native lignin.

Structures of lignan type are apparently present in lignin,
since natural lignans are akin to lignin in many respects.
Freudenberg found up to 20% of pinoresinol among the di-
meric products of biosynthesis. Its content in wood proto-
lignin requires more exact determination.

The third (y) carbonatom of the propane side-chain dis-
plays its properties in the reactions of hydrogenation,
ethanolysis, and of hot concentrated mineral acid.  The
cyclohexylpropanols obtained by the hydrogenation of lignin
preparations contain a primary alcoholic hydroxyl attached

| |
to the ¥ carbon atom €-12%; during ethanolysis — ?—9— CH,

groups are formed. On treatment with sulphuric acid,
formaldehyde is obtained as a result of secondary reactions,
although not in a quantitative yield 74,7,

Inorder to prove that the formaldehyde was formed from
the ¥ carbon atom, Freudenberg!” synthesised biolignin
from coniferyl alcohol having a labelled terminal carbon, and
showed that the resulting product was radioactive and was,
in fact, formed from the v carbon atom. It can thus be
supposed that the ¥ carbon atoms of the propane side-chain
are either free or bear an oxygen-containing functional
group, i.e. are linked to hydroxyl groups which are freed
by chemical treatment (possibly etherified alkyls or aryls).
Lindgren and Mikawa!’® were able to detect by means of
a colour reaction the presence of a small proportion of
cinnamyl alcohol structural groups in spruce lignin.

The great activity of the cinnamyl alcohol structure
makes it unlikely that it is present in lignin which has been
isolated, even if native lignin contains it. = Therefore the
colour reactions were carried out on wood sections about
20 o thick which had been extracted. After the colour
reaction had been obtained (treatment with a solution of
toluene-p -sulphonyl chloride in pyridine, followed by care-
ful rinsing and treatment with a solution of p-nitrosodi-
methylaniline and potassium cyanide in aqueous alcohol),
the light absorption of these sections was measured on
a Beckman spectrophotometer.
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A double bond conjugated to the nucleus (¢.e. the struc-
ture of the side-chain in coniferyl alcohol and coniferyl and
sinapyl aldehydes) is a structural element of lignin which
appears to be present in small amount. A small quantity
(1%) of coniferyl aldehyde was found by Freudenberg*® among
the dimeric products of biosynthesis.

Native lignin from spruce wood gives a red colour with
phloroglucinol (the Wiesner reaction). Adler179,180 gx-
plains it by the reaction of the latter with coniferyl alde-
hyde, which he was the first to separate (in small yield)
from wood. These conclusions were confirmed also by
Kratzl'®! and Pew!82. The proportion of coniferyl alde-
hyde groups in lignin is very low, about 0.1%1®, i.e. one
for every 35 phenylpropane units (in Brauns' lignin) or for
every 40-60 units in ligninsulphonic acid 79,180,

Although the structure of the phenylpropane units in
lignin, and to a considerable extent the way in which they
are linked, have become clear, the character of the side-
-chain requires further investigation in many respects.

In view of fresh work on the determination of car-
bonyl groups in lignin by the tetrahydroborate method %,
according to which every two phenylpropane structural
units are accompanied by almost one carbonyl group (0.41—
0.48 CO/OCH,), it is necessary to re-examine both the
distribution of oxygen in the side-chain and existing ideas
about the structure of the latter. Therefore the “problem
of the side-chains” is one of the most important in the
chemistry of lignin!®. The constitution of the side-chains
of lignin is obscure and is difficult to determine because of
their tendency to undergo rearrangements and changes in
the positions of the substituents depending on the method
employed to isolate the lignin. Following the work of
Gierer 97, however, great attention has been paid to the
role of carbonyl groups in the side-chain, and in future
investigations the model substances will probably include
the carbonyl group as an essential part of their propane
side-chain. Therefore the schematic structures for lignin
published** during recent years, in which the propane
side-chains are practically devoid of carbonyl groups (as
followed from earlier investigations) are inaccurate.

During recent years numerous studies have been made
of the physical properties of the lignin macromolecule .
The molecular weights of soluble lignin and lignin deriva-
tives have been investigated by various methods!®,'87, The
values obtained varied within the limits 300—-14000. The
molecular size is probably affected by hydrolytic degrada-
tion during the isolation of the lignin and by condensation
into larger molecules. For lignins which are soluble in
organic solvents the molecular weights vary within the
limits 800—-10000. A high molecular weight is found for
ligninsulphonic acids (20 000—100000), which is explained
by condensation processes occurring (owing to the acidity
of the medium) during the initial stage of sulphonation.

Results obtained from diffusion measurements show that
lignin exists as a tangled spirall®. An X-ray investiga-
tion carried out by Becherer!®® refuted Jodl's view?% of a
crystallite structure for lignin: it is a typical amorphous
substance having a three-dimensional structure.

Fundamental investigation of the colloidal nature and
lyophilic properties of lignin were carried out by Odintsov 19!,
On the basis of a large amount of experimental data he dis-
covered the laws governing the swelling of the plant cell in
different media and the part played by lignin in these pro-
cesses, which are important for an understanding of the
mechanism of the hydrolysis of wood.

74

---000---

This review of the most important papers published ’
during the past twelve years on the nature, structure, and
properties of lignin enables some preliminary conclusions
and generalisations. These conclusions, of course, do
not pretend to cover exhaustively the extensive and varied
results, which are sometimes contradictory and contro-
versial. But it must be emphasised that the aromatic
nature of the main part of the lignin “polymolecule”* is not
open to doubt.

Aromatic structural units exist in native lignin and are
formed as a result of complex oxidation—reduction pro-
cesses occurring in the living plant cell and involving the
multifunctional enzymic system demonstrated by numerous
investigators.

Fresh light was thrown on the complex problems of the
assimilation of carbon dioxide by the living cell, with the
formation of carbohydrates and the further conversion of
the latter into aromatic products, by the elucidation of the
role of phosphorus compounds of sedoheptulose (XL) in the
photochemical conversion of carbon dioxide into carbo-
hydrates in living plants192,

H H H OH

|1
(;l-l@H-—-é—(‘:—C—C—C—-CH,—()H
L N N |
OH OHOHH 0
(XL)

Sedoheptulose 1,7-diphosphate undergoes cyclisation
under the influence of enzymes with subsequent conversion
into aromatic monomers of lignin, as had been shown
schematically earlier (see the biosynthesis of aromatic
substances by bacteria).

It is difficult to say anything about the order of priority
in which carbohydrates and cyclohexene precursors of lignin
are formed, butthere is nodoubt about their genetic relation-
ship, andthe chemical links between the lignin whichis formed
and the carbohydrates in the plant cell are obvious.

In the course of phylogenetic evolution plants have
acquired strength and rigidity, in which lignin has played
anessentialpart. Cottonfibres, consisting of pure cellulose,
differ fundamentally from wood fibres, the cell walls of
which are lignified. Electron microscopy has shown that
in these cells plaits of cellulose are embedded in an amor-
phous mass of lignin and hemicellulose, one of the most
frequently observed substances of this group being xylan'®,

The presence of a lignin—hemicellulose complex in wood
has been proved, and, it seems, can be used to explain the
difficulty of isolating native aromatic lignin unchanged from
plant tissue.

Lignin is not uniformly distributed in the plant cell.
Preparations separated by the Bjorkman method from spruce
wood contain some fractions which differ not only in their
content of carbohydrate residues but apparently also in the
degree of condensation of the aromatic lignin itself which
forms part of the complex. This is proved by the fact that
ligninsulphonic acids differing in molecular weight are ob-
tained, and is due to the lignification of the cell itself
taking place gradually, over a period of time.

* By "polymolecule" Freudenberg meant a molecule formed by
the repetitition, not necessarily regular, of a monomer unit.



Vol. 30 No.2

RUSSIAN CHEMICAL REVIEWS

February 1961

The links between the lignin and the carbohydrates are
not all of the same type. Apart from the readily hydro-
lysable phenyl B-glucoside and the more difficultly cleaved
benzyl ether links, it is possible that stable C —C bonds
exist between lignin and carbohydrates. An indirect proof
of this can be found in the work of Kratzl and coworkers!%
showing that methanol introduced into lignin can form some
stable C—C bonds in addition to benzyl alcohol groups.

Freudenberg's extremely convincing and effective
investigations on the biosynthesis of lignin based on coni-
feryl alcohol have revealed important regularities under-
lying the condensation of aromatic monomers. In his
latest work, published not long ago !, he obtained a new
class of carbohydrate compounds, ethers of sugars of lignin
structural units, by enzymic dehydrogenation of coniferyl
alcohol in the presence of sugars. Previously Siegel!%
had adduced data on the participation of cellulose in the
oxidative polymerisation of eugenol during the formation of
lignin from it. The above work shows that the formation
of lignin from aromatic monomers in the plant cell neces-
sarily involves carbohydrates, which were ignored in
Freudenberg's previous investigations. In the light of
Freudenberg's latest experimental results!®, the conclu-
sions of Traynard!®, that the carbohydrate components
forming part of the lignin molecule are not linked by the
polyose chain, appear quite probable.

Coniferyl alcohol is by no means the only substance to
be regarded as an aromatic monomer in the formation of
lignin materials. Lignins have been obtained based on
other phenylpropane monomers — ferulic acid, cinnamic
acid, and eugenol.

The possibility of obtaining coniferin from phenylalanine 22
is an important argument in support of the probable simi-
larity of the starting materials involved in the formation of
protein and the walls of the living plant cell. The presence
of a small quantity of nitrogen in the composition of lignin
cannow be explained by the possible participation of phenyl-
alanine or tyrosine in the biosynthesis of coniferin and then
of lignin in the cell.

The formation of lignin materials based on phenylpropane
monomers not containing methoxyls (cinnamic acid, phenyl-
alanine) indicates that methoxylation is evidently the last
stage in the formation of the aromatic precursors of lignin.

Non-methoxylated aromatic nuclei have been detected
even in “finished” lignin. Thus Smith!®" isolated from
aspen lignin 6.9% of hydroxybenzoic acid, combined, in his
opinion, by means of ester links with aliphatic hydroxyls of
the side-chain of the lignin molecule. In view of the great
reactivity of the hydroxyl group attached to an a carbon
atom, it is quite probable that not only carbohydrate re-
sidues (adducts with sugar, prepared by Freudenberg, or
coniferyl alcohol radicals) but also aromatic monomers
can be linked to it.

The enzymic system for the lignification of plants is by
no means universal, but is strictly specific. When labelled
vanillin is introduced into growing tissue, no radioactive
lignin is formed. Thus vanillin is not assimilated in the
biosynthesis of lignin. Itischaracteristic that all labelled
aromatic monomers tested as precursors of lignin by
introduction (implantation) in growing tissue which gave
the corresponding lignin preparations had a propane side-
-chain. However, not every phenylpropane unit can be
assimilated in biosynthesis. When delignified tissue from
spruce bark is grown on thymol (XLI) or on propionyl-
guaiacylghicnse (XLI), the colour reaction with phloro-

glucinol characteristic of lignin is not observed; if the
same tissues are then cultured on media containing coni-
ferin, the test is shown distinctly !%.

HaCO

OH cp, N L0
CgHy 05—0—L C—CH,—CH,

OV
ae—¢ —cA
h— \CH,

(XLI) (XLI)

Biochemical investigations of lignification should lead to
accurate definition of the enzymic systems involved with a
delimitation of their functions.

The order of the bonds between the aromatic precursors
of lignin is not uniform. This is explained by the presence
of highly reactive functional side groups and positions in
the phenolic nucleus possessing great potentialities for
condensation. In contrast to other natural and synthetic
polymers, the lignin “polymolecule” possesses an irregular
structure*®. However, this irregularity is not equivalent
to chaos or randomness in the principles underlying the
condensation of the monomers. Lignin, like other natural
polymers, has its own structural order. It is more com-
plicated and more difficult to discern.

The principle of the simulation of lignin reactions, which
has found wide application in the chemistry of lignin during
the past 12—15 years, and has revealed many peculiarities
of lignin, is nevertheless of limited value. A critical
approach is necessary in attempting to use analogy to
transfer to lignin the results from the models.

The lignin“polymolecule”, isolated by Bjérkman's method,
possesses a molecular weight of 11000-12000. Its col-
loidal properties and steric factors considerably restrict
the applicability of the usual methods, even including optical
methods, for determining the functional groups (e.zg.
phenolic hydroxyls, carbonyls). All this requires the
development of new methods and reactions specific to the
main structural units.

Future work on the chemistry of lignin will probably in-
volve, as the main problem, the elucidation of the nature of
the non-aromatic groups, in particular of the propane side-
-chain. Its lability and tendency to undergo rearrange-
ment are responsible for the variety of oxygen-containing
functional groups attached to the carbon atoms of the side-
-chains. Intramolecular changes in them were shown by
the investigations of Hibbert1%7-17! (see above). According
to Hibbert's scheme, oxygen may be present in the side-
-chain in the form of carbonyl or of alcoholic or enolic
hydroxyls. To postulate any one definite structure for the
propane side-chain,seems to be unjustified, since that
would be contrary to its extraordinary variability.

It is quite reasonable to assume that the considerable
divergences in the analytical data (in the determination of
carbonyl groups, phenolic and enolic groups) have their
origin in the nature of the propane side-chains, which
change depending on the experimental conditions.

It is important to note that the three carbon atoms of the
side-chain are the location of the majority of the conden-
sation processes leading to the formation of the lignin
“polymolecule”, the irregularity of the structure of which
is to a considerable extent explained by the nature of the
side-chains. They are the points of formation not only of
ether links but also of carbon—carbon bonds between the
chains and with aryl radicals (@ —a’-, « —3-, 3-aryl bonds,
etc.).
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The side-chains are responsible also for additional con-
densation processes occurring in the lignin “polymolecule”
during many technically important methods of processing
wood (in the hydrolysis of wood, in the cellulose —paper
industry).

The presence and the proportion of double bonds in the
side-chains have not yet been completely ascertained.
Measurement of the nuclear magnetic resonance in arti-
ficial lignin preparations has not been able to show the
presence of double bonds. Wacek considers that their
content is below 0.1 per phenylpropane unit 2,

The aromatic framework of lignin is built up from three
benzene nuclei which are hydroxylated and methoxylated to
differing extents (4-hydroxy-, 4-hydroxy-3-methoxy-, and
4-hydroxy-3,5-dimethoxy -phenyl nuclei). They occur in
different proportions, but the guaiacyl (4-hydroxy-3-
-methoxy) grouping predominates, especially in the lignin
of conifer wood.

As a result of the orienting influence of the phenolic
hydroxyl, the aromatic nucleiin lignins are reactive mainly
at the 5- and to some extent at the 6-positions. The for-
mation of biphenyl structures and addition to a 8 carbon
atom of a side-chain of a neighbouring unit both occur at
the 5-position of the nucleus.  The phenolic hydroxyls
govern the formation of phenyl ether and glucoside links.

On the basis of the investigations of Freudenberg and
Adler, it may be assumed that the predominant form of
the linkage of phenylpropane units in native lignin is the
B-aryl ether link, as in guaiacylglycerol -coniferyl
ether (IX).

At the present time there are still insufficient grounds
for representing the lignin “polymolecule” in terms of the
ordinary symbolism of organic chemistry, but individual
details, fragments of the overall picture, still with many
blank patches, are being accumulated. In view of the
great progress made in the study of lignin during recent
years, it seems likely that the elucidation of its structure
is approaching its final solution.
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layer. Equilibrium in the electrical double layer is main-
tained also when a low-amplitude alternating current is
passed through the electrode, provided the frequency is not
too high. However, the impedance measured by an alter-
nating current is found®~® to be a complex quantity when an
electrochemical reactionis proceeding at the metal surface,
and there is no easy method of applying such measurements
to the problem of establishing the structure of the double
layer. Therefore, in studies of the double layer structure
in the presence of various inorganic and organic materials,
it is usual to employ an ideally polarisable electrode, i.e.
anelectrode such that the passage of ions through the inter-
phase boundary is either thermodynamically impossible or
very strongly retarded by a high energy of activation. A
system consisting of mercury and a deoxygenated solution
of a capillary-inactive electrolyte (e.g. KC1) approximates
toanelectrode of this type over a certain range of potential.
This paper is concerned, on the whole, with electrodes which
are similar in properties to the ideally polarisable elec-
trode.

The ideally polarisable electrode is the site of an elec-
trostatic equilibrium between two phases and is therefore
electrically equivalent to a leakage-free capacitor. The
thermodynamic considerations connecting the interfacial
tension (o) between a metal and a solution with the charge
(e) and potential (@) of the electrode, and with the surface
density and the activity of ions and molecules in the dis-
solved state (I'; and a; respectively), are applicable to the
ideally polarisable electrode. The thermodynamic treat-
ment of this electrode leads to the basic equation of elec-
trocapillarity, which may be expressed in the following
form at constant temperature and pressure:

ds=—edp—ERT I dlna;, 1)

where R is the gas constant and T the absolute tempera-
ture. This equation was first derived by Frumkin® on the
assumption that potential-determining ions were present
in solution; the derivation is strict and is equally appli-
cable to electrodes which are not ideally polarisable (e. 5.
thallium amalgam!9), However, Frumkin's argument
met with criticism as regards the ideally polarisable elec-
trode, asitdid not correspondtophysical reality. Numerous
alternative derivations of the electrocapillarity equation have
since been put forward!2-4  but they all lead to the same
result. A detailed study of the thermodynamics of adsorp-
tion at the electrode/solution interface has recently been
carried out by Parsons!®.

The basic electrocapillarity equation leads to some im-
portant conclusions on the adsorbability of ions and neutral
molecules at anelectrode surface. In particular, Lippman's
equation, which relates the differential capacity of the
electrical double layer (C) to the surface tension, follows
directly from Egn. (1) when the solution composition con-
stant is:

_de _ _ds
c=% r 2)

There are two main methods of studying the electrical
double layer at an ideally polarisable electrode: the elec-
trocapillarity curve method, developed by Gouy '®-18 and
by Frumkin!®, and the method based on measurements of
differential capacity. Althoughthe earliest direct measure-
ments of double layer capacity were carried out as long
ago as 1870 by Varley 2, all the measurements reported
up to 1935 gave differential capacity values several times
smaller 21 =26 than those calculated on the basis of Eqn. (2)

using the second differential of the electrocapillarity curve.
This inconsistency was resolved in 1935 by Proskurnin and
Frumkin?’, who showed that the double layer capacity was
extremely sensitive to traces of organic impurities and that
reliable values for differential capacities could be obtained
only if the experiments were conducted under the most
stringent conditions of cleanliness (such as careful purifi-
cation of all reagents to remove organic impurities and the
use of apparatus containing no rubber tubing or bungs or
greased joints).

When comparing the relative merits of the electrocapil-
lary curves and the differential capacity curves it should
be remembered that the capacity is more sensitive to
changes in the double layer structure than is the surface
tension. Thus, differential capacity curves are sensitive
to the minutest traces of surface-active substances in
solution. The capacity at ¢ = -0.7 V (normal calomel
electrode) is lowered by ~4 gF cm~2 for 3 N KC1 when
n-butyl alcohol is added to the 6 x 10-3 M level %, but the
surface tension is changed 2° by no morethan 0.7 dyne cm™
(these quantities can be measured with a precision of ~ 1%
and ~10% respectively). On the other hand, the informa-
tion on the electrical double layer which the differential
capacity curves can provide is less complete than that de-
rived from electrocapillarity measurements. In practice,
the evaluation of surface charge and ionic adsorption from
differential capacity data involves integration constants
which need to be determined independently, as will be
shown below. Electrocapillarity measurements are par-
ticularly suitable in this respect. If follows that the two
methods (differential capacity and electrocapillary curves)
must in general be considered as complementing each other
in double layer studies. With solid electrodes, which do
not permit direct electrocapillarity measurements, only
the differential capacity method is available. Numerous
recent papers deal with measurements of the differential
capacity of solid electrodes®°~4®  but this work suffers
from experimental difficulties inherent in the preparation
of clean, smooth, and reproducible surfaces, and there-
fore lacks precision. This is the reason for the choice of
the mercury electrode in studying the structure of the
double layer. We shall therefore conrfine this discussion,
on the whole, to measurements carried out at the mercury
electrode. The limited data which have been published
about the surface tension®’ and the differential capacity *
of the liquid gallium electrode are entirely in keeping with
what is known about the mercury electrode.

Since present-day views on the nature of the electrical
double layer are so largely based on measurements of
differential capacity, we discuss briefly the relevant
techniques.

2. METHODS FOR MEASURING DIFFERENTIAL
CAPACITY

The current literature offers a remarkable choice of
methods for measuring differential capacity. These may
be tentatively classified into two groups: pulse methods
and a.c. methods, the latter relying on the use of sinusoidal
alternating current.

The first group includes the fast surface-charging
method, due to Bowden and Rideal?¢, whereby the double
layer capacitance is computed from charging curves re-
corded on an oscillograph (see also ref.21). This method
has recently been improved by Brodd, Hackermann, and
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McMullen%»%?, who used square-wave pulses for charging
the surface. Loveland and Elving's method%°, in which a
triangular waveform is applied to the (ideally polarisable)
electrode and the capacitative current is displayed on an
oscilloscope, also belongs to the first group. When the
resistance of the electrolyte is low, the current is pro-
portional to the capacitance of the double layer, so that
the two symmetrical differential capacity curves (corres-
ponding to the leading and the trailing edge of the triangular
pulse) which appear simultaneously on the oscilloscope in-
volve the charging and the discharging current respectively.
Finally, the commutator method developed by Borisova and
Proskurnin® should be included amongthe pulse techniques.
This method consists in connecting the test electrode and a
standard capacitor in turn to a charged condenser, and
measuring the amplified potential difference with the help
of a ballistic galvanometer. The throws obtained with the
test electrode and the standard capacity are inversely pro-
portional to their capacities. The main advantage of the
commutator method is that measurements are taken whilst
no current is flowing in the circuit. This circumvents the
possible effect of ohmic impedances which, in the case of
dilute solutions, can be appreciably larger than the capaci-
tative impedance and thus impair the precision of the capacity
measurements. Measurements have been successfully
carried out'in solutions as dilute as 1075 N using the com-
mutator method.

The principle of the a. c¢. method of measuring differen-
tial capacity consists in the application of a low-amplitude
sinusoidal voltage to the electrode, which is independently
polarised to the desired potential from a direct-current
source. When the electrode is ideally polarisable the fol-
lowing equation gives to the value of the alternating current
flowing (¢):

Ao

[ S—

VR“fE:Tz, (3)

where A is the amplitude of the alternating voltage, w =
= 27v is the angular frequency, C is the double layer capa-
city, and R is the resistance of the solution.  Eqn. (3)
states that the measured current becomes proportional to
the double layer capacity if the resistance of the solu-
tion is made low enough. This is the basis of Breyer and
Hacobian's “tensammetric” method®2,% of measuring dif-
ferential capacity, in which the alternating current flowing
through a polarographic cell containing a sufficiently concen-
trated solution of an inactive electrolyte is measured. If
the resistive term, due to the solution, is small compared
with the reactance of the electrode (i.e. if R < 1/Cw), it
becomes possible to evaluate the double layer capacity
simply by comparing the a.c. potentials developed across
the experimental cell with that across a standard capacitor,
since Eqgn. (3) now becomes

Awsl

Ce = C,
x st A‘P,\

, (3a)

and the ratio A¢,/A¢@y may be measured with an oscillo-
scopeor ana.c. valve voltmeter. This comparison method
has been described in detail by Borisova, Proskurnin, and
Vorsina5%%, It enabled Proskurnin and Frumkin to carry
out the first reliable measurements of double layer capa-
city??. The comparison method, using single-phase cur-
rent, has been used to measure capacity in solutions ** as
dilute as 10-* N. The resonance method (Watanabe et al.5¢)
depends on the observation of resonance in a circuit in which
the double layer of an ideally polarisable electrode provides
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the capacitance. It can only be applied if the solutions are
sufficiently concentrated, as no resonance can be observed
when the ohmic resistance of the solutionistoohigh. Lastly,
the impedance bridge method must be included in the a.c.
methods of measuring double layer capacity. It provides the
most accurate measurements, with ideally polarised elec-
trodes, provided that the total concentration of the elec-
trolyte is not less than millimolar. Essentially, the method
consists in keeping two of the arms of an a. c. bridge con-
stant (non-inductive resistances, or capacitances) and
matching the double layer capacity and the solution resis-
tance with a variable capacitor and a variable resistor,
connected in series. Bridge balance is observed as the
disappearance of the potential difference across the bridge.
The use of a bridge circuit makes it possible to match the
capacitance and the resistance separately, which is par-
ticularly advantageous when the phase-lag between current
and voltage is appreciably different from 90°. The appli-
cation of the impedance bridge method to the measurement
of differential capacity has been discussed, particularly in
papers by Grahame % ~8° Melik-Gaikazyan and Dolin®!,62,
Gerischer®, and Damaskin®.

The measured capacity of an ideally polarisable electrode
will be independent of the frequency of the a.c. employed,
provided that the time required for the formation of the
double layer is less than one-half of the periodic time.
Ferry's® and Grahame's>® calculations showed that the
double layer is formed in under 108 sec in 1 N solutions;
the changes in double layer capacity resulting from the use
of alternating current and consequent fluctuations in ionic
concentration are considerably smaller than the experimental
error. An unexplained frequency-dependence of capacity
has nonetheless been frequently reported ¢,22,23,86-68 (“capg -
city dispersion”). Grahame9%, Melik-Gaikazyan and
Dolin®,%2 and Damaskin® have shown that this effect is
due to the cell geometry and circuits used, and means for
overcoming it have been devised. Thus, the constancy of
the differential capacity of a mercury electrode has been
demonstrated experimentally over the frequency range 20—
500000 ¢/s in 1 N KCl1 solution®::%2 and up to 10000 c/s in
0.01 N KCL solution 4,

3. VIEWS ON THE STRUCTURE OF THE ELECTRICAL
DOUBLE LAYER

Present-day views on the structure of the electrical
double layer are based on Stern's theory®9, put forward in
1924. Whilst retaining the basic approach of the earlier
theories (Helmholtz7® and Gouy—Chapman™,72), Stern's
theory takes into consideration the finite size, the thermal
motion, and the specific adsorption of ions. Stern believes
that the ionic layer consists of two parts: the fixed, or
Helmholtz, part and a diffuse part. The thickness of the
fixed part is of atomic dimensions, and the density of the
ions which reside in it can be calculated from the Langmuir
adsorption isotherm, allowing for specific adsorption
forces as well as electrostatic attraction forces.  The
charge in the diffuse part of the double layer is calculated
from Gouy and Chapman's theory. Stern's theory there-
fore provides the following equation for the surface charge
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in the case of a uni-univalent electrolyte:

=2 —¢. 4)
. 1 1
& = Rylpa — ) = dF p — It
_—%F 1 D, + YiF
{”?EXP( RT ) 2+?*“(Tj
+2- 1/[% csinh( zd“;lf. ), (5)

where €, is the charge in the fixed layer; ¢, is the charge
in the diffuse layer; Ky is the integral capacity of the
fixed layer;, ¢, is the electrode potential, measured from
the point of zero charge, iy, is the potential at a distance
v = d/2 from the electrode surface (mean ionic radius);

®, and &. are the so-called specific adsorption potentials,
assumed independent of the electrode potential; D is the
dielectric constant; c is the electrolyte concentration;, F
is Faraday's constant.

An analysis®,"*-75 of Eqn. (5) shows that Stern's theory
is in keeping with numerous experimental findings. Thus,
the theory explains why the measured double layer capacity
is effectively equal to the capacity of a condenser of mole-
cular dimensions in spite of the fact that most of the
charge is distributed over the diffuse layer. It can explain
charge reversal of the surface, since the potential {, is not
the same as the electrode potential, and can change its sign
under the influence of sufficiently strong specific adsorp-
tion of ions of the appropriate sign. Since the {-potential
in not too concentrated solutions may be equated” (to a
first approximation) to the Y/, potential, Stern's theory can
be used in the interpretation of electrokinetic phenomena.
Besides predicting the shrinkage of the diffuse layer with
increasing the electrolyte concentration, the theory gives
the variation of {, potential with electrolyte concentration
and with electrode potential. We can therefore assert that
Stern's theory, notwithstanding later refinements, should
still be regarded as providing the basic modern interpre-
tation of the structure of the electrical double layer.

1. The double layer in the absence of speci-
fic adsorption. A quantitative verification of Stern's
theory in the absence of specific adsorption (¢, = &_ = 0)
has been presented by Vorsina and Frumkin™. Assuming
fairly low coverage of the surface by adsorbed ions, it can
readily be shown from Eqn. (5) that

F

L), ®)

. F \ A
¢ = Ky(ga — ¥;) == 2cdFsinh (%) + 4chF smh! ?

where A ‘/

for a uni- unlvalent electrolyte. The variation of ¢,, the
electrode potential, with Y, -potential, may be derived
from Eqn. (6):

L o 2ed F_. ‘M . 4henF h W F (7)
T2 Kﬂsmh(RT)j Kﬂsn(er)'

77 is the thickness of the ionic atmosphere

However, in contrast with Stern's original assumptions,
the fixed layer capacity Ky is not constant but varies with
potential. If we assume that the fixed layer capacity de-
pends on the sign of the adsorbed ions and varies with
coverage by anions and cations as would two separate con-
densers connected in parallel, and if we further assume
that the population of anions and cations in the fixed layer
obeys Boltzmann's distribution law, we can derive the fol-

lowing expression for Ky:

K, - Ky exe (2_;)+Kﬁ x (_%”;_) (8)
) vl 2

where Kt and K§i are the integral capacities of the fixed
layer for cations and anions respectively (assumed values
K% =20 uF cm~2, K% = 38 uF cm~2). From Egns. (6),
(7), and (8) we may derive the following expression for the
differential capacity of the double layer

_ de _ ds 1 _ KnA (9)
do dby ( dp (va W)F WF
(my, ) A+Ky - _<KH“KH) c°"h’2( E‘—)

where A= ER_}:— [dcosh(il—:) + A cosh(%)]

Vorsina and Frumkin? calculated C vs. ¢ curves from
Eqns.(9) and (7) and compared them with differential capa-
city curves measured in dilute solutions of KC1 or HC1. A
measure of agreement was found, but the calculated curves
lay appreciably below the experimental curves (see Fig.1).
It follows that the double layer in KC1 or HCI solution is
more densely populated than the theory predicts. Uptoa
point, the results may be explained by invoking the specific
adsorption of chloride ions. = However, certain inconsis-
tencies arise in Stern's equation for the case of no specific
adsorption (®, = &_. = 0). Thus, the whole of the charge of
the ionic layer which is equal tothe charge on the electrode, is
now relegated to the diffuse layer, i.e. € = -€,, whence,
from Eqn.(4), €, = 0. The same result does not follow from
Eqn. (5), and the significance of the fixed layer charge ob-
tained for &, = ®_ = 0 is therefore unclear. Better con-
sistency, in the absence of specific adsorption, is found if
the following equation” is adopted for the surface charge in
a uni-univalent electrolyte:

,
DT \J
e 2T ().

This is equivalent to regarding the double layer as two
capacitances connected in series: the fixed layer capaci-
tance, Cu, and the diffuse layer capacitance, Cp:

(10)

SR (11)

The physical significance of Eqn.(11) is easily visualised
interms of two imaginary layers of charge in the fixed layer:
one equal in magnitude and opposite in sign to the charge on
the electrode surface, the other equal and opposite to the
charge in the diffuse layer. Since € = -€,, the algebraic
sum of these two hypothetical charged layers vanishes in
this case, and the series combination of capacitors Cy and
Cp has a common, uncharged plate.

Grahame has suggested? that in the absence of specific
adsorption the fixed layer capacitance depends on the sur-
face charge (€) but not on the electrolyte concentration. If
this is the case, a Cy vs. € curve can be constructed by
applying Eqn. (11) to differential capacity data obtained at
any one concentration, and hence capacity curves for any
arbitrary concentration can be derived from the observed
values of Cy and the calculated values of Cp,. Calculations
of this type were carried out by Grahame (Fig.2) for sodium
fluoride solutions (which do not give specific adsorption) in
water at different temperatures 78,7® and also in methanol ®°.
The satisfactory agreement between calculated and experi-
mental curves is convincing proof of the correctness of the
assumption that the fixed layer capacity is independent of
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Fig.1l. Variation of differential capacity with electrode

potential:

a) experimental curves, measured in the following solu-
tions:

1) 0.1NKCl; 2) 0.01N KCl; 3) 0.001N KCl; 4) 0.0001N HCI;

b) calculated from Eqns.(9) and (7) for the same concentra-
tions of a uni-univalent electrolyte.

the concentration of electrolyte when specific adsorption is
absent. Furthermore, the classical theory of the diffuse
double layer ™,7? is seen to be applicable, in practice, to a
greater extent than might have been expected from the
numerous simplifying assumptions made.

Actually, several improvements in the diffusion layer
theory were suggested shortly after its original publication.
Bikerman® and Freise® calculated the work required to
convert dipolar water complexes to dipolar hydrated ion
complexes, and were able to allow for the effect of ionic
volume on ionic interaction (repulsion effect). Macdonald
and Brachman® obtained an exact solution of the Debye —
Hiickel equation, giving the variation of local potential with
distance from the polarised electrode, and Macdonald *
applied this result to the evaluation of the static space-
-charge in the diffuse layer. Grahame % studied the effect
of dielectric saturation (decrease in dielectric constant at
high electric fields) on the properties of the diffuse layer,
and showed that the field strength in the diffuse layer may
reach the value 3 X 10 V/cm, above which a rapid drop in
dielectric constant ensues. The physically observable
properties of the diffuse layer (y,-potential, values of the
ionic components, free energy of hydration of ions) are
nevertheless relatively unaffected by the onset of dielec-
tric saturation. Sparnaay?® further refined the theory of
the diffuse layer by allowing for the ultimate ionic volume
as well as for dielectric saturation. Brodowsky and
Strehlow?®? also contributed to this work by showing that
both effects act in the same sense and decrease the diffe-
rential capacity of the diffuse layer. Finally, Kir'yanov
and Levich ®, using Bogolyubov's method of correlation
functions, derived a coherent statistical theory of the elec-
trical double layer which takes account of the discrete
charge distribution in the diffuse layer.

All these refinements of the theory of the diffuse layer
introduce serious complications in the mathematical
equations, which often cannot be solved analytically. Also,
deviations from the classical diffuse layer theory are
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mostly confined to cases of high surface charge (as shown
by Grahame "), where the diffusion layer capacity is large
compared with that of the fixed layer. It follows, since
Cy and Cp are in series connection [see Eon. (11)], that
evenrelatively large errors in the simple theory will usually
lead tonegligible errorsinthe description of the properties of
the double layer. This conclusion was strikingly confirmed
by Grahame's measurements72~8° of double layer capacity
in sodium fluoride solutions to which we have already re-
ferred. At the same time, since the classical theory","?
of thediffuse layer was confined to n -n-valent electrolytes 77,
there was a need for extending it to include electrolytes of
asymmetrical valency type. Grahame?® solved the prob-
lem for the case of electrolytes of valency types 1:2 and
2:1.

Macdonald 0,%! attempted to formulate a mathematical
theor  «:f ibo fixed layer in the absence of specific adsorp-

tion. s first paper ® he gives a mathematical treat-
ment. concentration-dependence of differential capa-
city at i point of zero charge. The later paper® extends

this treatment to arbitrary values of potential, taking
account of dielectric saturation in the fixed layer and of the
compression of the fixed layer due to strong electric fields.
in this case, unlike the case of the diffuse layer, dielectric
saturation has a marked effect. Using Grahame's experi-
mental results for sodium fluoride solutions?, Macdonald
obtained a satisfactory measure of agreement between the
calculated and the experimental differential capacity curves

a0

F/ARNS

20t \\’/
@V (NC.E)

20t

—@V (NCE.)

—pV (NC.E)
a a8 16

Fig.2. Differential capacity curves in aqueous NaF
solutions at 25°

a) 0.1N; b) 0.01N; c) 0.001N; continuous lines: experi-
mental; broken lines: calculated from Eqgn.(11) on the
basis of experimental results obtained in 0.916N NaF.



Vol,30 No.2

RUSSIAN CHEMICAL REVIEWS

February 1961

for a negatively charged mercury surface. As a result of
this comparative work he determined a number of the para-
meters which characterise the properties of the fixed part
of the double layer in the absence of specific adsorption.
With positively charged surfaces, however, the discrepancies
occurred between calculated and measureddifferential capa-
cities; these were ascribed by the author to the inadequacy
of the assumption of no specific adsorption of fluoride
anions and that no reliance can be placed on the results.

2. The double layer in the presence of
specific adsorption. The early measurements of
surface tension!6,'® showed that certain anions have a
striking tendency to give specific adsorption at the mercury
electrode surface, an observation subsequently confirmed
by differential capacity measurements®,®, Vorsina and
Frumkin, for example, showed ®2 that as the adsorbability
of the anion was increased (from C1- to I”) the minimum
capacity, close to the point of zero charge, increased and
became displaced towards more negative potentials. In the
presence of I”, a sharp minimum in the differential capa-
city curve is observed only if the solutions are as dilute %!
as 1073 N, providing evidence of the strong specific adsorp-
tion of this ion. Grahame ef al.® measured differential
capacity curves in 12 solutions of potassium salts with
different anions, and discussed their results in terms of
increasing adsorbability of the anion with decreasing solu-
bility of the corresponding mercurous salt.  They con-
cluded that the specific adsorption of anions at a mercury
surface is controlled by the covalent forces arising in the
crystal lattice of the resulting mercurous salt. Grahame
subsequently showed *,% that, with the notable exception of
the fluoride ion, all singly charged anions exhibit specific
adsorption, to a greater or lesser extent, at the mercury
electrode surface. It was as a result of this work that
Grahame decided, as mentioned above, to use differential
capacity curves in sodium fluoride solutions to test the
theory of the double layer in the absence of specific
adsorption 78-8°,

Stern assumed that the specific adsorption of ions was
analogous to the adsorption of gases by solid surfaces in
obeying Langmuir's adsorption isotherm. The chemical
potential of the adsorbed species could then be expressed
as

i (12)

‘;"r:Poz":_RTlﬂl o

where 6 is the fraction of the sites occupied by adsorbed
particles. For the case of the double layer, Eqn.(12)
predicts non-interaction between anion and cation adsorp-
tion, which is not acceptable in general. Esin and
Markov % gave a more accurate expression for €, by using
a composite Langmuir isotherm for anions and cations,
based on the following equations for the chemical potentials
of the cations and anions which are adsorbed to different
extents:

p, =g, + RTIn T_—:L_T]
o (13)

6 .
u_ =1, -+ RTln ml

Kambara? introduced further refinements of this type
into Stern's theory. In deriving the composite Langmuir
isotherm Kambara made allowance for the adsorption of
surface-active materials and of solvent molecules as well
as for the specific adsorption of cations and anions. He

obtained an expression for €,, the charge density, in terms
of the ¥/, -potential, and was thus able, after making certain
assumptions, to express the charge density at the electrode
and the differential capacity as a function of the electrode
potential.  Unfortunately, all these expressions are ex-
tremely cumbersome, and Kambara's theory is therefore
difficult to test. Furthermore, Parsons states® that the
Langmuir isotherms, on which Stern's and Kambara's
theories are based, is not really applicable to the specific
adsorption of anions, such as I, Br~, CNS~ on a mercury
surface. After a detailed study of the adsorption isotherm
on mercury of the surface-active iodide ion, Parsons
showed ?8 that the experimental results were best fitted by
Temkin's equation

0= { Ldp=all, (14)

or by any other theoretical isotherm leading to Eqn. (14) for
appreciable surface coverage. In this respect Langmuir's
equation is entirely unsatisfactory and fails to explain the
experimental results on the adsorption of I, Br~, CNS~
anions at a mercury surface. There are two reasons for
this failure of Langmuir's isotherm: localised adsorption
sites are hardly likely to exist at a liquid mercury surface,
and furthermore the interactions between charged particles
in a discrete distribution of charge, such as exists in the
electrical double layer, cannot be ignored.

A further important shortcoming of Stern's, and also of
Kambara's, theories is the fact that the locus of the elec-
trical centres of specifically adsorbed ions is identified
with the boundary of the diffuse layer. Stern's theory in-
volves only a single potential (,) at the boundary of the
Helmholtz layer. In his study of the experimental results
on adsorption at potentials close to the electrocapillarity
maximum, Grahame showed” that Stern's theory leads to
incorrect shifts in the point of zero charge for various
anions. To explain the observed shifts which are much
larger than predicted by Stern's theory, we must postulate
the existence of two distinct Helmholtz layers at different
potentials. The locus of the electrical centres of the
specifically adsorbed ions is called the inner Helmholtz
plane by Grahame, who considers that only anions (with the
exception of fluoride %,%) can be specifically adsorbed and

solution

Fig.3. Structure of the electrical double layer (after
Grahame 105):
1) inner Helmholtz plane; 2) outer Helmholtz plane.
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thus give rise to an inner Helmholtz plane. = Monatomic
cations, which are not specifically adsorbed and are there-
fore excluded from the inner Helmholtz plane, cannot be
part of the fixed layer, and their electrical centres may
approach the surface only as far as the outer Helmholtz
plane. Grahame stresses? that, in contrast with Stern's
theory, the outer Helmholtz plane cannot be thought of as
an ionic layer but merely represents the position of closest
approach to the surface of ions still undergoing thermal
motion. Grahame designates the potentials of the inner
and the outer Helmholtz planes at Y* and y/° respectively
(see Fig.3). Grahame's views on the electrical double
layer 7,*, which deny any specific adsorption of cations,
allow the charge distribution in the various parts of the
double layer and the potential of the outer Helmholtz plane
to be calculated, in this particular case, from differential
capacity data.

Let us consider Grahame's method of calculation in
some detail and confine ourselves, for simplicity, to the
case of a uni-univalent electrolyte.

From the thermodynamic theory of the ideally polari-
sable electrode™ [see also Eqn. (1)]:

FI‘+~g§C‘d<p+K1, (15)
= (G ) e ke, (16)
%""*F(%L (17)

In these equations C, is the part of the differential capa-
city due tothe presence of the cation in the double layer; K,
and K, are integration constants; u is the chemical poten-
tial in the solution; the subscript (...) e indicates that the
derivative refers to a potential measured against that of an
electrode reversible to the anion. The right-hand side of
Egn. (17) may be evaluated experimentally from the varia-
tion of differential capacity with electrolyte concentration.
One can thus find dC, /dg as a function of the electrode
potential ¢.

At sufficiently negative potentials, and in the absence of
specific adsorption of cations, all the ions will be found in
the diffuse layer (i.e. € = -€,). The kinetic theory of the
diffuse layer then gives the following equations:

FT, e ef = DRTc(H- Vita—1), (18)
del [ Y
C,=——2 =1+ v
* dyp 2( l/l1—zﬁ) ! (19)

where €, is the charge in the diffuse layer atrributable to
the cation, and

o4/ DRT o/ DRT
= Tx €

From Eqns. (18) and (19) we can determine T, and C.
uniquely, and thus derive the integration constants K, and
K, * Knowing K, and K,, it is 2 simple matter to calculate

* K and K, can also be derived, though less accurately, from
electrocapillary curves .,

34

the surface density of the cation I', from Eqns. (16) and (15),

and hence, using the equation
(0, —~T)F=— (20)

to find the surface density of the anion I'.. If no cations

are specifically adsorbed at any potential:
FI, =¢;. (21)

Thus, if we know 62, we can calculate the potential of the
outer Helmholtz plane, ¢° from the kinetic theory of the
diffuse layer:

S— Fue
€ = ';/Df: c - (e BT _ I).

Finally, it is not difficult to evaluate the anion charge in the
fixed layer (e,) and that in the diffuse layer (€;), since

____VDRT ( ,R, _1),

e =—F[_—e¢,.

(22)

(23)

(24)

_To calculate the potential of the inner Helmholtz plane
(?) further assumptions are required. These will be dis-
cussed below.

In Stern's theory the specific adsorption is described in
terms of the potentials &, and &. [see Eqn.(5)], which are
assumed to be independent of the electrode potential and
therefore also of the surface charge. Grahame's work?,
however, showed that this assumption was contrary to the
experimental data. A theory of the electrical double layer
in which the influence of the electrode charge on the extent
of specific adsorption is duly considered was put forward by
Devanathan . It assumes the presence of two Helmholtz
planes: an inner plane, the site of the electrical centres of
the specifically adsorbed ions which are dehydrated on the
side nearest the electrode, and an outer plane (which
Devanathan calls the Gouy plane) representing the locus of
the electrical centres of the hydrated ions not specifically
adsorbed*. Devanathan called the electrostatic capacity
of the inner section of the double layer Ku, and that of the
section between the two Helmholtz planes Ku,, and by
assuming that these capacities are not a function of the
electrode charge €, derived the following equation for the
overall differential capacity of the double layer

vl_/_l_~,'_(__ )( . dc:‘)
~ ¥ Alw D e 3
¢ Ky . )

(25)

where €, is the charge due to spec1f1cally adsorbed ions and
Cp is the double layer capacity, expressed in terms of the
charge in the diffuse layer (-€ - €,) and the electrolyte con-
centration. For example, in the case of a uni-univalent
electrolyte at 25°,

Cpy =+ 19.45V138c ¢, (26)
where Cp is in uF cm™2, €, is in pC cm™2, and ¢ is in M.

Eqn (25) shows that the double layer is equivalent,
according to Devanathan's theory, to three condensers
connected in series, of capacities Ku,, KH,, and Cp. The
latter two capacities require a correction for the change in

* Devanathan identifies the concept of specifically adsorbed
ions with that of ions which lose their water of hydration upon
being adsérbed, and therefore dissents from the generally adopted
view that specific adsorption — like other adsorptions — involves
forces other than purely electrostatic ones (e.g., covalent, or
van der Waals forces). See also ref.48.
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specific adsorption with surface charge. The same author
showed *® that de,/de could be evaluated from experimental
data on differential capacity by introducing certain assump-
tions into Eqn.(25); the charge due to specifically adsorbed
ions, €,, can then be derived by numerical integration. Cal-
culations of the surface densities of the cations and anions
(T, and I'.) and of the shift in the point of zero charge pro-
duce results in satisfactory agreement with experiments
based on this theory. Most of the parameters which appear
in Eqn. (25), however, (namely Ku,, Ku,, and de,/de), have
to be experimentally determined. Devanathan's theory of
the electrical double layer is thus seen to be essentially
semi-empirical. Exception could also be taken to the
assumption that the fixed layer capacities Ky, and Ku, are
independent of the surface charge. One consequence of
this assumption seems particularly difficult to accept,
namely that for any electrolyte, specific adsorption can be
suppressed only at the minimum of the C »s. € curve (€ =

=~ -13 uC ecm~2), 7. e. that all ions retain their hydration
shell at thisparticular value of the surface charge. Finally,
it may be noted that Devanathan's theory, like Stern's,
ignores the discrete nature of the specifically adsorbed
ionic charge.

Frumkin commented 7® as long ago as 1935 on the un-
desirability of neglecting the discrete structure of the
double layer, as is done in Stern's theory. Discrepancies
between this theory and experimental findings were first
reported in 1939 by Esin and Markov *, who observed an
anomalously large shift in the point of zero charge as a
function of potassium iodide concentration. On the basis
of the equation
KD paP) — g, =~ const — RFl!n cK 1y

* @

derived from Stern's theory, the zero-charge potential go‘zﬁb
was expected to vary linearly with log c(xp, with a slope of
not more than 58 mV per factor of ten change in concentra-
tion. Esin and Markov found that the relationship was
indeed linear, but their experimental slope (~ 100 mV per
factor of ten) exceeded the expected value by a factor of two.
Esin and Shikhov explained!® this result by postulating
anion--cation dipoles on the electrode surface, situated in
a hexagonal array. The difference in potential between
the anion and the cation layers would then be only a fraction
of the potential difference due to two separate layers of
charge. No fixed anion—cation dipoles can in fact exist in
the double layer, and the Esin—Shikhov model therefore
leads to an even steeper variation of point of zero charge
with the logarithm of KI concentration (~ 200 mV per factor
of ten) than was observed in practice. -

A further development of the theory of discrete ionic
distribution in the double layer is due to Ershler!®. This
worker abandoned the Esin-—Shikhov dipole model and put
forward a different, more accurate picture of the charge
distribution in the double layer for the particular case of
the zero charge potential. By considering the multiple re-
flection of the charges of the specifically adsorbed anions
between two equipotential surfaces (the outer Helmholtz
plane and the metal surface) Ershler was able to prove that
the potential difference between these two surfaces should
be just one-half of that calculated from the Esin-Shikhov
anion—cation dipole model. Ershler's theory!® satis-
factorily explained the results of experiments on the de-
pendence of the shift in zero-charge potential upon the con-
centration of specifically adsorbed anions %,192, Gurenkov
subsequently showed!® that Ershler's theory was equally
satisfactory when applied to experiments on the concentra-

tion-dependence of adsorption potential at the solution/air
interface, although it had originally been developed for the
metal/solution interface. It should be noted that the prin-
ciples underlying the calculation of adsorption potentials in
concentrated solutions%2,1® were put forward by Frumkin %4,

‘More recently, Grahame!%,1% hag developed Ershler's
views and applied them to the case of charged surfaces, and
has studied the potential drop in the diffuse layer. Accord-
ing to Grahame %,

Ga = ¢* 90 =V 4 02 L go, (28)
where ¢, is the electrode potential relative to the point of
zero charge in a non-adsorbed electrolyte (e.g. NaF); y“
is the potential drop in the fixed layer, made up of ¢V
(potential difference due to specifically adsorbed ions) and
Y% (potential difference arising from the electronic charge
of the surface, see Fig.3). Furthermore,
N
2 ge, (29)
\Po ::\ co?2 £
where C® is the differential capacity of the fixed layer at
constant specific adsorption of anions, introduced by
Grahame:
2 d=
Co2 ( o )

Knowing ¢°, the potential of the outer Helmholtz plane
[see Eqn.(22)], the potential drop across the fixed layer,
Y'Y, may be found from Eqn. (28), and C% may then be
evaluated for any arbitrary surface charge using Eqn. (30).
Grahame's calculations!® showed that C® is practically
independent of €,, and should therefore be the same for all
anions, since at €, = 0 the value of C* is not affected by the
nature of the anion. This result greatly simplifies the
subsequent calculations. In practice, once % has been
found by numerical integration of Eqn.(29), it is not a dif-
ficult matter to derive ¢ from Eqn.(28), i.e. to evaluate
the potential drop in the fixed layer arising from the pre-
sence of specifically adsorbed anions. According to the
Ershler —Grahame theory!®,1%  which postulates a hexa-
gonal array of specifically adsorbed ions on the surface and
multiple reflections of their charges between the equipotential
surfaces of the metal and of the outer Helmholtz plane,

(30)

€.

v 1 RT
e L A (31)
dina, RT _d_L‘ F
P ag
[e = const],

where @, is the mean activity of the electrolyte. Eqn. (31)
yields a value of dyi/dyV and thus finally leads to a calcu-
lated value for i, the potential of the inner Helmholtz
plane. It should be noted that an entirely self-consistent
mathametical theory, able to take account of the discrete
nature of the charges in the fixed layer, has very recently
been developed by Kir'yanov and Levich. Their analysis
has confirmed the correctness of Eqn. (31), which lacked a
really firm basis in Ershler's!® and inGrahame's!® earlier
derivations.

In the whole of Grahame's work the assumption is made
that cations are not specifically adsorbed at a mercury
electrode surface over the entire accessible potential range
[see Eqn.(21)].  The assumption is not strictly correct,
however, since a few inorganic cations can undergo excess
adsorption to a moderate extent.

Vorsina and Frumkin!? were the first to conclude, from
differential capacity data, that the La%* and Th*" cations are
specifically adsorbed to some extent at a mercury surface.
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Fig.4. Portions of differential capacity curves in
the neighbourhood of the point of zero charge in 0.01N
solutions of (a) CsF and (b) NaF, at 25°. Points and
full curves : experimental; dotted curves : calculated
from Eqn.(11)on the basis of experimental results
obtained in 0.9N solutions.

Grahame himself showed1% that when the mercury surface
is negatively charged the double layer capacitance in 0.1 N~
aqueous chloride solutions increases in the sequence Li* <
< Na* < K* < Rb* < Cs*, but he attributes this effect to
changes in the capacity of the fixed layer, arising from the
different cation radii and the different dielectric saturation
in the fixed layer. The difference in capacity for the
cations Li*, Na*, and K* is even more striking in methanol
solutions'®, The work of Frumkin, Damaskin, and
Nikolaeva-Fedorovich!1%1!1 suggests a ready explanation
for the increase in capacity in the series Li* to Cs" in
terms of a relatively small amount of specific adsorption
of cations, increasing with ionic radius.

It can be shown, on the other hand, that the difference
in differential capacity between solutions of, say, NaF and
CsF is not entirely explicable on the grounds of changes in
the capacity of the fixed layer. Indeed, it has already
been stressed that, in the absence of specific adsorption,
the electrical double layer is equivalent to two condensers
of capacities Cp and Cy connected in series [see Eqn. (11)],
such that the fixed layer capacity C, whilst being a function
of the charge on the electrode, is atthe same time independent
of the electrolyte concentration. Fig. 4 shows portions of
differential capacity curves in the neighbourhood of the
point of zero charge for 0.01 N sodium fluoride and caesium
fluoride solutions, as measured by the present author, to-
gether with C vs. ¢ curves calculated for the same solu-
tions by substituting data obtained in 0.9 N NaF and CsF
solutions into Eqn. (11). Clearly, the calculated and the
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experimental capacity curve coincide only for the sodium
fluoride solution, and therefore the assumed absence of
specific adsorption of Na* and F~ ions is confirmed in this
case. With caesium fluoride, on the other hand, the
experimental C vs. ¢ curve lies above the calculated curve,
and this shows directly that the Cs* cation must undergo
slight specific adsorption. The presence of some specific
adsorption in the case of some inorganic cations is further
confirmed by electrocapillarity and zero charge potential
measurements!!!, and receives indirect support from our
extensive knowledge of the kinetics of the electrolytic
reduction of numerous ions at the mercury electrode 2.

The effects resulting from the specific adsorption of Cs*
and La%* are relatively small in comparison withthose which
accompany the adsorption of anions. There are some
inorganic cations, however, such as TI', whose specific
adsorbability is entirely comparable with that of the anions
Cl and Br~. The adsorption of T1' on mercury causes a
sharp drop in the electrocapillary maximum, which is
shifted towards more positive potentials!!3, Thallium
cations are also strongly adsorbed on a platinum surface 4.
Grahame's theory of the double layer, which postulates
that cations are not specifically adsorbed, must therefore
be regarded as somewhat approximate.

We should also note that the theory developed by Grahame
is not applicable to concentrated electrolytes, when the
negative adsorption of ions begins to swamp the electro-
static interaction of these ions with the charged surface.
Frumkin and Iofa!'® showed how ion adsorption in concen-
trated solutions could be evaluated from electrocapillary
curves, and Iofa, Ustinskii, and Eiman?!!® followed up this
suggestion in the case of hydrochloric, hydrobromic, and
sulphuric acids. As expected, they found that on the
cathodic branch, and for relatively low HCI concentrations,
T, is positive and (-I'.) is negative. = As the acid concen-
trationisincreased, in addition to the electrostatic adsorp-
tion, generalnegative ion adsorptionbeginstobe noticeable,
and I', decreases. In really concentrated HCl solutions
(> 10 N) the adsorption of hydroxonium cations on the nega-
tively charged mercury surface can no longer be calculated
from Eqn. (21), basic to Grahame's theory; furthermore,
it is actually a negative quantity, since under these condi-
tions the negative adsorption of H;O" ions outweighs their
electrostatic attraction. In concentrated sulphuric acid
solutions (10.0—12.3 N) this effect is even more apparent 6.

These specific cation adsorption effects, and the negative
adsorption of ions in concentrated solutions, are a searching
test for the applicability of Grahame's theory of the elec-
trical double layer. Nevertheless, calculations based on
his theory can in many cases lead to important parameters,
characteristic of the double layer, which can be used in
explaining the kinetics of electrochemical reactions!'’.

3. Double layer in the presence of organic
surface-active materials. Many organic com-
pounds are adsorbed at the mercury electrode surface.
Gouy showed!?,!8, as long ago as 1906, that adsorbed
organic material can lower the interfacial tension of mer-
cury significantly. His experiments indicated a decrease
in the adsorption of neutral organic molecules as the poten-
tial drop at the electrode/electrolyte interface was in-
creased, and complete desorption at high enough surface
charges. Electrocapillary curves measured in the presence
of organic impurities showed breaks of varying degrees of
sharpness. The desorption of organic substances at high
surface charges arises from the increase in the energy
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stored in the double layer capacity when the layer of organic
molecules, of low dielectric constant, is replaced by a

layer of water molecules whose dielectric constant is sig-

nificantly higher even allowing for saturation effects %,

Frumkindeveloped a quantitative theory!12 of the influence
of an electric field on the adsorption of neutral molecules
in which the equation of state of the adsorbed layer is con-
sidered. Evaluating the attractive forces between adsorbed
molecules, he finds the following relationships between the
depression of interfacialtension (Ag), the surface coverage
(6 = I'/T'p), and the concentration of surface -active material

(c):

—AAlﬁ-mu_o)*aee, (32)

B¢ =— _L e—2ab

1—0 (33)

where A, B, and a are constants such that A = RT(p, a is
a measure of the mutual attraction between adsorbed mole-
cules, and B gives the effect of electrode potential upon the
adsorption:

1 1 .
5 Cota— 5 € Pu (¥a — 20y
B = Bﬂexp[- = =

T J T
where C, and C’ denote the capacity of the double layer at

6 = 0 and 6 = 1 respectively, and ¢y is the shift in point of
zero charge when the surface is covered by the adsorbate.

Frumkin's theory!!® satisfactorily explains the measured
effects of dissolved surface-active organic substances on
the interfacial tension of mercury.

In Butler's theory!!® an attempt is made to explain the
observed electrocapillary curves in terms of the mole-
cular properties of the adsorbate (the polarisability of the
organic molecules is particularly stressed). However,
Butler's theory relies on experimental measurements of
interfacial tension to give the dipole moments of the
adsorbed molecules. Furthermore, by assuming that
Henry's law is applicable, the theory leads to an incorrect
relationship between the adsorption of an organic sub-
stance and its concentration in solution.

Lippmann's Eqn. (2), applied to electrocapillarity data,
predicts for differential capacity curves in the presence of
organic additives a region of low capacity (~4—-5 uF cm™2)
bounded on both sides by desorption peaks. According to
Frumkin!!®, the extent of adsorption in fact varies linearly
with surface charge. It is, therefore, an easy matter to
derive the following equation for the differential capacity:

€ Co(l =) - C0 + <,s'#en)$, (35)
dz

where €, and €’ denote the surface charge at 8 = 0and § = 1
respectively. The lastterminEqn.(35)is a pseudo-capacity
connected with the adsorption —desorption process; this
parameter gives rise to peaks in the differential capacity
curves. For sufficiently large surface charges, whether
positive or negative, § — 0, so that one expects from
Eqn. (35) that capacity curves measured with and without
organic impurities should coalesce in these regions. That
such is indeed the case was first demonstrated by Pros-
kurnin and Frumkin?®?, who found that differential capacity
curves in the presence of n-octyl alcohol were of the
expected form. Capacity curves of a similar form were
reported by Ksenofontov, Proskurnin, and Gorodetskaya:?
PR

0

in solutions of ethanol, n-butanol, and phenol. The double
layer differential capacity method has since become widely
used for studying the adsorption of organic substances at
electrode surfaces. For example, it was applied in an
investigation!?! of the structure of the thin films formed at
the mercury/solution interface by palmitic, oleic, and
myristic acids, and by cetyl alcohol. Other recorded uses
of the method include studies of the adsorption of valeric
acid and other functional derivatives containing five carbon
atoms!2? and of the adsorption of various polyelectrolytes,
bothdissociated and undissociated !2®. Differential capacity
measurements enabled Melik-Gaikazyan'? to demonstrate
the formation of multimolecular layers on the surface of a
mercury electrode exposed to sclutions of n-octanol and
n-hexanol. Multimolecular layer formationis accompanied
by an even more striking drop in capacity (to as little as
0.9 uF cm™2). Using differential capacity data, Laitinen
and Moiser!?> calculated adsorption isotherms on mercury
for thirty different organic compounds, and found that the
adsorption could be described sufficiently accurately by a
Langmuir equation. The adsorption on mercury of the
surface-active tetra-alkylammonium cation was studied 28
by the differential capacity method. It was shown that
bulky organic cations, such as [(C,H,),N|", behave like
neutral surface-active molecules on the mercury surface.
Thus, in spite of the electrostatic attractive forces, the
tetrabutylammonium cation is desorbed from the mercury
surface at sufficiently negative potentials, giving a charac-
teristic peak on the differential capacity curve.

More recently, Breiter and Delahay!?” have compared
data on the adsorption of n-amyl alcohol on mercury, cal-
culated thermodynamically from electrocapillary curves,
with others derived from measurements of double layer
differential capacity using Egn. (35). The good agreement
of the two sets of results confirmed the essential correct-
ness of Egn. (35), which is now commonly used in studies
of the adsorption of organic compounds by the differential
capacity method.

In a number of cases the differential capacity curve
takes an even more complicated form in the presence of
organic surface-active molecules and ions. Thus, Love-
land and Elving!?® observed four instead of two capacity
peaks, due to desorption, in oscillographically displayed
differential capacity curves measured in saturated n-heptyl
and n-octyl alcohols. They ascribed the two outer peaks
to complete desorption of alcohol molecules, and the two
inner peaks to the formation (or disappearance) of a second
layer of adsorbed molecules which constitutes a micellar
film at low electrode charges. Even brief bubbling of an
inert gas through the solution is sufficient to decrease the
concentration of alcohol in the solution to the point where
the differential capacity curve assumes the normal shape
with two desorption peaks. Gupta also concluded!?® that
condensed, micellar films can be formed, as a result of
his “tensammetric” study of the adsorption of methyl orange
on mercury. He found entirely similar capacity peaks, due
to the formation and the disappearance of micellar films;
he also found peaks of this type in the adsorption on mer-
cury of long-chain alkyl sulphonate anions (12 or more
carbon atoms)*®°:1% and of sodium laurate and caprylate *32

In the absence of complicating multilayers and micellar
films of surface-active organic molecules or ions, dif-
ferential capacity curves are satisfactorily accounted for
by Frumkin's theory!!®, at least where the adsorption of
saturated aliphatic compounds is concerned. This theory

_has been extended by American workers'?? and used to
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establish the variation of differential capacity with polari-
sation and adsorption. Frumkin's theory!!® can also ex-
plain the S-shaped adsorption isotherms observed with
strongly interacting surface-active molecules!®,'%  and
with large organic cations 35,

As shown by Gerovich et al.!® 7138 and also by Blomgren
and Bockris!3® the 7-electrons present in aromatic and in
certain cyclic and aliphatic unsaturated compounds causes
these substances to be adsorbed on a positively charged
mercury electrode surface. An increase in the positive
charge of the surface does not induce desorption: the
adsorption of organic molecules containing 7-electrons
cannot therefore be described as a function of the electrode
potential by Frumkin's theory*!8, An attempt was recently
made by Parsons?!4® to develop a general thermodynamic
theory of the structure of the electrical double layer in the
presence of adsorbed organic molecules and ions, but no
quantitative test could be made as the existing experimental
data were inadequate.

Whilst inorganic ions are adsorbed on a mercury sur-
face so rapidly that the time required to form the electrical
double layer cannot be measured, even by the most recent
methods 8,82 the situation is quite different in the presence
of large organic molecules or ions: The Kkinetics of the
adsorption of an organic substance on the mercury elec-
trode surface may be followed by an a.c. method (Frumkin
and Melik-Gaikazyan!4,42), By studying the frequency-
-dependence of the differential capacity in the neighbour-
hood of the desorption peaks in solutions containing normal
saturated alcohols, Melik-Gaikazyan was able to show, on
the basis of Frumkin's theory, that the diffusion of alcohol
molecules towards the mercury surface was the slow stage
in the adsorption of these alcohols. Frumkin's theory 4
considers only two limiting cases: the rate of the process
is determined either by the diffusion of the organic mole-
cule towards the electrode surface or by the adsorption
itself. Berzins and Delahay!®, at the cost of introducing
some complication into the theory, produced a general
solution of the problem, dealing with both the diffusion
and the adsorption process at the same time. Their
method enables rates of adsorption exchange of up to
~107% mole cm~2 sec™ to be measured, corresponding to
a time of adsorption (or desorption) of 10-* sec, depending
on the high-frequency sensitivity of the impedance bridge
used. Lorenz et al.#,'%5 also contributed to this aspect
of the problem. They studied the kinetics of adsorption of
a number of organic compounds at the mercury electrode
by high-frequency (25-100 kc/sec) differential capacity
measurements, and showed that the adsorption time, though
measurable, was small. Thus, a rate of adsorption ex-
change of the order of 107 mole cm™ sec™ was observed
with n-butyl, iso-amyl, and benzyl alcohols, with phenol,
methyl ethyl ketone, n-oleic acid, chloroform, and with a
number of other organic compounds. Since the maximum
extent of adsorption for these substances is (according to
Lorenz) about 107° mole ¢m ™2, the time-constantisinevery
case < 107% sec. On the other hand, the rate of double
condensation which, according to Lorenz!33,1%¢  takes place
with organic molecules having sufficiently long carbon
chains, is much less than the rate of adsorption. Thus, in
the case of the higher fatty acids (C,, Cg, and C,) the time-
-constant for double condensation lies between 107 and
10-3 sec. However, if no double condensation is involved
in the overall adsorption process, which includes the dif-
fusion of organic molecules to the electrode surface, the
diffusion stage becomes the slowest and determines the
rate of the whole process. This is in accordance with

88

Frumkin and Melik-Gaikazyan's conclusions!4,142, In

this connection, Delahay ef al.146-146 have made a detailed
study of diffusion kinetics in specific systems which is
applicable to the transfer of surface-active organic mole-
cules from the bulk of the solution to the electrode surface
during the establishment of adsorption equilibrium. Working
on the linear portion of the Langmuir adsorption isotherm,
i.e. near the origin, these authors concluded 6,47 that
when the adsorbate is present at low concentrations a con-
siderable time, of the order of minutes, elapses before
adsorption equilibrium is established. One must there-
fore use a stationary rather than a dropping mercury elec-
trode when studying the adsorption of organic substances.
If the complete adsorption isotherm of Langmuir is con-
sidered (and this can only be done numerically, using a
calculator) the time required for the attainment of adsorp- .
tion equilibrium is found to be somewhat shorter *48, but
nevertheless longer than the drop period of the conventional
polarographs (3—5 sec). Frumkin and Damaskin's investi-
gation!35 of the effect of the concentration of the [(CH,),N]*
cation on surface coverage, using the dropping mercury
electrode, demonstrated that in the maximum adsorption
region the number of adsorbed ions is determined almost
exclusively by ionic diffusion to the mercury surface. This
is in agreement with the conclusions of Delahay et al.16-148
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1. INTRODUCTION

The dissolution of metals in fused salts is of excep-
tional importance for many electrometallurgical and ther -
mal processes, such as the production of titanium, mag-
nesium, aluminium, sodium, etc. The ability of metals
to dissolve in a fused electrolyte is the most important
cause of decrease in current efficiency and deterioration
of performance in electrolysis. Moreover, the kinetics of
metal thermite processes, such as the magnesium thermite
preparation of titanium, also appear to be related to inter-
action of the metals in the salt phase. Finally, in recent
years a successful start has been made in the application
of a method of refining metals, based on the reaction of the
latter with a fused salt. There are reports of the uge of
this method for the purification of nickel, and a similar
method for refining aluminium has already found general
acceptance. All this indicates the considerable practical
importance of the question of metal dissolution.

The theoretical side of the question is of no less impor-
tance, however. The study of solutions of metals in fused
salts yields important information on the nature of reaction
in ionic media and on characteristic features of the liquid
state. Solutions of metals provide a clear illustration of
Mendeleev's well-known hypothesis regarding the chemical
nature of solutions.

The dissolution of metals in fused salts was discovered
in 1807 by Davy!,?, who established that during the electro-
lysis of fused KOH, or when metallic potassium is fused
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with potassium hydroxide, the melt becomes coloured.
Later an analogous phenomenon was observed when a num-
ber of other metals were fused with their salts, particu-
larly in the Na+NaCl, K+KCl,3-® Rb+RbCl, Cs +CsCl,",®
Pb + PbCl,,® and other systems1%!!, It was established
that lithium colours its salts black, lead brown, potassium
violet, etc., and that all these colour changes are associ-
ated with dissolution of the metal in the fused salts. It was
also shown that the solubility of metals in fused salts de-
pends on the nature of the metal and salt, the composition
of the metallic and salt phases, and the temperature!°,
When a melt containing dissolved metal is frozen, the
metal is usually found as metallic particles of colloidal
dimensions, and on this basis Lorenz® put forward the
hypothesis that solutions of metals in fused salts are col-
loidal in character.

For a long time Lorenz's hypothesis had many suppor -
ters, sothatin industry the terms “pyrosol” and “metal fog”
are still used to describe solutions of metals. Later
studies !° showed, however, that solutions of metals in
fused salts exhibit all the properties of true 'solutions and
are moreover optically homogeneous!2-1¢) so that Lorenz's
hypothesis should now be rejected. The appearance of
colloidal metal particles when a melt freezes is probably
due to displacement of the chemical equilibrium between
metal and fused salt with decrease in temperature.

The established fact that true solutions are formed by
metals in fused salts does not settle the question of the
nature of these solutions. Three viewpoints exist.

1) It may be assumed that the metal dissolves in the
salt in the form of atoms, which retain their individuality
and are evenly distributed throughout the whole volume of
the solution, for example, by introduction into vacancies in
the quasi-crystalline structure of the liquid salt. The pos-
sibility of atomic dissolution of metals was first discussed
by Hettich!®, and recently this hypothesis has been inten-
sively developed by Cubicciotti and coworkers 18,17,

2) It may be assumed that the dissolution of metals in
fused salts is due to chemical reaction between the elec -
trolyte and the metal with the formation of ions of lower
valency (sub-ions)!9,*!;'8, In other words the dissolution of
metals is assumed to involve equilibria of the type

Pb1-Pb2 —= 2Pb+,
Hg-+Hg2+ > Hgl* , etc.

Although in some cases (Hg, T1, Al) sub-ions are un-
doubtedly formed, in others, particularly that of the alkali
metals, the possibility that ions of lower valency exist is
not so obvious, and it is necessary to assume !® that
“atom-ion” complexes are formed, for example

Na+Na+r——= (Na—Na*).

The majority of sub-compounds, if they do exist in fused
salts, cannot be isolated in the pure state at room tem-
perature.

3) Finally, we may start from the similarity in many
properties of fused salts and ionic crystals and consider
solutions of metals in fused salts as structural units simi-
lar to colour centres (F-centres). In this case it would be
correct to describe solutions of metals as ion-electronic
liquids, whose possible formation was first pointed out by
Ol'shanskiil®?°, This viewpoint has not yet been devel-
oped as fully as it should. .

II. SUB-COMPOUNDS

Since most workers at present tend to attribute the dis-
solution of metals in fused salts to the formation of sub-
-ions, we shall in this section examine data on the forma-
tion of ions and compounds of lower valency.

The valency shown by elements in their compounds is
determined by their electronic structures; for example,
for Na 1s22s522p63s!, for Mg 1s%22s22p%3s2, and for Al
1522522 p%3s23p'., In ionic compounds these elements nor-
mally lose electrons from the outer M level and acquire the
neon structure 1s22s22p% showing valencies of 1, 2, and 3
respectively. The situation is more complex for metals of
the sub-groups, such as Hg (1s22s22p%3s23 p®34d'04s24p®
4404145525 p854106s2), Tl (...6s26p), Pb (...6526p?),
and Bi (...6s26p%). The maximum valency of these ele-
ments corresponds to the loss of electrons from the outer
s and p levels, so that ions with an outer shell of 18 elec-
trons are formed. These metals can, however, form ions
of lower valency in addition to the compounds with the
highest degree of oxidation. Thus mercury with the Hg?
ion in aqueous solutions forms a singly-charged ion with
one 6s electron in the outer shell. The equilibrium con-
stants for the reaction Hg* + Hg = Hg2*, together with
X-ray diffraction data for compounds of monovalent mer -
cury?, show that in this case there is formed a dimer HgZ,
in which the bond between the two mercury atoms is formed
by a pair of s electrons. Thallium forms compounds in
which it shows valencies of either +3 or +1*, In the latter
case the thallium atom loses the 6p electron and retains
the two 6s electrons in its outer shell. Lead and bismuth,
in addition to Pb* and Bi®* ions, form Pb* and Bi* ions,
which are much more stable in aqueous solution and which
also have two 6s electrons in the outer shell,

If the term “sub-compounds” is used to describe com-
pounds of lower valencies of metals, the Hg2*, Tl*, Pb?,
and Bi** ions are sub-ions of the corresponding elements.
The fact that the electronic structure of these ions are
identical and that intermediate oxidation states (T1*, Pb*,
etc.)do notexist, indicates that stable ions of lower valency
exist as a result of coupling of two 6s electrons. This is
shown particularly clearly in the case of mercury, where
a pair of 6s electrons is coupled by dimerisation.

From this viewpoint the existence of Al*, Cd2*, Ca2
ions, etc., is quite probable, and spectroscopic studies show
that monovalent halides of aluminium, the alkaline-earth
metals, zinc, cadmium, etc., exist in the vapour state at
high temperatures?2. The most stable of these compounds
appear to be the aluminium sub halides 23:%¢, Russell et
al,?%8 studied the equilibrium between AlCl, vapour and
liquid aluminium,

AlICI;+2A1 — 3AICI, (@)

by a flow method involving the passage of a gaseous mix-
ture of AICl; and argon through molten aluminium with sub-
sequent analysis of the gas composition. Analogous meas-
urements were also made by Semenkovich?,?%, who deter -
mined the free energy of formation of aluminium sub-

* The existence of divalent thallium and its analogues (Ga and
In) has been reported. As will be shown later, this is unlikely,
since such compounds are probably complexes containing T1* and
T3+ .

N
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chloride according to reaction (a):
AG=76780—52.75 T kcal mole™. (1)

Thus at ~1200° the subchloride predominates in the gas
phase over aluminium (AG < 0).

Gross et al.?° showed that aluminium subchloride is
flormed when aluminium is heated in fused NaCl to 750°-
000°:

NaCl-- Al 7=—= AICI+Na. ®)

The enthalpy of formation of AIC1 at 298°K, calculated
from experimental data, was given as 16.0 kcal mole™! by
Semenkovich?® and as 17.0 kcal mole™ by Weiss3®, The
entropy of formation of AIC1 is +54.1 cal mole ! deg™!.

A phenomenon which has for long been known in electro-
chemistry is the negative difference-effect®, that is, the
liberation of hydrogen at the anode during the anodic dis-
solution of a number of metals in aqueous solutions. This
phenomenon was first discovered by Beetz3? for magnesium
anodes and by Wohler and Buff for aluminium anodes 3.
Beetz established that the magnesium anode becomes
covered by a black film which is decomposed by water with
the evolution of hydrogen, and he suggested that the film
contains magnesium suboxide Mg,0. Later, Baborovsky
confirmed the evolution of hydrogen from a magnesium
anode and established that the anodic current efficiency of
the magnesium amounts to ~150% and depends only to a
slight extent on the composition and concentration of the
solution, the current density, or the temperature.

By studying the anodic current efficiency during the dis-
solution of metals in aqueous solutions, it is possible to
determine the apparent valency 7 of the metal dissolving.
Recent studies 3¥-3° have shown that for many metals the
values are unusually low and may even be non integral
(Table 1), indicating that the difference-effect is not such
a rare phenomenon.

The mechanism of the negative difference-effect has not
yet been finally established, and different workers give
different explanations. This phenomenon has perhaps been
best studied for the case of magnesium, so that we shall
examine the data for this metal in more detaii*.

Bodfross 19,4 established that the potential of a magne-
sium electrode is independent of the Mg?* ion concentration
in the solution but changes considerably with change in the
acidity of the solution. With mechanical displacement of
the electrode its potential is shifted to more negative values.

TABLE 1. Apparent valency during the anodic dissolution
of metals in aqueous solutions 8,
M Be Al Mg Zn Ti Ga U In Mn Hg
Normal
valency
2 3 2 2 3 3 4 3 3 2
n | | 1.3 | 1.2 | 1.4 | 1.5 ’ 1 1.4 1 1.7 1

* Work on aluminium has been reviewed by Belyaev and Firsa-

nova u .
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TABLE 2. Dependence of # on the nature of the
solution and on the anode potential U, 6,

Solution kanc';vﬂfrotioﬂ. ig, mA em? o,V &
MgCl, 0.4—4.0 150 —1.7 1.9
MgBr, 0.1—1.0 100 —1.62 1.2
MgSO, 0.01—1.0 100 —1.55 1
MgSO* { 1.0 100 15 1%
+K4CrO, 0.05 -3
KCIO, 1.5 6.4 —1.3 1 64

Bodfross related these properties of the magnesium elec-
trode to the potential -determining reactions

Mg —= Mg*4-,
Mg*4-HY —— Mg2+4-1/,H,.

Faivre and Michel*? and Brouchere % showed by X-ray
structure analysis that the dark-grey film formed on a
magnesium anode during dissolution is magnesium oxide
containing excess Mg atoms in the lattice.

Petti et al.%" and Kokoulina and Kabanov#,¥ studied the
apparent valency of magnesium during its anodic dissolu-
tion and established that the values of # are independent
of the current density and concentration of the solution, but
are determined by the potential of the anode (Table 2).

Kokoulina and Kabanov explained the dependence of the
apparent valency of the dissolving magnesium on the poten-
tial by assuming that the anodic process takes place
according to the scheme

Mg Mg* e Mg
25 N g+ | Ha0 —— Mg?*-L1/3H, 4 OH-,

in which the slowest stage is the oxidation of Mg to Mg*.
They showed that in this case the apparent valency is given
by the equation

_ 142k (exp Bo F/RT) (2)
1-+ & (exp BoF/RT) '

which shows qualitative agreement with experiment.

n-

Other authors 46~%8 reached an analogous conclusion, and
it has been suggested that monovalent magnesium is formed
as Mg2*, although no experimental data in support of this
were given.

Other data indicate the possible formation of extremely
unstable compounds of monovalent magnesium. Thus
McEwen et al. 4 showed that during the electrolysis of solu-~
tions containing various organic compounds with magne-
sium electrodes, reduction processes take place in the
anolyte. For example, dimethylbenzophenone and azoxy-
benzene are reduced to tetra-p-tolylethylene and azoben-
zene respectively. This phenomenon is also attributed to
the formation of Mg* ions with strong reducing properties.
Runge % pointed out that the formation of subhalides ex-
plains the reduction of many organic compounds by a mix-
ture of Mg + Mgl (2MgI) and organomagnesium compounds

RMgX, which apparently dissociate according to the

scheme

RMgX ——— R+ MgX,
where X is a halogen atom and R an organic radical.
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Some idea of the stability of the subhalides of different
metals can be obtained by calculating their heats of forma-
tion from the elements, and this has been done by Grimm
and Herzfeld®!, Belozerskii!?, and Irmann®?, Thus the
formation of aluminium monochloride

Al(solid) + 3Cl,(gas) = AlCl(solid)

can be broken down into the following stages: (1) dissocia-
tion of the gaseous chlorine molecules to atoms (heat of
dissolution £D); (2) sublimation of solid aluminium (heat
of sublimation ¢); (3) ionisation of aluminium atoms (ionisa-
tion potential F); (4) attachment of electrons to gaseous
chlorine atoms (electron affinity E); and (5) formation of
the AICI crystal lattice from the ions (lattice energy of the
subchloride U); the heat of formation of the subchloride is
then

W=U+E—]—Y:D—o. @)

Values of the heats of stages 1-4 are known. The
greatest difficulty is encountered in the determination of
the lattice energy of the subchloride. Earlier, this in-
volved not only the use of extremely approximate relation-
ships but also the tacit assumption that laws derived for
purely lonic lattices were applicable to sub-compounds. It
is, however, possible to determine the lattice energy of a
subhalide with sufficient accuracy using the equation put
forward by Yatsimirskii®® for the energy of a lattice in
which the bonds have a high degree of covalent character:

U—Uy -+ 250 {0.5 - 2-10°({ — E — Up)), @)
where U, is the lattice energy of the corresponding com-
pound, calculated from Kapustinskii's equation

574.4 (] . 70.3‘457 ]| . (5)

where r and 7, are radii of cation and anion.

In calculations with formula (4) it is necessary to know
the radii of the sub-ions. These may be found on the assump-
tion that the radius of a sub-ion is equal to the radius of
the atom with the same electronic structure. This is con-
firmed for the case of the T1* ion (1.49 A), whose radius is
equal to that of the isoelectronic mercury atom Hg (1.50 ).

The data for calculating the heats of formation of sub-
halides are given in Table 3. The values of I and ¢ are
taken from Mishchenko and Ravdel'®* and of E and D from
Latimer®. The values obtained for the lattice energies
and heats of formation of the subhalides are given in
Table 4, which also gives for comparison the heats of for-
mation of the normal halides of the corresponding metals
(W*). The reliability of these results is confirmed by
comparison of the calculated data in Tables 4 with the ex-
perimental values of the heats of formation 28,2955;

TICI TIBr TIlI InCl AlCl
Wep, kcal mole! 48.99 41.2 29,7 445 16.0-17.0
in which the discrepancy does not exceed 10%.

Comparison of the values of W and W* in Table 4 shows
that in most cases the subhalides cannot be stable at room
temperature and should decompose into the corresponding
metal and normal salt, the only exceptions being the sub-
halides of Tl,In, and Ga. With increase in temperature,
however, the stability of the subhalides can apparently
increase, as in the case of aluminium subchloride 28,

The experimental detection of subhalides has also been

TABLE 3. Thermochemical characteristics of ions, kcal mole™,
fon 1 a r. A lon 1 o r. A | lon E YD | r A
Mgt |177.7135.9 1 1.91 | Zn* (216.0|31.0 [1.27] F~ |[93.5]32.2 | 1.33
Ca® |142.2146.0 12.36 | Cd+ |206.0|27.0 |1.44| Cl- |88.2|28.9|1.81
Sr* 11328392 | 2.53 | In* [134.8]58.2 | 1.49 | Be~ | 8.6 | 26.9 | 1.96
Bat |121.6]42.0 | 2.74 | Ga* [139.8(66.0 | 1.33 | T | 74.6 | 25.4 | 2.90
TI* 1142.3| 44.5 | 1.49 | Sn* .1440.6] 72.0 | 1.62 ’

A+ |139.5]| 75.0 | 1.60 | Pb+ [172.5| 46.3 | 1.70
Hg* [242.6(14.5 | 1.44 | sb* |200.7] 60.8 | 1.40
Bit  |169.4]49.7 | 1.75

TABLE 4. Lattice energies and heats of formation of subhalides
and normal salts (198° K).

2 o | T o "o b e | o B
-— - — [-3 :g -
FO|SELE S | gE) oz |sEWE 5 il
3 g H = ] H A T ]
K 3 = x e = x x
MgF | 189.4|37.1| MgF, |263.5| AIF 187.7 | 34.5 | AIF, | 311.0
MgCl | 179.3 | 25.0| MgCl, |153.41 AICl |173.8 |18.6 | AICL, | 166.2
MgBr | 179.8 | 21.6 | MgBr, | 123.7 | AIBr |170.2{10.4 | AlBr, |125.8
Mgl | 178.6 | 14.2 | Mgl 86.0 | All 168.8 | 3.0 | Aly 75.2
CaF 168.2 | 41.0 |  CaF, 290.3 | TIF 193.3 | 67.8 | TIF, —
CaCl | 157.9|29.0| CaCl, |190.0| TICl |177.5|50.0 | TICl
CaBr |[157.9 | 24.4 | CaBr; |[161.3| TIBr |175.5|43.4| TIBry | —
Cal 156.7 | 17.7 | Cal, 127.8| Ti1 171.5 1 33.9 | Tl —
StE 159.1 | 48.4 |  StFy 290.3 | ZnCi | 210.7 | 23.0 | ZnCly | 99.4
SrCl | 151.8 {39.1 | SrCi, |198.0 | CdCl |202.1|28.4 | CdCl. | 93.0
SrBr | 151.7 | 34,4 | SrBr, [174.1| InCl | 175.5|41.8| InCly |128.4
sri 153.7 | 30.9 | Srl, 135.5 | GaCl | 181.9 | 35.4 | GaCly | 125.4
BaF 151.4 | 49,1 | BaF, |286.9] sSnCl |173.8|20.5| SnCl, | 83.6
BaCl | 144,5 | 40.2 { BaCl, '] 205.6 | PtCl | 182.4 | 22.9| PuCl, | 85.8
BaBr | 144.6 {35.7| BaBr, |180.4 | SbCl |200.9 |-1.3| SICl; | 91.6
Bal 144.0 | 20.6 | Bal; 144.0 | BIiCl | 180.1 | 20.3 | BiCly | 90.8

reported. Thus Borchers5® reports the formation of the
salts CaCl, SrCl, and BaCl; and Frary and Berman?3? and
Ravier 58, in a study of the composition of the violet cath-
odic deposit formed during the electrolysis of fused mag-
nesium chloride, concluded that it consisted of Mg,O and
MgCl. Guntz and Benoit !2 reported the preparation of
strontium, barium, and calcium subhalides and gave the
following data for the heats of reaction at room tempera-
ture:

Ca--CaCly —— 2CaCl Q=2.7 keal,
Sr+SrCly ——— 2SrCl Q=14.6 kcal,
Ba-{-BaCl, —— 2BaCl Q=16.5 keal,

but these results differ considerably from those obtained
by the above calculations.

There are also reports®5? of the isolation of almost pure
bismuth subchloride, which can be kept in vacuo at 180° for
a prolonged period but which decomposes rapidly in air or
on cooling.

Many authors have noted the marked influence of tem-
perature on the stability of subhalides. Thus Guntz %
states that lithium subchloride is stable in the narrow tem-
perature range 500°-700°. According to W&hler and Rode-
wald®, calcium subchloride is stable above 800°, while
silver subfluoride Ag,F decomposes above 90°,
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Analysis of the available experimental material on the
existence of sub-compounds shows that much of it is un-
reliable, The calculated values of the heats of formation,
however, cannot form the basis for a complete rejection
of the possible formation of sub-compounds. In the case
of mercury, for example, calculation of the heats of for-
mation of the subhalides gives the values

HgCl HgBr Hgl
w= 30 25 15 kcal mole™.,

whereas the actual values of the heats of formation of
Hg,Cl,, Hg,Br,, and Hg,I, are double these (kcal mole™):
63.3, 49.4, and 28.9, due to dimerisation of the monovalent
ions. This dimerisation is not exceptional. As is shown
below, analogous dimers appear to be formed by bismuth
(Bi2*), cadmium (Cd%*), and possibly the alkaline-earth
metals (CaZ. etc.).

III. COLOUR CENTRES IN IONIC CRYSTALS

Most solid salts, and in particular almost all halides,
exhibit a slight ionic conductivity due to the presence of
lattice defects. As early as 1903, however, Ioffe%? dis-
covered that, when irradiated with X-rays, crystals of
sodium chloride become coloured and acquire the property
of photoconductivity., This phenomenon was later studied
in detail by Roentgen and Ioffe 83, Tartakovskii®, and
others ®,%, It was established that the production of
colour under the influence of X-rays is shown not only by
crystals of all alkali-metal halides 7, but also by the
halides of the alkaline-earth metals (CaF,, %% SrF,,
SrCl,, and BaF, "%7) and transition metals (CdF, 7?).

This phenomenon has now been studied in considerable
detail and a large quantity of experimental data and theore-
tical work on the nature of colour production in crystals
has been reviewed in detail by Seitz 73,74, Pohl", and
Saint-James®., Since this work has been published chiefly
in specialised physical literature, we shall give the chief
results below.

The cause of the production of colour in crystals is the
appearance of electrons in the conduction band, as a result
of which a new light-absorption band is produced and the
crystal acquires colour. Under certain conditions this
colour may be retained for several years.

Experiment shows that colour can be produced in crys-
tals by various methods, which can be conveniently divided
into two groups®: (A) irradiation of the crystal with
X-rays or with beams of electrons or neutrons; this is
accompanied by excitation of electrons and their transfer
to the conduction band; (B) introduction into the crystal of
excess metal atoms, by heating the salt in metal vapour or
by passing direct current through the crystal. In the
former case the metal atoms absorbed by the crystal are
ionised and the electrons enter the conduction band. In the
latter case the electrons enter the crystal from the metal
cathode, which is usually sharply pointed.

The production of colour in crystals takes place fairly
rapidly at elevated temperatures. The rate of production
of colour and its intensity increase exponentially with tem-

perature [proportional to exp(- &;B—t‘ )]. At low tempera-

tures the coloured crystals are dielectrics, but on heating
or illumination they acquire considerable electronic con-
ductivity. The electrical conductivity of coloured crystals
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Fig.1l. F-absorption band for a KCI crystal; con-
centration of colour centres 1.15 x 10'® em™3; K.y =
=310 cm™.
TABLE 5. Position of absorption band maxima
for alkali-metal halide crystals.
s |3 s
E E E
2 2% 22
Crystal | 5 3 | Crystal 5 2 [Crystal| ‘% §
49 Sk 2u
]
LiF | 257 NaF | 340 | KF | 455
LiCl | 395 NaCl | 470 | KCl| 556
LiBr 452 NaBr 1 500 KBr| 630
Lil 531 Na! 1 609 | KI | 720

also increases exponentially with temperature. If a direct
current is passed through a heated coloured crystal, the
colour front moves to the anode and disappears there, and
both the conductivity of the crystal and the current at con-
stant voltage decrease.

The colour of the crystal and the appearance of the new
absorption band, and also the electronic conductivity, which
increases with increase in temperature, result from the
localisation, in energy levels lying below the conduction
band, of the electrons introduced into the crystal by one of
the above methods. These local electronic states are
usually called F-centres or colour centres. Their proper-
ties are independent of the means by which the crystals are
coloured. An-absorption band for a coloured KCI crystal
is shown in Fig.1l. The maximum at 556 my corresponds
to the absorption by the F-centres. The position of the
maximum depends on the nature of the salt. Table 5 gives
the positions of the F-absorption band maxima for alkali-
-metal halide crystals 76, The position of the maximum of
the F-absorption band is independent of the nature of the
alkali metal in whose vapour the crystal is heated.

If the crystal is coloured by irradiation, holes, that is,
vacant levels from which electrons have moved, are pro-
duced, and electrons are promoted to the conduction band.
With the passage of time, the excited electrons recombine
with the holes, thatis, they return to the ground state and
the crystal loses its colour, The decolorisation of the
crystal is accelerated considerably when the crystal is
heated or illuminated, I the crystal is coloured by the
introduction of electrons from outside (by heating in metal
vapour or by electrolysis), the colour is extremely stable,
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since recombination in this case is impossible. These
crystals can be decolorised either by heating in vacuum,
causing the alkali metal to volatilise from the crystal, or
by heating followed by slow cooling, which leads to coagu-
lation of the alkali metal. In the latter case the F-absorp-
tion band disappears and the colour of the crystal changes
to that due to the colloidal metal.

The concentration of colour centres varies with the
method by which the colour is produced. Under certain
conditions it may reach 10!°-10%° centres/cm3, which
corresponds to an excess metal atom concentration of
0.1-1.0 at.%. Particularly high concentrations of
F -centres are attained by introducing electrons from out-
side. Buckel and Hirsch? raised the concentration of
alkali metal in the crystal (KCl, NaCl, KBr) to 10 at.%.
The concentration of F-centres, however, was not more
than 1.1%, the rest of the metal being present in the col-
loidal state.

The properties of F-centres are readily explained®,%¢
if it is assumed that they are electrons which have
replaced halide ions at the crystal lattice sites. This
localisation of current carriers takes place not only in
purely ionic crystals, but also in typical semiconductors,
There is no essential difference between an NaCl crystal
heated in sodium vapour and containing excess Na* ions
and F-centres, andacrystal of cuprous oxide heated in oxy-
gen and containing excess O?~ ions and conductivity holes.
The only difference is that the absorption band for the
cuprous oxide lies in the infra-red and not in the visible
region of the spectrum, and its formation does not change
the colour of the crystal.

The conditions for equilibrium between a crystal and
metal vapour were examined by Mott and Gurney . By
calculating the free energy change for the removal of one
metal atom from the vapour (AF,) and for the introduction
of one atom of metal into the crystal (AF.) and equating the
two, they obtained an approximate equation for calculating
the equilibrium concentration of F-centres in unit volume
("p)i

", ”M( En;kT )’/’JE*WF/’W. (6)
where ny is the concentration of metal atoms in the vapour,
m the mass of a metal atom, % and 2 are Planck's and
Boltzmann's constants, and Wy is the work done in intro-
ducing one metal atom into the crystal, that is the work

of formation of an F -centre,

This relationship has been confirmed experimentally.
From experimental data, Pohl® calculated Wy for different
crystals and obtained the values -0.10 eV (-2.3 kcal) for
KCl and -0.25 eV (-5.4 kcal) for KBr. Thus the dissolution
of a metal atom in a halide crystal is accompanied by a
gain of energy.

The mechanism of formation of F-centres when crystals
are heated in the vapour of the corresponding metals was
explained by Mott and Gurney as follows. One of the
metal atoms is adsorbed on the surface of the crystal, and
after a time interval this atom loses its electron, which
enters the conduction band and begins to drift into the
interior of the crystal. At the same time one of the nega-
tive ions is successively displaced from the internal layers
of the crystal to the surface and occupies a position next to
the positive ion. The anionic vacancy thus produced cap-
tures the electron and forms an F-centre. The localised
electron can be regarded as being shared by six positive

ions (in the NaCl lattice). On heating, the localised elec-
trons are lifted from their positions (dissociation of the
F -centres) and give the crystal electronic conductivity.

An important property of F-centres is that if an alkali
metal is dissolved in any fused alkali-metal halide and the
melt is cooled, typical F-absorption bands, characteristic
of the given salt, are formed on freezing. This means
that the F -centres can exist only in the presence of stan-
dard lattice defects, which do not occur in the liquid salt.

It is also apparent, however, that there is a direct link
between the F-centres and the metal dissolved in the salt.
We shall examine this question in more detail below, in
discussing the absorption spectra of solutions of metals in
fused salts.

IV. SOLUBILITY OF METALS IN PURE SALTS

It is convenient to examine the solubility of metals in
fused salts with reference to their position in the Periodic
Table.

(@) The solubility of alkali metals. The
dissolution of alkali metals in fused halides has been
studied by a number of workers. Lorenz and Winzer®
found that the solubility of sodium in fused NaCl increases
from 10 mole % to 15 mole % when the temperature in-
creases from 810° to 850°. Similar results were obtained
by Belozerskii %!, who found that the solubility of potas-
sium in potassium chloride is ~8 mole % at 800°.

The most complete study of the solubility of alkali
metals in fused halides was made by Bredig et al.’® %2, who
recorded the fusion diagrams for the Na-NaX, K-KX, and
Cs--CsX systems (where X = F, Cl, Br, or I). Some of
these are given in Fig.2, which shows horizontal lines cor-
responding to monotectic reactions and indicates complete
miscibility of metal and salt above certain limiting tem-
peratures, given in Table 6, which also gives the tempera-
tures of the monotectic reactions. In general the limiting
temperature decreases for a given metal in the halide series

MF > MC1 > MBr > MI.

The monotectic temperature changes in the same direction,
The solubility increases on going from sodium to caesium,
and caesium is completely miscible with liquid sodium
fluoride in all proportions.

& o L

4 /2
metal concentration, mole %

Fig.2. Fusion diagrams for the systems:
1) Na—NaF; 2) K—KF; 3) Cs—CsF.
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TABLE 6. Limiting temperatures (fyy,) for the
existence of two liquid phases and
monotectic temperatures for the

K—KX and Na—NaX systems & 79,

¢ |Monotectic

System
temp., °C

o,
Elime

Na — NaF 1180 990
Na — NaCl 1080 795
Na —NaBr | 1026 740
Na — Nal 1033 657
K —KF 904 849
K —KCl 790 752
K — KBr 728 708
K —K1 17 658

5%,
noo

mo°

00

0 20 30 4 50 60 W & 9% 0
Ba, mole %

Fig.3. Fusion diagram for the Ba—BaCl, system.

(b) The solubility of the alkaline-earth
metals. The dissolution of the alkaline-earth metals in
fused halides has been studied by Wohler and Rodewald ®,
Guntz and Benoit!®, Zhurin®%4, and others®, Recently,
Cubicciotti et al. 168,87 studied the fusion diagrams for the
alkaline-earth metal-halide systems Ba-BaCl,, Ba-BaBr,,
Sr-SrCl,, Sr-Srl,, and Ca-CaCl,. In this work it was
noted that at certain concentrations, solutions of salt in
metal and of metal in salt form two immiscible layers.
The solid formed when the salt-rich phase freezes, reacts
violently with water evolving hydrogen. Complete mutual
solubility of the metal and salt was not observed even at
high temperatures (1100°), in contrast to the case of the
alkali metals. Later, however, Schifer and Niklas?®
showed that Cubicciotti's studies were inexact, and that in
the Ba—BaCl, system, for example, complete mutual solu-
bility can be attained at 1010°. The corresponding fusion
diagram (Fig.3) is very similar to those of the alkali
metal-halide systems.

Table 7, which is compiled from various sources, gives
values for the solubility of the alkaline-earth metals in the
fused halides, and shows that these solubilities can be
measured only approximately. Some conclusions can,
however, be reached. Thus it is undoubtedly true that the
solubility of the alkaline-earth metals increases in the
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TABLE 7. Solubility of the alkaline-earth metals
in fused halides.
T Solubility, at.%
O,
Metal Salt & °C | Cubicciotti's g:':“::’nd
_ | data data
Mg MgCl, 720 — 0.55%=
800 0.92% 0.82%x
900 1.20% 1.28%*
Mgl, 900 1,25%
1000 1.34%
Ca CaCl, 900 16 —
1000 13 0.7
Caly 1000 — 9.6
Sr SrF, 1000 20,0
SrCl, 1000 — 24.6
SrBr, 900 21 —
1000 22 35
Srl 900 27 —
1000 35 40
Ba BaF, 1050 — 22
BaCl, 900 30 —
1000 28 —
1050 — 28
BaBr; 900 18 —
1000 22 —
1050 — 37
Bal, 1050 — 39

* Zhurin's data 3% 8,
** Bukun and Ukshe's data®.

series i
Mg < Ca < Sr < Ba

and decreases in the series
iodide > bromide > chloride > fluoride,

in agreement with the corresponding data for the alkali
metals.

() The solubility of heavy metals. Dataon
the solubility of metals in fused halides have been pub-
lished. The solubilities of lead8~®!, cadmium 0,927,
bismuth 88,710 cerjum 1710, and others have been
studied in detail, and for many of these the fusion diagrams
of the metal-salt systems have been obtained (Figs.4 and 5).
Collected solubility data are given in Table 8.

In most cases, increase in temperature is accompanied
by an increase in the solubility of the metal in the fused
salt. Corbett, von Winbush, and Albers® showed that for
systems with a solubility < 2%, the logarithm of the solu-
bility is a linear function of 1/T. %%

The Bi-BiCl, system is a special case, since Bi and
BiCl, show complete mutual solubility above 780°.1% The
solubility of Bi in BiCl, increases with increase in tem-
perature from 200° to 320°, then decreases with further
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w0 4% TABLE 8. Solubility of heavy metals in fused halides.
Wk Metal Salt t, °C 5°L:'j;"¥' Refererces
ay Zn ZnCl, 500 0.182 o

5 0.61
700 .64
00
Znk 500 0.28 9
600 0.87
agr 670 1,65
4 10 20 0 40 50 8 W 8 W Cd CdCl, 530 12.5 92, 83, 105
Cd, at.% 600 16.0
690
Fig.4. Fusion diagram for the Cd—CdCl, system. CdBrs | 600 14.0 92
Cdl, 410 0.63 9
610 1.5 a2
5.7
Hg HgCl, 500 50 92
Hgl, 500 25 92
Ga GaCly . (3 2
GaBry 230 9
Galy l a0
In ’ InX, ‘ 230 | 50 o
X4 | TiX ‘ 230 50 0
800 —
w0 Ly Sn SnCly 500 0.003 95
L Ll SnBr, 500 0.009 o
00 "l _
Pb PhCl, 500 0.060 95
e 700 0.056 106
W0h 5
10l tL. [
500 thh Pbl, 500 0.05 02
Li+(BuCL) 600 0.15 95
200 Lp+(BeCl) 700 0.41 94
100 | BiCly+(BiC) (BiL1) +Be
R . . . Sb SbCI3[ g(j}g g.gis v
0 10 20 0 <40 50 60 0 80 KU 08 Shl il
Bi, mole % ° A 400 5.8
Ce CeCl, 80 | 9.5 103
i i i i —Bi Bi BiCl, | 270 33 104
Fig.5. Fusion diagram for the Bi—BiCl; system. BiBr, 570 bo o

increase in temperature to 550°, and increases again above
550°.

For a series of metals in the same Group of the Periodic
System at constant temperature, the solubility (Table 8)
increases with increase in the atomic weight of the metal,
that is for a given halide the solubility increases in the

series Zn < Cd < Hg
Ga<In, Tl

Sn < Pb

Sb < Bi,

in agreement with the analogous relationships for the alkali
and alkaline-earth metals.

For metals of the Third, Fourth, and Fifth Groups,
changing the anion increases the solubility in the series

chloride < bromide < iodide,

in agreement with the corresponding change for the alkali
and alkaline-earth metals. The same order is observed
for zinc solutions, but in the case of cadmium the reverse
order is shown and the solubility increases from the iodide
to the chloride.

Corbett, von Winbush, and Albers % noted that the stan-
dard free energy changes for the disproportionation of solid
mercurous halides are 8.0 kcal mole™, 6.6 kcal mole™,
and 2.5 kcal mole ™ for the chloride, bromide, and iodide
respectively, indicating that the order of stability of the
mercury sub-compounds is similar to the order of solu-
bilitjes for cadmium. A characteristic feature is that al-
though the stability of the halide complexes of most metals in
aqueous solution decreases from the fluoride to the iodide, the
reverse order is shown by complexes of cadmium and mer-
cury!®”, This is attributed to the tendency of mercury and
cadmium to form covalent donor 7-bonds whose strength
increases in the series chloride < bromide < iodide. In
this case we can assume that both the solubility and the
stability of the sub-compounds should decrease with in-
crease in the stability of the bond between the “normal”
cation and the anion,

Data on the dissolution of 2 number of other heavy
metals have recently been published. Cubicciotti and
Johnson 198109 reported the high solubility (up to 7.5 at.%)
of nickel in nickel chloride. Corbett et al. 42107113 studied
the fusion diagrams of gallium halides and established the
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existence of the compounds GaX, GaX,, and GaX;. A mix-
ture of gallium iodides was formed when gallium was
heated with elementary iodine to 350°-500°. On fusion the
gallium di-iodide (m.p. 211°), disproportionated to Gal

and Gal,.

Clark, Griswold, and Kleinberg!!¢ obtained the InCl-
InCl, phase diagram and noted the formation of a con-
gruently melting compound, In,Cl;, which they assumed to
be the complex salt In®[In4PCL |’

Corbett 113,118 a]s0 studied the Pr—PrCl,, Nd-NdCl;, and
Nd-NdI; equilibria. The fusion diagrams indicate that the
compounds PrCl2-%* (978°), NdCl, (950°), NdIL, (970°) and
the compound NdCl, ,, melting incongruently at 700°, are
formed in these systems. Their structures are not yet
clear.

V. INFLUENCE OF FOREIGN CATIONS ON THE SOLU-
BILITY OF METALS

In this section we shall examine the influence of foreign
cations of less noble metals on the solubility. Only a few
data are available.

s
3

g

male fraction of Cd in
finol mixture
1)
S

a8 as a4 @ a
mole fraction of CdCl, in initial mixture

Fig.6. Solubility of cadmium in binary salt systems:
1) CdCl,—KCl]; 2) CdCl,—CaCly; 3) CdCl,—~MgCly;
4) CdCl;—CeCly; 5) calculated curve for a regular
solution; 6) calculated curve for an ideal solution.

TABLE 9. Polarising power of cations (P)*

Mt R.A P= i
cdv | 1.03 | (1.90)
K+ 1.33 0.56
Caz+ 1.06 1.76
Mgz+ | 0.78 3.28
Ces+ | 1,00 | (2.94)

* The polarising power of cd?t and Ce®,
generally speaking, is greater than z/R?, since
these ions do not have the electronic structure
of an inert gas.

Cubicciotti !? studied the dissolution of cadmium in
binary salt melts containing KCl, CaCl,, MgCL,, and
CeCl;, all of which decrease the solubility of cadmium,
the efficiency of the additives decreasing in the series
(Fig. 6)

KCl > CaCly > MgCl,, CeCls.

The influence of a foreign cation on the solubility of cad-
mium in cadmium chloride depends on its polarising power
(Table 9). The K* and Ca® ions, whose polarising powers
are much less than that of Cd*, decrease the solubility to
a much greater extent than might be expected if the effect
of the foreign salt were merely simple dilution of the salt
phase in accordance with the law of mass action (curve 6
in Fig.6). The reverse is true of Mg* and Ce*, which
have a greater polarising power than Cd?*,

Since the polarising power characterises quantitatively
the interaction between the cations and anions in the salt,
the observed relationship indicates a direct link between
this interaction and the solubility, The “stronger” Mg
and Ce3* cations decrease the energy of the Cd*—-C1- bond
and thus increase the solubility of cadmium compared with
that in an ideal ionic solution, whereas the “weaker” cat-
ions, by increasing the energy of the Cd*-Cl1~ bond, de-
crease the solubility.

These ideas lead to the suggestion that the solubility of
cadmium should be proportional to the activity of CdCl,; in
the salt phase. This can be verified if the CdCl, solutions
are regular. Denoting the solubility of cadmium by s and
the cadmium chloride concentration by x,, we obtain by the
law of mass action

K=t (1)
1
where y5 and y, are the corresponding activity coefficients.
Assuming ys = const. and, in accordance with the theory of
regular ionic solutions '8,

log’n:A(l'—xl)’, (8)

we find
s k 2
log o :bgf +A(l—x)} 9)

where A is a constant. The broken line in Fig. 6 gives the
solubility curve for Cd in CdCl,-MgCl, with appropriate
choice of the constants k/y; and A, and shows that satis-
factory agreement with experiment can be obtained. Apa-
logous results can also be obtained for the CdCl,-CeCl,
system, but for CdCl,-KCl and CdCl,-CaCl, mixtures this
relationship is not confirmed, probably because these solu-
tions are not regular. The results obtained by Cubicciotti!”*
were explained in terms of his own theory, which does not,
however, agree with a number of facts, particularly the
difference in the influence of CaCl, and MgCl, on the solu-
bility of cadmium.

Analogous results were obtained®® in a study of the solu-
bility of Bi in BiCl;—NaCl and BiCl;~CaCl, mixtures. The
Na* cation, which has a lower polarising power, decreased
the solubility of bismuth to a greater extent than the Ca?
cation.

The influence of foreign cations on the solubility of mag-
nesium in a chloride melt was studied by Zhurin?®,% and in
more detail by Bukun and Ukshe ®, who showed that at a
given magnesium chloride concentration the solubility de-
creases with decrease in the polarising power of the foreign
cation (Table 10).
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The influence of cations of metals more noble than the
metal dissolving is complicated by equilibria of the type
Mg + PbCl, = MgCl, + Pb, which are outside the scope of
the present article., It is nevertheless of interest to
examine how the solubility is affected by dilution of the
metallic phase by a more noble metal. Heymann efal.18-119
showed that for the Cd-Bi-CdCl, system the solubility is
proportional to the concentration of dissolving metal in the
alloy:

s =lkexy - (10)

Similar results were obtained by Zhurin® for the Mg-Al-
MgCl, system (Table 11). A deviation from Eqn. (10) was
observed!® for Na-Pb(Cd) alloys, and the authors attri-
buted this to the non-ideal nature of the metal solutions.

VI. CRYOSCOPIC STUDIES OF SOLUTIONS OF METALS
IN FUSED SALTS

Since solutions of metals are true solutions, the appli-
cation of the Raoult-Van't Hoff law for the dependence of
the freezing point depression on the concentration of solute
should give information on the structure of the dissolved
species., Since

AT} = vKjm, (11)

where Tr is the m.p. of the pure solvent, m the molal
RTFM,
T(T(%TJ% the cryoscopic constant;
Ly is the heat of fusion of the pure solvent, and M, its mole-
cular weight, we can, by comparing the experimental value
of the cryoscopic constant K¢ with the calculated value,
find the number of particles of new species formed when
one atom of metal dissolves (v).

solute concentration, Ky =

TABLE 10. Solubility of magnesium at 800° in a melt of
50 mole % MgCl, + 50 mole % MCL,%,

MClp I KCl NaCl l BaCl, SrCly ) CaCl, Licl
Zw/Rju 0.56 1.04 0,98 1.34 1.76 1.64
s % 10%, at.% 15.2 17.4 34.2 37.2 42.0 40.4

TABLE 11, Solubility at 800° of magnesium
diluted with aluminium %,
Metal phase
compn., % | 5,at.%x10 | kox 10
Mg |A R N
100 0 94 A7
79 | 21 82 51
67 | 33 56 2
49 H 45 46
average 46.0

This calculation can be carried out, for example, for
solutions of potassium and sodium in their halides (Table 12),
The data of Bredig and coworkers were used for the heats
of fusion, melting points !2°, solution concentrations x
(mole fractions), and ATy.7/2%:82 In all cases v = 0,5-0.7,
indicating that one species is formed in solution for every
two atoms of dissolved metal. In other words, the dis-
solution of sodium and potassium is accompanied by the
formation of Na, and K, molecules. It should be emphasised
that these are molecules and not double ions, since reac-
tion of the type

Na+4Na—— Na;" )

corresponds to the formation of one dissolved species for
every metal atom. The fact that the value of v, particu-
larly for sodium, is greater than 0,5 was attributed by
Bredig and Bronstein®? to partial dissociation of the mole-
cule

Na;7=—=* 2Na.

Dissociation according to the scheme

Nag+42Na+——= 2Na}
is also possible.

Similar calculations by Cubicciotti and coworkers 18
showed that when nickel dissolves in NiCl,, up to Ni con-
centrations of 7.4 at.%, the freezing point depression cor-
responds to the formation in solution of two new species
for every dissolved nickel atom, indicating that the disso-
lution of nickel involves the reaction

Ni + Niz* — 2Nit.

Another method of interpreting the results of cryoscopic
measurements involves the use of the approximate Schroder
equation for the liquidus line
LAT,

RT((T, + aTp) 12)

Inx = —

where x is the mole fraction of the solvent.

Grjotheim, Gronvold, and Krogh-Moe 2! investigated
freezing point depressions for the dissolution of cadmium
in cadmium chloride. The value of x depends on the struc-
tural model of the solution. By assuming different struc-
tural models, it is possible to calculate the heat of fusion
Ly and compare it with experimental data. Thus for
Cd-CdCl, we have:

1. For the reaction Cd + Cd* = Cd2

Xcde = (n(;dc]!—-nca)/n(:d(:h, Lf = 5.4 kcal mole™
where n; is the number of moles of the i-th component.

TABLE 12. Structure of sodium and potassium dissolved in
halides.
Lf, L!,
Salt | 7§ . °Klkcal x JAT, L K|v10f| Ky v Salt | 1. °Klkcal X, [AT o °K|e107| K;

X mole” X mole
NaF 1268 | 7.8 5 12.5[13.7(0.60 | KF 1131 | 6.75 9 | 45 |18.8{0.60
NaCl 1073 | 6.7 5 2.1118.5]0.73| KCl | 1043 | 6.34 18 10 26.6|0.54
NaBr 1020 | 6.24 7 2.9133.2/0.72| KBr 1007 | 6.10 26 17 | 32.410.46
Nal 933 | 5.64 3 1.6149.00.55 K1 954 | 5.74 23 12 148.5[0.57
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2. For the reaction Cd + Cd?* = 2Cd*
Xcdw = (nqu,—r‘lCd)/(Ilc‘lc], —+ nca), L[ = 10.4 kcal mole™.
3. For the atomic dissolution of cadmium

Xcds = Ncact/(Ncact, + fica), Lj = 4.5 keal mole™.

The experimental value is Ly = 5.3 kcal mole™, indicating
that CdZ* ions are formed in solution.

Analogous calculation from published data ! for Ni in
NiCl, gives a value ~ 10 kcalmole™ for L, assuming that
Ni2* is formed and ~20kcal mole~! assuming that Ni* is
formed. This confirms that the Ni dissolves as singly-
~charged Ni* ions, since the experimental heat of fusion
of nickel chloride is 18.5 kcal mole~?,

Mellors and Senderoff °® carried out an analogous
analysis of the dissolution of Ce in CeCl,. The calculated
values of the heat of fusion of CeCl;, assuming the forma-
tion of an atomic solution, Ce* ions, and Ce?* jons, are
6.0 kcal mole~!, 9.0 kcal mole~!, and 18.0 kcal mole~! re-
spectively. Comparison with the actual heat of fusion L7 =
=~ 8 kcal mole™, shows that Ce* ions are formed.

Bredig!'?? and Mayer et al.!?® examined the structure of
solutions of Bi in BiCl; on the basis of cryoscopic data.
The following dissolution reactions were assumed:

Bi — atomic Bi

2Bi — Bi,,

2Bi 4 BiCl; — 3BiCl,
4Bi +- 2BiCl; — 3BiyCl,,

2Bi + BiCl; — BisCls,
8Bi + 4BiCl; — 3BiCl,,
Bi + 2BiCly — 3BiCl,,
Bi+ BiCly — BigCly -

The heat of fusion of BiCl,, was found to be 5.5 kcal mole~!
by Bredig*#, and 5.7 kcal mole~ by Mayer ef al.}?*, and
best agreement with experimental data is obtained assum-
ing the formation of Bi,Cl, (Fig.7) or the dimeric ion

(: Bi :: Bi:)*, by analogy with the (Hg:Hg)*ion. Dissocia-
tion of the dimer above 400° is possible.

Bi, mole %

Fig.7. Comparison of experimental data for

the depression of the freezing point of BiClg by

Bi with the calculated values obtained for different
structural schemes for the solutions.

VII. INFLUENCE OF THE DISSOLUTION OF METALS
ON THE VAPOUR PRESSURE OF FUSED SALTS

Cubicciotti et al.*?* studied the vapour pressure of BiCl,

in equilibrium with Bi in the range 210°-410° and showed
that the vapour consisted of monomeric BiCl, and that the

100

vapour pressure is related to the temperature by the ex-
pression

1°8P=Po+%. (13)

The dependence of the vapour pressure on concentration
shows positive deviations from Raoult's law, indicating
that the bismuth dissolves as neutral aggregates of the type
Bi, or as polymeric ions, for example

2Bi 4 Bis+ 7 3Bi*,
3nBi+ 2. 8Bitt.

The nature and structure of the dissolved bismuth were
discussed by Corbett3°,! and Bredig'?2. Corbett con-
cluded that the deviations from ideal behaviour can be
attributed to the formation of the polymer Bi,Cl, at tem-
peratures up to 360° and of more complex polymers at
higher temperatures. According to Bredig!??, the data can
be explained equally readily by assuming the formation of
the dimer Bi,Cl,, which is converted to Bi, at higher tem-
peratures. Analogous results have been obtained for
Bi-BiBr,.'?® The equilibrium

3Bi, X, 2 2Bi, 4 2BiX,,

according to Bredig, exists at all temperatures but is dis-
placed to the right with increase in temperature. The
equilibrium constant of this reaction for Bi-BiBrg, for
example,

K [BisX,]3

* TBI%I BLJE (14)

decreases from 0.05 at 300° to 10~* at 400°,

This explanation does not contradict cryoscopic data and
also explains the complete miscibility of Bi and BiCl; at
high temperatures®, for if the dissolution of the bismuth
involved merely the formation of singly-charged ions, the
solubility could not exceed 33 at.%, whereas Bredig's
hypothesis postulates that the complete miscibility is due
to mixing of the Bi, dimers with the subhalide Bi,X,, no
Bi** ions apparently remaining.

Cubicciotti and Keneshea'?? also studied the vapour
pressure Bil, over Bi-Bil; solutions. Unlike the chloride
and bromide systems, this system shows ideal behaviour
up to Bi concentrations of 30-35 at.%. The equilibrium

Bil; = I,(gas) + Bi(soln.)

is established. No explanation for the unique behaviour of
this system has been given. '

VIII. VOLUME EFFECTS ACCOMPANYING THE DIS-
SOLUTION OF METALS IN FUSED SALTS

The influence of the dissolution of metals on molar
volume was also studied by Cubicciotti and Keneshea 126130
in the case of bismuth solutions. They established that in
all cases the density of the solutions decreases linearly
with temperature

p=a—f.

The quantity @ increases and the temperature coefficient g
decreases slightly with increasing concentration of bismuth
(Table 13),
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TABLE 13. Change in density of Bi—BiX; solutions with The value of the prelogarithmic coefficient b is deter-
change in concentration (by interpolation from mined by the mechanism of the dissolution. K this in-
Cubicciotti's data). volves the formation of M* ions, b = 2.3 RT/F, if M2* ions
or M atoms are formed, b = 2,3 RT/2F, etc. For solu-
tions of cadmium in CdCl, + KC1-NaCl (1 :1) at 700° the
s BiCl, Bibr, | Bil, experimental value of b = 0.092, indicating that dissolution
Bis ot . 0 . pror s | e of cadmium takes place according to the reaction
0 4.42 2.20 5.25 2.40 5.56 2.22 Cd+Cd2+ —— Cd3*
10 4.58 2.06 5.39 2.20 5.67 2.40
20 4.85 2.08 5.54 2.00 5.79 1.95 or
30 5.19 2.15 5.1 1.85 5,94 1.75 Cdy —m Cddius

If we assume that the subchloride Bi,Cl, is formed in
solution of the molar volume of the solution can be calcu-
lated from the formula

7o *sictMpicn T (0 — *si01) Mpicl,  _ 489%pi,cy + 3154 (1 — 2pca) 5)
P 3 ’
where x is the mole fraction and M the molecular weight.
Here
3xpg;

*Bicl, = ﬁgx—m , (16)
where xp; is the mole fraction of dissolved metal and the
molar volume of the Bi,Cl, dimer in the solution is defined
as

V—(—xga1,) vmcn._
*Bi,cl, !

1n)

Deicl, =

where Vpicig is the molar volume of pure bismuth chloride.
Analogous equations can be written for the other halides.
Calculation shows that in the concentration range xg; =

= 0.05-0.20 (xBi,x, = 0.04-0.18) the partial molar volume
of the dimer is almost independent of the eoncentration of
the solution and is close to Vaix,. The fact that the partial
molar volume of Bi,X, is constant indicates that solutions
of Bi in BiX; approximate to ideal behaviour if they are
regarded as Bi,X,-BiX; mixtures.

Thus measurements of the density of Bi—-BiX; solutions
agree with the assumption that Bi, X, is formed. Analo-
gous calculations can also be made, however, assuming
that bismuth dissolves as atoms. There are no grounds
for rejecting the latter hypothesis.

IX. POTENTIOMETRIC STUDIES OF SOLUTIONS OF
METALS

Karpachev and Stromberg °¢,13! were the first to make a
potentiometric study of solutions of metals in fused salts.
The procedure involves the determination of the dependence
of the potential of an inert carbon electrode on the concen-
tration of dissolved metal. The electrode potential, like
an ordinary redox potential, is determined by the ratio of
the concentrations of dissolved metal to that of normal
chloride and if the latter remains constant, the potential
obeys the Nernst equation

q)=|p°—blog?.

For solutions of lead in PbCl, at 700°, b = 0.185, i.e.
Pb+Pb3+ ———» 2Pb+,
which agrees with the results of cryoscopic measurements.

Using potentiometric measurements, Karpachev and
Stromberg determined the composition of a saturated solu-
tion from the point at which the potential of the carbon
electrode ceased to change when the metal was introduced
into the cell by cathodic deposition. The quantity of metal
liberated was calculated from the quantity of electricity
passed, The results of the solubility measurements made
in this way are given in Table 14, The solubility of lead in
PbCl, at 700° is 0.056 mole%, which agrees well with other
data,

Although the solubility of Cd in a KC1-NaCl (1 :1) melt
is very small, it is nevertheless significant and when re-
calculated in volume units amounts to ~0.0059 M. The Cd
concentration in the vapour above the metal at 1 atm and
700° also amounts to ~ 0,006 M, so that it is natural to
assume that part of the cadmium “volatilises” into the melt
in atomic form.

Senderoff and Mellors !32 made a potentiometric study of
solutions of cerium in cerium chloride and found that the
e.m.f. of the cell

Ce{ CeCl,, sat. with Ce {|CeCl; |Ce

in the temperature range 820°-920° exceeds the calculated
value by 0.7 V. Since in the authors' opinion the junction
potential in the cell cannot exceed 60 mV, this difference

can only be ascribed to an equilibrium of the type

4CeCly + 2Ce = 3Ce* + 3CeCly .

Analogous e.m.f. values were obtained with inert Mo
electrodes. The e.m.f., for Ce concentrations in the melt
between 8.7 mole % and zero, was related to xce by the
equation

Ce?*)
[Ce*]

¢ =@+ blog > (18)

with a prelogarithmic factor equal to 0.115 V, indicating
that Ce* ions are formed. In Senderof and Mellors'

TABLE 14, Solubility of cadmium in CdCl,~KCl—~NacCl at 700°.

Concn. of CdCl, in

3.0 5.0 6.5 10,0 25.0 50,0
NaCl-KCI, mole % °

0 . 1.0 2.0

Solubility of Cd, ot.%| 0.025 0.034 ]0.042|0,053|0.074[0,084[0.110|0.465| 2.34

101
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opinion, the dissolution of cerium should lead to formation
of the complex

Ce®[CelINC],].

Finally, Smirnov and Chukreev 133:13¢ made a potentio-
metric study of the dissolution of beryllium in BeCl, +
+ KC1-LiCl at 400°-900°. Assuming that Be on dissolution
forms singly-charged Be* ions, they measured the poten-
tial of an inert molybdenum electrode in the melt and found
the equilibrium constant of the reaction

Be(solid) + Be?* = 2Be*
to be given by
- 4004 1
k= exp (2.36 - ) 19)

X. ELECTRICAL CONDUCTIVITY OF SOLUTIONS OF
METALS IN FUSED SALTS

The electrical conductivity of solutions of metals in
fused salts was studied by Aten?®3,135,136 and Bredig and
Bronstein?®?, The latter made a systematic study of the
electrical conductivity of solutions of sodium and potassium
in their fused chlorides and bromides (Figs.8 and 9).

The dissolution of the alkali metals in all cases leads to
an increase in the conductivity. Bredig and Bronstein cal-
culated the equivalent conductance of the dissolved metal,
assuming additivity of the molar volumes, from the equa-
tion

g = Koon V=20 sare
M= ’

ra (20)

where x, and x, are the mole fractions of the metal and
salt, A4 is the molar conductance of the pure salt, Ky
the specific conductivity of the solution, and ¥ the molar
volume of the solution. With increase in the concentration
of dissolved metal, An, decreases whereas Ak increases
(Fig.9).

K Q* em™

L K

SN A NIV ISS

Na, mole %

Fig.8. Specific conductance of solutions of
metals in fused salts:

1) Na—NaCl, 845° 2) Na—NaCl, 890°

3) Na—NaBr, 805°% 4) Na—NaBr, 895°%

5) K—KBr, 870°% 6) K—KBr, 760°%

7) K—KCl, 820°.

102

Ay cm? Q7 x 107

Fig.9. Equivalent conductance of metal
dissolved in a fused salt. Numbering
same as in Fig.8.

These facts require special explanation. In Bronstein
and Bredig's opinion, the electrons should be relatively
weakly bound to the dissolved metal atoms, so that the
conductivity of the solution becomes partly electronic in
character, and increases with increase in concentration.

In addition, however, association of dissolved particles
(Na,) is possible, and this apparently leads to a decrease
in Ana with increase in the Na concentration in the solution.
The decrease in the equivalent conductance of the solution
due to association can hardly be more than 1-2 cm?Q ™ per
mole % of dissolved metal, whereas the increase in the
equivalent conductance due to the electronic contribution
reaches 100 cm?Q ™ per mole % of metal. It is assumed
that almost no association of potassium takes place in solu-
tion, although this does not agree with cryoscopic data.
Bronstein and Bredig assumed that the electronic conduc-
tance in the melt involved the transfer of electrons between
ions of different states of oxidation. This mechanism is
similar to proton transfer in aqueous solution.

Aten studied the electrical conductivity of solutions