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Advances in the chemistry of compounds containing P~F bonds, published during the past three or four years, are surveyed.
Methods of synthesising several novel and some previously known products containing phosphorus and fluorine are reported,

together with their chemical properties and the results of structural investigations using optical spectroscopy, nuclear magnetic
resonance spectroscopy, and electron diffraction. The Review covers recent investigations on the stereochemistry of fluorides
of five-coordinated phosphorus, and also problems of the complexing power of P[ill] and P[V] fluorides, which have been
widely studied during recent years. Progress in the chemistry of the phosphorus fluorides will help to solve such important
and continuing problems as the degree of hybridisation and the nature of the phosphorus-substituent bond in five-coordinated

phosphorus compounds, the mechanism of chemical reactions involving phosphorus compounds of various coordination
numbers, the possibility and the character of interference between substituents, etc. A list of 188 references is given.
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I. INTRODUCTION

In 1965 a review by Schmutzler appeared in the series
“Advances in Fluorine Chemistry”!, which surveyed the
main results of investigations on the fluorides of phospho-
rus varying in coordination, made from the time of Mois-
san's discovery of phosphorus trifluoride to 1964 inclusive.
The present Review is based on work published during
1965—-1968, and reflects both the increasing intensity of
research in this field and the shift in the centre of attention
from fluorides of four-coordinated phosphorus P[IV] to
compounds in which the coordination number of phosphorus
is either three (P[III]) or five (P[V]). The latter feature
depends upon the widespread possibilities of modern phys-
icochemical methods for identifying and investigating
structure. This has given the most significant results in
the study of the stereochemistry of the molecules PF,,
CH,PF,, and (CH,),PF,, for which the previously suggested
configuration of a trigonal bipyramid has been quite rigor-
ously confirmed.

II. METHODS OF PREPARATION AND CHEMICAL
PROPERTIES

1. Fluorides of Three-coordinated Phosphorus

Phosphorus trifluoride, mixed halides,
and fluoride pseudohalides of P[III}. It
has recently been proposed to prepare phosphorus trifluo-
ride by double decomposition between the halides
PHal, (Hal = Cl, Br) and salts of hexafluorosilicic acid?,
which are considerably more readily available than the
fluorides of arsenic, antimony, lead, and calcium which
are usually employed?.

During this period, however, research workers have
paid greater attention not to phosphorus trifluoride itself
but to its derivatives XPF, (X = I, Br, Cl, CN, NCO, NCS),
which open up possibilities for the preparation of interest-
ing new compounds. In particular, immediately after
Cavell's reported® preparation of phosphorus iodide diflu-
oride by treating NN-dimethylphosphoramidous difluoride
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with hydrogen iodide, publications appeared*~® confirming
his results and developing the chemistry of phosphorus
iodide difluoride. Reaction of the latter with mercury
yielded the previously unknown tetrafluorodiphosphine®,
attempts to prepare which from tetrachloro- or tetraiodo-
diphosphine had been unsuccessful?. The preparation of
tetrafluorodiphosphine was conducted in a vacuum (resid-
ual pressure ~50 mmHg), since at higher pressures the
initial phosphorus iodide difluoride disproportionates into
the trifluoride and the tri-iodide of phosphorus.

Analysis of the mass spectrum of tetrafluorodiphosphine
led to the conclusion® that the product contained pyrophos-
phorous tetrafluoride as impurity, which might have been
formed by the hydrolysis of tetrafluorodiphosphine:

2 P,Fy +H,0 — 2PHF, + F,POPF, .+

This compound has been prepared from phosphorus iodide
difluoride and copper(I) oxide®,®. It is unstable, and at
room temperature it decomposes slowly in conformity with
the equation

F;POPF; — PF;+ (POF),.

Phosphorus iodide difluoride reacts with cuprous cya-
nide to form phosphorus cyanide difluorides:

IPF; + CuCN — PF,CN +Cul .

This compound is stable only below 0°C. Above —20°C it
probably undergoes exchange interactions with the more
stable phosphorus trifluoride and phosphorus tricyanide.

The previously unknown phosphorus di-isothiocyanate
fluoride has been obtained, together with the difluoride
P(NCS)F,, by exchange between the tri-isothiocyanate and
antimony trifluoride®:

2 P (NCS); + SbFg — F;P (NCS) 4 FP (NCS), + Sb (NCS); «

The quite substantial difference in the boiling points
reported?,'? for phosphorus isothiocyanate difluoride indi-
cates that the earlier investigation'? had dealt not with

P(NCS)F, but with a phosphorus fluoride of greater coordi-

nation number—most probably SP(NCS)F,

Fluorides of the type XPF, (where X = Br, I, H) exhibit
an interesting peculiarity on reaction with hexafluoroace-
tone. Unlike most other P[III] derivatives, which form
1:2 adducts, in which the coordination number of the phos-
phorus is five, these fluorides give with hexafluoroace-
tone 1:1 adducts having the structure of phosphorodifluo-
ridous esters of the type (CF,),CX.OPF,.'' Quite
recently Lustig!? has obtained (CF,),C(CN)OPF, by the
reaction between phosphorus bromide difluoride and hexa-
fluoroacetone in the presence of sodium cyanide. This
involves the initial formation of (CF,),C(CN)O"Na’, which
then reacts with BrPF, to yield the final product.

Phosphorofluoridous amides and
esters. Synthetic work in thig field is distinguished
by a broader study of the chemical properties of deriva-
tives of phosphorofluoridous acids, which previously had
hardly been investigated.

An interesting result is obtained from the reaction of
phosphorodifluoridous esters and amides with primary
amines. In both cases hydrides of P[V] are among the
main products!3,'4:

XPF, -+ H,;NR — XF,PH (NHR) (X=OR, NR,) »

Nevertheless, the phosphorus-31 nuclear magnetic
resonance spectra indicate that no P[V] derivatives are
formed in the reactions of amides R,NPF, and esters
ROPF, or (RO),PF with alcohols. Only after prolonged
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heating of an alcohol and a phosphorofluoridous diester do
signals from (RO),POH appear in the spectra. Amides of
phosphorodifluoridous acid react readily with alcohols even
at room temperature, to form a series of P[III] deriva-
tives, among which phosphorofluoridous diesters have
been identified by their 3P and !°F n.m.r. spectra. When,
however, the fluorides ROPF, are treated with secondary
amines, at least three products—an amide R,NPF,, a
phosphoramidous ester R,NPFOR, and a diester (RO),PF—
are formed. There are grounds for supposing that this
reaction involves the initial formation of hydrides
RO(R,N)PHF,, which at elevated temperatures may break
down into R,NPF, and R,N(RO)PF, whereas the formation
of diesters (RO),PF may be a consequence of subsequent
reactions in the phosphoramidous esters R,N(RO)PF in the
multicomponent reaction mixture. The higher stability of
hydrides containing an NHR group may be a consequence of
intramolecular hydrogen bonding!3,'4,

The addition of chlorine to phosphoramidous difluorides
was first noted by Ivanova!s. It has since been estab-
lished !3,!6,17 that chlorine and bromine form with these
derivatives liquid 1:1 adducts, which in several cases can
be distilled in a vacuum, their spectral characteristics
indicating that they are P[V] derivatives. Furthermore,
dimethylaminodichlorodifluorophosphorane has been
obtained by treating the corresponding phosphoramidous
difluoride with copper(Il) chlorides:

(CHyg); NPFy 4 2CuCl, — Complex — (CHg)s NPF,Cl, - 2CuCl.

The formation of 1:1 adducts has been established also
in the reactions of diamides (R,N),PF and amides R(R,N)PF
with halogens, but the products are probably ionic, not
pentacovalent structures!3,'?, It is obvious that 1:1
adducts are formed also in the initial stage of the mterac—
tion of P[II] fluorides with cyanogen bromide!3,'8,

At temperatures up to 50~ 60°C amides and esters of
phosphorofluoridous acids do not react with simple ketones.
Nevertheless, the amides R,NPF, and the diesters (RO),PF
react exothermally with hexafluoroacetone to form 1:2
adducts containing a five-coordinated phosphorus atom.
Phosphorodifluoridous esters do not react with hexafluoro-
acetone under the same conditions!®. As already men-
tioned, fluorides of the type XPF, (X =1, Br, H) form 1:1
adducts with hexafluoroacetone, which have been regarded
as phosphorodifluoridous esters?!:.

The condensation of cyclic phosphorofluoridous esters
with diene hydrocarbons led to the isolation of four-coordi-
nated phosphorus compounds ?°, which are probably decom-
position products of the initially formed P[V] fluorophos=
pholens:

——O\pp _CHi=cr—ctimch, | (H=CHa
0/ R—C— CH,”

The first attempt to isolate difluorodihalogenophospho-
ranes of the type ROPF X, (X = Cl, Br) were unsuccess-
ful?, the reaction of phosphorodifluoridous esters with
halogens yielding instead halide fluorides XPOF,, which
have since been proved!? to be products of the rearrange-
ment of the difluorodihalogenophosphoranes (P[V]):

ROPF, + Hal, — ROPF,Hal, — HalPOF; -} RHal (Hal:=Cl, Br).

More stable addition products are obtained from halo-
gens and phosphorofluoridous esters containing ArO groups
or the phosphorus atom in a five-membered phospholan
ring.

imong work on the synthesis of phosphorofluoridous
amides and esters themselves we must first note the devel-
opment of a process for preparing the previously unknown
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amides RN(PF,),, which have been obtained in good yield
by the reaction of their chlorine-containing analogues with
antimony trifluoride?2. The same type of reaction has
been used to synthesise several new dialkylamides of phos-
phorodifluoridous acid!® and cyclic phosphorofluoridous
esters 2, A previously unknown phosphorodifluoridous
ester has recently been obtained by Lustig!? by means of
the reaction ‘

BPF; + OC (CF3); + NaOCN 5+ (CFy); C=NC (CFy);—OPF, ,

Difluorophosphines and dialkylfluoro-
phosphines. In 1965 Rudolph and Parry reported the
synthesis of the first member HPF, of the series of diflu-
orophosphines, by the reaction of phosphorus iodide diflu-
oride with hydrogen iodide in the presence of mercury 3:

F,P1+ Hg 4 IH — HPF, - Hgslas

Later the same workers noted® that difluorophosphine is
formed by the reaction of tetrafluorodiphosphine with
water or with hydrogen iodide:

2P,F, + H,0 ~ 2HPF, + F,POPF,
P,F, +HI — HPF, -+ IPF; .

Little work has yet been done on the chemical properties
of difluorophosphine, although available information shows
that they are unusual in the quite high lability of the P-H
- bond, as indicated both by the above reaction with hexa-
fluoroacetone!! and by the hydrolysis of difluorophosphine,
the latter accompanied by the evolution of hydrogen #:

PHF, 4 H,0 —» HOPF, +H, .

A theoretical yield of hydrogen is not obtained, this being
attributed # to secondary processes accompanying the
cleavage of P—F bonds.

Difluorophosphine is more basic than phosphine and
phosphorus trifluoride towards borine. Its adduct
F,PH.BH, (b.p. 6.2°C) is stable to decomposition up to
25°C at a pressure of ~1 atm.# Under comparable con-
ditions F,P.BH, and H,P.BH, will dissociate into the initial
components.

The first alkyl(or aryl)difluorophosphines were described
in 1959 by Kulakova and her coworkers?. However,
owing to a misprint in this paper—the boiling point of
C.H,PF, was printed 74-170°, whereas actually it is 74°C
at 70 mmHg—the possibility of obtaining these compounds
by reaction between their chloro-analogues and antimony
trifluoride was open to doubt. A more detailed investiga-
tion of the reaction of alkyl(or aryl)dichlorophosphines with
antimony trifluoride showed that, under certain conditions,
it could be successfully used for the preparation of diflu-
orophosphines. In particular, 80—-85% yields of gaseous
methyl- and ethyl-difluorophosphines are formed by the
reaction of their chloro-analogues with the complex
SbF,.2C,H,N, 26,7 and high-boiling difluorophosphines can
be obtained in 40-60% yield by exchange between the corre-
sponding dichlorophosphines and antimony trifluoride in
dialkylaniline in a vacuum 2,77,

The fluorophosphines CH;PF, ® and (CH,),PF 3% have
been prepared by exchange between the chloro-analogues
and the highly active potassium fluoride in a vacuum.
Sodium fluoride has been successfully used in thiolan
1,1-dioxide medium for the preparation of C;H,PF,. 3

Fluorinated phosphines can be obtained also by the elim-
ination of hydrogen fluoride from the hydrides RPHF; 2,32
and R,PHF,. 3% Better results are given by heating the
monohydride aryltrifluorophosphoranes with potassium

3

fluoride 2,32, whereas alkyldifluorophosphines could not be
obtained in this way?, The elimination of hydrogen flu-
oride from unsubstituted alkyltrifluorophosphoranes and
dialkyldifluorophosphoranes can be accomplished by means
of tertiary amines %,%3, but the yields of the final com-
pounds are low, since the reaction is accompanied by
secondary processes.

In assessing existing methods for the preparation of
fluorophosphines, we note that, in order to obtain gaseous
compounds, it is advisable to use the reaction of chloro-
phosphines with the complex SbF,.2C_H,N, which requires
only simple apparatus and ensures high yields of the final
products. For the preparation of high-boiling fluoro-
phosphines it is more convenient to use the reaction
between chlorophosphines and sodium fluoride in thiolan
1,1-dioxide, since in this case the purest fluorophosphines
are obtained.

The study of the chemical properties of alkyldifluoro-
phosphines has revealed that the reaction of three-coordi-
nated phosphorus fluorides with reagents of the type H—-X
(where X = NHR, OR, F, Cl) may yield hydrides contain-
ing five-coordinated phosphorus #,%0,3%4-42,  The resulting
hydrides RPHF,X vary greatly in thermal stability depend-
ing on the structure of the radical X. In particular, the
hydrides RPHF,NHR %,3¢, RPHF,OR -3  and RPHF, 39,40
can in several cases be distilled even at atmospheric pres-
sure, whereas the hydrides in which X = NR,, Cl 42 pos-
sess far lower thermal stability. Formation of the
hydride CH,PHF,SC,H, in a mixture of CH;PF, and C,H . SH
could not be detected at temperatures between —30° and
+20°C by means of the #P n.m.r. spectra4,

Both alkyl- and aryl-difluorophosphines add chlorine
and bromine to form alkyl(or aryl)difluorodihalogenophos-
phoranes RPF,Hal,, which are extremely unstable even
below 0°C, with a tendency to intermolecular exchange of
ligands!%. With rise in temperature the exchange proces-
ses become more intense, so that it is possible to isolate
from the reaction mass alkyl(or aryl)tetrafluorophospho-
ranes and crystalline products approximating closely in
composition to alkyl(or aryl)fluorotrihalogenophospho-
ranes 3,7,

Alkyl(or aryl)phosphonofluoridous
amides and O- and S-esters. Compounds of
this type have been described quite recently, and their
chemical properties have not yet been adequately studied.
The most detailed investigations have been made on
alkyl(or aryl)phosphonofluoridous amides, rather less work
has been done on O-alkyl alkylphosphonofluoridites, and
the S-alkyl analogues of the latter have been the least
studied.

It has been noted above that at low temperatures alkyl-
difluorophosphines form with secondary amines the
hydrides RPHF,NR; 42, which, with rise in temperature
to 50—-60°C in the presence of excess of the amine, elim-
inate hydrogen fluoride to give 40 ~60% yields of NN-dialkyl-
amides of alkylphosphonofluoridous acids. The same com-
pounds canbe obtained by treating the amides RPCINR; 38,43
with antimony trifluoride or pentafluoride in an inert sol-
vent (ether, benzene), but the results were more satisfac-
tory when this exchange interaction was accomplished in a
dialkylaniline, the products containing phosphorus and flu-
orine being distilled off under a vacuum?., Prolonged
heating of the hydrides RPHF,NHR’ with tributylamine
gives 10—15% yields of monoalkylamides of alkylphospho-
nofluoridous acids4¢. The single example has also been
reported of the synthesis of the NN-dibutylamide of methyl-
phosphonofluoridous acid from methylchlorofluorophosphine
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and dibutylamine8. Most of the above reactions are suit-
able also for the synthesis of arylphosphonofluoridous
amides. However, it has been noticed® that, although the
products of the interaction of aryldifluorophosphines with
secondary and even with primary amines contain signals
from arylphosphonofluoridous amides in their P n.m.r.
spectra, vacuum distillation enables only their adducts
with hydrogen fluoride to be isolated (the structure of the
latter was not investigated).

Amides of alkyl(or aryl)phosphonofluoridous acids are
relatively stable compounds: in sealed ampoules they can
be kept for several months without any signs of change in
structure. In air the substances are slowly oxidised to
the corresponding alkyl(or aryl)phosphonofluoridic amides.
Prolonged heating with antimony trifluoride oxidises them
to alkyl(or aryl)trifluoroaminophosphoranes®. Like the
phosphorofluoridous amides they form liquid 1:1 adducts
with chlorine and bromine, which as a result of intermo-
lecular exchange of ligands yield the trifluorophosphoranes
RPF,NR;, andonhydrolysis form the amides RPOFNR; 17,5,
Hydrogen chloride causes rupture of the P—N bond in
alkyl(or aryl)phosphonofluoridous amides with the forma-
tion of alkyl(or aryl)chlorofluorophosphines #,38,4,  With
a-diketones the alkylphosphonofluoridous amides form
1:1 products, which on the basis of spectral investigations
are regarded as dioxophospholens containing a five-coordi-
nated phosphorus atom*7.

O-Alkyl (or aryl) alkylphosphonofluoridites were first
reported in 1968.9%,% They can be obtained by—(1) treat-
ing the hydrides RPHF,OR’ with ammonia or a tertiary
amine 25,4, (2) the reaction of alkyldifluorophosphines
with sodium alkoxides*®, or (3) exchange interaction
between alkylphosphonochloridous esters and antimony tri-
fluoride“®—but in all cases the yields are low, since the
reactions are accompanied by secondary reactions. The
purest products are formed from difluorophosphines and
sodium alkoxides 48,

Alkylphosphonofluoridous esters are oxidised compara-
tively easily by oxygen, and add sulphur to form the corre-
sponding phosphonofluoridates®. In the presence of alkyl
halides *° or of halogens 5° they undergo a Michaelis —Arbu-
zov type of rearrangement, with the formation of dialkyl-
phosphinic fluorides and alkylphosphonofluoridic halides
respectively. Like other compounds containing a three-
coordinated phosphorus atom, alkylphosphonofluoridous
esters react with trifluoromethyl azide to form phosphazo-
compounds R(R’O)PF : NCF,. 5!

The only S-alkyl alkylphosphonofluoridite known at pre-
sent has been obtained by the reaction of methyldifluoro-
phosphine with butanethiol in the presence of triethyl-
amine 52,

Complex compounds containing fluo-
rides of three-coordinated phosphorus as
ligands. Inthe general development of the chemistry
of complex compounds comprehensive investigations have
been made during recent years on a series of complexes
containing fluorides of three-coordinated phosphorus as
ligands. Methods of preparation, chemical and physical
properties, structure, and spectroscopic results, as well
as theoretical aspects of the problem of transgition metal - PF,
(ligand) complexes, have been discussed in a review by
Kruck 53, who covered work published up to 1967 inclusive.
Schmutzler's review! considers the same aspects of the
chemistry of complex compounds containing other phospho-
rus-containing ligands as well as the trifluoride. We
recommend that the reader, who wishes to be fully informed
on this research, refer first to these two reviews!,%, and
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the small amount of work not covered by them will be dis-
cussed below.

To estimate the electron-donor capacity of difluoro-
phosphine Rudolph and Parry?* studied its reaction with
diborane to form the complex HPF,.BH,, which does not
decompose below 25°C. The same complex can be
obtained by substituting HPF, for the phosphorus-contain-
ing ligand in the complexes F;P.BH,; and H;P.BH,. Sub-
stitution of the PF, ligand takes place even between —78°
and —45°C, whereas replacement of the PH, ligand
requires considerably more severe conditions. From
these results it was concluded* that HPF, is more basic
than PF; and PH, towards the Lewis acid BH,. This fact
was explained on the hypothesis that difluorophosphine
cont)ains an intramolecular hydrogen bond (FHF interac-
tion).

Tetrafluorodiphosphine reacts at 25°C with diborane to
form the complex P,F,.BH,. At room temperature this
decomposes slowly in conformity with the equations*

F,P—PF, - BH; — F;P - BH; + (PF),,

Deewer and Ritter 55 have recently been able to obtain
the relatively stable complex B,H,(PF,), by the reaction
of B,H, with PF,. The reaction was conducted in dimethyl
ether at —=15°C under pressure (35 atm). The adduct
B,H,.O(CH,),, formed initially, then reacted with PF; to
give diborane —bistrifluorophosphine. Hydrogenation of
the latter yielded BH,;.PF,.

Complexes of fluorides of three-coordinated phosphorus
with zerovalent nickel NiL, are usually obtained from the
corresponding phosphorus fluoride and tetracarbonyl-
nickel!,5%,58, A disadvantage of this method for obtaining
NiL, complexes is the necessity of isolating them from a
mixture of products of all degrees of substitution, which
in several cases is a difficult task. A more convenient
method in this respect is that proposed by Nixon, who
prepared several such complexes by the reaction of
w-dicyclopentadienylnickel with fluorides of three-coordi-
nated phosphorus *7:

7-(CsH)e Ni + 4 X, PF,_, — Ni (X, PF,_,)q + (2-CjHy)
X=F, CCly, (CoHy)a N, CyHyo, n=1; X=CF;, n=1. 2

In order to prepare Ni(PF,), and Pd(PF,), Kruck et al. 5
used the direct reaction of the metals with phosphorus
trifluoride in the presence of iodine as catalyst. Under
the same conditions platinum gives only traces of Pt(PF,),
with phosphorus trifluoride. When cobalt was treated
under pressure with a mixture of phosphorus trifluoride
and hydrogen, the hydride HCO(PF,), was obtained.

A large number of complexes of the type Ni{(CO)pL,_p
(n = 0-3), Mo(CO),L [L = RPF,, ROPF,, R,NPF,,
(RO),PF, R,PF, R(R,N)PF, (R,N),PF], and
Mn,(CO)n(PFy),0-nlr = 7—9) have been obtained by replac-
ing carbonyl groups in the complexes M(CO), (M = Ni, Mo)
and Mn,(CO),, by the appropriate phosphorus-containing
ligands 56,57,59-61,

2. Fluorides of Four-coordinated Phosphorus

Phosphoryl fluoride, mixed halides and
fluoride pseudohalide, phosphorofluoridic
esters, and their derivatives. Fluorides of
the type ZPFpX;_,, (where Z = O, S§; X =Cl, Br, NCO,
NCS; #n =1-3) are usually obtained by double decomposi-
tion between ZPX, and the metal fluorides!. Phosphoryl
and thiophosphoryl fluorides can also be obtained by the
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reaction of P,O, and P,S; with CaF,, SF,, HF, or IF..!
These methods have been somewhat developed during
recent years. In particular, the possibility has been
reported of using fluorosilicates in the exchange reaction
with the halides ZPHal, (Z = O, S) in order to obtain
phosphoryl and thiophosphoryl fluorides. In view of the
accessibility of the starting materials, this method can
probably be used on an industrial scale. A 40% yield of
phosphoryl fluoride has been obtained by heating a mixture
of P,0, and NF, (1:2) in a nickel autoclave to 480°C.
However, the reaction is complicated by secondary pro-
cesses leading to the formation of NOPF,. 2

Useful results have been obtained in the search for new
methods of synthesising halide fluorides POF,Hal (where
Hal = Cl, Br), which will be convenient in laboratory
practice. All three new reactions which can be used to
obtain these compounds provide good yields and require
only simple apparatus, so that the choice of method of
synthesis in the laboratory may be governed merely by the
availability of particular starting materials:

(1) ROPF, 22, OPF,Hal -{RHal

(2) F,POOOPF, —Tizlenm MHab | pp pal &8 (Hal=Cl, Br; M=Al)
(3) HOPOF, Z22_, OpF,Hal 4 OPHal, 4 HHal ® .

An attempt to prepare OPIF, by reaction (1) was unsuc-
cessful. Nor was this product obtained on treating phos-
phorodifluoridic amides with hydrogen iodide. Although
this compound is probably formed in the initial stages,
only phosphorodifluoridous acid can be isolated, which,
like HSPF, obtained in a similar manner, contains a four-
coordinated phosphorus atom 64,55;

ZPF, (NRy) + 3HI — ZPF,H + R,NH . HI 4+ I, (Z=0,S).

Charlton and Cavell ® have since reported that SPIF, can
be obtained by treating phosphorodifluoridothious acid with
the following reagents:

o]
CHZ—C<
' M 0
CHy—C{ ‘ CH.,—C’\'
— SPFyl + | ONH
CH—C{
o)
HSPF, —|— Stl.
65 Cfor8h

— SHHL |, SpF,1
20 Cfor72h

— SPF,I

Thiophosphoryl iodide difluoride, unlike PIF,, is ther-
mally stable, and can be distilled at atmospheric pressure
almost without decomposition. Only 5% of the substance
had decomposed after the sample had been heated at 150°C
for 4 daysss,

Treichell and his coworkers ¥ reported that phosphoro-
difluoridous acid is formed also as a result of interaction
between tetrafluorophosphorane and glass.

The chemistry of pseudohalide fluorides of P[IV] has
been considerably extended during recent years.

Roesky #3,88-70 investigated the chemical properties of the
tetrafluoride of pyrophosphoric acid, and found a conve-
nient method of synthesising OPF,NCS, OPF(NCO),, and
OPF,NCO, which congisted in reaction of the tetrafluoride
with potassium isothiocyanate and isocyanate respectively.
It was found that phosphoryl di-isothiocyanate fluoride is
formed by disproportionation of the initially formed
OPF,NCS:

KNCS .
F;POOOPF, 25°C for 12H OPF, (NCS) (yield 50%)

2 OPF, (NCS) ~ OPF (NCS), + OPF;.

65°C for 1

Treatment of thiophosphoryl tri-isothiocyanate with
antimony trifluoride at elevated temperatures yields thio-
phosphoryl fluoride isothiocyanates?,8:

SP (NCS)3 + SbFy — SPF; (NCS) + SPF (NCS); + Sb (NCS),

and phosphoryl fluoride isocyanates have been obtained™
by the reaction

SbFy

OPCI (NCO), OPF (NCO), 4 OPF; (NCO).,

An interesting method for obtaining OPF,NCO, consist-
ing in the reaction at elevated temperatures of silicon
tetraisocyanate with phosphoryl trifluoride, has been pro-
posed by Glemser and his coworkers’2, and a good yield
of the di-isothiocyanate SPF(NCS), is given by the reaction
between SPFCI, and potassium isothiocyanate’.

It should be noted that the boiling point given in Ref. 9
for SPF,NCS is identical with that reported previously?!°
for PF,NCS, so that doubt is cast on the three-coordinated
structure of the latter compound.

The new fluorides OPF,080,F and OPF(0OSO,F),, which
are essentially mixed anhydrides of fluorosulphuric acid
and the corresponding acids of phosphorus, have been
obtained by heating OP(OSO,F), to 100°C for 2 h,7

Investigation of the chemical properties of P[IV] fluoride
pseudohalides has shown that they react with alcohols and
amines primarily at the NCO or NCS group™,™:

ROH

_+ OPF (NHCOOR),
—l RNH-_.

OPF (NCO
(NCO) OPF (NHCONHR),

RNH,

RO (S) PF (NCS) — RO (S) PF (NHCSNHR) ,
NN’-Dialkoxy(or aroxy)carbonylphosphorodiamidic fluo-
rides are able to react further with alcohols and phenols to
give the corresponding phosphorodiamidate esters.

Phosphoryl difluoride isocyanate reacts similarly to the
monofluoro-derivative with alcohols and amines. The
resulting difluorides OPF,NHCONHAT on treatment with
phosphorus pentachloride form N-difluorophosphonyl-N’~
aryl-C-chloroformamidines. Similar treatment of
OPFCINHCONHAT yields N-chlorofluorophosphonyl-N’-
aryl-C-chloroformamidines’. These compounds are
hydrolysed to phosphoric acid, although phosphorofluoridic
acids may be formed at an intermediate stage:

ArNHC (=NPOF,) Cl 4+- 5H,0 — ArNH, - NF -+ NH, - NCI + HF 4 CO, + H3PO;.

Study of the chemical properties of phosphoryl and thio-
phosphoryl fluorides has shown that they react with alkali-
metal fluorides to form salts containing the anions [PO,F,]~
and [PS,F,]~. The salt KPS,F, can be obtained also,
together with potassium hexafluorophosphate, by the reac-
tion between thiophosphoryl chloride and potassium fluo-
ride’®:

2 MF + 2ZPFy; — MPZ,F, + MPF, (M=Cs, K; Z=0, S)
8 KF + 2 SPCly — KPS,F, + KPF, + 8KCl,

The caesium salt CsPS,F, has been used for the preparation
of (C¢H,),AsPS,F, and [(C¢H,),P],NPS,F,. Onium com-
pounds of nitrogen, phosphorus, and arsenic containing the
anion [POSF,]~ can be obtained by the reaction

SPFy+ (RsR'Z) OH — [RsR’Z)~[POSF,)" (Z=N, P, As).

Ammonium salts containing the anions [POSF,]~ and
[PO,SF}*- have been obtained by treating with hydrogen
fluoride salts containing the anions [POSNH,]~ and
[POSNH,]*~." In water P,S,, reacts with sodium fluo-
ride” to form a salt containing the doubly charged anion
[S,PF~S—-PS,F]>-.



An interesting reaction takes place between phosphoryl
fluoride and difluorocarbene. The latter acts as both
reducing and fluorinating agent, first adding to the P=0
bond and then forming OCF, and PF; or F,PCOF. 1 is
assumed® that the latter compound is formed by migration
of a fluorine atom from the carbonyl carbon to the phos-
phorus atom in the initially formed trifluorophosphorane

F3P—CFy
(o]

accompanied by cleavage of the P—0O bond.

Among work on phosphorofluoridates the greatest inter-
est attaches to the synthesis of the gilyl esters and to the
study of their chemical properties. Bistrialkyl(or aryl)-
silyl phosphorofluoridates have been obtained by the reac-
tion between silver phosphoromonofluoridate and the corre-
sponding chlorosilaneg8!:

2R,R’SiCl + Ag,PO,F — (RgR’SiO), POF - 2 AgCl.

An analogous type of reaction has been used for the synthe-
sis of silylene diphosphorodifluoridates 8%

RR'SIC!, + 8 NH,PO,F; — RR'Si [OP (0) Fyl, + RR'Si [OP (0) F;] F + RR'SIF; .

It is interesting that with alkali-metal alkoxides silylene
diphosphorodifluoridates yield salts of phosphorodifluoridic
acid. The hydroloysis of silyl phosphorofluoridates is
accompanied by the formation of fluorosilanes, disilox-
anes, and [PO,F]?~ aniong ,82,

Several new phosphorofluoridates have been obtained by
Roesky by the widely applied reaction of mixed halide flu-
orides of four-coordinated phosphorus with alcohols or
thiols in the presence of tertiary amines 3,

Canadian workers® have described a new synthesis of
dialkyl phosphorofluoridates based on cleavage of the
P-N bond in phosphoroamidates by means of hydrogen
fluoride. Phosphorofluoridates (RO),PZF (where Z = O, S)
can be obtained® by the reaction of salts of phosphoro-
dithioic and the corresponding SS’-diethyl acids with aro-
matic and heterocyclic fluorides.

Heating the compound OPF,OPOF, with ammonia leads
to the formation of phosphoramidic difluoride and the
salt [NH,|'[PO,F,]™: i.e. the reaction involves cleavage of
a P-0 bond which has been weakened by the displacement
of electrons towards the highly electronegative fluorine
atoms ®. This explanation for the rupture of a P-0O bond
in OPF,OPOF, appears to be sound, since the compound
OPC1,0POCl, reacts with ammonia without cleavage of such
a bond %8,57:

o

o}
F Il I F I F I F
N / N 4 Y4
F/,P—O——P\F+2NH, H,N. P\F+NH.0 P,

NH

o o o
1
o b/ inna .
H,

H,N.
N

P—0—

H.N/ N

The compound H,NPOF, obtained in this way has been
used for the synthesis of phosphazophosphoryl fluorides 25:

I F
o — R, Cl,P=N~—P< 4+ 2Hcl
I F F
HN—P{ —
I
_(GHOPCL , (CoHy)s P=N—P<F +2HCH,

Glemser and his coworkers 8 obtained the compound
OPF,N:SF, from H,NPOF, and sulphur tetrafluoride:

fo) o]
[

F F I
-~ DP—N= 2HF
H,N—P<F+SF¢ F/p N=SF; +
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The previously unknown aroxydifluorophosphazoimino-
aryls® and alkoxydifluorophosphazesulphonylaryls % have
been obtained by the reaction of phosphorodifluoridic
esters with N-chloroarenamines and with dichloroamides
of arenesulphonic acids respectively. The P—N bond in
the first group of compounds is ruptured by the action of
water, to give arenesulphonamides, and treatment with aque-
ous potassium carbonate yields the salts ArSO,NKPFOOR,
which can also be obtained by replacing a fluorine atom by
an alkoxy-radical in potassium arenesulphonylamidophos-
phorodifluoridates °,

Several new phosphorofluoridates of the type
(CF,),CXOPZF, (X = CN, N; and Z = O, S) have recently
been obtained by Lustig!? by the reactions

ZPFyBr + [(CF3)y C (CN) O] Na* — (CFy),C (CN)—O—P (Z) F; 4 NaBr

(Z=0, S; yield 60-87%)
OPEBr -+ [(CF3)y CO + NaNy] — (CFy)3C (Ns)—O—P (0) F5 + NaBr ,
(yield 64%)

The above compounds have been characterised by nuclear
magnetic resonance using the $'P and !°F nuclei, by their
infrared spectra, and by their mass spectra; there is no
doubt about their structure.

A recent paper by Shreeve® records the preparation of
SPIF, by the addition of sulphur to PIF, at 80—90°C (dura-
tion of contact of reactants 1 h). The yield of the final
product was ~50%, which is extremely surprising in view
of the tendency of PIF, to disproportionate at elevated
temperatures.

Fluorides of four-coordinated phospho-
rus containing a C - P bond. Here we must
first note the development of new syntheses of mixed
halides of alkylphosphonic acids and the investigation of
their chemical properties. Good yields of CH;POCIF,
C.H,POCIF, and also several previously unknown chloride
fluorides have been obtained by the reaction of alkylphos-
phonofluoridic esters with the chlorides XPCl, (X = Cl,
R,N, CcH,):°2

—PCh ., RPOFCI 4+ R'Cl 4 POCl

— RPOFCI + R; NPOC); + R'Cl
CHPGly__, RPOFCI 4 C4H4POCl, + R'Cl «

”
R‘NPCI.

RPOF (OR')—|

When phosphorus pentachloride is used, the temperature
of the reaction mass must be kept between 30° and 40°C,
gince considerable quantities of the dichlorides RPOCI,
are formed at higher temperatures. Under laboratory
conditions the choice of a particular chloride XPCl, is
governed not only by its accessibility but also by the rela-
tive boiling points of the phosphorus-containing products
formed. In particular, it is inadvisable to use phosphorus
pentachloride to obtain chloride fluorides RPOCI1F whose
boiling points are close to that of phosphoryl chloride,
which would make it difficult to separate the final products
by distillation.

The same workers 2 have used the reaction

RPSF (OR’) + Cl; — RPOFCI + SCl, 4 R'Cl

to obtain alkylphosphonic chloride fluorides. This prob-
ably involves the intermediate formation of the dichloro-
fluorophosphorane RPCL,FOR’ (as is observed in the reac-
tion of the amides R,NPSF, with chlorine), which, being
unstable, splits off R’Cl to form RPOCIF.

Under the influence of thionyl chloride, phosphorus
pentachloride, or phosphorus pentabromide alkylphosphono-
fluoridic acids, like phosphorodifluoridic acid®, are
able to replace their hydroxyl by Cl or Br, to form the
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corresponding mixed halides RPOHalF, among which the
bromine-containing products can be obtained also by
treating alkylphosphonofluoridous esters with bromine 50,93

RPOF (OH) —2¢" RPOFCI
RPOF (OH) + PBrg — RPOFBr + HBr + OPBr,
RPF (OR’) + Br, — [RPFBr, (OR’)] — RPOFBr+ R'Br,
On hydrolysis all the fluorides RPOHalF (where Hal =
F, Cl, Br) produce initially alkylphosphonofluoridic acids,
these being followed by alkylphosphonic acids3°. The
differing activities of the halogen atoms in alkylphosphonic
chloride fluorides have been used in the preparation of the
previously unknown alkylphosphonisocyanatidic and alkyl-
phosphon(isothiocyanatidic) fluorides ®2:
NaOCN
RPOFC! —| sn

RPOF (NCO) + NaCl
— RPOF (NCS) 4 KCl,

The yield of alkylphosphon(isothiocyanatidic) fluorides
exceeds 50% in this reaction, whereas, among the consid-
erably more unstable derivatives containing an isothio-
cyanato-group, only CH,PO(NCS)F has been isolated, in
10% yield.

Trichloromethylphosphonisocyanatidic fluoride has been
obtained by double decomposition between CCl;PO(NCO)C1
and antimony trifluoride. The use of excess of the latter
reagent makes it possible to conduct the reaction so that
it yields exclusively trichloromethylphogphonic difluoride®3
(the latter is formed as a byproduct in the reaction of
C1,CPCl, with antimony trifluoride).

Investigation of the chemical properties of the alkyl-
phosphonisocyanatidic and alkylphosphon(isothiocyanatidic)
fluorides has shown that their reactions with primary
amines and alcohols involve firstly the NCO and NCS
groups %2,%3;

~ArNH: , ppOF (NHCONHAN)

RPOF (NCO) —| &
(NCO) —|_wron RPOF (NHCOOR’)

RPOF (NCS) 2™t~ RpOF (NHCSNHAT).

An interesting synthesis of alkyl methylphosphonofluo-
ridates has been suggested recently by Boter and Berg®,
who used the reaction between the ammonium salts
[(C.H,,),NH,]'[CH,PSOOR]™ and fluorotrinitrobenzene:

/N0
[(RO) CH, POSI™ [HyN (CeHun)al* +20N 4 >—F
\NO,
O,N

\_
~ CHyPOF (OR) + (CHy1)s NH - HF 4 s( —<=>—N0,)
0N :

This method has been successfully used® to prepare
t-butyl methylphosphonofluoridate, which is difficult to
obtain by other methods, since it decomposes appreciably
even at room temperature.

Several new phosphonofluoridates containing P-0-El
bonds (where E1 = Si, Ge, As) have been obtained by the
reaction of methylphosphonic difluoride with oxides of the
type R,E1-O—EIRy. %

3. Fluorides of Five-coordinated Phosphorus

Phosphorus pentafluoride and the mixed
halides PHalF, ., ( = 1 - 4). Phosphorus
pentafluoride is usually obtained® by double decomposition
between the pentachloride and such fluorides ag AsFy,

7

HF, AgF, and C;H,COF. In the laboratory it is convenient
to use the reaction between phosphorus pentachloride and
antimony pentafluoride, which guarantees a relatively high
yield of the final product!®, The recently patented?
preparation by treating phosphorus pentachloride with
salts of hexafluorosilicic acid is evidently a promising
method for industrial application.

Phosphorus trifluoride is readily oxidised' to the penta-
fluoride by elementary fluorine, molybdenum hexafluoride,
and O,F,. Lustig showed®® that difluorohydrazine also
reacts under comparatively mild conditions (room temper-
ature for 17 h) with phosphorus trifluoride to form the
pentafluoride. It is interesting that phosphoryl fluoride
can also be converted into phosphorus pentafluoride by the
action of difluorohydrazine:

PFy + NgF; — PFy+ Ny
OPF3 + NgF3 — PFy+ N+ 0,

Among the mixed halides PHalyF;_,, those in which n
has the values 1 and 4 have been the least studied. Only
in 1965 did Carter and Holmes ¥ obtain PCIF, by the reac-
tion of PCL,Fy with antimony trifluoride. Phosphorus
chloride tetrafluoride is a gas having an extrapolated
boiling point of —43.4° and a melting point of -132°C.

When kept at room temperature, it slowly decomposes to
form a solid deposit on the walls of the vessel together
with gaseous phosphorus pentafluoride and phosphorus
dichloride trifluoride. It has since been shown!3,%8 that
PCIF, and PBrF, can be obtained from dialkylaminotetra-
fluorophosphoranes and the corresponding hydrogen
halides. It has not proved possible to obtain PIF, by this
method.

Phosphorus tetrachloride fluoride was first obtained
by Kolditz®® by the vacuum sublimation of [PCL ' [PF,]".
The product exists in two forms—covalent and ionic
[PCLT'F~—and the former can be converted into the latter
merely when allowed to warm to room temperature from
—-40° to ~50°C, at which the covalent form is preserved
for quite a long time. The compound was obtained directly
in the ionic form by Kesavadas and Payne!® by the gas-
phase reaction of phosphorus trichloride with fluorine in
nitrogen. The structure [PCL] F~ is supported by X-ray
examination.

Many papers have appeared during recent years on the
donor —acceptor properties of phosphorus pentafluoride
and some of its derivatives. Investigation of the reaction
of the pentafluoride with secondary amines has confirmed
the initial formation of 1:1 adducts, which at high temper-
atures yield dialkylaminotetrafluorophosphoranes!o,

With excess of the secondary amine bisdialkylaminotrifluo=-
rophosphoranes can also be obtained!3,'®, The original
conclusion reached by Brown and his coworkers!92, that
only bisdimethylaminotrifluorophosphorane can be obtained
in this way, is incorrect, since the corresponding bisdi-
ethylamino-derivative has been obtained by heating a mix-
ture (1 :4) of phosphorus pentafluoride and diethylamine
from -180° to 110-130°C. 13

As a consequence of the sharp decrease in electron-
acceptor power on passing from phosphorus pentafluoride
to bisdialkylaminotrifluorophosphoranes, the latter do not
react with secondary amines even at 100—-120°C. 13,10
The triaminodifluorophosphoranes which might be expected
in this reaction have been obtained in a different way—by
treating the amides (R,N),P with fluorinated ketoneg!03,}0¢—
the initially formed 1:1 adducts being able below 0°C to
add a further molecule of the ketone to form dioxophos-
pholans containing a five-coordinated phosphorus atom.
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Above 100°C the 1:1 adducts undergo reduction and deflu-
orination to yield trisdialkylaminodifluorophosphoranes:

CF, 40 CF3 CFy
/0 | (—) (3-1 R—C—CF, ]
R_\c 4P (NRp); 2 R— (NR;)y ————— R—C—C—R
F3 o’ Ja
N/
/P\—NR:
RN NR,
F F .
. | —C:1
VAT DY Rt | 4P (NRy
[ - .
Rt PINR, — | RE 5 NR, | TR
No/\ I \N R o]
2

The adducts formed by phosphorus pentafluoride with
trimethylamine and acetonitrile, as well as the adducts
AsF,.CH,CN and SbF,.CH,CN, are electrically conducting,
this being explained!% by self-ionisation:

2AF;- L 2 AFL] 4-AF, (A=P, Sb, As)-

From a study of the *F nuclear magnetic resonance
spectra, however, Tebbe and Muetterties concluded!%
that no appreciable self-ionigation occurs in these systems.
Their results seem to be convincing, and the electrical
conductivity of the complexes investigated by Kolditz and
Rehak was probably due, not to self-ionisation, but to ion-
isation resulting from the initial formation of an F- ion
(this may be caused by partial hydrolysis of the complexes),
which attacks the complexes by an SN1 or SN2 mechanism.

Phosphorus pentafluoride forms an adduct with thiolan,
Determination of the molecular weight of the adduct has
shown that ~50% of the pentafluoride is bound into a
1:1 complex. The !°F n.m.r. spectrum indicates com-
plete loss of P—F gplitting in this complex, which may be
due to partial ionisation of the pentafluoride with rapid
exchange of ligands between ionised and non-ionised
forms 17,

The adducts (CH,),0.PF, and (CH,),S.PF; both undergo
rearrangement even at room temperature in conformity
with the equation%®

3 (CHy)3 O - PFy — 2 [(CHyp)s O]* [PF¢|~ + POFs
3(CHy)s S - PFy — [(CHy)s SI* [PF4l™ + [(CHy)s SSCH,y]* [PFy]™ + PF, +

Several properties of the resulting saltlike compounds have
been studied!®. The oxonium compound [(CH,),O] [PF,]~
reacts with acetone and dimethylformamide. It dissolves
satisfactorily in acetonitrile, but in time reacts even with
this solvent. It reacts with water with the evolution of
hydrogen fluoride. The n.m.r. spectra of a rapidly cooled
acetonitrile solution indicate the formation of a saltlike
product [(CH,),CNT [PF,4]".

Aminofluorophosphoranes and aminofluo-
rohalogenophosphoranes. It has already been
noted that dialkylaminotetra- and bisdialkylaminotri-fluo-
rophosphoranes have been obtained by the reaction
between phosphorus pentafluoride and secondary amines!®,
and trisdialkylaminodifluorophosphoranes by interaction of
the corresponding phosphorous amides with (CF,),CO or
CF,COCH,.!%,!% Dijalkylaminotetrafluorophosphoranes
are formed also as a result of intermolecular exchange of
ligands in the difluorodihalogenophosphoranes R,NPHal,F,
(where Hal = C1, Br).13,% Treatment of the latter with
antimony pentafluoride in a solvent while the temperature
is gradually raised from —30° to 20—25°C may give
30—"1T0% yields of the dialkylaminotetrafluorophospho-
ranes!3. The quite considerable fluctuations in the
yield of the final products are probably associated with the
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thermal stability of the initial dialkylaminodifluorodihalo-
genophosphoranes, which increases appreciably on passing
from the brominated to the chlorinated products, and
reaches a maximum in the fluorophosphoranes

. —
’ NPF,Cl, <{ NPF.Cly
N—/ Ne——/

(the fluorophosphoranes R,NPF,Cl,, where R = CH,, C,H,,
C,H,, are less stable at corresponding temperatures).

A more detailed investigation of the interaction between
phosphorus pentafluoride and primary amines has recently
been reported!®. Compounds RNHPF, cannot be isolated
or even detected here, cyclic derivatives of the type

R
!

N
VRN
FaP\N / PFy

|
R

and salts [RNH;]'[PF,]~ being formed. Dehydrofluorina-
tion of the adduct NH,.PF, by means of triethylamine gives
a low yield of phosphonitrile fluoride, the main product
being a partly dehydrofluorinated oil.

The reaction of dialkylaminodifluorodihalogenophospho-
ranes with secondary and primary amines gives the corre-
sponding triaminodifluorophosphoranes!s. The trifluoro-
phosphoranes (R,N),PF, or R,NPF,NHR’ were also isolated,
their formation evidently being a consequence of intermo-
lecular exchange of ligands either in the final triaminodi-
fluorophosphoranes during distillation or in the interme-
diate chlorodifluorophosphoranes (R,N),PCIF, or
R,NPCIF,NHR’. The trifluorophosphoranes R,NPF,NHR’
can be obtained also by the reaction between dialkylamino-~
tetrafluorophosphoranes and primary amines.

The reaction of phosphorus pentafluoride with silazanes
can be successfully used to obtain aminofluorophosphoranes.
Dimethyl- and diethyl-aminotetrafluorophosphoranes have
been obtained in this way!1%,!1!, The reaction involves
intermediate formation of a 1:1 adduct stable at —78°C.
At room temperature the adduct breaks down into R,NPF,
and RSiF. 2,2,2,4,4,4-Hexafluoro-1,3-dimethyl-1,3-dia-
zadiphosphetan can easily be obtained by a reaction of
similar type!1°:

i

N
2 PF, + 2CH,N {Si (CHy)sly — 4 (CHy)s SIF + FyP <N\/PF3 .

|
CH,

A large number of fluorophosphoranes, including some
containing R,N, RO, RS, and mixed functional groups
attached to the phosphorus atom, have been obtained by
reaction of the corresponding P[III] derivatives with diflu-
orodiazirine!!2:

F. N
TN N—C=
R9P+F>C\ | = RPFs+RiP=N—C=N

where R = Alk, Ar, RO, RS, R,N. The amide [(CH,),N],P
reacts the most easily with difluorodiazirine (at -18°C),
with the formation of [(CH,),N];PF, (the same worker 2
obtained the product by the reaction of [(CH,),N];P with
tetrafluorohydrazine). Compounds containing more elec-
tronegative substituents react under more severe condi-
tions with difluorodiazirine. The reaction is assumed to
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have an ionic mechanism, in conformity with the probable
scheme

F\C/N /N +
R,P+F/ \11} - [R,P—N\(gF:I +F

N

RP+—N | - ReP=N—C=N + [RPF]*
C—F...PRg
[RPFI* + F~ = RyPF; .

The fact that phosphorodifluoridous amides are able to
add chlorine to form adducts, which can be converted by
sulphur dioxide into phosphorodifluoridic amides, was
first noted by Ivanova!s. Later work has establigshed that
both chlorine and bromine, ina solvent atlow temperatures,
react with the amides R,NPF, 13,1617 (R,N),PF 13,1745
and RPFNR, 13,17,45 to give 1:1 adducts, in most cases lig-
uid and soluble in the usual organic solvents, among which
the chlorinated adducts (CH,),NPCL,F,, (C,H,),NPCLF,,
and

/TN

{ NPFCl, .

~—/
have been isolated in the pure state by distillation!3,!7,
The phosphorus-31 n.m.r. spectra confirm the pentacova-
lent structure of the adducts R,NPHal,F, (Hal = Cl, Br),
but saltlike structures of the type [X,PHalF]'Hal™ are more
probable in the case of the adducts (R,N),PHal,F and
RPHal,FNR,.

All the above addition products can be kept satisfactorily
only below 0°C. At room temperature they undergo inter-
molecular exchange of ligands, with the formation of both
mixed fluorohalogenophosphoranes and phosphoranes con-
taining only one halogen. The fluorine-19 n.m.r. spectra
have shown*5 that diethylaminodibromodifluorophosphorane
forms the bromotrifluorophosphorane (C,H,),NPBrF; and
the tetrafluorophosphorane (C,H,),NPF, as a result of
exchange. The adducts RPHal,FNR, gradually form tri-
fluorophosphoranes RPF,NR, and probably the halides
RPHal;NR, even below 0°C. Exchange processes are
appreciably accelerated by raising the temperature to
40-60°C, and at 100—150°C phosphorus(IIl) halides in
particular are formed, evidently as a result of redox reac-
tions.

Emeléus and Onak have recently proposed!!?® a new
synthesis of aminofluorohalogenophosphoranes, consisting
in the reaction of P[III] fluorides with compounds containing
a nitrogen—chlorine bond. They have obtained the previ-
ously unknown fluorohalogenophosphoranes (CF,),NPCIF,
and (CF,),NPCLF, by the reaction of N-chlorobistrifluoro-
methylamine with phosphorus trifluoride and phosphorus
chloride difluoride.

Several investigations have shown?!3,!6,17,113 that the
hydrolysis of aminofluorodihalogenophosphoranes results
in formation of the corresponding phosphorofluoridic
amides. The same products result from the interaction
of these phosphoranes with carboxylic anhydrides. The
reaction of (C,H,),NPCI1F, with ethanethiol in the presence
of triethylamine yields the difluorophosphorane
(CH,),NPF,(SC,H,),, and interaction of the same difluoro-
dihalogenophosphorane with alcohols in the presence of
tertiary amines produces the fairly unstable fluorophos-
phoranes R,NPF,(OR'),.!®* Monitoring both reactions by
means of the n.m.r. spectra revealed also partial forma-
tion of the amides R,NPXF, (X = O, S), which may be due
to rearrangement of the products of the first stage of sub-
stitution:

RyNPF,Cl, HXR’, NR*/,

—» ReNPF,Cl (XR') = RyNP (X)F; +R'Cl (X=O0,§).

On treatment with antimony trifluoride, adducts of all
types form either tetra- or tri-fluorophosphoranes?s.
The same type of interaction has been used!3 for the syn-
thesis of (C,H,),NPF,CN from (C,H;),NPBrF,CN, and
Clune and Cohn!8 have isolated (CH,),NPF,CN, formed by
the disproportionation of (CH,),NPBrF,CN.

Fluorophosphoranes containing a C — P
bond. The most widely used syntheses of fluorophos-
phoranes containing a carbon- phosphorus bond have been
described in Schmutzler's reviews!,''¢, However, imme-
diately after publication of these reviews Treichel and
Goodrich proposed!!® a new and extremely promising syn-
thesis of alkyltetrafluorophosphoranes based on the reac-
tion between phosphorus pentafluoride and tetra-alkyl
stannates. Yields of 15-19% of methyltetrafluorophos-
phorane are obtained when the duration of the reaction is
1-2 days. Increasing the time of contact of the initial
reactants increases the yield to 60-70%. This synthesis
of alkyltetrafluorophosphoranes is attractive in that the
initial phosphorus-containing compound used is the readily
available phosphorus pentafluoride, not the alkyldichloro-
phosphines from which alkyltetrafluorophosphoranes are
usually obtained.

The reaction of phosphonothionic and phosphinothionic
halides with antimony trifluoride has been proposed!!¢ for
the preparation of alkyl(or aryl)tetra- and dialkyltri-fluoro-
phosphoranes. A reaction of similar type had previously!!4
been used for the synthesis of trialkyldifluorophosphoranes.
The possibility of converting thione derivatives of four-
coordinated phosphorus into fluorophosphoranes is of the
greatest value for the synthesis of dialkyltrifluorophospho-
ranes, which are mostly obtained by the reaction of anti~
mony trifluoride with dialkylchlorophosphines, these being
considerably less readily available substances than their
thione derivatives.

Triphenyldifluorophosphorane has been obtained by the
reaction of triphenylphosphine with dinitrogen tetraflu-
oride!!", perfluoropiperidine, and nitrogen trifluoride!e,
The reaction between diphenylphosphine and tetrafluoro-
hydrazine might be expected to yield thehydride (C¢H,),PHF,,
but diphenyltrifluorophosphorane is said!!” to be formed
(though in a later patent!!® the same workers state that
reaction of the appropriate phosphines with tetrafluoro-
hydrazine yields the hydrides R,PHF,).

It has not proved possible to igolate alkyl(or aryl)diflu-
orodihalogenophosphoranes in the pure state!3,%5, Ther-
mally the compounds are considerably less stable than
their analogues! containing perfluoroalkyl radicals, and
their formation in the reaction of alkyl(or aryl)difluoro-
phosphines with chlorine or bromine has been detected!®
by means of the low-temperature fluorine-19 n.m.r. spec-
tra. Even below 0°C they form, as a result of intermo-
lecular ligand exchange, fluorophosphoranes RPHalF,,
RPF,, and solids, insoluble in most organic solvents,
whose composition is close to that of alkyl(or aryl)fluoro-
trihalogenophosphoranes (on treatment with antimony tri-
fluoride the latter also give RPF,).!® Trichlorofluorotri-
fluoromethylphosphorane CFyPCL,F has been obtained as
the desired product by Griffiths!2 by the addition of chlo-
rine fluoride to dichlorotrifluoromethylphosphine.

During the past three or four years a large amount of
work has been done on alkyl(or aryl)mono(or di)alkylami-
nofluorophosphoranes, among which the trifluorophospho-
ranes ArPF,;NR, were reported originally!#, and then
other members of the series of alkyl(or aryl)aminotriflu-
orophosphoranes 4°,!22=126,  Alkyldiaminodifluorophospho-
ranes have recently been obtained!# by the reaction of
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trifluorophosphoranes RPF,NR, or RPF,NHR with primary
or secondary amines. Alkyl(or aryl)mono(or di)alkylami-
notrifluorophosphoranes have been synthesised by the
following methods:

(1) RPF,+ 2H;NR* — RPF; (NHR') + HF - H;NR- 138134
(2) 2RPF,+ 2HNR — RPF; (NR;) + [RyNH, * [RPF, 13182126
(3) RPFCI+2 HNR; — RPF; (NRy) ++ HCI - HNR, 13113

(4) RPHal (N<) S3bF:, RPFy(N<) (Hal=Cl, F)t-1s.18.13

(5) RPF, + (CH,); Si—NR, — RPF3(NR) 4 (CHy), SiF'sh138:11¢

Arylaminotrifluorophosphoranes are most conveniently
obtained by reaction (3), since the initial arylchlorotriflu-
orophosphoranes can easily be prepared by treating aryl-
trifluorophosphoranes with chlorine, the latter being com-
paratively readily available compounds. Reaction (4) is
advisable for the preparation of alkyldialkylaminotriflu-
orophogphoranes, and reaction (1) for their monoalkylami~
no-derivatives.

Study of the hydrolysis of alkyl(or aryl)aminotrifluoro-
phosphoranes by means of the !°F n.m.r. spectra has
shown!3,!28 that the addition even of catalytic quantities of
water results in formation of the anion [RPF;]", whose
concentration initially increases as fresh portions of
water are added, reaches a maximum at a ratio of the
initial reactants of ~1:1, and then diminishes until sig-
nals due to [RPF,]” have completely disappeared from the
spectrum. Ultimately, as had been noted previously!2,
hydrolysis yields the salts [HN{]’[RPOZF]', which can

be obtained also by the direct reaction between alkylphos-
phonofluoridic acids and amines!3,

In a series of papers Schmutzler and Reddy have
shown!®-131 that on storage the fluorophosphoranes
CH,PF;N(CH,), and CH;PF,N(CH,), uadergo rearrangement
accompanied by formation of the ionic compound
[RPF(N(CH,),),] [RPF,]". Other workers have found!3,'?
that the anions [RPF;]” are formed also on the storage of
most fluorophosphoranes RPF,NHR, although the forma-
tion of cations containing phosphorus has not been estab-
lished in this case.

The first attempts to obtain the trifluorophosphoranes
RPF;OR’ from tetrafluorophosphoranes and siloxanes did
not give the results expected!,!'4: instead of compounds
of five-coordinated phosphorus, the phosphonic fluorides
RPOF, and RPFOOR' were isolated, among which at
least the former product might be formed by the rearrange-
ment

RPF; (OR’) — RPOF; + R'F.

Investigation of the reaction of methyl- and ethyl-tetra-
fluorophosphoranes with siloxanes by means of the low-
temperature '°F n.m.r. spectra has shown the actual
formation in this case of the trifluorophosphoranes RPF;0R’,
which are stable only at subzero temperatures. On
warming up to room temperature the signals from the tri-
fluorophosphoranes disappeared, and signals appeared
from the phosphonic fluorides RPOF, and RPFOOR’. For-
mation of the latter compounds may be due either to reac-
tion of the difluorides RPOF, with the siloxanes or to rear-
rangement of alkyldialkoxydifluorophosphoranes

RPF, (OR’); — RPOF (OR’) +R'Fs

which may be formed both by interaction of the trifluoro-
phosphoranes RPF,;OR’ with siloxanes and as a consequence
of intermolecular exchange in the alkylalkoxytrifluorophos-
phoranes themselves

2RPF3(OR’) — RPF; (OR')s + RPF,.
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The relatively stable difluorophosphoranes RPF,(OC.H,),
and (C.H,),PF,0C.H, have recently been obtained by reac-
tion of the corresponding tetra- and tri-fluorophosphoranes
with siloxanes!32, Fluorophosphoranes containing alkyl-
thio- or arylthio-groups attached to the phosphorus atom
have been described!3,!32,133,

The attention of research workers has long been
attracted to the acceptor properties of fluorophosphoranes.
Alkyl(or aryl)tetrafluorophosphoranes are weaker accep-
tors of electrons than is phosphorus pentafluoride, but
nevertheless they exhibit this property quite distinctly.
Thus phenyltetrafluorophosphorane forms relatively stable
complexes with dimethylformamide and with pyridine.

The temperature variation in the parameters of the !°F n.m.r.
spectra observed in solutions of these complexes may be
due to the partial dissociation!3

CgHsPF4.Donor = C¢HsPF 4 + Donor.

According to Muetterties and Mahler!* donor —acceptor
interaction is not observed in solutions of phenyltetraflu-
orophosphorane in acetonitrile and triethylamine. Alkyl-
tetrafluorophosphoranes undergo an exothermic interaction
with many organic bases, but at room temperature the
resulting complexes are in considerable measure dissoci-
ated. According to their acceptor power the fluorides of
five-coordinated phosphorus form the sequence !

PFs> ArPF, > AIKPF, > R,PF, > R PF,

which reflects the diminution in the relative positive charge
on the phosphorus atom when the fluorine atom is replaced
by less electronegative substituents. Steric factors prob-
ably play an important part also.
Phenyltetrafluorophosphorane forms with dimethyl sul-
phoxide a complex, which at 25°C dissociates with increase
in the electrical conductivity of the solution. Spectro-
scopic investigation indicates that the reversible process

CgHyPF, - OS(CHy)e & CoH;PF; + (CH;), SO

is accompanied in the solution by another interaction
involving formation of the anion [RPF,]~ and of RPOF, (the
role and the fate of the dimethyl sulphoxide in this process
have not been ascertained)!%.

Alkyltetrafluorophosphoranes react irreversibly with
dimethyl sulphoxide. The products contain the anions
[RPF,]~ and alkylphosphonic difluorides. The °F n.m.r.
spectrum of these anions varies with temperature, this
being attributed to exchange with F~ ions!¥,

It has come to be accepted !,!14,** that the donor prop-
erties of fluorides of five-coordinated phosphorus may be
due either to ionisation PX, = PX; + X"~ or to the presence
of lone pairs of electrons on the atoms attached to the
phosphorus. All derivatives of phosphorus pentafluoride
possess donor properties, although it is unknown which of
the above causes is operative. Alkyl- and aryl-tetraflu-
orophosphoranes form colourless crystalline 1:1 com-
plexes with strong acceptors such as boron trifluoride,
antimony pentafluoride, and phosphorus pentafluoride.
The complexes of dialkyltrifluorophosphoranes with the
same acceptors are usually more stable than those of
alkyltetrafluorophosphoranes [the dissociation pressure
for the complex PF,.(CH,),PF, is less than 1 mm at 25°C,
whereas for CH,PF,.PF, it is ~10 mm at —61°C], 14

Hydrides of five-coordinated phospho -
rus. The first hydrides containing a five-coordinated
phosphorus atom were described in 1961 135,136; tetra- and
tri-fluorophosphorane were obtained by the reaction of
orthophosphorous and hypophosphorous acids with hydrogen
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fluoride, and treatment of aryldichlorophosphines with
potassium hydrogen fluoride gave aryltrifluorophosphorus
monohydrides. Treichell and his coworkers have since
found® that the hydrides HPF, and H,PF; can be obtained
by the gas-phase reaction of phosphorus pentafluoride with
trimethylstannane [the deuteriated derivatives DPF, and
D,PF, have been prepared by the use of (CHy),SnD}.  Avail-
able data indicate 7,137,138 that both compounds are mono-
meric in the vapour state, whereas in the liquid state the
H,PF, molecules are in considerable measure associated.
The chemical properties of these compounds have not

been studied. It is known only that HPF, reacts with glass
or quartz to form the unstable phosphorodifluoridous
acid®.

The hydrides methyl- and ethyl-trifluorophosphorane
were first described in the patent literature®®. Their
synthesis and also several chemical properties have since
been reported!3,35,38,40,139=141  Both alkyl- and aryl-
trifluorophosphoranes (monohydrides) can be obtsined in
80-90% yield by the low-temperature reaction between the
halides RPHal, (where Hal = Cl, Br, F) and hydrogen
fluoride'3,39,40,140.141 ~ The reaction of methyl- and ethyl-
tetrafluorophosphoranes with trimethylstannane has also
been used to prepare the alkyl derivatives%.

All the trifluorophosphorus monohydrides investigated
are relatively low-boiling liquids, which distil satisfacto-
rily in an atmosphere of nitrogen, are easily hydrolysed,
and react with glass. The compounds can be stored for
a long time in vessels of an inert material (quartz, poly-
ethylene, polytetrafluoroethylene). With tertiary amines
they form alkyl(or aryl)difluorophosphines and salts
[NHR,['[R'PHF,]~ 26,%,40,141, By the action of sodium
alkoxides on aryltrifluorophosphoranes (monohydrides) the
fluorine atom can be replaced by an alkoxy-group 335,141,142,
and the action of primary amines on the corresponding
alkyl monohydrides yields the alkyl-alkylaminodifluoro-
phosphoranes RPHF,NHR’ 38,4 ,!41,  The latter compounds,
as well as the hydrides AIkPHF,OR, can also be obtained
by the reaction of alkyldifluorophosphines with alcohols and
with primary amines respectively!3,34-38,141,143  The
hydrides AlkPHF,NR, are formed also in the first stage of
interaction between alkyldifluorophosphines and secondary
amines'3,*2, However, these compounds break down at
high temperatures to form alkylphosphonofluoridous
amides, and it proved extremely difficult to isolate them
in the pure state by distillation.

Somewhat obscure results have been obtained for the
reaction of aryldifluorophosphines and aryltrifluorophos-
phoranes with primary and secondary amines3. The

formation of amides ArPFN( in these cases is established

by the 3P n.m.r. spectra, whereas on distillation only
their adducts with hydrogen fluoride, corresponding for-

mally in composition to the hydrides ArPHF,N] , can be
isolated.

The previously unknown hydrides ROPHF,NHR’ and
R,NPHF,NHR’ have been obtained from the corresponding
fluorides XPF, and primary amines!4:

XPF; + H;NR' — XPHF, (NHR') (X=OR, NR;)

and the hydrides R,PHF, (R = Alk, Ar) by reaction of the
halides R,PC1 and R,PF with hydrogen fluoride!3,!™. ~
The above cases of the formation of hydrides of five-
coordinated phosphorus by the reaction of fluorides of
three-coordinated phosphorus with alcohols, amines, and
hydrogen halides have several common features, which
suggest that the initial step in this process is the reaction

1

of a weak n~base with an acid HX (where X = F, Cl, OR,
NHR, NR,). The driving force in this stage of the reac-
tion should be the high electronegativity of X. Where the
electronegativity of X is small, systems may be formed

containing a hydrogen bond >P:. ..H:X, the strength of

which depends on the state of the lone pair of electrons of
the base. When, however, X ig strongly electronegative,
and the phosphorus is combined with substituents of low
electronegativity, the H~X bond may be ruptured with

formation of the ion-pair [}PH]’X'. The presence on the

phosphorus atom of highly electronegative substituents,
tending to lower the energy and localise the d-orbitals, is
evidently a necessary condition for conversion of the ini-

tially formed system >—P:. ..H:X into a hydride of five-

coordinated phosphorus.

It may be supposed then that the hydrides HPF X (where
X = F, Cl, OR, NHR, etc.) will be fairly difficult to obtain
by direct reaction of the compounds HX with phosphorus
trifluoride, owing to the weak donor power of the latter.
This conclusion is supported by the well known experimen-
tal fact that the hydride PHF, is not formed as a result of
contact between phosphorus trifluoride and hydrogen fluo-
ride. Replacement of one of the fluorine atoms in phos-
phorus trifluoride by a less electronegative substituent is
sufficient for the compound to react exothermally with HX
to form, as is shown experimentally, hydrides of five-
coordinated phosphorus. On the whole it is obvious that,
in the series PF,, YPF,, Y,PF, and Y,P (where Y is a
substituent other than fluorine), the last compound will
react most easily with the acid HX. However, if the reac-
tion can produce a five-coordinated molecule thanks to the
presence of highly electronegative substituents in the com-
pounds YPF, and to a less extent Y,PF, such possibilities
should be limited in the latter compounds. This conclu~
sion also is supported by the experimental results available
at present. In particular, the fluorophosphines RPF, and
R,PF form with hydrogen fluoride hydrides of five-coordi-
nated phosphorus, whereas the products of the interaction
of hydrogen fluoride with trialkyl(or aryl)phosphines have
a clearly ionic structure!44,

IO0. PHYSICOCHEMICAL INVESTIGATIONS

The wide use of modern physicochemical methods of
investigation, primarily n.m.r. spectroscopy, has had an
exceptionally fruitful influence on the development of the
chemistry of the fluorides of phosphorus. The most sig-
nificant result has been obtained from a combined study
(by electron diffraction, and n.m.r. and vibrational spec-
troscopy) of the structure of P[V] compounds, which are
in most cases found to have a trigonal —bipyramidal con-
figuration.

Another important result of work done during recent
years is the evaluation of the true parameters of the 3P
and '°F n.m.r. spectra for the fluorides of three-coordi-
nated phosphorus, and in particular for derivatives of
alkylphosphonofluoridous acids, which exhibit abnormally
small chemical shifts 6p.

Particular attention will be paid here to the results of
n.m.r. and vibrational spectroscopy, and also to the inves-
tigation of the structure of the fluorides of phosphorus by
electron diffraction.



12
1. Phosphorus-31 and Fluorine-19 n.m.r. Spectra

4P and *F n.m.r. spectra of the fluo-
rides of three-coordinated phosphorus.

The fluorides C,H,PFX (where X = F, Cl, is0-OCH,) were
among the first organophosphorus compounds to be investi-
gated by means of the P n.m.r. spectra. Unfortunately,
the relevant paper!45 contained a mistake, these compounds
being attributed the spectral characteristics of more highly
coordinated fluorides of phosphorus. Only eight years
later!4® was the error in the original results demonstrated,
and subsequently the true parameters of the 3P and

19F n.m.r. spectra have been determined 262,33 41 49,532,147
for these types of compounds (see Table 1), which were
found to possess abnormally low 6p values, disproving the
theory of “group shifts” 45,

Quite a large amount of experimental information has
now accumulated providing knowledge of the values of 6p,
oF, and Jp-F for about a hundred phosphorus(Ill) fluorides.
However, it has not yet proved possible to use this infor-
mation in developing theoretical aspects of the problem of
screening and spin—spin interaction in the series of com-
pounds considered. Solution of these problems is compli-
cated by the absence of any well-developed regularities in
the variation of these parameters with the structure of the
compounds. Only in narrow series of closely related
derivatives, where the variation in structure seemingly
does not involve substantial variation in angles and bond
lengths, is it possible to detect a more or less well defined
inverse relation (e.g. for compounds 15—-19 in Table 1)
and occasionally even a direct relation (compounds 8-10,
12, and 13) between the values of 6p and the aggregate
electronegativities of the substituents. However, when
broader series of compounds are considered, e.g. fluorides
of the type XPF, (compounds 1-13, Table 1) and XYPF
(compounds 14-24), this relation breaks down, probably
because of the considerable fluctuations in the valency
angles within series of these compounds.

Not only §p but also the chemical shifts of the !°F nuclei
vary over a wide range. Thus for compounds of the type
RPFX (Table 1, compounds 12—19) the range of variation
in 6p is ~90 ppm, while the chemical shifts 6 vary over
the range 522—-626 ppm. The screening of the 3'P nuclei
changes with the nature of X in the sequence F < C1 <
OR = SR < R < NR,, which differs from the sequence of
variation in 6 in the same compounds (the screening of
1°F nuclei varies in the sequence OR < F < NR, < SR < R).
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The constants Jp-F increase in the sequence R < NR, <
SR < C1 < OR < F, which differs from both 6p and 6F
sequences.

It must be noted in conclusion that 3P nuclei are usually
considerably less screened in P{II] fluorides than in the
corresponding derivatives containing P[IV] or P[V], where-
as '°F nuclei, on the other hand, are more screened in
P[IOI] fluorides than in the P[IV] compounds. In virtue of
these facts phosphorus(IIl) fluorides can often be easily
identified by means of the 3'P and '°F n.m.r. spectra not
only in the pure state but also when mixed with more highly
coordinated phosphorus compounds.

Phosphorus-31 and fluorine-19 n.m.r.
spectra of complex compounds. An interesting
paper appeared recently®® on the investigation by means
of the 3!P and '°F n.m.r. spectra of complex compounds
containing P[II] fluorides as ligands. It contains exten-
sive experimental results, and makes an analysis of pos-
sible factors influencing the variation in the parameters of
the n.m.r. spectra on passing from the free ligands to the
complex compounds. In the complexes the 'P nuclei are
deshielded in comparison with the free ligands (Abp =
6—-55 ppm); the !°F nuclei also become less well screened
(A6F =17-46 ppm). The constants Jp-F are, with rare
exceptions, smaller in the complexes than in the free
ligands. It has also been noted that, the better screened
are the 3P nuclei in the free ligands and complexes, the
smaller is A6F accompanying complex formation.

Analysis of these results led to the conclusions 8° that
complex formation is accompanied by an increase in the
paramagnetic contribution to the screening constants of
the 3!P and !*F nuclei, and this contribution is greater in
molybdenum complexes than in nickel complexes. Part of
this contribution is due to d4y—dz bonding between the phos-
phorus atom and the metal. The change in hybridisation
of the phosphorus atom accompanying complex formation
should also play an important part. However, the absence
of data on valency angles and bond lengths, both in the ini-
tial phosphorus-containing compounds and in the complexes,
prevents serious discussion of this problem. It is clear
only that a diminution in the s-character of the phospho-
rus —fluorine bond, which should be observed on complex
formation, will lead to a decrease in the Jp-F constants
in the complexes (and this is actually observed in the vast
majority of compounds investigated). In the opinion of the
authors, polarisation of the lone pair of electrons on the

Table 1. Parameters of 3P and !°F n.m.r. spectra for various groups of three-coordinated phos-
phorus compounds *.

No. Compound 8p, PPM | 5, ppm | Jp_p, ¢fs z, Refs. No. Compound sp.ppm | S, ppm | Jp_p, cfs Z, Refs.
1 | PF —97 464 1405 | 11.7 | 1 14 | CH,PF(NR,) | ~—165| ~540 | ~920 | ~8.53 | 3338
2 | ROPF, 110 | ~479 | ~1200 | ~10.3 | 1 15 | (CHy.PF —185 | 626 823 | 8.44 | %om
3 | CClPF, —131 518 1285 | 1064 1 16 (—187) (830)

4 | CNPF, —140 519 1267 | 14.64| 6 17 CH,}C‘{-IgPF —182 | — 820 | 8.45 3
5 | RyNPF, —144 495 1194 | 1046 | 1,14 18 | CHyORPF | ~—214| ~530 |~1120 | 8.70 | m33.a
6 |CFpF, 458 536 1250 | 11.26 | 1 19 | CHy(SR)PF | ~—214 | ~580 | ~060 | B8.56 | a2
7 | CiPF, —176 468 130 | 10.80 | 1 CH,(CPF —240| — 1040 | 9.7 £

8 | CICHPF, —197 | — 118 | — 26 20 | (RO), ~—130 | 495 | 1215 | ~8.96 | 11
9 | CHCHpPF, | —206 521 1099 | 10.24| 26 2t | RORN)PF | ~—151 | ~500 | ~1125 | ~8.80 1

10 | CeH,CH,PF, | —224 527 1t | — 26 22 | (R,N),PF ~—151 | ~530 | ~1050 | ~8.60 u

11 | FyP—PF, —226 | — 130 | — 6 23 | ClPF —224] 487 | 1320 | 9.9 1

12 Pt PF, —245 533 1162 | 10.08 | 33 2 | BrPF —255| 500 | 4301 | 9.30 | msu9

13 4PF, —251 522 1457 | 1007 1.29

* Chemical shifts 6p given relative to H;PO,, and 0F relative to F,.
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central atom of the free ligand by the unsymmetrical field
of the substituents should promote descreening of the 3!P
nuclei in the compounds XPF, and X,PF. This effect
should be considerably weaker in the complexes, since the
“lone” pair in them is already bound, and therefore less
subject to polarisation.

Nuclear magnetic resonance of fluorides
of four-coordinated phosphorus. Until
recently data on the parameters of the *P and !*F n.m.r.
spectra of P[IV] fluorides were extremely limited (a 1965
review! gave the spectral characteristics of forty com~-
pounds). Shortly after this the characteristics of about
eighty more compounds were recorded, including the thio-
phosphoryl derivatives SPFpX;_,, (# =1-3 and X = Cl,

Br, NCS, H, NR,, SR, OR) 12,%4,68,150-152  jgocyanates and
isothiocyanates of phosphorofluoridic acids®, phosphazo-
fluorides !53,!%, the mixed halides XPOHalF (X = R, NR,,
Hal and Hal = Cl, Br) 4,%9,155 and also a large number of
phosphorofluoridates 96,147,148 and phosphonofluoridates 36,57,

A paper!5® giving the spectral characteristics of about
thirty compounds of the type XYPOF, some new and many
which had been investigated previously, noted that all the
compounds can be divided into three groups, within each
of which the chemical shifts 6p and 6F increase linearly
with the sum of the electronegativities of the substituents
X and Y. The first group comprises molecules in which
Xand Y # F, Cl, or OH (Table 2, compounds 1-18); in
the second group X = F, Cl, OH (compounds 20—27); and
in the third group X and Y = F, Cl, OH (compounds 28-30).
In each group 0p and O vary in the same sense, the dial-
kylphosphinic fluorides constituting an exception. The
occurrence of such groups may be due to a slight variation
in valency angles within each series of compounds.

On the whole, methods at present available for the
quantum-chemical calculation of the parameters of the
3P and '°F n.m.r. spectra do not provide quantitative esti-
mates of 0p and 6F. Moreover, there is no generally
accepted view on the main factors responsible for the vari-
ation in the chemical shifts in these compounds!38-16t,
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Nuclear magnetic resonance of fluo-
rides of five-coordinated phosphorus.
Among phosphorus compounds the P[V] fluorides are some
of the most interesting subjects for investigation by n.m.r.
spectroscopy on 'P and '°F nuclei. However, theoretical
aspects of screening and spin—spin interaction are still
less developed for these compounds than for P[III] and
P[1IV] fluorides, which makes it important to seek purely
empirical rules for the variation in the parameters of the
spectra for different groups of these compounds.

The number of P[V] fluorides which have been investi-
gated by the n.m.r. method now exceeds a hundred. They
include most of the structures from XPF, to X,PF which
are conceivable in practice, the spectral data for which,
with rare exceptions, are satisfactorily interpreted on the
basis of a trigonal —bipyramidal model. Such exceptions
include in particular the spectral characteristics of certain
adducts of P[IH] fluorides with halogens (Table 3), which
have been investigated quite recently!3,!6,17,45,162

In spite of the formal similarity in structure, these
compounds (Table 3) give an extraordinarily wide range
of variation in 6p (from +110 to —80 ppm); the majority
have very low values of 6F, and the constants Jp-f are
unusually large for axial fluorine atoms. However, the
low-temperature °F n.m.r. spectra proved the trigonal-—
bypyramidal configuration (with an axial conformation of
the two fluorine atoms) of compounds 1 and 2 62 and
3-13 !% (Table 3) (an axial arrangement of the fluorine
atoms was confirmed for compounds of the type R,NPF Hal,
by examining the °F n.m.r. spectra of compounds 5 and 11
at various temperatures). In view of the closeness of the
spectral characteristics, compounds 21 -31 can also be
assigned to the same molecular model. Compounds 14—20
most probably have an ionic structure, especially in view
of their very low 6p values.

Another unexpected result, which at first glance seems
to contradict the trigonal —bipyramidal model of the mole-
cules, has been obtained for the structure of the trifluoro-
phosphoranes RPF,NHR’ 13,%0,1%5,12,183  Ag was first
shown for methylisobutylaminotrifluorophosphorane®, the

X
Table 2. Parameters of 3P and !°F n.m.r. spectra for compounds of type \POF in comparison
v/
with sum of electronegativities of X and Y*.
Compound 5 A Compound [ J
P | p-F F P-F
No. . ‘ " 5p, Ppm ppm ofs | *x Ry No. X l 3 8p, PPM ppm os Kyt Ky
R,POF o . (RO),POF, R20(RS)POF. (R:N), POF
14 C,H 9. 512 963 5.06
1| CH, CH, —66.7 495 | 968 | 4.5 | 15 |iCH,0 |iCHO 9.0 513 969 Z
2 | CHy C4H, —65.2 (502 { 975 4.55 | 16 oH! sH,0 20.3 509 997 5.36
3 | CHy CgHs —53.4 | 507 | 1014 | 477 | {7 | C,Hy C,H,;0 —26.6 — 1127 4.92
é CsHq-i CyHp-i —78.2 | 529 | 1069 4.56 18 | (CH,) N (CH,),N —923.9 — 954 4.80
5 | CeHg Hs —40.5 | — |1020]| 4.98
Hal(R)POF, Hal(RO)POF, Hal(R,N)POF, Hal,POF
R(RO)POF %g E cHy —214 a9 1093 6.47
6 |CH C4H,0 —26 (490 [1035]| ~4.8 5 —29. - 1130 6.18
7 | GH, | ch0 ~32.9 | 501 |1078| 4964 2 \F C?CHz —12.0 — 1142 6.37
8 | CiHy | CH,0 —33.1 |48 | 1056 | 481 ) 22 |C CICH, —32.0 490 1014 5.47
9 | CH,=CH] i-C,H,0 —15.5 | 497 | 1031 | ~4.9 H He —32.2 490 1014 5.78
10 | CgH, .H,0 —~14.9 | 405 | 10311 5.02) 2 |E &aho 20-9 - 1018 N
R(RS)POF 26 | Ci cH,o 5.4 477 1110 5.68
21 |F (CoHg) N 3.6 — 1004 6.26
11 | CH, C,H,S —61.5 | 472 | 1064 | 4.66 | 28 | F F 35.5 523 1080 7.80
12 | CH, CH,S —67.0 | 484 | 1066 | 4.73 | 29 |F Cl 15.0 477 1138 6.90
13 | CiHyi | CH,S —74.0 | — | 1107 4.67 | 30 | OH OH 8.0 504 954 7.02
*Chemical shifts 6p given relative to H;PO,, and 6F relative to ¥,. Data taken

from Ref. 156,
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1%F n.m.r. spectra of compounds of this type have a pattern
indicating the magnetic non-equivalence of all three fluorine
atoms in the molecule, whereas the fluorine resonance
spectra of the trifluorophosphoranes X,PF, investigated
previously indicated interaction of phosphorus nuclei with
two magnetically equivalent (axial) !°F nuclei and one !°F
nucleus differing from them. A more detailed investiga~
tion of the !°F and P n.m.r. spectra of the trifluorophos-
phoranes RPF,;NHR’ showed!3,:35,128,183 that the gignals
from these compounds in the fluorine resonance spectra
can also be divided into signals from an equatorial and two
axial fluorine atoms, because of the fact that under normal
conditions the 3P nuclei do not “sense” the non-equivalence
of the two less well screened (axial) fluorine atoms, and
preserve the normal pattern of the P n.m.r. spectrum.

Table 3. Parameters of 3P and !°F n.m.r. spectra of
1:1 adducts of phosphorus(Il) fluorides with halogens.

g "% - ;;_:" ‘g s Ref
No. Compound 2 e E |, 35 e i’ 1 & |Refs
Weole BlW &M Sled] =
1 PF - Cl, — | 364 472 | 1023 [1085 | 142 | 162
2 PF, - Bry — | 327 | 465 | 1141 [1143 | 124 | 162
3 (CH,),NPF, - Cl, +as| 381 | — | 90| — | — | a7
4 (C4Hy)aNPF, - Cl 442 315 | — | o2 |— | 1
CH,
5ee ’>NPF,.<:1, — lars/aes — | @s5|— | — | w
CH,
AN
NPF,,.CL 148 | 388 —_ 970 | — | ~ 13
6 < , NEFth +
7 o/ ONpF,.cl, 46| — | — | o[- |~ | 1
/ 17
8 (CH3)sNPF, - Bry 4103 ] 954 | — [1020| — [—
9 (CsH;);NPF, - Br, +108 | 356 | — |1025| — | — l:
10 (CeHy)sNPF, - Bry — | 35| — [1030|— |— | 1
CH,
1g0e *\NPF, - Bry — lssa/ssel — |00 — | 45| 13
CH,”
12 < >NPF=~Brs — | 33 | — j1050| — | — | B
13 o’ _>NpF’,Br’ +110| — | — {1030 — |~ | 7
N
14*°° [(CHy)N]4PF - Cl, —40 | 480 — U3 |~ | — 1;.:;
150+ [(CHy),N];PF - Bry —32| 489 | — |30} — | — )
16%++ (CHs)sN [(C,Hy)oN]PF - Bry — st | )= - B
175+ CHj [(C;H;)sN] PF - Cl, — (a1 |~ 2] — | |
1%+ CeHy [(C,Hy)sN] PF - Cly 67| 486 | — 1150 — | — 13,"
19%ee CHj [(C;Hy)sN] PF - Bry —8 ] 4713 | — |164| — | — 13,”
205+ CeHg [(CsH5)sN) PF - Brg —57| — — |1200] — | — :3,21
21 CH,OPF,; - Cl, — 13| — | %0 — |— 2
22 C¢H,OPF; - Cl, — 8w | — | 90|~ | — |1
23 C¢H,OPF; - Cly 435 374 | — 1020 — | — | 132
2% CyH,OPF, - Bry +96| 345 | — [1025] — | — | 12
25 |:2>PF~Clz —lars | — | 5] — | — | 13
—o0
2 <_O>PF=‘C'= — |3l = | 9|~ |~ |mna
7™\
27 k" 0>PF-CI. — | 319 | — | 0| — |— | 12
)
/
/o
=05 — s | — sl — | —
3 kJ_O/PF-Br, -
29 CH,PF, - Cly — | 36| — | 0|~ | — | 18
30 CeHsPF, - Cl, — | — | 95| — |~ | 1
3 C¢H,PF; - Bry — | %48 | — {1000 — |— | 13

* Values of 6p given relative to H;PO,, and of 6
relative to F,.
** Axial fluorines are magnetically non-equivalent
(recorded at —50°C).
*** Values of 6F and Jp — F arbitrarily attributed to axial
fluorine atoms.
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Likewise the equatorial fluorine atoms do not “sense” the
non-equivalence of the axial fluorine atoms.

It was subsequently established!s,'%* that magnetically
non-equivalent axial fluorine atoms are present not only in
trifluorophosphoranes containing an NHR group attached to
the phosphorus atom but also in fluorophosphoranes con-
taining NR'R? and SR groups. There are grounds for
assuming that the cause of this phenomenon is the relatively
high energy barrier to internal rotation about the P—N and
P -8 bondg 13,188,164,

Table 4. Parameters of P and °F n.m.r. spectra of
fluorophosphoranes containing alkoxy- and alkylthio-groups
attached to the phosphorus atom.

&3 5% 8% L {L A |7
P ¥ 'I°F P-F ' P-F F-F'| Refs.
No. Compound ppm pp;unx pp'c;l c/sax c/seq ofs efs.
1 CH,OPF, 465(488 | — [ — | 80| — 168
2 CH,PF; (OC,Hs) — | 456 | 502 | 840 | 990 | 64 131
3 C,H,PF, (OC4H,) — | 460 [s500 | 855 |1010| 62 131
4 CH,PF; (OC,H,) — |48 | — [825 | — | — 132
5 CsHyPFy (OCgH,), — {465 | — |89 | — | — 132
6 (CoHy)PF3 (OC¢Hs)s — |468 | — | 797 [ — [ — 132
7 (CH30)sPF, — |58 | — |76 | — | — n2
8 (C¢Hy0),PF, — (58 | — [721 | — | — u2
9 CH;PF; (SC;Hy)s 5| — | — |80 | — | — |
10 CoH,PF; (SCHy) — | 445 | 502 | %42 | 1042 | 60 132
14 CoHyPF; (SC;Hy) +21 | 446 | 501 | 938 | 1049 | 59 | 132164
12 CoH;PF; (SCeHs) — | 444 | 501 | 970 | 1080 | 60 132
13 (CoHg)3PF, (SCH,) — | 455 — | 760 - - 132
14 (CeHy)aPF} (SC;H;) — |45 | — |2 | — | — 132
15 (CeHy),PFy (SC,H,) — 1456 | — |196 | — | — 132
16 (CiHaS)sPF, — 502 | —~ | M3 | — | — nz
17 (CeHg)aNPF, (SCoHy)s +31 437 | — |85 | — | — 13
F  0—C—CH,
18 N/ 428|411 | — (78 | — | —
(CgHe)sN /P\ ” o
CH; O—C—CH,
F, ,0-C—CH,
19 (CsHy)N—P' +50 | 489 — {810 — — 19
F/ No—C—CH,
CH,0._ ,0—C (CF;
20 .Fip/ (CFs)q o] = | — fas | — | — 10
VAN
CH0' O—C(CFs),
CH,0_ ,O—C(CFy),
2 p_\p< 48| — | — @0 | — | = |
GsH,0” "0—C(CRs)y

* Chemical shifts 6p given relative to H,PO,, and op
relative to F,.
** At —50°C the axial fluorine atoms exhibit magnetic non-
equivalence: Oi;. = 450 ppm and 0 _ = 442 ppm;
ax ax

_F., =1030c/s 13104, A
ax

similar phenomenon cannot be observed in compounds con-
taining RO-groups?s.

'P‘Fax =940 ¢/s and Jp

A large number of fluorophosphoranes containing alkoxy-
and alkylthio-groups attached to the phosphorus atom have
recently been investigated by means of the !°F n.m.r. spec-
tra (Table 4). Compounds of this type are in most cases
unstable, and their spectral characteristics are therefore
especially important for identifying newly prepared prod-
ucts. Table 4 makes it clear that these compounds are
characterised by positive chemical shifts §p, spin—spin
interaction constants Jp_Feq exceeding 1000 c¢/s, and

large fluctuations in the values of Jp_F,, (from 690 to
970 ¢/s). An appreciable increase in screening of the
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axial fluorine atoms is noteworthy on passing from fluoro-
phosphoranes containing a carbon—phosphorus bond

(Table 4, compounds 2—-6 and 9-15) to compounds contain-
ing more electronegative substituents (e.g. compounds 7,
8, and 16). The trigonal —bipyramidal configuration of
compounds of this type is confirmed by the n.m.r. gpectra
of the trifluorophosphoranes (compounds 2, 3, and 10-12)
containing signals from two (axial and equatorial) groups
of fluorine atoms. In several cases, e.g. with the cyclic
monofluorophosphoranes 20 and 21, whether the fluorine is
located at the equator or in an axial position of the bipyra-
mid remains an open question, since the values of 6
remain unknown, while those of the constants Jp_y are

nevertheless large for an axial position, usually occupied
by the more electronegative substituents, to be assigned
to the fluorine atoms solely on the basis of these data18s,
The spectral characteristics of the recently reported:eé
compound CH;OPF, demand special notice (Table 4, com-
pound 1): the *P nuclei are considerably better screened
than in CH;PF, and PF,, almost to the same extent as in
BrPF, °; the quantity O occupies an intermediate posi-
tion between its values for CH;PF, and PF, (but is closer to
the latter); while the constant Jp_f is considerably
smaller than in the above compounds.

The parameters of the n.m.r. spectra for all the phos-
phorus(V) hydrides other than the monohydride phenyltri-
fluorophosphorane !’ have been given in papers published
since 1964. During this time n.m.r. spectroscopy has
been used to examine about fifteen compounds having vari-
ous types of structure, beginning from HPF, and H,PF,
and ending with the hydrides XYPHF, (where X and Y are
substituents other than fluorine). The parameters
(Table 5) and the character of the 3P and *F n.m.r. spec-
tra of the phosphorus hydrides investigated indicate that
they have a five-coordinated structure, and are well inter-
preted on the basis of a trigonal —bipyramidal model. The
compounds are characterised by positive values of the
chemical shifts 6p, reaching +70 ppm for the hydrides
ROPHF,NHR’ (Table 5, compound 13) and extremely large
numerical values of the constants Jp.-H, exceeding by
more than 100 ¢/s the constants Jp-F,,. There is also
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atendency for the constants Jp —H to increase with increase
in the sum of the electronegativities of the substituents
attached to the phosphorus atom.

2. Electron Diffraction

An examination of phosphorus pentafluoride, methyl-
phosphorus tetrafluoride, and dimethyphosphorous triflu-
oride, made in 1965 by Bartell and Hansen'%, confirmed
the trigonal —bipyramidal structure of the molecules and
led to the following important conclusions: (1) the more
electronegative substituents occupy the vertices of the
bipyramid; (2) axial bonds are more polar and longer than
equatorial bonds; and (3) the replacement of fluorine
atoms by alkyl and other less electronegative substituents
results in an increase in the difference rax — 7eq. The
results can be satisfactorily explained both on the basis of
Rundle's model!%-17°  which postulates that axial bonds
are three-centred and have a bond order of ~ 0.5, and by
means of Gillespie's model!" =174  in which the stereochem-
istry of the molecule is determined by the repulsion of
electron pairs. It is difficult to give preference to either
model, for, as Bartell remarked!"s, they both require
additional postulates to explain all the details found for the
five-coordinated structure.

3. Vibrational Spectra

Vibrational spectroscopy has also been fairly widely
used for analysing the structure of the fluorides of phos-
phorus. The most gignificant results have been obtained
when the vibrational spectra have been used to solve struc-
tural problems in the fluorides of five-coordinated phos-
phorus. The infrared and Raman spectra of HPF, 7,187,
H,PF, 9,197,138 and the fluorophosphoranes (CH )nPF5 -n
(n = 1 3) 16 have been interpreted in terms of a trigonal—
bipyramidal molecular model in which the less electroneg-
ative substituents occupy equatorial positions. In the
vapours all the compounds are found to be monomeric,

Table 5. Parameters of 3P and !°F n.m.r. spectra of hydrides of five-coordinated phosphorus*.
) A HH-F
s,,ppm | 6 .ppm I'SF »ppmy R P-Feoi’ [So_ppcls [Jp_prcls | 73 Ref;
No. Compound P Fox | eq P-F,, cfs o eq |pogcls | kg ’H—F,x efs.
1 HPF, +53.6 ~480%** ~880¥** 1100 - 91 67,137
a* H;PF, +2 401 484 770 824 841 - 80 67,137
3 CH4PHF, -+10 446 530 795 965 850 19 120730 42,190,140
4 C,H,PHF, — 810 976 862 22.7 121/30 1
5 CH,PHF,C! — 446 — 785 - - - 124 42
6 CHZPHF,{N(C;H,),] - 469 — 832 — —_— - 132 42
7 CHPHF ,(HNCH,-) +44.5 — — 622 — 760 - — 31,38
8 CHPHF,(HNCH,—CH=CHy,) +42 — — 609 — 739 - — 37,38
9 CH,PHF,(OC,Hy) +20 - - 757 — 850 - - 3,35
10 CHPHF,(OC;H,-i) — 452 — 725 - - - 120 .3
u —NH—PHF3(CH,) +44 — - 610 — 780 - 120 s
@ —NH—PHF,(CH,)
CHyC4H,PHF, +30 Asp =53 ppm 815 950 — 3% 118/34 13,40
3 CH,0(C,H,NH)PHF, +70 490 - 670 - 818 - 122 u
i (CH;).N(C.H,NH)PHF, - 488 - 712 - - - 127 u
(CH3)sPHF, +31.7 458 - 535 - 733 — 98 1o
* Chemical shifts 6p given relative to H,PO,, and 0F relative to F,.
** The n.m.r. gpectra of the deuteriated derivatives are given in Ref. 61.

*** Axial and equatorial fluorine atoms indistinguishable.
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whereas in the liquid state the phosphorane PH,F, is asso-
ciated by means of hydrogen bonds. It is interesting that
in the liquid state the hydride HPF, is either considerably
less or not at all associated.

Investigation by means of the vibrational spectra of
phosphorus hydrides of different degrees of coordination
has shown that the P—H stretching frequencies appear over
a wide range from 2233 cm™ (in HPF,) @ to 2545 cm-!

(in H,PF;). The most significant are the frequencies
vP—H and the constants Jp—y, which vary in parallel with
the former on passing from the phosphorus(Il) fluorides to
the four- and five-coordinated compounds (for HPF, 23,
HPOF, ¢, and HPF,  we have 2233, 2500, and 2485 cm=!
for vp_y, and 182, 844, and > 1000 c¢/s for Jp_p).
Within groups of four- and five-coordinated compounds
there is a tendency for vp_y and Jp_g to increase with
the electronegativity of the substituents attached to the
phosphorus atom (e.g. on passing from HPSF, 2° to

HPOF, % the frequencies ¥p_ g and the constants Jp_g
increase by 42 cm™ and 119 c¢/s respectively, and on
passing from HPF, % to RPHF, 40,!% by ~40 cm™ and
~150 c/s).

Table 6.

P-F stretching frequencies compared with lengths of
P-F,4 bond for the fluorophosphoranes X,PF,_.

Spin-spin interaction constants Jp-F,, and

P-F P-F Jop - | P-Fax
v, o, Vo, M -
No. Compound 2m 1 ::n 31 ean ols ax b%?}ﬂ A
1 | PF, 840 945 793 - 1.577
2 | CHpF, 596 843 720 — 1.612
3 | (CHy)JPFs 540 755 848 772 | 1.643
4 | (CHy)PF, 500 670 585 541 =

* Data taken from Ref. 176.

Increase in the sum of the electronegativities of the
substituents in the series of fluorophosphoranes
X,PF,_, (n = 0-3) has been shown!¢ to be accompanied
by contraction of the P—Fyx bonds together with an
increase in the frequencies of the symmetric and antisym-
metric vibrations Vp_Fax (see Table 6). A similar rela-

tion between the sum of the electronegativities of the sub-
stituents and the frequencies Vp_y is observed also for
several series of compounds of four-coordinated phos-
phorus 148,149 [for the main results on the vibrational spec-
tra of phosphorus(IV) fluorides see Refs. 148, 149, and
177-184).

Quite recently!85 the microwave spectrum has yielded
for HPOF, the parameters

O

1,437

£ OPF.=116.5°
1339 LOPH=117.9°

o P . .
H/W Dipole moment 2.65 £0.03 D
?

Vibrational and especially microwave spectroscopy has
been used very rarely to solve structural problems in the
phosphorus(IIl) fluorides, the number and significance of
papers published during the period in which we are inter-
ested being fairly limited!se-188,
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Cyclodiphosphazanes
A.F.Grapov, N.N.Mel'nikov, and L.V.Razvodovskaya
The chemistry of four-membered cyclic compounds containing both nitrogen and phosphorus, which may find application
in the preparation of thermostable plastics and the synthesis of biologically active compounds, has been widely investigated
in recent years. This review deals with problems concerning the determination of the structure, the investigation of the
physical and chemical properties of cyclodiphosphazanes containing trivalent tetraco-ordinate and pentaco-ordinate phos-
phorus atoms, and the methods of their synthesis and chemical reactions.
20 The bibliography includes 103 references.
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I. INTRODUCTION S

Towards the end of the 19th and the beginning of the
20th century, Michaelis!s? described for the first time
compounds containing a four-membered ring with
alternating phosphorus and nitrogen atoms. The work of
Michaelis and his school led to the development of the
simplest methods for the synthesis of such compounds.
Then for a long time this class of organic phosphorus
derivatives remained sidetracked from the mainstream of
the development of organic chemistry. It was not untila
few years ago that four-membered ring compounds con-
taining both phosphorus and nitrogen atoms again attracted
the attention of investigators. The year 1959 must be
regarded as the start of the new period in the study of
these compounds, when Kirsanov and Zhmurova published
their investigation of dimeric trichlorophosphazoarenes3,
In recent years new synthetic methods have been developed
for these compounds, their reactivity has been investigated,
and physicochemical studies have been made to determine
their structure and to elucidate the mutual effects of the
atoms.

Four-membered ring compounds containing bothtrivalent
and tetraco-ordinate and pentaco-ordinate phosphorus
atoms have now been obtained.

There is no agreement as regards the nomenclature of
such cyclic systems. In Sasse's monograph* they are
referred to as derivatives of imidophosphorous, imido-
phosphoric, imidophosphonic, imidothiophosphoric, and
imidothiophosphonic acids. In chemical literature in
English they are sometimes called 1,3,2,4-diazadiphos~
phetidiness., The term “dimeric phosphazo-compounds”
is fairly frequently encountered. The name cyclodiphos-
phazanes proposed by Shaw et al® and also by Davydova
and Voronkov? is the most apt. For example:

o
j
CH;NHP—NC,H,
CoHyN—PNHC,H,
|

CHsNHP—NCH;
CoHsN—PNHCH,

2,4-dianilino-2,4-dioxo-1,3-diphenyl-
cyclodiphosphazane

2,4-dianilino-1,3-diphenylicyclo-
diphospha(lll)azane

1
C4H,0P—NCH,4
CH;N—POC,H,
I

ClyP—NC,Hs
CoHsN—PCl,

1,3-dimethyl-2,4-diphenoxy- 2,2,2,4 4 4-hexachloro-1,3diphenyl-
2,4-dithionocyclodiphosphazane cyclodiphosphazane

This nomenclature will in fact be adhered to in the present
review.

II. THE STRUCTURE OF THE CYCLODIPHOSPHAZANE
RING

To establish the structure of cyclodiphosphazanes,
various physicochemical methods have been used: X-ray
diffraction measurements of dipole moments, infrared and
ultraviolet spectroscopy, Raman spectroscopy, and
nuclear magnetic resonance (NMR). The data obtained
made it possible not only to establish the relative positions
of the atoms in the molecule but also to arrive at certain
conclusions concerning the nature of the nitrogen—phos-
phorus bond.

Unfortunately almost all studies of this kind deal with
compounds with tetra- and penta-co-ordinate phosphorus
atoms. There are no physicochemical data in the litera-
ture for cyclodiphosphazanes with a trivalent phosphorus
atom,

1. Vibration and Electronic Spectra

Most investigators attribute the intense absorption in
the region 850865 cm™ in the infrared spectra of dialkyl-
or diaryl-hexachlorocyclodiphosphazanes to P-N vibra-
tions of the four-membered ring -1, The intense band at
1160-1165 cm~! may be assigned to N—alkyl vibrations 1
but not to P-N-P bridge vibrations or P-N stretching
vibrations 8712,

The vibration frequencies in the infrared and Raman
spectra of hexafluorodimethylcyclodiphosphazane have been
assigned (Table 1)!3 by analogy with the spectra of alkyl-
fluorophosphoranes 14,15,
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The spectra of dithionocyclodiphosphazanes have been
investigated in greatest detailil, The intense absorption
bands in the region 850-900 cm=! in the infrared spectra
1,3-dialkyldithionocyclodiphosphazanes are due to anti~
symmetricvibrations of the four-membered ring. The
replacement of the N-alkyl group by an N-aryl group leads

to an increase of the vibration frequency by about 100 cm™!.

The symmetrical vibrations of the ring are revealed only in
the Raman spectrum in the region 430-570 cm™, The
infrared spectroscopic data for bis{(diphenylthiophos-
phono)-N-alkylamines are satisfactorily consistent with
these results. The P-N-P antisymmetric vibration band in
their spectra lies in the region 912-928 cm™, while the
band due to the P-N-P symmetrical vibrations is in the
region!® 528-583 cm™1.

The absorption bands at 1150-1180 cm™ in the infrared
spectra of 1,3-dialkyl-2,4-dithionocyclodiphosphazanes
have been assigned to N-C (alkyl) vibrations. In the
spectra of the N-aryl analogues these bands occur at
1250-1270 cm~!, 2,4-Dialkyl-2,4-dithionocyclodiphos-
phazanes absorb in the region 615-630 cm™, which may be
attributed to P=S vibrations. In the spectrum of
2,4-diphenyl-2,4-dithionocyclodiphosphazane the absorption
shifts to the region 650-670 cm~!. Such as increase in
the P=S vibration frequency as a function of the immediate
environment of the phosphorus atom is consistent with the
available datal7,18,

Table 1. Infrared and Raman spectra of
hexafluorodimethyleyclodiphosphazane

Frequencies of _
band maxima, cm

Assignment
ir. Raman
(vapour)| (liquid)

1264 | 1202 | C-N antisymmetric
~ 964 960 | C-N symmetrical
934 904 l’-Feq antisymmetric

858 | 839,5 l’-Feq symmetrical

807 | 41,5 | P-F,,
614 | 626 | P-Nog
535 | 563 | P-N,,

The ultraviolet spectra 2,4-dialkyl-1,3-diaryl-2,4-
dithionocyclodiphosphazanes are virtually identical with
those of the dianilides of methylthiophosphonic [methyl-
phosphonothioic? (Ed. of Translation)] acid! (Table 2).

Compared with the spectra of NN’-dialkyldiaminophenyl-
phosphonothioates, those of 1,3-dialkyl-2,4-diphenyl-2,4-
dithionocyclodiphosphazanes show a bathochromic shift of
the nearest absorption band [band at the lowest frequency?
(Ed. of Translation)] together with an increase in its
intensity, and an additional maximum appears at 245 nm.,

2. Nuclear Magnetic Resonance Spectra
The 'H-NMR spectra of hexachlorodimethylcyclo-

diphosphazane show a 1:2:1 triplet at 3.00 p.p.m. 1 with a
spin-spin interaction constant Jp_N_c-g = 20 Hz. 8

1 In the 'H-NMR spectra the chemical shifts are given
in terms of the § scale relative to tetramethylsilane as
an internal standard.
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The signal due to H-C~N~P protons in the homologues of

this compound occurs in the region 3.29-3.58 p.p.m. with

an interaction constant of 28-29 Hz, In the NMR spectra

of the fluoro-analogues [CH,NPF,X],, where X = F, alkyl,

or aryl, the chemical shift of the protons is 2.32-2.48
.p.m, with an interaction constant J = 12.5-12.9 Hz

ffor [CH,NPF,},, Jp_N-C-H = 14.5 Hz 19,20},

The 31P chemical shifts in the spectra of [RNPCL], and
[CH;NPF,C4H,], are +78.2~79.8 and +56.1 p.p.m. respectively
(relative to 30% of phosphoric acid)®?!, i.e. the phosphorus
nucleus in chlorocyclodiphosphazanes is more screened
than in the fluoro-derivatives. The marked shift indicates
that the phosphorus atom in these compounds has a
co-ordination number of 5 (for PCl,, I = +80 p.p.m.). 22

Table 2. Positions and intensities of the

ultraviolet absorption bands of solutions in

heptane

Compound Amaxe M €max

[CH;P(S)NCH,], ) 220 10500
[CHgP(S)NC3H, 1y (11) 222 11000
[CH;P(S)NC¢Hs ], REL10)) 236,280 29000, 1500
{CH,P(S)NC(H,CH;—4], (V) 239,280 42000,1800
[CHP(S)NCH,Cl—4], ) 243,285 42800,1900
[CH,P(S)NC,H,OCH;—4], (VI) 238,282 40000,2700
[CH5P(S)NC¢H,OC,H,—4], (VII) ' 238,282 47000,2500
[CsHsP(S)NCHs]y (VIH) | 220,242,283| 20000,11500 s.8500
[CsHyP(S)NC3H;-H30]4 (IX) 220,245,292 25000,12800,9000
[CsHsP(S)NCeHjlg (X) 236,265,300| 41700,9500, 3000 s
[CeHsP(S)NCgH,OC,H—4], (X1) 236,270,295{ 41200,9000,4000 s
CoHyP(S)[NHC H,-130], (XII) 255 2500
CH,P(S)(NHC,Hg)(NHC,Hj,) (X1ny | 238,278 177000,1300
CH;P(S)(NHC,N,) (XIV) | 238,278 28000 ,2300

*In alcohol. The letter s denotes a shoulder.

In the spectra of 1,3-dialkyl-2,4-dioxocyclodiphos-
phazanes the constant for the spin-spin interaction of the
proton with the phosphorus nucleus via three H-C~N-P
bonds is 13,0~16.3 Hz, the chemical shift of the proton
signal amounting to 2.6-3.37 p.p.m., 1®

In the P-NMR spectra there is a signal in the region
between -7.0 and +5.7 p.p.m.,1%1® which is characteristic
of the P=0 group 23,

In the 'H-NMR spectrum of 1,3-dimethyl-2,4-diphenyl-
2,4 -dithionocyclodiphosphazane Trippett 3¢ observed a
1:2:1 triplet (6 = 2.32 p.p.m., J = 14 Hz) and a second
triplet, 10 times less intense, at 2.56 p.p.m. (J = 15.5 Hz).
According to Mel'nikov et al.!!, the NMR spectrum of a
preparation obtained by a different method contains 1
triplet at 2.52 p.p.m. (J = 15 Hz). The 'H-NMR spectrum
of the 1,3-dibenzyl analogue of this compound was found to
have two triplets of approximately equal intensity at 4.14
and 3.99 p.p.m. (J = 15.0 and 18.0 Hz). The two triplets
are probably due to the presence in the specimens investi-
gated of cis- and {rans-isomers of 1,3-dimethyl- and
1,3-dibenzyl-2,4-diphenyl-2,4-dithionocyclodiphosphazanes.
These data agree satisfactorily with the results of the
measurements of the dipole moment of 1,3-dimethyl-2,4-
diphenyl-2,4 -dithionocyclodiphosphazane 25,
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The chemical shifts in the 33P-NMR spectra of dithiono-
cyclodiphosphazanes are in the range between -51.5 and
=60 p.p.m,, 0 i.e, the screening of the phosphorus atom
decreases in the sequence

o} S
NN N\p? \p/#
/PCI,> /P\R >/P\R

3. Bond Lengths and Valence Angles

Hess and Forst 26 and also Hoard and Jacobson?? deter-
mined by X-ray diffraction the angles and bond lengths in
2,2,2,4,4,4-hexachloro-1,3-dimethylcyclodiphosphazane.
Cox and Corey 2?8 and Weiss and Hartmann?® made similar
measurements (Table 3) for 2,2,4,4-tetrafluoro-1,3-
dimethyl-2,4-diphenylcyclodiphosphazane [MeNPF,Ph],
and a compound which was isolated by Becke-Goehring et
al.10 (see p. 27).

Table 3. Bond lengths (in 4ngstroms) and angles
(in degrees).
Bonds and angles Ref.26 Ref.27 Ref.28 | Ref.29
Bonds
P—Cl axial 2.152 2433 | — | 2,16
P—N axial 1.776 1.769 | 1.78 | 1.1
P—F axial 1.62
P—Cl radiai 2.022;2.048 | 2.026 2.05
P—N radial 1.629 1835 | 1.64 | 1.66
P—F radial 1.57
P—C 1.79
N—C 1.476 1.475 | 1.44
Angles
P—N—p 9.3 9.5 |99.4 |99.1
N—P—N 81.7 8.5 |80.6 |80.7

A centrosymmetric structure with a planar four-
membered ring is characteristic of the molecules of
cyclodiphosphazanes with a pentacovalent phosphorus atom
(see Figure). Each phosphorus atom exhibits dsp3
hybridisation and consists of a trigonal bipyramid. In
such hybrid structures the axial orbitals are longer than
the radial orbitals by a factor of 1.1-1.2, This ratio is
1.05-1.07 for P-Cl1 bonds, 1.085-1.09 for P-N bonds, and
1,08 for P-F bonds. The P-N-P and N-P-N angles are
98.3-99.5°C and 80.5~81.7°C respectively.

In 2,4-dichloro-1,3-dimethyl-2,4-dithionocyclodiphos-
phazane containing an sp3-hybridised phosphorus atom,
P-N bonds are of the same length (1.67 A), i.e. they
assume the average value for the radial and axial bond

lengths %0, The lengths of other bonds and the angles
between them are given below.
Bond length P—S(Cl)* 1.93A
N—C 1.46A
Angle N—P—N 84.0°
P—N—P  95.0°
N—P-S(Cl) 114.7°
S—P—Cl 111.5°

*Weiss and Hartmann do not distinguish S and Cl;
usually the P—~Cl1 bond length is 0.01 A.®
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4. Dipole Moments

Cyclodiphosphazanes with a tetraco-ordinate phosphorus
atom can exist as cis- or {rans-isomers25:

¥

< 4
I‘\P/ AN / \ R
N N / Nx

Rl/ l/

cls- W":‘

The occurrence of cis- and {rans-isomerism in the
series of 2,4-dithionocyclodiphosphazanes has been fairly
convincingly confirmed by the measurements and calcula-
tions of their dipole moments (Table 4), although the
calculations were based on a simplified scheme and the
extrapolated results of a relatively small number of
measurements by different investigators. The consider-
able deviation of experimental dipole moments of the
trans-isomers from zero may be explained by their
partial inversion in solution.

Table 4. Dipole moments of certain dithionocyclo-
diphosphazanes.
R R’ Hexp Heis. cale

CH, CH, 6.41 7.18

GH, | CH, 5.8 | 6.70

CH, C,H, 1.82 7.18

¢H, | ch, 0.7 6.70

cl CoHj 1.32 3.57

5. Bond Energies

Only one study has been made on the thermochemistry
of cyclodiphosphazanes, namely that of Fowell and
Mortimer 3!, who found that the average P—N bond energy
in 2,2,2,4,4,4-hexachloro-1,3-dimethylcyclodiphos-
phazanes is 74.3 kcal mole™ according to measurements
of the heat of hydrolysis. This is close to the P-N bond
energy in cyclotriphosphazenes (72.3 kcal mole~!) and
cyclotetraphosphazenes (72.5 kcal mole™) 32 and greatly
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exceeds the energy of the same bond in tri(diethylamino)-
phosphine (66.8 kcal mole~).38 The fact that the forma-
tion of the cyclodiphosphazane ring is favoured by thermo-
dynamic factors is indicated also by chemical data. The
reaction of tri(diethylamino)phosphine with aniline yields
the corresponding cyclodiphospha (III) azane 34,

The P-Cl bond energy is 63.1 kcal mole™,3! j.e. is
smaller by 13.1 kcal mole~! than in PCl,. 3

6. The Nature of the Phosphorus-Nitrogen Bond

The available physicochemical data on the structure of
cyclodiphosphazanes permit certain conclusions concern-
ing the nature of the P—N bond. The shortening of the
P~N bond, the planarity of the dimer, the location of the
N atoms in the same plane (according to X-ray diffraction
analysis), the thermochemical data, and the relatively
high stability of the ring in cyclodiphosphazanes with tetra-
and penta-co-ordinate phosphorus atoms (see sections IV
and V) are evidence of an additional interaction between
nitrogen and phosphorus atoms.

The idea that dithionocyclodiphosphazane molecules are
stabilised by isomerisation, described by the resonance
of the structures

® R
/N - SN /
R/"\N/"< €D
|
¥ R

is not confirmed by physicochemical investigations.

It is most probable that the molecules of cyclodiphos-
phazanes are stabilised by the interaction of the unshared
electron pairs of the nitrogen atoms with the d orbitals of
the adjacent phosphorus atoms 26,3 yia three-centre
m-molecular orbitals37,38;

P
@)%

OI. CYCLODIPHOSPHAZANES WITH TRICO-ORDINATE
PHOSPHORUS ATOMS

The reaction of phosphorus trichloride with aromatic
amines in a non-polar solvent yields 2,4-diaminocyclo-
diphospha (III) azanes 39,40;

CoH;NHP—NC,H,
10 C,H,NH, + 2PCl; — + 6 C¢H,NH, - HCl.
C4H;N—PNHC,H,

An excess of the amine introduced into the reaction or a
tertiary amine may be used as the acceptor of hydrogen
chloride®. Phenyldichlorophosphine reacts similarly 3,
The reaction of phosphorus trichloride with ammonia
and primary aliphatic amines does not take place unam-
biguously, With ammonia, a number of products are
formed, according to the following mechanism 41s42;

PCls+ NHy — P (NH,)s — [HNP (NHy)], —~(PNH), — PN,
The reaction of phosphorus trichloride with methylamine
gives a compound with a urotropine-like structure3,4;

\/\ FHa

/ rJ:—cH \

N,
c@ S~ \Ha
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When straight-chain primary amines containing two and
more carbon atoms are introduced into the reaction, the
corresponding cyclodiphospha (II) azanes are formed*,

The reaction of aniline hydrochloride with phosphorus
trichloride yields 2,4-dichloro-1,3-diphenylcyclodi-
phospha (IIT) azane4s, Its 1,3-dimethyl analogue has been
obtained by the amination of phosphorus tetrachloride with
heptamethyldisilazane 46:

CIP—NCH,
2C,H,NH; - HCl + 2 PCl; - [
CeH;N—PC!

CIP—NCH,
2[(CHs)s Sily NCH, + 2 PCl, — ||
CH;N—PC!

+6HCI,
+ 4 (CHy), SiCl .

It is noteworthy that the reaction of N-ethylhexamethyl-
disilazane with phosphorus trichloride yields a mixture
containing 2,4,6-trichloro-1,3,6-triethylcyclotriphos-
phazane and 2,4,6,8-tetrachloro-1,3,5,7-tetraethylcyclo-
tetraphosphazane*?,

The reaction of tri(triethylamino)phosphine with aniline
or p-toluidine at 60-70°C leads to the formation of 2,4~
dianilino-1,3-diarylcyclodiphospha (IIT) azanes 34:

ArNHP—NAr
Arl‘}—ll?NHAr .

The synthesis of 1,3-dibenzyl-2,4-di(benzylamino)-
cyclodiphospha (Ill)azane by the thermal dissociation of the
di(benzylamide) of pentafluorophenylphosphonus acid4® is
interesting:

3 ArNH, + [(CyHy)s N}, P —

a0, CoH,CH,NHP—NCH,C,H,
C4H CH,N—PNHCH,C¢H,
Cyclodiphosphazanes can form part of certain polymeric
compounds. Thus the thermal decomposition of the
amides of pentafluorodimethylphosphinous acid, obtained
by the ammonolysis of di(trifluoromethyl)phosphine with

2C,F,P (NHCH,C,Hy)s —2

_ liquid ammonia at -78°C, yields linear and cross-linked

polymers:
NH,
|
(CFy)a PH + NH, — CF, PCHF, % (CF,P—NH)”,
The mechanism of their formation is probably as follows 4°:
rp=NH RP—NH  pp_yy RP—N—PNH,

RP=NH [ L -
HN—PR HN—PR R

RP—NH
inlor . RIT—N—F;—N—P|R - [RP—N—P— J

1 | I L
HN—PR R RP—NH —N—PR

Cyclodiphosphazanes containing a trivalent phosphorus
atom are present in solution with a corresponding
phospha(IlT)azo-compounds. On raising the temperature
and increasing the polarity of the solvent, the equilibrium
shifts to the right 5,40;

—P—N—
| ] & —P=N-— .,
—N—P—

This equilibrium accounts to a large extent for the ease
of the dissociation of the cyclodiphosphazane ring under the
action of nucleophilic reagents.

When water reacts with diaminocyclodiphospha (III)-
azanes, diamides of phosphorous acid are formed.
Inorganic acids decompose cyclodiphosphazanes to phos-
phorous acids and substituted ammonium salts. Organic
acids react with formation of carboxylic acid amides 45,50,5! ;

RN—PNHR
| ! + 2R’COOH — 2R'CONHR 4 2H;PO, ,
RNHP—NR
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The salts of carboxylic acids do not react with cyclo-
diphosphazanes. Preparative methods for the synthesis of
acid amides, substituted ureas, and di-, tri-, and tetra-
peptides have been developed on the basis of these data 30-56,
In the synthesis of peptides, amino-acid derivatives are
allowed to react with phosphorus trichloride, the reaction
mass being subsequently treated with the amino-acid without
isolating the cyclodiphospha(IlI)azane in a pure form. The
following elegant synthesis of glutathione may be quoted as
an example 5!

PCly + H,NCH,COOC,H,
CgH SCH20—NH(|:HCOOH [c,H.OCOCH,NHP—-NCH,cooc,H, ]
CH.SCIHnC.Hs

C,H,OCOCII-I,N —PNHCH,COOCH,

CeH SCHZO_NHCtICONHCH,COOC,H,
éH,SCH,c.H.
H%::l’ff)hol-
H,NCHCONHCH,COOC,H;
ICH.SCH,C,H,,
PCl,
COOC,Hg CH,SCH,CeHs

HOCOCH,CH,CHNH—OCH,C Hg | —P—N—CHCONHCH,COOC,H
—N—P—NHCHCONHCH,COOC,H,

|
| | CH,SCH,CH;

C¢H CH,ONH CH,SCH,CyHj;
C;H,0COCHCH,CH,CONHCHCONHCH,COOC, H,
—protecting groups
NH, CH,SH
HOCO!:HCH,CH,CONHCHCONHCH,COOH .

2,4-Dichloro-1,3-diphenylcyclodiphospha (ll)azane also
readily reacts with nucleophilic reagents, undergoing ring
rupture, under the conditions of acid catalysis. It under-
goes substitution reactions with alkaline nucleophilic
reagents (sodium alkoxides, piperidine, aniline)4%,%:

—9_ s H.PO, + CH,NH, - HCI

C,H,O0H
CPNGH, | (CH,0)y P+ CuHNH, - HCH
~|—HC . pei, + CHyNH, - HC
| GHONa _, - H,0P—NCH,
CoH,;N—POC,H,
CH,NHP—NC,H,

CoHN—PNHC,H, .

|
C4H;N—PCl

C.H,NH,

Cyclodiphospha (III) azanes also enter into addition
reactions with electrophilic reagents via the unshared
electron pairs. Thus in the reaction with alkyl halides,
arylalkyl halides, and halogenomethy! ethers, 1,3-dialkyl-
2,4-di(alkylamino)cyclodiphosphazanes are converted into
the corresponding salts5: :

RNHP—NR RNHP—NR 7T+
+RX — [R—|— | ] X-

RN—PNHR RN—PNHR .

The charge distribution in this molecule has not been
investigated.

N-Methylaniline has been isolated after the reaction of
2,4-dianilino-1,3-diphenylcyclodiphosphazane with methyl-
magnesium iodide and dimethyl sulphate 53,
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IV. CYCLODIPHOSPHAZANES WITH TETRACO-
ORDINATE PHOSPHORUS ATOMS

Cyclodiphosphazanes with tetraco-ordinate phosphorus
atoms are obtained both from linear molecules and from
pre-formed cyclic structures.

When the hydrochlorides of aromatic amines 2,57:58 or
the free amines themselves® are heated for many hours
with phosphorus oxychloride, phosphoramidic dichlorides,
aryl phosphorodichloridates, or phenylphosphonic dichlor-
ides in xylene, 2,4-dioxocyclodiphosphazanes are obtained:

o

1
RP—NC,H
RPOCI, + CeH;NH,HCI — i
CeH,N—PR
l

The reaction of this phosphoryl chloride with aniline
hydrochloride leads to 2,4-dianilino-1,3-diphenyl or
2,4-dichloro-1,3-diphenyl-2,4-dithionocyclodiphos-
phazanes depending on the reactant ratio and the process
conditions °;

S
C,H,NHIID—NC,HE
CBHSN—"PNHC,H,
PSCly + CeHgNH,HCI — s 5
cu">—Nc,H,

1oy
C.H,N—"PCI

—

The thermal dehydrochlorination of the chlorides of
pentavalent phosphorus acid amides containing a primary
or a secondary nitrogen atom results in the formation
of the corresponding 2,4-dioxo- or 2,4-dithionocyclo-
diphosphazanes 1s11,58:

o}
o ArNHD—NAr
2 (ArNH),PCl oy o1 g Arlll—lLNHAr ,
%I)
S
P R\P/S Rg—NR'

RNHZ Nai 7O o DR
I

The last reaction is carried out at a reduced pressure
of 100-200 mmHg and 120-150°C. Methylphosphono-
thionic dichloride and the hydrochloride of the correspond-
ing amine were isolated as side products. Their forma-
tion may be explained by the following mechanism!;

S

CHj % NHR+ 2HC! — cH,Fllcla + RNHHCI .
cl

The attempts to employ tertiary amines as acceptors
for hydrogen chloride in this process were unsuccessful.
However, quite unexpectedly, it was found that organo-
magnesium compounds may be used as dehydrochlorinating
agents. Thus the reaction of butyl- or pentyl-magnesium
bromide with aryl N-alkylphosphoramidochloridothionates
led to the corresponding dithionocyclodiphosphazanes
together with aryl (N-alkyl)alkylphosphonoamidothionates®!:

S
Il
ArO S —
\p” + R'MgBr N ArOP—NR
RNH/ i

RN-—l?OAr
|
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The most general method for the synthesis of dioxo-
and dithiono-cyclodiphosphazanes of different structures
is thermal deamination of the amides of phosphorus acids
containing at least two secondary amide groups 1s24,58,62-66;

"

X i

1 At YP—NR
2(RNH), PY —ewm, oL by -

[
X

Compounds of the following types have been used as the
starting materials:

A . wps
(RNH);P=0, (RNH);P=S; (RNH)?P\NR;. RNEDPL o

The reaction is carried out in a stream of an inert gas
at 200~-300°C. The derivatives of thioic acids usually
decompose at a lower temperature and give higher yields
of the final products than oxygen analogues. When phos-
phorothionic tri(isobutylamide) was heated in the tempera-
ture range 260-280°C, the corresponding dithionocyclo-
diphosphazane was isolatedina 56% yield. The preparation
of the oxygen analogue required a temperature of 280-
295°C and the yield fell to 21%. %

Ibrahim and Shaw % obtained data demonstrating
indirectly that thermal cyclisation of phosphorus acid
amides takes place in steps. Thus on heating to 180°C
phenylphosphonothionic di(ethylamide) is converted into
di-N-ethylphenylphosphonamidothionylethylamine, while the
reaction at 200°C leads to the formation of the correspond-
ing dithionocyclodiphosphazane:

S scl\” “ <C4Hs
c.H,p (NHC.H,), ————CQHsNH/ I H NHC,H,
2t%s
{
s
]
CoHP—NC,H,

200°

CHN—PCH,
Il
S

The synthesis of dioxo- and dithiono-cyclodiphosphazanes
by the thermal deamination of the amides of phosphorus
acid is accompanied by a side process—polycondensation
involving the formation of polymers with phosphorus—
nitrogen bonds 67798

]
Rr“’ (NHR’), — [_{:a_.r'q _]n .
Cleavage of the dianilide of phenylphosphonothionic
acid at 265°C leads to the formation of 1,1,4,4-tetraphenyl-
2,5-diaza-3,6-dithia-1,4-diphosphacyclohexa-1,4-diene 5
and not tetraphenyldithionocyclodiphosphazane:

H,C,\P, /C.Hl
s s/ NN
Il | !
CeH,P (NHCHy),—~ N S
’ \p/

H,C, 4 \CIHE

Thermal deamination of phenylphosphonothionic diamide
at 160°C results in the formation of 2,4,6-triphenyl-2,4,6-
trithionocyclotriphosphazane, while N-alkyl homologues
yield under these conditions dithionocyclodiphosphazanes 5:

H
S 5\/ \ /S
CCHOP (NH:):_”—' H.C./ I ’\CCHI
\p/
S/ \CCHI
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Probably the polymeric products formed in the thermal
condensation of hexa-anilinocyclotriphosphazenes include
cyclodiphosphazane structures:

CeH,
/N.,.T(NHC,H,),_. /N\p NG p/N\
[\
CeHj .

2,4-Diphenyl-2,4-dithionocyclodiphosphazane in a yield of
17% together with bisdiphenylphosphonothionic imide and
2,2,4,4,6,6-hexaphenylcyclotriphosphazene were isolated
from a mixture obtained on thermal decomposition of
diphenylphosphinothionic amide at 280°C for 30 min™:

S

S " N HBCO\ /CaHs S S
C¢H,P—NH /
CHBNH > ] HC/ | k CHy | (C,H)PNHP (CH), |
- HN—PC,H, \ s
[ P.
CH,” “CHy

The reaction of the dichlorides of alkyl(aryl)phosphonic
acids with primary aliphatic or aromatic amines in the
presence of bases (molar ratios of the reactants 1:1:2) in
inert solvents constitutes a convenient method for the

" synthesis of 1,3-dialkyl(aryl)-2,4-dialkyl(aryl)-2,4-

dioxocyclodiphosphazanes 88,7276,

[o] Il
I 5 RP—NAr
2RPCl, + 2 ArNH, — |
Ll * ArN —l'»l’R
1
0

According to Binder and Heinle ™, the reaction of one
mole of an alkylenediamine with two moles of a phosphonic
acid dichloride can lead to the formation of dioxocyclo-
diphosphazanes with an alkylene bridge between the
nitrogen atoms:

o
1]
RP.

O N
It

2RPCl, + HN(CH,) NHy —= (CH,

n

PR
il
(o]

However, the structure of the compound obtained was not
proved.

Bock and Wiegrabe® proposed an interesting method
for the synthesis of dioxocyclodiphosphazanes with various
substituents at the nitrogen atom. When the dichloride of
NN-diethylphosphoramidic acid was heated with phosphoric
NN-diethyldi (N’-propyl)triamide in benzene in the presence
of triethylamine, the product was 1,3-dipropyl-2,4-
di(diethylamino)-2,4-dioxocyclodiphosphazane:

[o]
1
(C+Hy)sNP—NC,H,
CJ":“-E’N (CHy)s
(o]

(o]
(] [
(CIHI)INPC11+ (CsH,NH),PN (C!Hl)i -

The conversion of 2,2,2,4,4,4-hexachlorocyclodiphos-
phazanes into 2,4-dichloro-2,4~dioxo- or 2,4-dichloro-
2,4-dithiono-cyclodiphosphazanes takes place when the
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former compounds are treated with sulphur dioxide or
hydrogen sulphide in the presence of pyridine 10,9,

o
s0, . CIb—NCH,
CHN—PCI
ClP—NCH, !
CHN—be,
s
CIb—NCH,

B el e

Treatment of hexachlorocyclotriphosphazanes with
sulphur dioxide in the presence of moisture in phosphorus
oxychloride results in ring rupture and the formation of
NN'-diaryl-N-(dichlorophosphinyl)phosphorodiamidic
chloride 7:

Ar
P—NA; Cl F'IHO 1
ClP—NAr so,4H,0 | Np/ lll!/c
ArN—PCl, o/ “\n/ Na

|

Ar

Substitution of a halogen in 2,4-dichloro-2,4-dioxo- or
2,4-dichloro-2,4-dithiono-cyclodiphosphazanes may be
used for the introduction of various substituents into the
molecule. Thus the reaction with sodium alkoxides or
phenoxides under mild conditions leads to the formation
of 2,4-dialkoxy-derivatives. The reactions with amines
or anilines yield 2,4-diamino-derivatives of 2,4-dioxo- or
2,4-dithiono-cyclodiphosphazanes 2,%:

: :
Il |
CIP—PliC.H. + 2NAOR ROIT—NC,H. ’
al —_—
CH,N—PCl c,H‘N—lDOR
i I
]
o
cu“> NC,H /T TN ﬁ)
* 4 2HN >—-»< N—P—NC.H,
N—— 4

CoH;N—BCl | L/
Il CeH, N—PN .

Il 5 % \——>
Halogen substitution in 2,4-dichloro-2,4~dioxocyclo~
diphosphazanes by dialkylamino- and alkylthio-groups has
also been achieved by reaction with dialkylamino- and

alkylthio-trimethylsilanes respectively?:

(o] (o]
mg"hlm + (CH);SIN (CHy)y —— (Nt
R N—PCl RN—PN (CHy)s »
o b

Cyclodiphosphazanes with tetraco-ordinate phosphorus
atoms are fairly stable. However, nucleophilic reagents
witha labile hydrogen atom, suchas water, alcohols, phenols,
amines, g-diketones, esters of 8-keto-acids, etc. ata high
temperature rupture the four -membered ring 1»2,8+62,63,78;7%_
The process takes place in steps:

X R\ /X X\ /R
I , /P P\NHR-
o YN
R'N—PR ]
1 R’
X
HY
X l X X
A NHR’ R‘;‘)y ZR%/Y
RP (NHR'), + 2 \NHR .
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Initially one P-N bond dissociates and an unsymmetrical
diphosphoric imide (or a diphosphonic imide or their thio-
analogues) is formed and reacts with a molecule of the
nucleophilic reagent with dissociation of the second P~N
bond. This may result in the formation of both sym-
metrical and unsymmetrical compounds %79,

The cleavage reactions of 2,4-dioxocyclodiphosphazanes
have been investigated in greater detail. Michaelis?!,?
showed that the process may also be stopped at the first
stage. For example, when one mole of phenol, ethyl
alcohol, or sodium alkoxide reacts with 2,4-dianilino-
1,3-diphenyl-2,4-dioxocyclodiphosphazane, the correspond-
ing diphosphoric imides are formed?2,58:

(o] C,H,Nﬁ\p /0 0\11 /NHC,H,

I
C/HNHP—NCHj FROH—— RO N\ / NHC,H,
CH,N—PNHC,H, N .
Il Q;Hs

Esters of NN-diphenylphosphorodiamidic acid have been
isolated after reaction with two moles of phenol or alcohol.
The reaction with two moles of water gives phosphoric
trianilide. The latter was also isolated after the reaction
with aniline:

[0}

i
—RO__, (cH,NH),POR

o
I
C4H;NHP—NC,H,
CeH;N—PNHC,H,
|

— |ZCHNH o HNH)P=0

2O, (CHNH)P=0 .

The reaction of 2,4-dianilino-1,3-diphenyl-2,4-dithiono-
cyclodiphosphazane with benzylamine at 30-60°C leads to
a mixture of phosphorothionic triamides, which could not
be separated. If the mixture is heated with an excess of
benzylamine at 180°C, transamination takes place and
phosphorothionic tri(benzylamide) is formed®s:

(CoHyCH,NH), PS
v 4
. 1
CH,;NHP—NC,H, CHGHNH, _ | (CH,CHyNH),PNHCH, | GHCH.NH,
CH,N—PNHCH, = 3050 f;’ e
fc', CoHCH,NHP (NHC,H,),
(CsH;NH);PS

— (C¢H,CH,NH)PS .

The reaction of 2,4-dimethyl-1,3-diphenyl-2,4-
dithionocyclodiphosphazane with butylamine in a sealed
tube at 160-170°C for several hours yielded a mixture of
products containing the dianilide, N-butyl-N’-phenyl-
diamide, and di-(n-butylamide) of methylphosphonothionic
acid. The mixture could be separated by thin-layer and
column chromatography 7.

The reaction of acetic anhydride with 1,3-diphenyl-
2,4-ditolyl-2,4-dioxocyclodiphosphazane gave the
N-acetylated mixed anhydride of phosphonic and acetic
acids, which is readily hydrolysed by water and yields the
corresponding phosphonoamidic acid?:

sl) o
CHJCgH,P—NC,H, 2CHEO0 S /ﬁcocu. HO
CHN—PCHCH, W0 —= CH/GH, \ococH,

o G,
I /NcocH,
— CHLCHPL oH
The reaction of 2,4-dichloro-1,3-dimethyl-2,4-dioxo-
cyclodiphosphazane or its sulphur analogue with methyl
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isocyanate results in the formation of 1-chloro-2,4,6-
trimethyl-1,2,4,6-phosphatriazane-1,3,5-trione. The
process is carried out in a sealed tube in dry benzene at
100°C for several days #;

X Cl
§ P
cwl:—Ncm + CHANCO — v CHN 1|‘ICH3 ,
CH,N—FCI o” N0
X |
CHs

where X = O or S.

V.CYCLODIPHOSPHAZANES WITH PENTACO-ORDINATE
PHOSPHORUS ATOMS

The simplest and most general method for the synthesis
of 1,3-dialkyl- or 1,3-diaryl-2,2,2,4,4,4-hexachlorocyclo-
diphosphazanes consists in the reaction between phosphorus
pentachloride and primary aliphatic amines and also the
hydrochlorides of aliphatic and aromatic amines 3,8,8 ~87;

. ClP—NR ol
2PCly + 2 RNH, + HCl ——» Rl!l—-llCl,+ Cl .
This reaction was discovered by Kirsanov and Zhmurova?
in 1959, The reaction of phosphorus pentachloride with
aniline hydrochloride was first investigated by Gilpin 2,
but the latter was unable to establish the structure of the
compound produced.

Whether or not the reaction occurs depends on the
basicity of the initial amines. An empirical rule has been
deduced from experimental data for substituted anilines,
according to which hexachlorocyclodiphosphazanes are
formed only if the basicity constant of the initial aniline is
higher than 1 X 10-13,

With less basic anilines, the reaction leads to the
formation of trichlorophosphazoarenes %:87;

PCl; + RNH, - HCl - C1,P=NR -+ 3 HCI .

On heating in benzene solution or without solvent up to
150°C and above, hexachlorodiarylcyclodiphosphazanes
are frequently converted into phosphazo-compounds, which
on evaporation of the solution dimerise and are reconverted
into cyclic products #187:

ClP—NAr
| 2CIP=NAr.
ArN--PClg

In the case of aliphatic amines, the structure of the
aliphatic chain plays an important role rather than the
basicity of the compound 8:82-8, While amines with an
unbranched chain and their hydrochlorides form hexa-
chlorodialkylcyclodiphosphazanes in the reaction with
phosphorus pentachloride, amines with substituents in a~
and B-positions yield as a rule trichlorophosphazoalkanes.
Substituents in the y~position do not have a significant
effect on the reaction.

CgH,PCl, can react with aliphatic and aromatic
amines %9° to form 1,3-dialkyl(diaryl)-2,2,4,4-tetrachloro-
2,4-diphenylcyclodiphosphazanes. Amines react with
phosphorus pentafluoride in the presence of tertiary
amines:

FyP—NCH

6 PFg + 2CH;NH, -+ 4 (CHg)y N——— | |

4 =
* 4 4 (CH,))NH—PF, .
CH,N—PF,

In many cases it is convenient to employ adducts of amines
and phosphorus pentafluoride. Thus the 1:3 adduct of
aniline with phosphorus pentafluoride yields hexafluoro-
2,4~diphenylcyclodiphosphazane 91,92,
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As regards side reactions, mention should be made of
the formation of a tricyclic spirane when phosphorus
pentachloride reacts with methylamine hydrochloride 1°;

CH, CH; CH,
Lal 4
ZANVZANIZAN
Ccp P P PCly
N/ NN/ L}N/
CH; CH; CH,
I

Another side process is the chlorination of the carbon
chain of the amine by the excess phosphorus pentachloride.
For example, aliphatic amines can be chlorinated simul-
taneously in the @- and B-positions, This process
consists of many stages. A cyclodiphosphazane evidently
forms initially and is then chlorinated in stages and con-
verted into a trichlorophosphazochloroalkane3:

| 1 . Cl Cl
—C—C—NH, 4+ PCly ——— —C—C—N—PCl; |

(| [ ——— CIC—C—N=PCl; .
C!,P——N—(il—(l:— -

This mechanism is confirmed indirectly by experi-
mental data. Thus the reaction of yy-dimethylbutylamine
with one mole of phosphorus pentachloride leads to the
formation of the corresponding cyclodiphosphazane and the
reaction with 3—4 moles of phosphorus pentachloride yields
apB-trichloro-trichlorophosphazo-yy-dimethylbutane.

The latter has also been isolated as the product of the
reaction between two moles of phosphorus pentachloride
and 2,2,2,4,4,4-hexachloro-1,3-di- (yy-dimethylbutyl)
cyclodiphosphazane:

le PCl
L mole Pl L, (CH);CCH,CHN—PCl,
ClP—NCH,CH,C (CH),
(CH,);CCH,CH;NH; —— > moles PCI
5

]

3-4 moles PCI {
———————35 (CH,);CCl,CHCIN=PCl; .

Similarly the reaction of glycine with two moles of
phosphorus pentachloride leads to the formation of
hexachloro-1,3-di(chlorocarbonylmethyl)cyclodiphos -
phazane. When the amount of phosphorus pentachloride is
increased, the product is trichlorophosphazochloro~
carbonylchloromethane 84,93,

2 moles PCls
—————>— CICOCH,N—PCl,

|1
HOCOCH,NH, — ClgP—~NCH,COC1

| 3 moles PCls _, C1COCHCIN=PCI,

Hexafluorocyclodiphosphazanes can be synthesised in
high yields by double decomposition of hexachlorocyclo-
diphosphazane with antimony trifluoride 4:

1 SoF CH,N—PF,
Clsp—NCH, +SoFs F,l“—l‘llCH,.
Fluorination can be also achieved with KSO,F in nitro-
benzene but the yields are low9s,

An interesting method for the synthesis of fluorinated
cyclodiphosphazanes is the reaction of heptamethyl-
disilazane with phosphorus pentafluoride, alkyl- and aryl-
tetrafluorophosphoranes, or dialkyl- and diaryl-trifluoro-
phosphoranes 96+97;

L
R,ll’—NCH,
CH,N—PR,

RyPFy -+ CHyN [Si (CHyJg}y ——
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When the methylamide of trifluoroacetic acid was
heated with phosphorus pentachloride, dimethylhexachloro-
cyclodiphosphazane and 1-chloro-2,2,2~trifluoro-N-
methylethylideneimine were isolated®s;

T
2 CF4CONHCHj -+ PCly — CF,C=NCH, 4 CH,N—PCl,
Cl,P—NCH,+2HC! .

All hexachloro- or tetrachloro-diphenylcyclodiphos-
phazanes are white crystalline materials readily soluble in
organic solvents and readily hydrolysed by atmospheric
moisture.

Photochemical chlorination converts hexachlorodimethyl-
cyclodiphosphazane into monomeric trichlorophosphazo-
trichloromethane #4:

CHAN—Ca *h, HcciN=PCl, |
Cl,P—NCH,

Hexachlorocyclodiphosphazanes readily react with
compounds having a polarised double bond®. The reac-
tion takes place above 150°C. Under these conditions,
cyclodiphosphazanes probably dissociate to phosphazo-
compounds. For example, the reaction of hexachloro-
dimethylcyclodiphosphazane with phenyl isocyanate in
o-dichlorobenzene at 175-180°C yields methylphenyl-
carbodi-imide. Similarly diphenylcarbodi-imide is
obtained from hexachlorodiphenylcyclodiphosphazane. The
corresponding isothiocyanates and isocyanates are formed
analogously in the reaction with carbon disulphide and
carbon dioxide. The reaction probably involves the
formation of a four-membered cyclic intermediate:

T

R—N==PCl,
— P —» RN=C=NR'.
CP—N—R RN=C—L-0 +pocy,

1-Chloro-2,4,6-trimethyl-1,2,4,6-phosphatriazane~
1,3,5-trione was obtained on prolonged heating of hexa-
chlorodimethylcyclodiphosphazane with methyl isocyanate
in a sealed tube with dry benzene at 100°C:%

= . -
R'N=C=0

N
Clp—NCH, CH,N/ \NCH,
CH,}“I-—{’C), + CHyNCO —— /\
o/ \N/ o
CH,

Phosphorus oxychloride and N-methyliminophosgene
were formed as side products.

To account for the mechanism of this reaction, one may
suppose that methyl isocyanate attacks the “intact” four-
membered ring with formation of a cyclic system com-
prising a large number of units as the result of the addition
of one or several methyl isocyanate molecules. Trans-
annular double decomposition reaction with other methyl
isocyanate molecules yields a six-membered cyclic system
which is energetically more favoured. The dissociated
bonds are reformed and the process can be repeated. On
the other hand, one may suppose that monomeric trichloro-
phosphazomethane reacts with methyl isocyanate:

" i ,0
2N “pr
(ClP=NCH,) 4 CH,NCO - CH,N\C /NCH, + CH,NCO — CH,N” “\NCH,
N o’ \n"No

.

The reactions of hexachlorocyclodiphosphazanes with
sulphur dioxide and hydrogen sulphide in the presence of
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bases were considered in the preceding section. The
reaction of hexachlorodiphenylcyclophosphazane with
liquid ammonia yields a phosphonium salt (II) in a yield of
41%:;100

NH, NH, T+
C1,P—NCH, | |
+ NHy —— | CHyNHP e Necee PNHCH, | CI=
CHN—PC, 1

NH, NH,
an

Hexachlorodimethylcyclodiphosphazane reacts similarly
with ammonia: both chlorine atoms are substituted with
simultaneous cleavage of the ring and the formation of the
salt (II), the structure of which has been confirmed by
X-ray diffraction analysis102,103;

NH,’ I;IHCH, +
[H,m'::N—pNH, ] c-
Nb, NHCH,

(1

The reaction of methylamine and hexachlorodiphenyl-
cyclodiphosphazane leads to a polymer with a molecular
weight of 1450 and a melting point of 58°C; dimethylamine
yields monomeric products®! with the general formula
CeHyN-PCIn[N(C,H,), ]s-n-

Hexachlorodialkylcyclodiphosphazanes react with an
excess of primary amines to form bisphosphonium salts,
the structure of which has not, however, been demon-
strated!04:

——— [{RNH) (R"NH),P—N—P (NHR'),NHR]#+ 2CI~
RN=Ch, srvm k
ClLP—NR + : a
— [(RNH), (R'NH) P-—!;I-—P (NHR’),]*+ 2C1=

R
4%]

Two mechanisms have been proposed for the aminolysis

of hexachlorocyclodiphosphazanesi®, In the first of these
the initial formation of a phosphazo-structure is postulated:

| i
—PN=P i T RN/

r R w
R’NH, RNH}’—N—P—NHR} 2C1-

-+
- |-RN=ll=—N—}i>-NHR] c1—~———*[ DL
'k o " NHR

Compounds with the structure (IV) can also be formed by
this mechanism if one takes into account the possibility of
the tautomerism of the intermediate phosphazo-compound:

RN=I!’—NHR‘ fr=d RNH‘P=NR' .
1 |

The second mechanism involves the dissociation of one
phosphorus—nitrogen bond at a definite stage in the
substitution of chlorine atoms by alkylamino-groups:

. + - 2+
RN——PCly
| [ RINH | | -
l —-*--» RN=P—I\II—PCI - — RNH!I’—x’d—l"—NHR' 2c1™
ClP——NR ! R ! R

The available experimental data are more consistent
with this mechanism; it also agrees with the mechanism
proposed for the reaction of cyclodiphosphazanes having
tetraco-ordinate phosphorus atoms with nucleophilic
reagents ™,
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The review presents a compilation and an analysis of the results of quantitative kinetic studies on liquid-phase interactions
between atoms and free radicals. Problems such as the diffusion mechanism for the recombination of atoms in solution,

the competition between recombination and disproportionation reactions of alky! radicals in the liquid phase, the mechanisms
of the reactions of secondary and tertiary peroxy-radicals, the effect of the viscosity, internal pressure, and dielectric constant
of the liquid on the rate constant for the interaction between the radicals, and also the role of radical hydrogen bonds are
discussed. The rate constants for 142 interactions of atoms and radicals in different solvents are quoted.

The bibliography includes 165 references.

I. INTRODUCTION

The interactions of atoms and radicals play an important
role in a wide variety of free-radical reations. In chain
reactions such as polymerisation, oxidation, and halo-
genation the elementary steps involving interactions
between free radicals are responsible for chain termination
(in the absence of inhibitors). For this reason, the
concentration of free radicals and hence the rate of the
chain process depend on the rate constants for these reac-
tions. Atoms and radicals arise in the liquid phase under
the action of light and penetrating radiation. Very
frequently in such cases the reactions between free radicals
determine not only the rate of formation of products but
also their composition.

Reactive free radicals and atoms interact with one
another very rapidly; this retarded the quantitative study
of these processes for a long time. The development and
extension of thekinetic methods for the investigation of fast
reactions constituted an important pre-condition for the
vigorous development of studies on radical reactions in
the last twenty years. A large amount of data has
accumulated on the kinetics of recombination and dispro-
portionation reactions of free radicals. The interest in
these reactions is not fortuitous, since they constitute an
example of the interaction of chemically highly reactive
species and occupy an important place in chain processes.
The aim of the present review is to examine the experi-
mental data and theoretical concepts concerning the inter-
actions of atoms and radicals in solution.

The rate constants for the reactions of atoms and
radicals are measured by the following methods: electron
spin resonance (ESR), method of the non-steady-state
kinetics of chain reactions (NKR), the method of inter-
mittent illumination—the rotating sector method (RSM),
flash photolysis (FP), pulse radiolysis (PR), flow methods
(FM), the method of photochemical space intermittency
(PSI), and the method of competing reactions (MCR).
These methods have been described in monographs and
individual papers -8,

II. RECOMBINATION OF ATOMS IN SOLUTION

In the gas phase atoms recombine in triple collisions of
two atoms with a third particle (molecule or atom) which
partially deactivates the excited molecule formed from the
atoms. In solution a third particle (solvent molecule) is
always present. Therefore the rate of recombination of
atoms in solution is limited solely by their diffusion. The
rate constants for the recombination of hydrogen, bromine
and iodine atoms are similar (Table 1) and lie in the range
1 X 10%°-3 x 10 litre mole~! s, Since in each elemen-
tary recombination step two atoms disappear and one
molecule is formed, in the steady state wj = 2%[x]?, where
wj is the rate of initiation and % the recombination rate
constant. Table 1 and other tables list the values of
1g (2%), the dimensions of k being throughout litre mole~ 1.

b

Table 1. Rate constants for the recombination of atoms
in solution (6 = 4,57T/1000).

Atom Solvent b °C 1g(2k) Method Refs.
H H.0, pH=3 25 10.08 PR 0
H H:0, pH=0,4—3 25 10.445 PR 10
H H.O0, pH=0,1—1,0 25 10.48 PR n
H H.0, pH=2 .2 10-30 PR 12

mean value 10.30+0.43
Br CCly 25 10.6 FP 13
1 CCl4 15—35 | 14.40—5.6/0 RSM 14
1 CCly 25 10. FP 15
I CCl, 25—50 | 12.49-3,2/0 FP 16
I CCl, 25 10.64 FP "
I CCl, 25 10.30 FP 18

mean value for 25 40.28+0.15
[ n-CyHyy 15—35 | 12.20—2.4/0 RSM 4
I n-CeHy 25 10.30 RSM 13
I n-CeH,¢ 25 10.64 RSM 7
i n-CgH,q 25 10.56 RSM 16
I Cl,C=CCl-—-CCl=CCl, 15—35 | 12.50—3.3/0 RSM s
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The rate constant for diffusion is related to the diffusion
coefficient by Smoluchowski's equation!®: kp =
4716DN/1000, where o is the diameter of the diffusing .
species (cm), N the Avogadro number, and D the diffusion
coefficient (cm? s™!); kp is expressed in litre mole™ g1,
The diameter of the iodine atom is 4.3 A, Table 2 lists
the diffusion coefficients of iodine atoms!* calculated from
the experimental values of £, and includes for comparison
the experimental diffusion coefficients of iodine mole-
cules 2921,

Table 2. Diffusion coefficients of atomic !4 and
molecular 2%2! jodine,

10°p;, 10°p, .,

Solvent t, °C . 2 2

em? 1 em? 571
n-CoHig 15 3.5 —
C.H 25 4.0 4.05
oot 17.5 2.1 1.30
CCl, 25 2.5 1.50
CCl, 38 4.1 1.84
CCly=CCl—CCl=CCl, 15 1.4 =
CCl=CCl—CCl=CCl, 25 1.9 -
CCl=CCl—CCl=CCl, 35 2.1 —

Using the Stokes —Einstein equation D = £T/3mn0, it is
possible to calculate kp from the viscosity n: kp =
8RT/3000n. According to this expression, the product
kpnT ! for different solvents should be constant. However,
in fact an/ T for iodine atoms varies from solvent to
solvent!4: at 25°C it is 1.29 X 10° in n~hexane, 2.22 X 108
in carbon tetrachloride, and 6.15 X 10° in hexachloroethane.
Consequently the Stokes —Einstein equation does not hold
rigorously for the diffusion of atoms in liquids. This can
be explained by the fact that the viscosity depends on the
dimensions of solvent molecules and the interaction forces
between them, while the diffusion coefficient is determined
by the interaction between the diffusing species and solvent
molecules.

I0. DISPROPORTIONATION AND RECOMBINATION OF
ALKYL RADICALS

Alkyl radicals interact in two ways: they recombine
with formation of a new C—C bond and disproportionate
with the abstraction of a hydrogen atom by one radical from
another with formation of an olefin and an alkane. The
interaction between methyl and ethyl radicals may serve
as an example:

CH; -+ C,H; — CH,CH,CH, + 80.5 keal mole”
CHj -+ C,H; —» CH, ++ CHy==CH, + 64 kcal mole”

1
1

The heats of these reactions have been calculated from
the heats of formation of the radicals quoted in Ref. 22.
The ratio of the disproportionation and recombination rate
constants of alkyl radicals has been measured experimen-
tally in the following way. An azo-compound was decom-
posed photochemically in a solvent; this resulted in the
following reactions:

R—N=N—CH,CH.R" "% R £ RCHCH;+N, 5

R T CHCHR —9RH 4+ CHy=CHR',
k
R F -CHCH:R’ ~> RCHCHR’,
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The radicals disproportionated and recombined in a

solvent cage.

Since the olefin CH,=CHR’ was obtained

only by the disproportionation reaction and the hydrocarbon
RCH,CH,R’ by the recombination reaction, analysis of the
products for the relative amounts of the olefin and the
alkane yields the ratio of the rate constants:

[CH,=CHR’]/[RCH,CH,R’].

kd/kr =

Table 3 shows that this ratio

depends on the structure of the reacting radicals and is in
The difference between the activation
energies for recombination and disproportionation in the
reactions between a methyl and an ethyl radical and
between two ethyl radicals is Er — Eq = 0.4 kcal mole™.
In the solid state, in contrast to solution, lg(kq/ky) is
independent of temperature 26,

the range 0.1-1.

Table 3.

Relative contributions of the disproportionation

and recombination of radicals with a free valence at a
carbon atom (¢ = 4.57T/1000).

Radical Solvent t, °C gtk d’lkr) Refs
CH,+C.H, 1-C;H,4-CH,=CHC,H, —75—-100(2.4164-0,40/8] 23
CH,++C,H, (CH,),.CHCH.C(CH,); 0 [2.875 2t
CH,+C.H, CH,y(OH)CH,OH 0 |2.965 2%
2C,H, (CH,),CHCH,C(CH,), 65 [1.16 25
2C.H; (CH,).CHCH,C(CH,)4 0 J1.25 %
2C,H; CsH,CH, 0 |1.27 %
2C,H; (CH,),CHOH 0 |1.305 2
2C.H; CH,(OH)CH,OH 0 |1.415 %
2C.H; CH,(OH)CH,0H 65 |1.38 %
2C,H; gas phase 0 [T.115 26
2C,Hj 1-CHy, —15—99 (2.944-0.37/6 7
2C4Hy(CH,),C CoH;CH(CH,)z 20—60 (2.73 28

2 cyclo-CyH ) cyclo-CeH e 23 0.04 29
2CH,CHOH H.0 23 |1.40
./ OH
<___ ? cyclo-CyHy OH 25 0.30 A
2~CH,$(CH,)COOCH; | CH,=C(CH;)COOCH, 0—60 |1.99—2.26/6] 32

The recombination of hydroxyalkyl radicals results in
the formation of a diol and their disproportionation yields
For example:

an alcohol and a carbonyl compound.

) —*T— CH,CH (OH) CH (OH) CH,
2 CH,CHOH —

L*d , CH,CHO +CH,CH,0H .

The rate constant ratios k4/ky have been calculated
from the composition of the products formed in the radiol -
ysis of the corresponding alcohols. The relative contri-
butions of the disproportionation and recombination of alkyl
radicals vary from solvent to solvent owing to the effect of
the internal pressure of the liquid on 24 and kp. With
increase of the internal pressure in the solvent, £q/ky for
ethyl radicals increases from 0.13 in the gas phase to 0.26
in ethylene glycol at 0°C.26 There is a satisfactory
linear relation between 1g (kg/ky) for ethyl radicals and
P‘S’Z, where Pg is the internal pressure of the solvent?25:

lg (ky/ke) = — 1.08 + 4.76 x107p}%2

The explanation is that the volume of the activated complex
in the disproportionation process is somewhat smaller
than in recombination.  For ethyl radicals, V¥ — V§ =

2.4 cm® mole™ at 0°C. 26
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Table 4. Overall rate constants for the interactions of radicals having a free valence at a carbon
atom,
" E,
Radical Solvent 1, °C 182 &) 1824) [ycat mote’d Method |References
CH; C,Ha —140—170 | 9.51(30°) | 10,11 | 0,83 PR 3
CH, (CH,); CH; n-CyHys 25 9.30 - - RSM H
C.H,CH, C,H,0H-+(CH,OH),CHOH 25 7.60 - - PR %
Cul1,CHy alkane 23 7.9 - FP *»
C4H,CH, C,H,CH, 23 9.91 - RSM L]
cClg CHCI, 24 7.845 - RSM kg
cciy CH,=CHOCOCH, 23 8.025 —_ NKR 38
ccly CH,=CHOCOCH, 25 7.725 - RSM ]
cCly CHCl, 25 8.21 - RSM s
ccly CH,=CHOCOCH, 23 8.00 — RSM .
ccly 23 8.00 - NKR 10
H
//\>\
‘ “ RH 25 6.83 - RSM a1
NN/
CH,EHCH, RH 60 8.30 - NKR °
CHj; (CH,), CH=CH—CH
¢,H,0CO(CH;); CH=CH RH 25 7.18 - NKR 43
H,=C (CHs)(CH,),C(CHs)=CH~CHx-
CH,=C (CH,)(CH,):C(CH,): CH4-CH, - 25 8.415 _ NKR 3
CH.=(CH,)C({CH,);CH,C=CH
(CHa,C” cyclo-C,H, 25 9.30 —_ RSM i
C4H,C'(CH,), RH 60 ~0.70 - NKR 4
(CH)CEN CH,Cl 60 ~8.30 - NKR a
(CHy),CCN GiH, 25 9.64 - ESR s
as CH, 25 9.64 - ESR “
CH,CHOH H,0 23 9.04 - PR £
CH,CHOH H,0 23 9.15 - PR “®
CH,CHOH H,0 23 9.30 - PR a
_>—OH RH 25 8.53 - PR 3t
{>—on RH4CH,=C (CH,), 25 8.32 - PR 3
(CeH,),COH (CH,),.CHOH 25 .77 - FP “
~CH,—~CHy CeH, 83 9.02 - — RSM 49
~ CH,—~CH, CHy=CH, —20 8.66 — —_ RSM 50
CHEHCH, ~ CHu=CHC,H, 025 6.45 (257) 8.505 2.8 NKR st
CH,CHCH, ~ CH,=CHCH, 28 6.78 — - NKR 52
C.H,CHCH, ~ CH,=CHC,H, 15--25 6.48 (25°) 7.875 1.9 NKR 3
CH,CHCH, ~ CH,=CHC.H, 0—60 | 7.86(60°) | 9.27 2.4 RSM s
N moean value 8.85 1.5 3
p-CH,O0CHEH, ~ CH,=CHC4H,0CH, 0 ] { 6.025 - -— NKR 85
~ CH,CHCOOCH, CH,COOC,H, 28—50 8.55 - - RSM )
~ CHCHCOOCH, CH\COOC,H, 30—60 | 6.63(30°) | 10.45 5.3 RSM L4
~ CH,CHCOOCH, CH,CO0C,H, 28 8.00 - - NKR 52
~ CH,CHCOOC,H, CHy=CHCOOC H, 25 6.92 - - NKR L4
~ CH,EHCOOC Hs CH,=CHCOOC,H, 25 8.52 - - NKR %
~ CH,EHCOOC H, CHy=CHCOOC H, 25 4.255 - - RSM L]
~ CH,EHCOOC H, CH,=CHCOOC H, 28 7.53 - - NKR 82
~ CH,{ (CH,)CO0CH, CHy=C (CH,} COOCH, 30—60 | 7.39(30°) | 9.41 2.8 RSM s
~ CH,G (CH,)COOCH, CH,=C (CH,) COOCH, 2%4—50 | 7.82(24°) | 8.555 1.0 RSM L)
~ CH,C (CH);COOCH, CH,=C (CH,) COOCH, 28 7.41 - —_— NKR 52
mean value 7.60 7.69 0.4 3
~ CH,C (CH;) COOC3H, CHymC (CHs) COOC,H, 30 7.65 — —_ RSM 63
~ CH,{ (CHi)COOCH, CH-—% ;fH-) COOC H, 28 8.255 — —_ NKR 52
s
~ CH,C (CH,) COOC(CH ), CH.=célC0-C (CHa)s 20—90 7.15(30°) 7.95 1.1 RSM 6
5
~CH,C (CH;) CH,CH (CH.), cn.-écn,cﬂ (CHa), 30 7.08 - NKR 63
cH,
~ CH,C (CH,) CH (CH3), cH.—écH,cH {CHa)s 28 8.00 — NKR 52
N\
~ CH,LHCI o 2555 | 9.07(30°) | 12.115 RSM 6
~ GH,CHCN HCON (CH:). 13—4 6.26 — NKR 67
~ CHCHON HCON (CHy)y 0—00 | 7.94(60°) | 10.11 RSM o
~ CH,CHCN HCON (CHy)s 60 8.89 — RSM 09
~ CHCHCN CH,=CHCN 25 7.09 - NKR 1
~ CH,C (CH,) CN CH,=C (CH,) CN 60—80 | 6.23(30°) 9.855 RSM n
~ CH,GHCONH, H,0 25 7.16 - RSM 72
~ CH.CHCONH, H,0 10—40 | 7.21(30°) | 10.11 RSM 4]
. Ve Hy=CH—¢ & - 7
~ CH,CH - N CH,=Cl \_/N 25 6.48 NKR
e — AN
~CH,EH " W C,,._CH_H | 2 7.52 - RSM =
¢ '
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Table 4 (cont'd).
E,
Radical Solvent t, °C Ig(2k) 1g(24) kcalmole'l Method {References
N\ )
ﬁ\] ” 25 6.95 — — NKR I
~CHCH —{_ ) CHy=CH- }
N N
N\ o
| l CHON (CHa)s 25 6.545 - - NKR
~CH,CH — /—CH,
N
~ CF,—CF; H,0 30—70 | 1.12(30°) 1.26 0.2 NKR %
~ CF,—CFy H,0 40—60 | 1.79(30)° 4.14 3.25 ;ln:ti}l:(.)d‘ 77

Kinetic methods make it possible to measure the overall
rate constants for the interactions between alkyl radicals,
which are listed in Table 4 [k = kg + by, the values of
lg(2k) are listed]. Table 4 shows that the radicals
C,H;, *2 (CH,);C", ** CgH;CH;, ** and CH,CHOH, 3%%6,47 inter -
act with very high rate constants in the range 1 x 10°—

5 x 10° litre mole™ s™!, which are equal [lg (2k)] or close
to the rate constants for the diffusion of radicals. The
radicals R,CCN recombine with formation of a C-C or

C—N bond 78;
R,C(CN)C(CN)R
2 R{CCN —
RL=C=N—C(CN)R, .

Tetralyl, cumenyl, and trichloromethyl radicals inter-
act with rate constants which are significantly smaller than
the diffusional rate constants. The problems associated
with the interactions of macroradicals with one another in
polymerisation processes have been examined in mono-
graphs ™ and in a review®°,

IV. REACTIONS OF HO® AND RO" RADICALS

The rate constant for the recombination of hydroxy-
radicals is equal to the diffusion rate constant (Table 5).
On the other hand, phenoxy-radicals substituted in the 2-,
4-, and 6-positions recombine very slowly. The recom-
bination of substituted phenoxy-radicals is mainly of the
“head to tail” type®:

/——/R /TN R\/"—'=<R
\R \R .

V. REACTIONS BETWEEN PEROXY-RADICALS

1. The Hydroperoxy-radical

The HO; radical has amphoteric properties and in
aqueous solution can be present in the forms HO;, O;, and
H,0;" depending on the pH. At pH = 5 the equilibrium
HO; = H* + O; is displaced to the right®: pKHO; =44z
0.4 at 23°C. % The rate constant for the reaction
0; + 0; — 0, + 02- is 1.5 x 107 litre mole~ s~* at 23°C. %
At pH < 2 the equilibrium is displaced to the left and under
these conditions the disproportionation of the HO’® radicals
takes place: HO; + HO; = O, + H,0,; & = 2.2 X 10° litre
mole™ s~! at 23°C.% It is interesting to note that the
electron transfer process between two O; radical-ions
which bear the same charge is much faster than the

adiabatic reaction with transfer of a hydrogen atom between
two neutral HO; radicals. In strongly acid media at
pH < 1, HO, is protonated: HO; + H* = H,0;% at 23°C
pK = 1.0 + 0.4.98 In this pH range the rate constant for the
reaction of HO; radicals depends on the ionic strength of
the solution, which is characteristic of an ion—ion type of
reaction. The rate constants® are 2 = 3 x 108 litre
mole™ s~! for the reaction between HO; and H,0;* and
k = 0.5 X 10° litre mole™ s™! for the reaction between
2H,0;* species.

Inorganic solvents the formation of hydroperoxy-radicals
is postulated in the oxidation of cyclohexadiene, dihydro-
naphthalene, and 9,10-dihydrophenanthrene:

H_ — H —
N/ TN/ D HOs + 27 N

or

H_ ,— H H_ ,—. H . —_
DX o XD gyt (>
This is proved by the fact that in the oxidation of the
above hydrocarbons hydrogen peroxide is formed and also
by the similarity of the disproportionation rate constants
for the peroxy-radicals derived from the hydrocarbons.
For example, in chlorobenzene at 30°C & = 6.3 x 108 litre
mole~ s7! in the oxidation of cyclohexadiene and & =
3.5 x 108 litre mole™ s™! in the oxidation of dihydronaph-
thalene. The sharp difference between the rate constants
for the disproportionation of hydroperoxy-radicals in
organic solvents and in water can be accounted for by the
fact that in water HO; radicals are linked by hydrogen
H

bonds of the type HO;. . .HOH and "O,H. . .o< , which
sharply reduces the rate of their interaction. In a hydro-
carbon solvent the rate constant for the interaction of HO;
radicals is close to the diffusional rate constant (Table 7).

2. Tertiary Peroxy-radicals

The reaction between tertiary peroxy-radicals has been
investigated in detail for cumenyl peroxy-radicals. Among
the products of the initiated oxidation of cumene, Blan-
chard® detected a peroxide acetophenone and proposed the
following reaction mechanism:

2RO, — [ROOOOR] —~ 2RO + 0, ,
2RO — ROOR,
RO’ — CH;, 4 CH,COC,H, .
The formation of oxygen in the reaction RO; + RO*O** —

ROO*R + OO* was demonstrated by Bartlett and Traylor 9,9
in experiments with heavy oxygen (oxygen-18). Oxygen
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Table 5.
Radical Solvent t, °C 1g (2%) lg(24) kchr,nole'l Method Refs
HO' H,0, pH=7 25 9.9 -— — MCR 82
NO* H,0, pH=0.4+3 25 10.08 —_ - PR 83
{CH,)CO CCl, 10—55| 8§.32 8.32 0 RSM 84
C4H,0’ H,0 20 9.03 - - FP 85
(CH.).CH-<_>—O‘ oyelo-CyHys 2% | o0.92 - - kinetic | 86
p-HOC,H, 0" H,O, pH=7 25 9.34 — — PR 87
4—C§-o’ alkane 20 7.60 - - FP 8
HJC‘Q%' cel, 20 8.48 - — FP 85
HsCngo‘ ccl, 20 7.42 - - FP 8
canU CHCI, —30 5.70 - - NR | 88
fCHa’,CHAQ—«r‘ CeH, 1050/ 0.41 (10°)| 5.24 6.23 kinetic | 89
(CH,),(:H—d\o' cyclo-CeHyy 10—50} 0.75 (10°)| 4.91 5.50 ditto 89
(cH,,)z(;H-do- p-CH,0C{H,0H 10—50{ 0.55 (10%] 6.13 | 7.20 » 89
‘CHJ)').CH‘d_O. CeH,CN 10—50{ 0.70 (10°){ 7.02 8.16 » 8
lCHah"iH—G-O' C,HC! 10—50| 0.50 (10°)| 5.88 | 6.04 > 89
G,H,(CH:)CH‘Q*O' CeH, 10—50{ 1.78 (10°)| 5,22 7.04 > 90
H

0" | CeHs 10--50| 0.10 (10°)] 6.23 7.93 » 90
(CﬁHs’chC§~d cyclo-CqHys 25 0.62 - - » 8

HyCan
/CH 0° cyclo-CgHyy 25 0.145 —_ —_— » 86

€HyCH,0

CH, CH, alkane 25 9.00 —_ — FP 91

>

HO __>—o

N

¢H, CH, M,0+4C,H,0H 2 9.20 - - FP 91

was passed through cumene undergoing oxidation and

containing together with 1%0=!0 molecules also 1-6% of
180=180, At the outlet from the reactor the oxygen was
analysed mass-spectrometrically and the presence of

180=80 molecules was established, thus demonstrating the
occurrence of the reaction R—160 —18Q° + !8°Q ~180) R —
R!%O° + 180=!80 + R!®*Q", In experiments on the sensitised
oxidation of cumene under conditions such that the chains
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are short it was established that the amount of oxygen
evolved as a result of the reaction between two peroxy-
radicals exceeds by a factor of 1.7-2.6 the number of
elementary steps involving the disappearance of free radi-
cals in this reaction®. Consequently the interaction of
two tertiary peroxy-radicals has the following mechanism:

2RO; ___l

The recombination of alkoxy-radicals and their libera-
tion into the bulk phase has been investigated in the decom-
position of di-t-butyl peroxyoxalate %

ROOR + O,

2RO+ 0,

(CH,);COOCOCO00C (CHy)s — 2 (CH,)sCO" + 2CO, ,
2(CHy)4CO" ——» (CH,)3COOC (CHy)s
2 (CHy)3sCO" —— 2(CH3)CO"
(CHs);CO" + RH — (CH,),COH + R’
(CH,)5CO" ~ CH;COCH, + CH, »

The decomposition products are a peroxide and an alcohol.
Table 6 shows that, with increase in the viscosity of the
solvent, the yield of the peroxide increases at the expense
of a reduced yield of the alcohol (temperature 45°C). ®7

Table 6. Products of decomposition of di-t-butyl
peroxalate in various solvents.
s | g st st
n-CyH,y 2.20 [ 3.9 | 9.6
A 5.6 5.5 | 53
(CHy)sCOH 46 10
Nujol 1000 76.8 | 23.2

Evidently a similar situation arises in reactions
between peroxy -radicals:

~— ROOR

2RO; ~ Oz + 2RO —|
2RO .,

This mechanism of the interaction between tertiary
peroxy-radicals has been demonstrated for t-butylperoxy-
radicals ®® in a study of the decomposition of t-butyl hydro-
peroxide initiated with azobisisobutyronitrile. It was
established that the rate of decomposition of the hydro-
peroxide w, measured from the amount of oxygen evolved,
is directly proportional to the rate of initiation w; and the
ratio w/wi is significantly greater than unity: it is 9 at
65°C and 4 at 36°C. The rate constant for the reaction
2RO; — 2RO’ + O, is 19.5 x 10? litre mole™ s at 22°C
with E = 15.5 kcal mole-!, while for the reaction 2RO; —
ROOR + O, £ = 3.9 X 102 mole~! s~ (also at 22°C) with
E = 10.2 kcal mole~*.

The data for the isotope effect in the oxidation of cumene
with deuterated methyl groups are somewhat inconsistent
with the above mechanism?, The mechanism leads to the
expectation that the replacement of a CH; group in cumene
by CD, should not affect the rate of reaction between two
RO; radicals and consequently also the rate of oxidation.
However, experiments have shown that [CDy)cumene is
oxidised somewhat faster owing to a lower rate of chain
termination. This contradiction can be accounted for by

Russian Chemical Reviews, 39 (1), 1970

postulating a more complex mechanism for chain termina-
tion in cumene undergoing oxidation, in particular by the
participation in these processes of the radicals CH,00°
(and CD,00"). The overall mechanism of chain termina-
tion of cumene undergoing oxidation is as follows 1°°

RO - CH} + CHCOC,H;
CH_ + 0, - CH;00"
CH,00" 4 ROO* — ROH + 0, + CH,0
RO’ + ROOH — ROH -+ ROO" »

. . sROOR 4O
2R0O0" -+ (R0000R1<"2 RO+0 !
2

RO'4+RH-ROH 4R ,

The involvement of methylperoxy-radicals in chain
termination can be avoided by introducing into cumene,
cumenyl hydroperoxide at a concentration such that the
following rapid transfer reaction takes place !9

CH,00" -+ ROOH — CH,00H + RO, .

The rate constants for the reactions of tertiary peroxy-
radicals are in the range 10%—10° litre mole™ s-!,

The reaction of ozone with KOOC(CH,), at —78°C yielded
a solid 1% goluble in pentane which decomposes at ~30°C
with formation of t-butyl peroxide and 0,. It is suggested
that it is the tetroxide ROOOOR. The reaction of t-butyl
hydroperoxide with lead tetra-acetate in dichloromethane
at a low temperature!® gives rise to a substance which
decomposes reversibly to peroxy-radicals on raising the
temperature from —110° to —85°C. At a higher tempera-
ture (in excess of —82°C) it decomposes with evolution of
O, and irreversible destruction of free radicals. The
results have been interpreted as follows 1%;

2 RO, 2 ROOOOR 4 ZRG T 000X T O1
L 2RO’ + O,
K= 1g K =3.55—6.0/0, Igky=9.27—11.0/6 »

0=4.57 7/1000,

3. Secondary Peroxy-radicals

The C—H bond is involved in the elementary reaction
step between two secondary peroxy-radicals!® as shown by
the reaction products and the isotope effect. The inter-
action of two peroxy-radicals derived from ethylbenzene
yields one molecule of acetophenone!®, while in the inter-
action of cyclohexylperoxy-radicals the principal products
are cyclohexanol and cyclohexanone in equal amounts *,
The isotope effect in the reaction between two RO; radicals
amounts to 1.9 (at 60°C) in the case of ethylbenzene!%,
while for the peroxy-radicals derived from styrene and
a-deuterostyrene kH/kp = 3.9 (30°C) with Ep —Eg = 1.9
kcal mole~, % These results agree well with the mecha-
nism proposed by Russell 10¢;

2R,CHOO' — RyC=0 + O, + HOCHR, .

A reaction of this kind can take place in two ways: via
a cyclic activated complex or via the intermediate forma-
tion of the tetroxide. Calculation shows? that the forma-
tion of a cyclic activated complex should involve a high
negative entropy of activation, which leads to the calculated
constant 2 = 1. The pathway via the intermediate forma-
tion of the tetroxide should be faster:

2 R,CHOO"—R,CHOOOOCHR, ~ R,C=0 + R,CHOH + O, -

This mechanism was recently confirmed by Howard and
Ingold 1% in the following way. According to this mecha-
nism and the spin conservation rule, the reactions between
two peroxy-radicals should result in the formation of
singlet oxygen. Singlet oxygen is known to react rapidly
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with 9,10-diphenylanthracene with formation of an endo -
peroxide. Secondary peroxy-radicals were obtained in
benzene solutions by the reaction of s-butyl hydroperoxide
with Ce** ions. The addition of 9,10-diphenylanthracene
to this type of system leads to the formation of an endo-
peroxide. This demonstrates the formation of singlet
oxygen by the reaction

2 R,CHOO" — R,CHOOOOCHR, ~ R,C=0+R,CHOH 410, .

If instead of a secondary hydroperoxide, a tertiary
hydroperoxide is introduced, an endo -peroxide does not
form in agreement with the mechanism

2RO, - ROOOOR —+2RO" + 20, .

The rate constants for the reactions of secondary
peroxy-radicals are of the order of 107—108litre mole ™ s-1,
This mechanism can be revised slightly on the basis of
data for the decomposition of peroxy-macroradicals
derived from polyethylene!°%, It has been established that
bond dissociation in the sensitised oxidation of linear
polyethylene takes place in the peroxy-radical stage by the
following reactions

RO; ~+ dissociation of C~C bond
2 RO; — dissociation of C - C bond,
The dissociation of the C—C bond following the reaction
between two RO; radicals can be accounted for by postulat-

ing the formation of alkoxy-macroradicals, which subse-
quently break down with dissociation of the C—C bond:

2R0;—>Og+2R0' )
RO"— aldehyde + R’- .«

The linear polyethylene contained virtually no tertiary
C—H bonds and therefore the alkoxy-radicals were
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obtained by the reaction between secondary peroxy-radicals,
for which the following general mechanism may be pro-
posed:

10, -} ketone + alcohol
2R00" - ROOOOR/ kstons+ ot
N, + 2ROSROOR
2RO

RO’ 4+ RH — ROH + R,
RO" — aldehyde + R .

Quantitative measurements show that in polyethylene
undergoing oxidation in chlorobenzene at 115°C there are
six C—C bond dissociation steps for each 100 elementary
reaction steps between two RO; radicals!®, Thus for
macroradicals also the reaction 2RO; — alcohol + ketone +
10, appears to predominate.

Among the reaction products from cyclohexylperoxy -
radicals obtained by pulse radiolysis in cyclohexane at
25°C, cyclohexene and a hydroperoxide were detected,
together with an alcohol and ketone, with radiation-chem-
ical yields of 1.14 and 1.10 respectively3', Under these
conditions (low temperature, high RO; concentration), the
hydroperoxide could not form in an appreciable amount by
the reaction of the peroxy-radical with cyclohexane. One
may postulate the formation of cyclohexene by dispropor-
tionation between two cyclohexyl radicals. Then dicyclo-
hexyl, for which kq/kr = 1 (Table 7), should form with the
same radiation-chemical yield. However, experiments
have established that for dicyclohexyl G = 0.3, i.e. is 4
times smaller than for cyclohexene. This suggests a new
disproportionation reaction of peroxy-radicals:

— 00 —_ ,OOH
N/ L7 N7 N\ -1
2\ Ay { ; + Q DA + O, + 28 kcal mole

Table 7. Rate constants for the interactions of peroxy-radicals.

Radical Solvent t, °C Ig (2k) 1g(24) becal ::ole'l Method Refs.
HO-, H,0, pH=0,5—1,5 1—43 6.82(30°) | 11.08 5.9 FM 107
HO, H0, pH=2,7 25 6.40 - - FP 108
HO, H,0, pH=2 23 6.64 - - PR %
HO; H,0, pH=2 23 6.74 - — PR 109
Ho; H,0, pH=2 —10—50 6.40 (30°) 9.8 4.7 FM 110
" HO, ccl 30 10.05 - — | msm |
HO, CeH,Cl 30 9.10 - - RSM u
HO, CHLl 30 8.85 - - RSM m
HO, CH,CN ) 6.935 - — RSM I
HO; n-CyoHog 30 9.43 —_ —_ RSM 1
HO, /“<i> —\ 30 7.78 - — RSM 12
N—=—=/ =/
HO, { 2 7.82 - — | msm | m
CH,(CH,),00 CH,OH 7 7.48 — - M 1o
NS
CH,(CH,),00" U j 30 7.60 - —_ RSM 13
AN
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Table 7 (cont'd).

Radical Solvent t°C Ig (2% 18(24) kc.lf,'.ol." Method | Refs.
CH,
(CH,),C:(':CH.OO’ RH %0 5.805 - — RSM s
CeH,CH,00" RH 30 8.48 — - RSM uz
m-CH,C4H,CH,00’ RH 30 8.48 - - RSM nz
0-CH;C,H,CH,00" RH 30 8.18 — - RSM n2
p-CHyCH,CH,00" RH 30 8.48 — — RSM 12
oo NN
CH,(‘:HCH,CH, LJ\ 30 6.18 — — RSM n3
00
(CHa)géCH(CH.)CH(CH,). RH 4278 5.545 — - RSM 14
- RH 2 6.505 I R
<D<l;0 @/\I 30 6.30 — - RSM us
N/
C){ };0 ) r\“/] 40170 6.68(0°) | 7.84 16 | NkrR | s
A VAN L
— H
<__ pr4 0o CH,COOC,H, 40170 5.37(30°) | 9.64 5.9 NKR s
©< 20 CHsCOOH 4070 5.31(30°) | 9.72 6.1 NKR 116
0o’
(CH,),C:CH(IZHC,H. RH 40—60 6.48(30°) | 7.415 1.2 NKR uz
o0
CH,:CH(L,H(CH.).CH ’ RH 25 7.08 - - PR 3l
o0
CH,=CH&H(CH,).CH, RH 30 8.4l - — RSM 13
o0
CH,=CH(IZH(CH,).CH, RH 2540 5.3 — — NKR n8
00
CH,:CH(l:HCH=CH, RH 30 9.03 —_ - RSM 119
oo
C,H,CH :CH&HC,H. RH 30 6.84 - - RSM 119
o0
CHg(CHQ;CH:CH(EH RH 1 5.70 — - RSM us
C,H,00C(CH,),CH=CH RH 25 5.48 - ~ NKR u8
s
CH,(CH,),(‘.‘.HCH:CH(CH,)ﬁO,CH, RH 30 6.02 - - RSM 19
00 CH,
(CH,),c=CHtI:HcH,(l:=CHCH, RH ) 0 5.59 - - NKR s
00° CH, i
(CH,),C=CH(lZHCH,é=CHCH, RH 15 5.72 — - RSM ns
00" CH,
(CH.),(::CH(l:HCH,é:cnca, RH 25 5.72 — — NKR 18
CHy(CH,)CH=CHCHOO"
CH,00C(CH,),CH=CH RH 30 6.945 - - RSM us
CH,CH,CH=CHCH(OO")CH=-CHCH,
CH;00C(CH,);CH=CH RH 30 7.555 — — RSM 1e
CH,=C(CH,)(CH,);C(CH;)=CH—CHOO" R { 25 5.45 - — | ~Nkr us
CHy=(CH,)C(CH,)CH=CH—CH, 40 5.00 NKR s
oo
CH,(CH,),CEC(':H(CH,),CH, RH 30 7445 — —_ RSM 18
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Table 7 (cont'd).

- =
Radical Solvent t.°C 1g (2k) 18(24) Lcal mole'l‘ Method Refs.
H
—lco0 CHyOH 30 7.475 - - M 10
—>
H
Lo RH 30 8.79
N . - - RSM 19
>
=2 H
|=> <00 RH 30 9.03 - — | rsM 119
=M
: X oo RH 15 5.98 - — RSM m
/H
<—— N RH 20—50 6.20 - — NKR 2
> 00"
:\/H
< /N o0 RH 56 6.30 — — RSM 122
s~ M
S——Noor RH 15 5.855 - - RSM 12
=M
Ne—"No0o 30 6.7 - - RSM 120
— H
< /\< oo RH 30 6.42 - — NKR 124
S\ / H RH mean 6.25 _ -
N—""\0o0o value .
H i
< _><00 CH,0H 3 6.45 108 | 60 | M | 1o
HC
o .
J=_% RH 15 5.70 - — | rsM | s
N—"\H
H,C\
S, 00"
/ N/ RH 40 5.935 — - NKR 121
Sy
=—_ 00
/7 >< RH 40 6.52 - - NKR 125
/— H
== 00
< >< u RH 40 6.43 - — NKR 125
HC”  “CH,
CoH,CH(CH,)00" RH 50—90 7.28 — — RSM 126
C¢H,CH(CH,)00' RH 30 7.60 - - RSM 120
C,H,CH(CH,)00" RH 30 7.60 - - NKR 127
?0.
CoHyCHCH,~ CeH,Cl 13—50 7.74(30°) | 9.0 1.8 RSM 1%
00"
C.H,(‘:DCH,~ CeHyCl 13—50 7.12(30°) | 9.80 3.7 RSM 105
(?0'
p-CH40C{H,CHCH,~ CeH,Cl 40 7.64 — — RSM 105
(?0‘
p-CH,C,H,CHCH,~ CeH,Cl 40 7.75 — - RSM 105
oo
C.H.éHCH,-w C,H,Cl 40 7.86 —_ — RSM 106
o0
|
p-CIC¢HCHCH,~ CeH,ClI 40 7.99 - . - RSM 105
?0.
mCICsHCHCHy~ CH,Cl 50 8.03 - — | rsM | s
c|)0'
p-CNCH,CHCH,~ CH,Cl 40 9.45 — —_ RSM 108
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Table 7 (cont'd).

Russian Chemical Reviews, 39 (1), 1970

Radical Solvent t,°C g (20) B8Q4) |¢cal “'wh'i Method Refs.
©
CH,CHCH(CH,)~ CeH,Cl 30 7.505 - - RSM 129
°
CH,CHCH=CH, CHCl 30 8.645 — - RSM 120
©
C.H,CHCH=CHCH, RH 30 6.58 — -~ RSM e
(CoHy){CHOO® RH 30 8.20 - - RSM 120
(CeH,),CDOO RH 30 8.06 - — RSM 120
?0.
CH,CHCH,C,H, RH 30 7.30 — — RSM nz
a
E\"_,J oo RH 30 6.9 — — RSM 12
VAN
I CHCI % 7.7 - — | ’sM |
SN/
H/ Moo
N/ N\
Il J RH 25 1.33 - - RSM 120
/
H

|/\l/ 7 RH 40 6.98 - - NKR %

\J\/

H Noo RH 1350 6.82(30°) | 9.93 4.3 RSM 12

VAYAN

l J J CH,0H —10—50 6.67(30°) | 10.0 4.8 FM 1o

NN/

H/ oo
C¢Hy n-CyH,)CHOO' RH 30 7.70 — - RSM 12
[ole 3
(cH,).CéHC(CH,)a CH,0H —10—50 3.92(30°) | 11.0 9.8 M 1o
?0.
(CH,){CCHC(CHy), CeH, —10—50 £.48(30° | 9.2 7.0 FM 110
o0
m,coéncn. RH 3575 6.35(20°) | 7.48 1.7 | Nkr 116
o0
CH,CO(':HQH. RH 3575 6.32(30°) | 7.48 1.6 NKR 116
0
4 H

SN - —

L—Roor RH 5 6.43 NKR 131
(CHy)COO" CH,OH —10—50 3.54(30%) | 10.4 9.2 FM 1o
(CH,)CO0" CH,0H 3665 2.50(22°) | 10.56 | 10.2 FM %
(CHR),000' CeH, —10-50 3.41(30°) | 6.4 45 FM 1o
(CHCOO C H;CH(CH,)y 25—65 3.45(35°) | 9.8 7.0 NKR 132
(CHo)sCOO~ -CgHy, —41 4.115 9.145 7.2 ESR 13
(CHy)CO0" | S +48— —24 | 4.08(41°) | 9.9 8.5 ESR 13

H
(CH)$COO" X 48— —2 | 4.19(41%) | 10.12 8.5 | Esr 1
(CH,),C00" C.H,CH(CH,)CyH, +48— —24 | 4.26(41°) | 10.12 8.4 ESR 13
(CH,C00" (CHy)sCOOH —38—0 '4.00(44°) | 9.79 8.3 ESR 101
(CH,),CO0" CeHCH(CHy)s 30 3.41 — — M 101
(CHpCCHC(CHy),00° CyH,CH(CHy)y _ 3 4.0 — — | M 101
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Table 7 (cont'd).

|

Radical Solvent t, °C 1g (2%) 824) |ical ,f;,e-ﬂ Method | Refs.
C4H;(CH,),CO0" RH 58 5.155 —_ —_ Nkk 122
CyHy(CH,)CO0" RH 50 4.45 - - RSM 134
CyHy(CH,),CO0" RH 65 4.52 - - RSM 1%
CgH,(CH,),CO0" RH 23 4.6 - - ESR 135
CgH,(CH,),CO0’ RH 40 4.38 - — NKR 124
C¢H;(CH,),CO0" RH 60 4.68 —_ - NKR 7
C¢Hy(CH,),CO0" RH 30 4175 - - RSM ng
CoH,(CH,)5COO" CH,0H —10—50 5.09(30°) | 10.7 7.8 FM 10
CaH,(CH,),CO0" CeHs —10—50 4.57(%°) | 8.8 5.8 FM 1o
CoH(CHY),€00" RH 25--65 4.27(30°) | 8.58 5.96 RSM 133
00"
C,H,é(CD,), RH 30 4.08 RSM 1%
p-CH;OC,H,C(CH,),00° RH 30 4.60 - - RSM 136
m-CH;0C4H,C(CH,);00° RH 30 4.9 - - RSM 1%
0-CH{OC{H,C(CH,);00" RH 30 4.48 - - RSM 1%
(CeHy)4(CH,)COO" RH 30 4.97 - - RSM u2
(CeHy)4(CH;)COO RH 30 4.81 - - RSM 100
(CeHy)y(CH,)COO* RH 5088 5.98(30°) | 14.04 7.0 ESR 137
(CeH,)o(CH;)COO CiH, —10—-50 6.34(30°) | 8.4 2.5 M 1o
CyH,(CHy)(C,H,)COO" CH,0H —10—50 5.46(30°) | 9.4 5.5 FM 110
CaHy(CH,)(CyH,)CO0 RH 3056 4.43(30°) | 8.48 5.6 RSN 101
CoHy(CH,)(n-C4H,)COO" RH 30 5.64 - - RSM 13
CHowr e o e | - e |
o0
C.H.Cl(CH,)CH,»v CeH,Cl 1350 5.82(30°) | 8.50 3.7 RSM 129
oo
( \‘/\l RH 60 5.18 - - NKR It
N/N\/
oo
(CHa)s‘IJCN CH,Cl 8 7.20 - - NKR 138
CH,COC(CH;),00" RH 3575 6.32(30°) | 7.48 1.6 NKR | 1
0
n~C'H,.C<00_ n-CroHys 5 7.53 - - RSM | 19
nGH, °
W oo RH 5 6.875 — - RSM 139
c.u.c{o RH 5 8.32 - - RSM | o
00
cHcH? oo RH 23 8.08 - - PR W
“OH
<:><2: RH 23 7.25 - =] w | =
e RH 75—90 537(30°) { 7.0 | 24 | NkR | 12

N/ Noo"

4
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VI
AT NITROGEN AND TIN ATOMS

Aromatic radicals with a free valence at a nitrogen
atom interact very rapidly (Table 8). Very high rate
constants have been obtained for the radicals R,Sn. %4

Table 8. Rate constants for the interactions of radicals
having free valences at nitrogen and tin atoms.
Radical Solvent ¢t °C | lg(2k) Method{Refe
CH,NH HO 25 | 948 | Fp 3
R
|
H, N o
‘c\ll “/ j‘/]/ H,0 25 8.48 FP 144
AYAN7a Y
AN
|| J H,0 25 | 9.38 | Fp s
R.N/ AVYAS \NR.
Methylene Blue semiquinone H,0 25 9.18 Fp 146
H
HO_
H>/. _ /\_No, H,0 25 | 8.78 | PR | mr
(CeHy)sSn™ | cyclo-CgHyy 25 9.48 | RSM “
n-C H),Sn cyclo-CyHys | 25 9.18 | RSM “

VII. REACTIONS BETWEEN FREE RADICALS OF
DIFFERENT TYPES

The reactions between H® and OH’, between H’ and HO;,
and between HO® and HO; radicals are very rapid and their
rates are limited by diffusion (Table 8). The rate of
recombination of alkyl radicals with peroxy-radicals is
not limited by diffusion but the reaction takes place as a
rule with higher rate constants than the reaction between
two peroxy-radicals (Table 9). In particular this is the
reason for the inhibiting effect of triphenylmethane when
the latter is introduced, for example, into cumene under-
going oxidation. The C—O; bond in the radical (C4H;);CO0’
is weak, its energy amounting to only 9 kcal mole™?, 148 and
under oxidation conditions the following equilibrium obtains:

(CeHYHCOO0" 7= (CeHy)oC + 0.

Therefore in a hydrocarbon undergoing oxidation there
is always a fairly high concentration of triphenylmethyl
radicals (the higher the temperature the higher the con-
centration) and there is rapid chain termination by the
reaction

RO, + (CHg)C' — ROOC (CeHy)s

VIi. EFFECT OF THE SOLVENT.
SOLVENT

VISCOSITY OF THE

If atoms or free radicals interact very rapidly so that
k > kp, diffusion limits the rate of the process and the
diffusional rate constant kp is measured experimentally.
Then the viscosity of the solvent affects kp: the higher
the viscosity, the lower is the value of kp. For low-
molecular-weight radicals, kp = 10°—10'° litre mole™ s~*.
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REACTIONS OF MOLECULES WITH FREE VALENCES Macroradicals diffuse much more slowly, so that even in

not very viscous media diffusion may be rate-limiting for
the reaction between two macroradicals. Sincethe viscosity
of the solution increases as polymerisation proceeds, this
entails a decrease of the rate constant for chain termina -
tion™. Data for the photopolymerisation of methyl metha-
crylate at 32°C may be quoted as an example 5°;

% polymer. 0 15 25 35

10%, litre mote™ 571 570 1440 35 8.8

Table 9. Rate constants for the interactions of radicals
of different types.

Reaction Solvent 6,°Cl Igk (Mcthod| Refs;
H'-+'OH H,0 25]10.08 | PR 9
H'4'OH H,0, pH=0,4+3 25)10.505) PR 10
H'+'OH H,0, 0,8 N H,S0, 25| 9.85 | PR e,
H'4+"OH H,0, 0,4 N H,S0, 2510.65 | PR 15
H'4HO, H.0. acid medium 25{10.30 | PR 151
HO'+HO, HO, pH=0,4+3 2510.475) PR 10
HO'}+HO, H,0 25/10.04 | PR sl
HO'-+HO, H.O, pH=0,5+-86,7 25| 9.85 | PR 152
CeH,CH, +CH,CHOH C.H,0H+HOCH,CH (OH)CH,0H| 25| 8.30 | PR 3%
— . OH .
Ve ><so +Hso, cyclo-CgHyyOH 25( 8.45 | PR 3
]
(CHg)sC’" + (n-CHy)sSn" cyclo-CaHyg 25| 9.30 | RSM “
(CeHs)y C* + (C,H;); COO* (CoH;) CH(CH,), 30| 8.175| RsM | 1ot
R+ RO.:, (in ethyl linoleate) 25| 7.70 | NKR s
R +RO, (in digeranyl) 25( 7.00 | NKR | 118
H 00
N/ .
NS w NVAN
|| |+c.Hﬁc (CHa)y ” )+C.H,CH (CHy), 90| 6.78 | MCR | 158
NN/ A VAN
CyH,CO00" 4 n-CiH,,CO00" | CH,CHO + n-CyH,,CHO 5] 7.93 | MCR | 154
?o‘ 00’
|
CoH,C (CHy); + C{HyCHCH, C¢H,CH (CH,); + CH,C,H; 60| 5.87 | MCR | 188
0o 00
| |
CyH,C (CHy)s + C,H;CHCH, CqH;CH (CHy), + C¢H\C.H; 80] 5.945) MCR | 138
P-CILOC,HO" + 0‘@—0 CHiCl 24! 7.725 SFT* | 18
P-CULOCILO + o«bnns CHCl 24{8.00 | sPT* | 18

*The significance of the Russian abbreviation (TSINR,
not explained in the text) is obscure, but the authors
quoted used a stop-flow technique (SFT) (Ed. of Translation).

1. Internal Pressure of the Liquid

Since recombination of two radicals to give one mole-
cule is accompanied by a decrease of free volume, an
increase of the rate constant for the reaction between two
free radicals with increasing internal pressure of the liquid
is to be expected. Unfortunately there have been no
systematic studies on this problem. A distinct effect of
the internal pressure of the liquid on the reaction between
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two radicals has been established for the process involving
the competition between the disproportionation and recom-
bination reactions of ethyl radicals?3, where a linear
relation between 1g (kq/ky) and APY? has been demonstra-
ted, Pg being the internal pressure of the solvent.

2. Non-specific Solvation

A free radical with a dipole moment is solvated in a
polar solvent, i.e. it is surrounded by a “coating” of polar
solvent molecules. If the solvent molecules do not form
hydrogen bonds or 7-complexes (specific solvation) with
the free radical, then the solvation of a polar radical is
due to electrostatic forces between its dipole and the polar
medium. The rate constant for the reaction between
polar species depends on the dielectric constant of the
medium. If the dipole moment of the activated complex is
higher than for the initial species, the reaction is faster
in more polar media. The quantitative relation between
the reaction rate constant and the dipole moments of the
initial species and the activated complex on the one hand
and the dielectric constant of the medium on the other is
expressed by the following formula due to Kirkwood 157;

Ink =Inky,— £t (uA —%—E;:—),

k kT2+1 noon

where k is the Boltzmann constant, € the dielectric constant
of the medium, rp, g, and 7y are the radii of the initial
species and of the activated complex, and pa, ppB, and pz
are their dipole moments. This formula was derived on
the assumption that the medium surrounding the species is
isotropic and the macroscopic dielectric constant € holds
also for the interaction between the species and the solvent
molecules. Since strictly speaking this is not true, the
above formula is approximate. The effect of non-specific
solvation on the interaction between free radicals was
investigated in detail by Zaikov, Maizus, and Emanuel’ in
the case of peroxy-radicals !16,158-160,

It was established that, when ethyl methyl ketone is
diluted with various solvents (benzene, carbon tetrachlo-
ride, acetic acid, decane, and p-dichlorobenzene), the
rate constant for the reaction between the peroxy-radicals
derived from ethyl methyl ketone increases with € and
Kirkwood's formula holds satisfactorily:

e—1

lgk=A+Bi— -

At 60°C A = 3,36 and B = 6.0. By extrapolation to € = 0
and 1/€ — 0, the activation energies E._., = 6.5 kcal
mole~! and Ee_.oo = 1.2 kcal mole™ were obtained.

A linear relation between E and (¢ — 1)/¢ holds for the
disproportionation reaction of 2,6-di-t-butyl-4-isopropyl -
phenoxy-radicals °:

E=E,+Aa2

This relation is consistent with theoretical calculations.
The reaction of two phenoxy-radicals constitutes, from the
electrostatic standpoint, the interaction of two dipoles of

the “head to tail” type:
= ...;o—@—cmcx—h)z

3- &+ 3- 8+
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When the dielectric constant changes from ¢, to €,, the
energy of this interaction is altered by an amount:
_ 28.9 ppugle

AB=— e
or on transition from € = 1 to € = € with up = ppg, we
obtain

AE = 29wt |

er
which agrees with the experimental relation.
3. Specific Solvation
Radicals with a free valence at nitrogen and oxygen

atoms can form a hydrogen bond of the type Y...H-X,
which should be reflected in their reactivity. A hydrogen

bond of the type ROO...H—-X has been suggested ¢! and its
formation has been proved by Zaikov, Maisuz, and
Emanuel'. 116,162 =164

According to Zaikov et al.!®, the equilibrium constant
for the reaction

CH, (‘:H.
|
CH,COCHOO" + H,0 7> CH,COCH,00" . . . HOH

corresponds to 1gK = 4.88 + 4.8/0, where 6 = 4.57T /1000
(K is expressed in litre mole™),

The radical hydrogen bond appreciably retards the
reaction between two peroxy-radicals 92,163, However,
for the peroxy-radical derived from ethyl methyl ketone 63,
2k(RO; + RO;) = 18 X 105 litre mole~ s-! and
2k(RO;. . .HOH + RO;. . .HOH) = 0,70 x 105 litre mole™ g-!

) — -1 =

at 60 C, ERO; = 1,6 kcal mole y ERO;. ..HOH = 4.6

kcal mole™?, 1g2AR0; = 7.30, and ngARO- HOH = 7.86.
MR

The existence of the hydrogen bond has been demonstrated
kinetically for the cyclohexylperoxy-radical and t-butyl
alcohol !18  the equilibrium constant corresponding to
1gK = 3.69 + 3.5/6 with § = 4.57T/100 (K expressed in
litre mole-?),

The rate constants for the interaction of cyclohexylperoxy -
radicals do not differ greatly for solvated and unsolvated
radicals 16; ZkRO‘ = 5.0x% 10% and ZkRO MOR’ = 1.6

108, Thus a hydrogen bond to a free radlcal lowers the
rate of its destruction by reaction with other radicals and
consequently increases the steady-state concentration of
radicals in the system. However, the overall rate of the
chain reaction usually falls in the presence of a solvent
forming hydrogen bonds, since the hydrogen bond also
retards the chain propagation reaction. Thus, as a result
of the formation of hydrogen bonds in the system, free
radicals become less active but their steady-state concen-
tration increases. An interesting exception are the
peroxy-radicals of 2-methylpent-2-ene %5, the rate con-
stants for the interaction of which with one another and with
the hydrocarbon increase as alcohol is added to the hydro-
carbon. This has been explained by the formation of an
intramolecular 7-bond:

9——0
(CHJ)ICé'CH-—\LHCHﬂ
which in the presence of an alcohol dissociates as a result
of the formation of the hydrogen bond; the hydrogen-
bonded peroxy-radicals are apparently less active than the
radicals with the intramolecular 7 -bond.
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The review deals with the methods of preparation, physical and chemical properties, and polymerisation and copolymerisation
of viny! fluoride with various unsaturated compounds as well as the properties, stabilisation, processing, and applications of its
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I. INTRODUCTION

Numerous studies dealing with the synthesis, poly-
merisation, and copolymerisation of vinyl fluoride have
been published. Polymers and copolymers of vinyl fluo-
ride are of great interest because they have many valuable
properties: high thermal stability, resistance to the action
of light, chemical reagents, and radiation, and exceptional
resistance to weathering.

Certain results of studies dealing with vinyl fluoride
were described in the 1951 review by Knunyants and Fokin!
on the polymerisation of fluoro-olefins and in a later
monograph by Vaculik? on the chemistry of monomers.

II. METHODS OF PREPARATION OF VINYL FLUORIDE

Viny! fluoride (VF) was obtained for the first time by
Swarts 3% in 1901:
BrCH,—CHF,

SbFa,Bry

Zn
BrCH,—CHBr; 55 1500 —Hon " HL=CHF

BrCH,—CHBIF
Later he synthesised it® in 98% yield from 1, 1-difluoro-2-

iodoethane:

Q,H,MgBr
F,CH—CH,l e:her

H,C=CHF .

1. Preparation of Vinyl Fluoride by Hydrofluorination of
Acetylene

Investigators have devoted most attention to the synthe-
sis of vinyl fluoride by the hydrofluorination of acetylene,
In the absence of a catalyst and high pressures vinyl
fluoride is not formed at temperatures ranging from —70°
to 0°C 6. The possibility in principle of obtaining vinyl
fluoride from acetylene and hydrogen fluoride under
pressure was mentioned in patents as early as the
1920's7, but the process itself was achieved much later
by Grosse and Linn® with a conversion of acetylene of
about 15%:

HC=CH —grisa™ —» H,C—CHF + CH;—CHF, «
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The catalytic method is more effective. A number of
catalysts have been proposed for the vapour-phase process,
among which mercury compounds have become most
widely known: HgO and HgCl, on activated charcoal?8, in
the presence of hydrogen chloride® or hydrogen chloride
and iron(Ill) chloride!®, Newkirk!!, who used as catalyst
mercury(Il) chloride on activated charcoal promoted with
barium chloride, obtained an 82% yield of vinyl fluoride
at 97—104°C. Under the same conditions in the absence
of barium chloride, the yield of vinyl fluoride fell to
51.5%. Dolgopol'skii et al.!? used HgO in liquid paraffin
as a catalyst. Acetylene was passed through a vessel
with anhydrous hydrogen fluoride and then through a sus-
pension of HgO in liquid paraffin. At 0°C, for a molar
ratio C;H, : HF = 1:3.48 and an acetylene flow rate of
6 litre h™!, the yield of vinyl fluoride was 68.4%. Using
mercury acetate on activated charcoal at 40°C and a molar
ratio C,H, : HF = 1:1.5, it proved possible to obtain vinyl
fluoride in 86% yield!3, Other mercury compounds on
activated charcoal have also been used as catalysts, for
example nitrates !4-7 (at temperatures between 0° and
100°C). Apart from activated charcoal, alumina,
graphite 7, or solid organic polymers ¢,'7 can be used as
carriers, which stabilise the catalyst and increase the
duration of its activity. A method of preparation of vinyl
fluoride in the presence of mercury salts on activated
charcoal at 30—40°C in a polypropylene reactor has been
described. The catalyst functioned for 240 h without loss
of activity 8.

It has been noted that at an elevated temperature activated
charcoal reduces mercury salts and deactivates them. The
mercury thus produced evaporates and condenses in
various parts of the apparatus. Loss of mercury also
leads to a decrease of the activity of the catalyst and in
addition results in the formation of mercury fluoride,
which induces the polymerisation of vinyl fluoride. To
prevent the reduction of mercury salts, iron(IlI) salts or
other oxidants are added to the catalyst, which increases
its activity and duration of its useful operational life 1,

Mercury nitrate deposited on alumina in an amount
of 5—20 wt. % proved to be a long-lived catalyst for the
synthesis of vinyl fluoride. After passing a mixture of
48% of acetylene, 50% of hydrogen fluoride, and 2% of nitro-
gen oxides through the catalyst at 65°C and neutralising
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the product, a mixture of 66% of vinyl fluoride and 34% of
1, 1-difluoroethane was obtained'?’,  Zinc and mercury
chromates *® or mixtures of mercury, zinc, and nickel
chromates 2° have also been used as catalysts at tempera-
tures in the range 75—250°C. Boric acid was added to
prevent the sintering of the catalyst 9,

The synthesis of vinyl fluoride at 20—100°C with
catalysts consisting of mercury(II) oxide on activated
charcoal or alumina and also TiO, or ZrO, on the same
carriers, subjected to preliminary irradiation or irradi-
ated during the reaction with y-rays, has been described 21522,
The yield of the monomer was 70%.

When activated alumina or aluminium trifluoride were
used as catalysts at temperatures in the range 250—400°C,
a mixture of vinyl fluoride and 1, 1-difluoroethane was
obtained?3-28, The same compounds were synthesised in
the presence of aluminium sulphate?® or a 3 :1 mixture of
ALO, and ZnF,, %

Skiles proposed zinc 3! and chromium 3 catalysts. In
the first case the catalyst was prepared by mixing zinc
oxide with cane sugar in water and the resulting paste was
dried and carbonised at 700°C,

Clark 32 obtained vinyl fluoride in the presence of copper
cyanide deposited on activated charcoal or other porous
carriers inert with respect to hydrogen fluoride. When
copper chloride on activated charcoal was tested, the
conversion of acetylene was only 0.3%.

The use of fluorosulphonic acid as a catalyst for the
hydrofluorination of acetylene has been reported. At 0°C
1, 1-difluoroethane forms in 85% yield and at 80—90°C the
product is a mixture of 50% of vinyl fluoride and 40% of
1, 1-difluoroethane 3¢, Linn3 obtained vinyl fluoride in
the presence of boron trifluoride,

With cadmium sulphate, nitrate, or acetate on activated
charcoal in a stationary or fluidised bed as catalysts,
vinyl fluoride was obtained in 98% yield at 300°C, The
catalysts functioned for 50 h without loss of activity. The
vinylfluoride containedtraces of acetylene and 1, 1-difluoro-
ethane %,

When the catalyst was aluminium trifluoride with a
small amount of BiF; or Bi(OH),;, a mixture of 70.3% of
vinyl fluoride and 29.6% of 1, 1-difluoroethane was obtained
at 200—400°C; the conversion of acetylene was 96.7%%.
Since vinyl fluoride and acetylene have similar boiling
points, there are technical difficulties in the isolation of
the pure monomer free from acetylene. McMillan 38
purified vinyl fluoride by azeotropic fractionation of the
mixture using ethane, which forms an azeotrope with
acetylene. Kalb et al, ® separated vinyl fluoride from
1, 1-difluoroethane, hydrogen fluoride, and other
impurities by distillation. Traces of hydrogen fluoride
were removed by passing the monomer through columns
filled with sodium carbonate and acetylene was removed
by washing the monomer in a scrubber with an ammoniacal
solution of copper(I) chloride. Oxygen was removed by
repeated distillation at a pressure of 2.8—7 atm at tem-
peratures ranging from —50° to —25°C.

For the removal of acetylene from vinyl fluoride,
dimethyl sulphoxide and dimethylformamide or their mix-
tures ¥ as well as N-methylpyrrolidinone ' were proposed
as selective solvents for acetylene. It has also been
suggested that a mixture of vinyl fluoride, acetylene, and
1, 1-difluoroethane be brominated at 0°C with subsequent
distillation of the bromination products; pure vinyl fluo-
ride was obtained by treating 1, 2-dibromo-1-fluoroethane
with zinc in alcohol®?, The purification of vinyl fluoride
by the hydrochlorination of the acetylene impurity with
subsequent fractionation of the mixture is very promising 1,
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Usmanov et al. 4 developed a method for a high degree of
elimination of acetylene and difluoroethane from vinyl
fluoride in a gas saturator with glass frit gas spreaders
consisting of 5 saturators connected in series and two gas-
absorption columns. Acetylene was absorbed in a solution
of ammonium chloride and copper(I) chloride in aqueous
ammonia. The gas flow rate was maintained in the range
10-15 litre h™', This method made it possible to reduce
the acetylene content in the crude monomer to 4 X 107°%,
Difluoroethane was removed from vinyl fluoride on a
column for low-temperature fractionation. The purified
monomer contained not more than 1 X 107*% of difluoro-
ethane.

2. Preparation of Vinyl Fluoride by the Dehydrofluorina-
tion of 1, 1-Difluoroethane

Vinyl fluoride has been obtained -4 by the pyrolysis of
1, 1-difluoroethane at 350—1000°C and in the presence of
activated charcoal at 300—-600°C:

CHy—CHF, ——%—» H,C=CHF .

Pyrolysis of 1, 1-difluoroethane in the presence of 2%
of oxygen at 500°C gave a 61% yield of vinyl fluoride &,
Calcium fluoride, charcoal, and steel filings were used as
catalysts at 300—600°C, the yields of vinyl fluoride being 75,
84, and 88% respectively . Vinylfluoride forms in 32.7%
yield at 400—850°C in the presence of a catalystbased on
CrFg.H,0. Without the catalyst, the amount of acetylene
increased and the conversion fell to 3.3% 5°.

By dehydrofluorinating 1, 1-difluoroethane on activated
charcoal at 350°C, a mixture containing 27.8% of vinyl
fluoride and 62.7% of 1, 1-difluoroethane was obtained; at
a reaction temperature of 400°C the amount of vinyl fluo-
ride rose to 37.2%%'. 1, 1-Difluoroethane has also been
pyrolysed in a steel tube on charcoal or metals and their
oxides and salts of Groups I, II, V, and VII, 52,5 at 300
800°C. The yield of vinyl fluoride reached 88%. When
4-6% of nickel oxide on alumina was used as a catalyst
at 400°C, the yield of vinyl fluoride rose to 99%54,

By passing a 1.7 :1 mixture of 1, 1-difluoroethane and
acetylene over aluminium trifluoride at 250—300°C, a
mixture containing 64% of vinyl fluoride, 1.6% of acetylene,
0.3% of ethylene, and 1.1% of hydrogen fluoride was
obtained. Unsaturated hydrocarbons were removed by
catalytic hydrogenation (in the presence of palladium on
charcoal) in the form of ethane and vinyl fluoride was
isolated by fractional distillation 55.

3. Other Methods for the Preparation of Vinyl Fluoride

Henne and Midgley ¢ synthesised vinyl fluoride by
treating 1, 2-dichloro-1-fluoroethane with zinc in alcohol.
Vinyl fluoride forms in 50% yield from 1, 1-difluoro-2-iodo-
or 1,2-dibromo-1-fluoro-ethane on treatment with magne-
sium, sodium, or potassium in ether’. Benning et al.%?
suggested acetone, pyridine, and dioxan, in addition to
alcohol, as the medium for the elimination of halogen
atoms with zinc.

Vinyl fluoride was synthesised in 58% yield from
1-chloro-2-fluoroethane by the elimination of hydrogen
chloride with soda-lime at 400°C %°, A high yield of vinyl
fluoride in the pyrolysis of 1-chloro-1-fluoroethane at
500—800°C at a reduced pressure 4%, in a chromenickel
tube 8! and in the presence of copper or Cu,Cl, powder %2,
has been reported. In the last case the yield was 97.9%.
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The fluorination of alkyl halides with hydrogen fluoride
at an elevated temperature and pressure on activated char-
coal®® or alumina®4 is accompanied by the elimination of
hydrogen halides and the formation of vinyl chloride and
fluoride. The latter was also isolated in the pyrolysis of
1, 2-difluoroethane on :=1luminz11.?> calcium sulphate, or
activated charcoal at 200—400°C , A mixture of ethyl
and vinyl fluorides was obtained from ethane on oxidative
fluorination in the presence of iron(IIl) oxide or lead oxide
at 325—700°C %8, The products of the fluorination of
ethylene with mercury(II) fluoride at 150—180°C in an
autoclave are hexafluoroethane and vinyl fluoride®’, Vinyl
fluoride has also been synthesised from ethylene, hydrogen
fluoride, and oxygen, using as a catalyst a mixture of
PdCL,, FeCl,;, and CuCl, on activated charcoal®, The
formation of vinyl fluoride by the reaction of ethylene and
alkali metal fluorides in the presence of PdCl, in an
autoclave at 160—190°C has been described; the reaction
medium may be benzonitrile, nitrobenzene, dibutyl
phthalate, or tetrahydrofuran (THF)®,7, After being
passed over a Cr,0, catalyst on alumina at 300—400°C, a
mixture of 1,2-dichloroethane and hydrogen fluoride was
found to contain about 20% of vinyl fluoride?. Vinyl
fluoride forms in 70% yield when fluorine reacts with a
complex of vinylmagnesium chloride and tetrahydro-
furan’2,

By passing vinyl chloride through a vessel with anhy-
drous hydrogen fluoride in the presence of oleum at a tem-
perature not exceeding 20°C, a mixture of vinyl chloride,
1-chloro-1-fluoroethane, 1, 1-difluoroethane, and hydro-
gen chloride and fluoride was obtained; this was then
pyrolysed at 400—800°C. The gas from the pyrolysis
was passed through a fractionating column, where hydro-
gen chloride and vinyl fluoride were separated and a
mixture of hydrogen fluoride, vinyl chloride, and fluoro-
ethanes was returned to the hydrofluorination reactor.

The vinyl fluoride did not contain acetylene as an impurity,;
the yield was 85%73. Vinyl fluoride forms when vinyl
chloride reacts with a fluorinated anion-exchange resin in
the presence of a palladium salt in acetic or propionic acid,
tetrahydrofuran, or dimethylformamide at 0—200°C 74,
Vinyl fluoride has been isolated in the photolysis of

1, 3-difluoroacetone™®,

III. PHYSICAL PROPERTIES OF VINYL FLUORIDE

At normal temperatures and pressures vinyl fluoride is
a colourless gas with a boiling point of —72.2°C, a melting
point of —160.5°C, and d, = 0.853 at —=72,2°C. 1t is
insoluble in water and is relatively sparingly soluble in
alcohol and acetone®. It has not been found to have a
narcotic effect’, The heat of formation (—AH) of vinyl
fluoride from the elements in the gaseous state at 25°C has
been calculated as +28 kcal mole™!,” The experimental
dipole moment is y = 1,42 + 0.01 D." The ionisation
potential of vinyl fluoride, determined by photoionisation
and electron impact methods, has been found to be 10,37
and 10,45 eV respectively 79782,

In recent years spectroscopic methods have been widely
used to study vinyl fluoride. The vibration spectra have
been investigated by many workers -9 who used them
largely to determine and describe the geometrical struc-
ture of the vinyl fluoride molecule, A full compilation of
all the geometrical parameters is presented in Table 1.
The infrared spectrum of vinyl fluoride was obtained for
the first time by Torkington and Thompson®?, Bak and
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Christensen ¢ analysed the infrared spectra of vinyl fluo-
ride and all seven of its deutero-derivatives and assigned
the frequencies of the fundamental vibrations of the mole-
cules. The isotopic compounds were isolated from the
mixture and freed from non-isotopic admixtures on silica
gel at 43°C, the purity of the compounds obtained being
checked by infrared spectroscopy. Sverdlov et al.®!
achieved a complete interpretation of the vibration spectra
of vinyl fluoride and its deutero-derivatives.

Table 1. Bond lengths (&) and valence angles in the
vinyl fluoride molecule
F H?
=8¢
H NHs
Method
microwave
Bonds and ricrowa pect Py, isotopic shift
| least isotopic s
angles sPeﬁteﬁ?py S othag method (Ref.85)
(Ref.84)
Ci—F 1.348 1.344+0.002 | 1.347+0.009
C,—H, 1.073 1.080+0.005 | 1.082%0.004
Cs—H, 1.080 1.075+0.005 | 1.077%0.003
Ci—C,q 1.333 1.337+0.002 | 1.329%0.006
C,—H, - = 1.087+0.003
,H, 115.4° — 110.0+1°
H,C,Cy 123.7° — -
H:CCs 121.4° — 120.9+0.3°
HoC,Cy 118.5° - 119.0+0.3°
CsCyl — 121+0.2° 120.8+0.3°

Quite recently the NMR spectra®-103  electronic .
spectra®, and mass spectra?! of vinyl fluoride were
reported. The values and relative signs of the spin—spin
interaction constants and chemical shifts have been deter-
mined and it has been shown that the variation of the latter
with the electronegativity of the atoms is close to linear-
ity. Fogg and Lambert 1°¢ studied the propagation of
ultrasonic waves in vinyl fluoride at 100°C,

IV. ANALYSIS OF VINYL FLUORIDE

Newkirk !! determined the density of gaseous vinyl fluo-
ride on an Edwards balance and measured its amount by
absorption in bromine water. Of the modern analytical
methods, gas chromatography #195,19 and infrared spec-
troscopy® may be used. The analysis of the mixture
consisting of 1-chloro-1-fluoroethane, 1-chloro-2-fluoro-
ethane, and vinyl fluoride on a laboratory chromatograph
of type KhL.-3 has been described, A mixture of tri~
fluoromethane, chlorotrifluoromethane, 1, 1-dichloro-2,2-
difluoroethylene, vinyl fluoride, nitrogen, and oxygen has
been separated'®. Usmanov et al, * have proposed a
method of analysis by gas—1liquid chromatography with a
flame-ionisation detector on a column with 25% of liquid
paraffin on an INZ-600 carrier as the stationary liquid
phase,

V. CHEMICAL PROPERTIES OF VINYL FLUORIDE

Reactions involving the double bond of vinyl fluoride
have ionic and radical mechanisms. Reactions of the first
type include the addition of halogens 3,42 and hydrogen
halides, the latter following the Markovnikov rule with the
exception of hydrogen bromide under the conditions of a
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radical process %7, Hydrogen fluoride adds to vinyl fluo-
ride with greater difficulty than to unsubstituted ethylenes,
which can be accounted for by the effect of the highly
electronegative fluorine atom, The addition of hydrogen
fluoride to vinyl fluoride is catalysed by the halides of
certain metals and also by fluorosulphonic acid 34,
Yakubovich et al, 198,19 showed that nitrosyl chloride adds
to vinyl fluoride with formation of 1-chloro-1-fluoro-2-
nitrosoethane, which is then oxidised to 1-chloro-1-fluoro-
2-nitroethane:

H,C=CHF + NOCI — |FCICH—CH,NO] —» FCICH—CH,NO, .

The reaction of vinyl fluoride with thioacetic acid under
irradiation with ultraviolet light and in the presence of
benzoyl peroxide !*® gave a 75% yield of 2-fluoroethyl
thioacetate:

] o]
+ HC=CHF — 1%~ CH,—C/
SH NS—CHy—CH,F .

Yarovenko and Vasil'eva!!! obtained a 30% yield of
di(2-chloro-2-fluoroethyl) sulphide by irradiating with
ultraviolet light a mixture of copper(I) chloride and vinyl
fluoride under pressure in the presence of benzoyl peroxide
for 200 h at 20°C 11;

HyC=CHF + S,Cl, ~— §(CH,~CHFCl); +S .

CH,nc/

A number of free-radical reactions involving the addi-
tion of perhalogenoalkanes to vinyl fluoride have been
investigated. Haszeldine et al. !!? jrradiated trifluoroiodo-
methane and vinyl fluoride with ultraviolet light for 14 days
and obtained an 84% yield of 1,1, 1, 3-tetrafluoro-3-iodo-
propane as well as a small amount of 1,1,1, 3, 5-penta-
fluoro-5-iodopentane:

CFsl 4+ HyC = CHF Y+ F,C—CH,;—CHFI + F,C—CHy—CHF—CH,—CHFI +

The addition of dibromodifluoromethane!!® and 1,2-di-
bromo-2-chloro-1, 1,2-trifluoroethane !4 to vinyl fluoride
in an autoclave at 100°C in the presence of benzoyl
peroxide has been described:

CBr.F,; + H,C=CHF — BrCF,—CH,—CHFBr + BrCF,—CH,—CHF—CH,—CHFBr ,
BrCF,—CB(FC| + H,C==CHF — BrCFy—CFC| —CH,—CHFBr -+ BrCF,—CFCl—~CH,—
—CHF—CH,—CHFBr .

Park et al. !5 showed that the free-radical addition of
perfluorovinyl iodide to vinyl fluoride leads to the formation
of 1,1, 2, 4-tetrafluoro-4-iodobut-1-ene:

H,C=CHF + FC=CFI —» F,C=CF—CH,—CHFI .

The addition of trichloromethyl!8,'¥ and trifluoro-
methyl 1185119 radicals to vinyl fluoride has been reported.
The free-radical addition of perfluoroacetonitrile to vinyl
fluoride has been investigated 12°:

H,C=CHF 4 FC~CN ~ F,C—CH,—CHF—CN .

It has been shown '*! that the reaction of trichloro-,
methyldichloro-, and trimethyl-silane with vinylfluoride
gives a high yield of the corresponding 2-fluoroethylsilanes:

SIHCl, + H0=CHF —» CHF—CH,—SiCl, -

The kinetics of the radical addition of tetrafluorohydra-
zine to vinyl fluoride have been studied 22, It has been noted
that the interaction of vinyl fluoride and CI1F, in the gas
phase at 70—125°C results, apart from substitution, in the
addition of the decomposition products of chlorine trifluo-
ride (Cl,, F,, CIF) to the double bond 23,

Haszeldine et al. !?4 attempted to carry out.the reaction
of trifluoronitrosomethane with vinyl fluoride, but only the
starting materials and the conversion products of trifluoro-
nitrosomethane were isolated.
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When tetramethyldiborane was allowed to react with
vinyl fluoride, a mixture of ethyldimethyl-, diethylmethyl-,
trimethyl-, fluorodimethyl-, and difluoromethyl-borane
was obtained 25, By allowing diborane to react with vinyl
fluoride, Bartocha et al.'®® obtained a mixture of triethyl-,
diethylfluoro-, and ethyldifluoro-borane with the last com-
pound predominating; under these conditions, polymerisa-
tion of vinyl fluoride was not observed.

McQueen '?7 showed that the reaction of vinyl fluoride
with butadiene at 150—300°C and an elevated pressure, in
the absence of polymerisation catalysts, gives a low yield

of 4-fluorocyclohexene:
CH
cx{. ’\CH
be * L
HF H

!
> CHF\CH’ CH
Soborovskii and coworkers 128:12° carried out the reac-
tion of phosphorus trichloride with vinyl fluoride and
obtained low yields of the chlorides of the isomeric
1-chloro-2-fluoro- and 2-chloro-2-fluoro-ethylphospho-
nic acids:

HyC.
CH, H

CICH,—CHF—P (0) Cl,
H,C=CHF + 2PCl, + 0, —
CICHF—CH,~P (0) Cl
Recently Jones !¥ reported that butadiene is formed in
high yield when vinyl fluoride is treated with tetraethylam-
monium trichlorostannate(Il) in the presence of PtCl, and
CsF in dimethylformamide, acetonitrile, or dimethyl
sulphoxide:
PtCl,,CsF

CHy=CHF + (C;Hy), NSnCly —--53%

— H,C=CH—CH=CH,

Monofluorocyclopropane and its isomerisation products
were obtained by the photolysis of keten in the presence of
vinyl fluoride 3¢,

VI. POLYMERISATION OF VINYL FLUORIDE

The polymerisation of vinyl fluoride was observed for
the first time by Starkweather in 19341%2, Toluene was
saturated with the monomer at —35°C, the solution was
kept at 67°C and 6000 atm for 16 h, and the polymer was
obtained in a low yield. Later, Newkirk!! described the
polymerisation of vinyl fluoride under ultraviolet irradia-
tion in quartz capillaries in the presence of benzoyl,
lauroyl, or acetyl peroxides as initiators,

Various methods have been described for the polymerisa-~
tion of vinyl fluoride: emulsion, solution, suspension,
and solid state. Emulsion polymerisation has found the
widest application, since it takes place at a high rate at a
relatively low temperature, which makes it possible to
obtain a polymer with a high average molecular weight.
Oxygen-free water or a mixture of water and organic
solvents have been used as dispersion media 133138,

Kalb et al. * studied the effect of impurities on the poly-
merisation of vinyl fluoride and found that, when the
process is initiated with 0.2% of benzoyl peroxide at a
pressure of 900 atm and a temperature of 80—-100°C, 0.05%
of oxygen in the monomer inhibits the polymerisation and
0,013% promotes it. Acetylene strongly inhibits the
process, a brittle polymer of low molecular weight being
formed in a yield of only 3%.

To improve the stability of the emulsions, emulsifying
agents such as magnesium lauryl sulphate 7 or sodium
bis(tridecyl)sulphosuccinate !¢ are added to the system.

Redox systems, alkali metals, and substances which
give rise to free radicals on heating have been investigated
as initiators, Substances of the last type yielded polymers
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with the most successful combination of properties 395139,

Of the peroxy-catalysts, benzoyl 38,1414  dodecanoyl 4,

diethyl, di-t-butyl® peroxides-and t-butyl hydroperoxide 38
have been tested for the polymerisation of vinyl fluoride,
When dialkyl percarbonates are used as initiators, the
polymerisation takes place at a lower temperature and
pressure 3, Apart from peroxides, azo-compounds have
been widely used as initiators: aa’-azo-bis-ay-dimethyl-
valeronitrile, aa’-azobisisobutyronitrile3®4¢  the hydro-
chloride of aa’-azobisisobutyramidine 3% azodisulpho-
nates of alkali and alkaline earth metals !33, and the
dihydrochloride of 2,2’-diamidino-2, 2’-azopropane 4-14,

Tri-isobutylborane #¢ and the products of the interaction
of triethylborane with ammonia, hydrazine, hydroxyl-
amine, and amines 309151 have also been used for the poly-
merisation of vinyl fluoride.

The effect of various initiators on the polymerisation
process has been studied®, Differences have been noted
between initiators active at 125°C and above and those
which activate polymerisation at 70—85°C. It was found
that the polymers obtained at a high temperature had a
lower molecular weight and more highly branched chains.
The concentration of the initiator also affected the molecu-
lar weight of the polymer. With increase of the concen-
tration of benzoyl peroxide in an aqueous medium at 80—
90°C and a pressure of 250 atm, the effectiveness of the
initiator and the characteristic viscosity of the polymer
decreased. Analogous results were obtained when azo-
compounds were employed as initiators.,

The effect of temperature and pressure on the radical
polymerisation of vinyl fluoride has been investigated. It
has been established that, with increase of temperature,
the effectiveness of the initiator reaches a maximum and
then falls, the temperature corresponding to the maximum
effectiveness being independent of pressure. As the reac-
tion temperature rises, the viscosity of the poly(vinyl
fluoride) (PVF) melt diminishes; an increase of pressure
favours the formation of a polymer with a higher molecu-
lar weight3°,

Recently a number of continuous polymerisation
processes have been developed for vinyl fluoride. Their
essential feature consists of a continuous supply of vinyl
fluoride, water, and the initiator into the reaction zone.
The reaction is carried out in a homogeneous dispersion
medium, the PVF formed being continuously removed,
The required pressure and temperature are maintained in
the reactor 9,146,149 _ Processes with recycling of water,
in which after the separation of the polymer water is
deionised, freed from oxygen, and returned to the cycle,
have been proposed 47-1®,

In studies on the suspension polymerisation of vinyl
fluoride much attention has been devoted to the search for
new improved surface-active substances and stabilisers,
Methylcellulose 1375152153 glucose ethers %4, and the
copolymers of ethylene !, vinyl acetate, and allyl alco-
hol?%¢ with maleic acid or its anhydride have been sug-
gested as dispersing agents for polymerisation in suspen-
sion, Using such compounds, it was possible to obtain
highly porous PVF, which readily blends with plasticising
agents, exhibits improved stability under illumination,
and is a good electrical insulator. When lauroyl perox-
ide was used as an initiator, a polymer with a particle
size of 0,05—2,5 um was obtained%?, The polymerisa-
tion of vinyl fluoride in the presence of titanium dioxide,
yielding a product with a particle size of 0.3 um, has
been described 153,

PVF containing 14.4% of titanium dioxide and consisting
largely of particles about 1 pm in diameter has been used
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in the form of dispersions in dimethylacetamide for
coatings on metals.

In polymerisation in solution it is easier to control the
reaction temperature, but, because of the lower concen-
tration of the monomer, the polymers produced have a
lower molecular weight. A number of organic solvents
have been investigated as reaction media, using various
polymerisation initiators: benzoyl, acetyl, lauroyl,
diethyl, di-t-butyl3»!57,158  and perfluoroacyl!®-16! perox-
ides.

The search for new catalytic systems suitable for the
polymerisation of vinyl fluoride has been vigorously prose-~
cuted in recent years, The following systems have been
tested: diethylaluminium bromide or triethyl aluminium—
titanium tetrachloride !62s163  tri-isopropylaluminium -
tetraisopropyloxytitanium %4, and cadmium and zine
alkyls 2, Alkyl compounds of boron 85-168 and their
coordination compounds with ammonia, hydrazine,
hydroxylamine, and amines 1505515162 have also been used
as catalysts, which yielded PVF with a degree of crystal-
linity in excess of 30%. The polymerisation was carried
out in solution, using methylene chloride, ethyl acetate,
tetrahydrofuran, isobutyl alcohol, dimethylformamide,
dimethyl sulphoxide, etc. as solvents !5, A continuous
process for the polymerisation of vinyl fluoride in carbon
tetrachloride using peroxide initiators has been proposed 17,
It has been shown* that a common property of organic
solvents is a tendency towards interaction (telomerisa-
tion) with vinyl fluoride, which leads to a sharp decrease
of the molecular weight of the polymer obtained. Films
produced from these polymers had a low impact strength.

Recently there has been a continuous increase in the
number of experimental studies involving the use of radia-
tion for the polymerisation of vinyl fluoride 71-177,

The use of radiation makes it possible to achieve poly-
merisation at low temperatures. Vinyl fluoride has been
polymerised at a radiation dose rate ranging from 1 x 102
to1x108rh™. ™  The yield of PVF varied with the
radiation dose and temperature, the maximum yield of the
polymer being obtained at 0°C and a radiation dose rate
of 10*r h™. " The polymerisation of vinyl fluoride at
—78°C under y-irradiation in the presence and absence of
benzoyl peroxide has been studied 78,

VII. PROPERTIES OF POLY(VINYL FLUORIDE)

1. Physical Properties and Structure

A change in polymerisation conditions is reflected in the
viscosity of the solutions and in the molecular weight of the
resulting polymer. It has been shown® that the molecular
weight is independent of the solvent used in the measure-
ments. When benzoyl peroxide was employed, a decrease
of the molecular weight of the polymer with increasing
reaction temperature was observed. The molecular
weight distribution of the polymer varies within wide limits
as a function of the method of preparation, catalyst, and
polymerisation temperature. Polymers synthesised using
benzoyl peroxide as an initiator in the absence of a telogen
melt at about 198°C.

Sapper !7® determined the heat of fusion per crystallising
polymer unit, which amounted to 1800 cal.

The crystal structure of PVF has been studied by X-ray
diffraction 167,179,180, The NMR spectra of PVF have been
recorded 81-183, g -Particle absorption by PVF has been
studied 134 at temperatures ranging from —59.7° to 42.,7°C.
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Ellison and Zisman 1 gshowed that the surface of PVF is
readily wetted by solvents capable of forming hydrogen
bonds.

2. Chemical Properties

Poly(vinyl fluoride) is resistant to the action of high
temperatures, light, chemical reagents, and in particular
hydrolysing agents. Characteristics such as tensile
strength and modulus of elasticity do not change apprecia-
bly after exposure of the polymer to steam for 1500 h.
After PVF specimens have been treated with 10% solutions
of sodium hydroxide and hydrochloric acid for 7 days at
60°C, no changes in their mechanical properties were
observed %, The treatment of PVF with nitrogen trifluo-
rideand N,F,at 80— 100°C leads toformation of cross-links
in the polymer and an improvement of its properties 187,188,
In the manufacture of laminate plastics adhesion between
the carrier and the activated PVF layer can be achieved by
the formation of OH, COOH, NH,, etc. groups by treatment
with boron trifluoride 1#8-191  concentrated sulphuric acid,
hot alkali, or aluminium chloride 9,

Thermal decomposition of PVF in a vacuum at tempera-
tures between 370°C and 500°C leads to the formation of
hydrogen fluoride and fragments with different carbon chain
lengths 192,

The telomerisation of vinyl fluoride by chloroformates
at different temperatures in the presence of peroxides 193
and by trifluoromethyl iodide !®4 has been investigated.

The telomers obtained may be used as plasticisers for
PVF. Telomers of chloroperfluoro-olefins and carbon
tetrachloride have been recommended for the same pur-
pose. Such plasticisers are not “sweated out” and

do not cause turbidity of the specimen on bending !5,
Haszeldine et al, ¢ carried out the telomerisation of vinyl
fluoride with perhalogenoethanes under ultraviolet or X-ray
irradiation or in the presence of peroxides at temperatures
in the range 20—150°C,

The resistance of fluorine-containing polymers to
ionising radiation has been investigated®’. It has been
found that polytetrafluoroethylene retains its structural
properties only up to a dose rate of 2 Mrad, while PVF is
stable up to 32 Mrad., After irradiation and simultaneous
heat treatment the polymers become brittle,

Bro %8 studied the stability of various polymers in
relation to amines and found that the PVF film is stable
under the action of n-butylamine,

3. Stabilisation

Although PVF is distinguished by a comparatively high
resistance to oxidative thermal and light-induced degrada-
tion, a number of stabilisers have been proposed for the
preparation of compositions based on it which would be stable
in various applications and under different processing con-
ditions.

Monoalkyl esters of fumaric and maleic acids *°,
glyceryl monolaurate 2%, substituted 6-methyleneoctahydro-
naphthalenes 2°*, unsaturated terpenes and disulphides 202,
alkali metal formates 203, and the copolymer of vinyl fluo-
ride with bicyclo[2, 2, 1]hept-2-ene 2°¢ have been proposed
as thermostabilisers for PVF,

Benzophenone 2°5, O-hydroxybenzophenone?%¢, 2,2’-di-
hydroxy-4, 4’-dimethoxybenzophenone 207528 2,27 4, 4/~
tetrahydroxybenzophenone 2®, substituted triazoles 2,
poly(2-hydroxy-4-methacryloyloxybenzophenone)2!*, and a
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polyester obtained from the dichloride of adipic acid and
2, 4, 4’-trihydroxybenzophenone 212 proved to be effective
photostabilisers under the action of ultraviolet light,

4, Processing and Applications

PVF is processed by the usual methods for thermoplas-~
tic materials: by extrusion, by pressing, by casting under
pressure at temperatures in excess of 200°C, and also by
deposition of coatings from dispersions 39,203y207-211,213-215

PVF has found wide application in the form of films.
Films are most often formed from solutions % or disper-
sions containing various substances which function as
latent solvents for PVF 219,215-220,  Djmethylformamide %,
various lactones, for example y-butyrolactone 213,217,219,
tetramethylurea, dimethylacetamide, triethyl phosphate !¢,
2-pyrrolidinone, N-isopropyl-N-methyl-, and 5-methyl-
2-pyrrolidinone 2!, N-formyl- and N-acetyl-piperidine 22°,
and dimethyl sulphoxide 214,215 have been used as solvents.
A method has been described for the preparation of
electroluminescent films from dispersions containing zinc
sulphide?2!, To prepare opaque PVF films and disper-
sions, 1—35% of titanium dioxide, calcium carbonate, or
their mixtures have been added, Pigments, stabilisers,
and plasticisers have also been introduced into the films 222-227,
A method has been described??® for the preparations of
transparent films with low reflectivity by adding to PVF
1-5% of silica in the form of homogeneous spherical
particles 2—10 um in diameter. PVF films have been
used in the manufacture of laminate plastics with high
stability to wear and the effect of light 220-232,

Simril and Curry!#® made a detailed study of the
physical, chemical, optical, and electrical properties of
PVF films, and also of the effect of diaxial orientation of
the films on some of their physical properties., PVF is
transparent to visible and ultraviolet light but absorbs
strongly in the infrared. PVF films have high tensile,
bending, and impact strength, exhibit high resistance to
wear, and undergo high relative elongation on stretching.

The principal distinctive feature of PVF is its high
resistance to weathering, After exposure to sunlight for
7 years, a PVF film retained 50% of its initial tensile
strength and remained flexible 3#5233,234, The permeability
of PVF films to water and also to water vapour and various
organic compounds and gases has been investigated 234-236,
A relation between the degree of orientation of the films
and some of their mechanical properties has been demon-
strated 3,257,238, A highly oriented film shows a higher,
tensile, impact, and bending strength and also exhibits a
higher tear resistance.

To improve its adhesion to various materials, the film
has been treated in a flame for periods ranging from
0.0025 to 0.5 s, with solutions of alkali metals in liquid
ammonia, with organic derivatives of aluminium, zinc,
and magnesium, and also with a solution of a diazo-com-
pound in toluene, for example ethyl diazoacetate, 4,4’-bis-
(dimethylaminophenyl)diazomethane, etc. with subsequent
irradiation of the treated surface by ultraviolet light 239-244,

The preparation of filaments from a dispersed paste
containing 20—70% PVF has been described?®¥, PVF in
the form of films oriented to different extents has found a
wide variety of applications in electricalinsulation, packing,
in the glazing of forcing frames, and in the protection of
horticultural crops. Its exceptionally high resistance to
the action of ultraviolet radiation makes PVF a very
promising material for the protection of surfaces in appa-
ratus designed for the collection of solar energy?#, in the
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building industry 233,247,248 and for protective coatings on

metals 249254,

The applications of PVF for internal

coatings 235, for the preparation of diaphragms in elec-
trolysers for the manufacture of chlorine?®, and also in
chemical engineering ?7 have been described.

vOl. COPOLYMERS OF VINYL FLUORIDE

Much work has been devoted?38-2%° to the preparation,
investigation of the properties, and applications of the
copolymers of vinyl fluoride with various unsaturated

compounds.

The methods for the synthesis of vinyl fluo-

ride copolymers are completely analogous to those for the
The copolymerisation has been carried
out in suspension 155,156,164,288, in emulsion 138s150152261263~
265,272,288 in golution 186,167,170,259,262,263,286,238,295,295,299, or
in the solid state 1505268278,288,289
mers (comonomers) is given in Table 2,

synthesis of PVF,

A list of binary copoly-

Table 2. Binary copolymers of vinyl fluoride
Comonomer References Comonomer References

Ethylene 138,150,262,277,279,299| Vinyl butyrate 156,274
Tetrafluoroethylene 142,150,167,168,263, Propene 278,290

. 266,219,299 isobutene 152
Vinyl acetate 1233.2628_,,269.270.274, Bicycloheptene ::: .

. .

inyli i 142,167,170,265,274, 209 Dicthy) maleate ’
Vinylidene fluoride 0,268 Acrylate and methacrylate
Trifluoroethylene 1;0. 166.165.271.275 esters 159,299

i i 150,164,166,168,271,275, S
Vinyl chloride 276,280,283,289,299 || Vinyl benzoate 156
Methylenemalononitrile 267 Dioctyl fumarate ;gﬁ
Q-Acetamidoacry lamide 258 Vinyl ca;bpnate o
Hydrogen cyanide 259 Acrylonitrile lx;ﬁ.?z::
Chlorotrifluoroethylene 170,261,271,299 Perﬂuorqpropene 156' B
Dichlorodifiuoroethylene 264 Acrylamide
a-Cyanoacrylamide 267 1,l_,2,4-Tctxafluorobuta-l,3- 56
Methylenemalonamide 267 diene .
Fluoromethacrylate 1,1,2-and 1,1,3-trifluoro- 287

esters 273 butadiene
Vinylidene chloride 299 1,1-Difluoroisobutene 288
Vinyl propionate 274,289 Perfluoronitrosomethane 21

Styrene 299

The copolymers of vinyl fluoride are processed by the
same methods as those used for PVF, The copolymers
are widely used in the form of films 1395150,260,263,2705270,287,288
and coatings 271,286,267,298,  Coatings made from the copoly-
mer of vinyl fluoride and vinyl chloride make various
rubber articles resistant to light. Specimens with such
coating remained unchanged after irradiation for 20 h with
ultraviolet light, while ordinary rubber withstood only
7.5—25 min of such treatment?®2, The synthesis of foam
plastics based on a copolymer of vinyl fluoride and vinyl
chloride has been described.

Dimethyl sulphoxide, furfural, tetrahydrofuran, and
dichlorobenzene have been used as solvents in the manu-
facture of fibre from the copolymers of vinyl fluoride and
vinylchloride; thefibre was spun bya wet method 102705280,
Copolymers of vinyl fluoride with isobutene and perfluoro-
propene proved to be resistant to heat, light, and chemical
reagents., Extruded sheets of such copolymers are
strong, flexible, and transparent, and, by virtue of their
capacity for cold draining, can be used for the manufacture
of various articles 1505152155,

The synthesis of ternary copolymers has also been
described. Thus the copolymer of vinyl fluoride, tetra-
fluoroethylene, and chlorotrifluoroethylene has been
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obtained in aqueous suspension at 80°C in the presence of
benzoyl peroxide®2, The copolymer of vinyl fluoride,
tetrafluoroethylene, and vinyl chloride is incombustible
and is readily soluble in acetone, ethyl methyl ketone,
ethyl acetate, and halogeno-derivatives of hydrocarbons 293,
Copolymers melting without decomposition have been
obtained from vinyl fluoride, dialkyl maleates, and
vinylidene halides ?*4, The copolymerisation of vinylidene
fluoride, vinyl fluoride, and chlorotrifluoroethylene on
y~-irradiation of the monomers has been described 274,
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Detritylation and Transtritylation Reactions

P.Buckus

This review deals with various reactions involving the cleavage and certain interesting rearrangements of trityl compounds
and the use of trityl protecting groups in the synthesis and reactions of glycerides, carbohydrates, nucleosides, nucleotides,
and peptides. The lability of the bond between the trityl group and oxygen, sulphur, nitrogen, carbon, and other atoms

has been demonstrated.
The bibliography includes 519 references.

INTRODUCTION

The tendency of compounds containing the labile trityl
(triphenylmethyl) group to undergo detritylation and trans-
tritylation reactions has been known for a long time.

These reactions are of both theoretical and preparative
interest. Various reactions involving the cleavage of
trityl compounds and interesting rearrangements have been
described. The ease of introduction and removal of the
trityl group makes it possible to employ it as a protecting
group. Trityl protecting groups have found particularly
wide application in the synthesis and reactions of gly-
cerides, carbohydrates, nucleosides, nucleotides, and
peptides. They have assisted greatly in the development
of the chemistry of natural compounds. The lability of the
bond between the trityl group and the carbon atom led to
the foundation and development of the chemistry of free
radicals.

Until recently there have been no reviews dealing with
detritylation and transtritylation reactions. The present
review deals with data on the detritylation and transtrityla-
tion of oxygen, sulphur, nitrogen, carbon, and other
tritylated compounds. The bonds between the trityl group
and hydrogen and halogen atoms, the reactions of triphenyl -
methanol, triphenylmethanethiol, and triphenylmethylamine
are not considered, since they are best treated as trityla-
tion reactions.

In view of the enormous number of studies on the
subject, the formation of triarylmethyl radicals must also
be excluded from consideration. These problems may be
the subject of separate reviews.

1. THE BOND BETWEEN THE TRITYL GROUP AND THE
OXYGEN ATOM

The bond between the trityl group and the oxygen atom
in alkyl trityl ethers dissociates when the latter are
heated 1”5, acted upon by potassium®é, hydrogen halides®7~®,
boron trifluoride!®, aluminium chloride, phosphorus
pentachloride® and pentabromide!!, silica gel!?, formic
acid, and acetyl chloride !;!3~!5) and also when they are
hydrolysed with alkali metal hydroxides® and inorganic
acids 1:89%18, The reaction products are triphenylmethane,
triphenylmethanol, triphenylchloromethane, triphenyl-
bromomethane, and triphenylmethylpotassium. When alkyl
trityl ethers were allowed to react with magnesium and
propyl iodide, the product was tritylmagnesium iodide !"18,
while the reaction with phenylmagnesium bromide yielded
tetraphenylmethane!®. The electrochemical elimination
of a trityl protecting group has been demonstrated for
O -trityl -N -palmitoylethanolamine 2°,

When isopropyl trityl ether is allowed to stand with 0.1%
solution of hydrogen chloride in methanol, transtritylation
takes place?!:

(CHy); CHO—C (C4Hy)s + CHyOH — CHy0—C (C;H,)s + (CH»); CHOH .

The reactions of alkyl trityl ethers with allyl alcohol,
ethylene glycol, glycerol, and phenol yield respectively
allyl trityl ether, the trityl ether of ethylene glycol, the
a-trityl ether of glycerol, and p-hydroxytetraphenyl -
methane??, Methyl and ethyl trityl ethers were used for
the tritylation of formamide?3:

RO—C (C¢Hy)s + HCONH, — HCONH—C (C,Hy)s + ROH

Nesmeyanov et al.2* showed that the reaction of the
methyl ether of Crystal Violet with acetaldehyde, propion-
aldehyde, crotonaldehyde, and nitromethane takes place
with formation of a new carbon—carbon bond. For
example:

o o
CHy0—C [CH,N (CHy)ls + C“’°<H ~ [(CHa)s NC,H,ls c—cmc/H -+ CH,0H .

Cycloalkyl trityl ethers are cleaved by sulphuric?® and
acetic2627 acids. Benzyl and diphenylmethyl trityl ethers
are hydrogenated catalytically on Raney nickel with disso-
ciation of the bond between the trityl group and the oxygen
atom 28;

C4H;CH,0—C (CH,); — C¢H;CH,OH + (C{H;);CH .

Aryl trityl ethers are cleaved by water?°, alkali
metals 83°732 hydrogen chloride 32, zinc chloride3¢~%¢, and
hydrochloric acid®% 37 with formation of the corresponding
phenols and triphenylmethane or its derivatives. With
acetyl chloride or hydrogen chloride in the presence of
calcium chloride, ditrityl ether gives triphenylchloro-
methane 3839,

When aryl trityl ethers are heated under different
conditions, the corresponding tetraphenylmethane deriva-
tives are obtained??,3%32,35,40-48,  For example, when
phenyl trityl ether is heated in ethylene glycol and gly-
cerol 22:4%48 and also in a mixture of acetic and hydrochloric
acids %, p-hydroxytetraphenylmethane forms in 80-100%
yield:

(CaH;,>,C—O~<:\/\ ~ HO-{__S—C(CeHys -
Tetraphenylmethane was also isolated in the reaction of
phenyl trityl ether with phenylmagnesium bromide !®,
Shorygin 3% showed that the reaction of sodium (at
100°C) with o-tolyl trityl ether results, apart from the
normal decomposition, in a rearrangement which leads to
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the migration of the trityl group to the side-chain of
o-cresol:

‘/\ —OH

r \[—O—C (CoHy)s li
\ J (J—CH—C CH); |

—CH;,

A similar rearrangement takes place also under the
action of zinc chloride5°.

The reaction of the ditrityl ether of catechol with
methanol in the presence of hydrogen chloride yields methyl
trityl ether2. When phenyl trityl ether reacts with mono-
substituted benzenes containing o7tho - and para-directing
substituents, the initial ether undergoes rearrangement and
the benzene derivative is tritylated5!. For example:

CgHgO—C (CgHy)s + CoHyN (CHs)s — p-HOCgH;—C (CHs)s + p-(CHy)e NCgH—C (CgHy)s &

On the basis of the relative amounts of the products, it
was concluded that the migration of the trityl group to the
p -position in both compounds takes place not only by an
intermolecular mechanism but partially also by an intra-
molecular mechanism. The orienting power of the substi-
tuents follow the sequence N(CH,), > NH, > OCH,.

Among trityl esters, trityl acetate!®52-69 trityl
benzoate 57073 and others 52,54,%%,63-86 haye been decom-
posed. Their pyrolysis yields triphenylmethane 56,62,65,
They are decomposed by water, alcohols, and acetyl chlo-
ride with formation of triphenylmethanol, alkyl trityl
ethers, and triphenylchloromethane respectively 552, The
interaction of trityl acetate with organomagnesium com-
pounds yields, together with detritylation products, the
corresponding hydrocarbons 58,59;

CHCOO—C (CgHs); + RMgCl — (CqHs)s C — R+CH;COOMgCI

Other O-trityl compounds have also been decom -
posed®57-7_ including peroxides containing one ¢ and
two 870778 trityl groups and also O-trityl organometallic
compounds 74,

Trityl protecting groups have been used for the synthe-
sis of monoacyl derivatives of glycol "¢:

CH,0—COR
CH,OH

CH,OH
| —

CH,OH

CH,0H
|
CH,0—C (CeHs)s

CH,0—COR
- -
CH,0—C (CgHs)s

Such protection has also found wide application in the
synthesis and investigation of the properties of gly-
cerides 9,21,777115 jncluding lipoamino-acids 107,109,113-115

It is interesting to note that the elimination of the trityl
group from 1,2-diacyl- and 3-trityl-glycerol results in the
migration of the acyl group from the 2-position to the
3-position®,%,198,  However, detritylation with silicic
acid avoids migration of acyl groups 93,106,108,110,111, 113,
Optically active diglycerides, which are key intermediates
in the synthesis of biologically important phospholipids,
have been obtained in this way 14,108,111,

Quite recently in a study of the reaction of ethylene
glycol and glycerol with their ditritylation products, the
hitherto unknown disproportionation reaction of trityl
groups leading to the formation of the corresponding
monotritylation products, was observed!!®, For example:

HOCH,CH,0H + (CgHjs)s C—OCH,CH0—C (CgHy)s — 2 (C¢Hy)s C—OCHCH,.OH .

The reaction of the ditrityl ether of glycerol with
methanol in the presence of hydrogen chloride yields
methyl trityl ether?,

Trityl protecting groups have found wide application in
the synthesis of carbohydrates, in the study of the proper-
ties and structure of mono-, di-, and poly-saccharides and
also their derivatives and analogues 89,12,101,102,117-188,
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Their great importance in the chemistry of carbohydrates
is due not only to the ease of elimination but also to the
fact that they normally combine only with a primary
hydroxy-group. The rate of tritylation of the primary
alcoholic group in D-galactose is 225 times faster than the
rate of tritylation of the hydroxy-group at the Cg atom,
evidently owing to the steric factors!®, Although side
reactions sometimes occur in detritylation!!8, the trityl
group gives ideal protection of the terminal hydroxy-group
of the sugar chain in various syntheses.

Catalytic hydrogenation, refluxing with 80% acetic acid,
and treatment at room temperature with hydrogen chloride
in chloroform or hydrogen bromide in acetic acid are most
often used to cleave the trityl ethers of carbohydrates.

For example, when trityl ethers of cellulose and starch
are shaken with a solution of hydrogen chloride in chloro-
form, the trityl residues are split off quantitatively as
triphenylchloromethane (when aqueous hydrochloric acid
is used, the product is triphenylmethanol)!3?, The
methylation of the trityl ether of cellulose with dimethyl
sulphate results in rapid elimination of the trityl group,
while inthe methylation with methyl iodide the elimination
is slow!?0, It has been observed that the detritylation of
tritylation and acylation products with acid reagents is
frequently accompanied by the migration of the acyl
groups 101,139-143  The detritylation of (D-B-5’-O-trityl-
2',8’-di-O-acetylribofuranosyl)indole, yields, in addition
to the normal product, also a small amount of the corres-
ponding ribopyranose derivative —the product of the
isomerisation of the carbohydrate ring!22,

Trityl 177,19972%4 gand also mono- and di-p -methoxy-
trityl 227,295-311 protecting groups have found wide applica-
tion in the synthesis and the investigation of the properties
and structure of nucleosides, nucleotides, and oligonucleo-
tides. When triphenylchloromethane is allowed to react
with nucleosides, the product is as a rule a 5’ -0 -trityl
derivative, although this reagent, while reacting preferen-
tially with a primary hydroxy-group, is nevertheless not
entirely specific with respect to the latter 201,217,246,264,285
In fact uridine forms a ditrityl derivative?!?, shown to be
2’,5’-di-O-trityluridine®', A certain amount of 3,5’ -di-
O -trityluridine also forms?2°!,

The differences between the conditions for the formation
and cleavage of trityl and benzyl ethers constitute the
basis of Todd's synthesis of uridine diphosphate -glucose 32,
Trityl protecting groups have been used in the synthesis
and investigation of the properties and structures of the
antibiotic nojirimycin®?®, coenzyme A, 314315  yitamin
B,, 316 lipids 3'7, and steroids3!8-32°, It has been found that
the detritylation of certain steroid derivatives is accom-
panied by the migration of the acetyl group3° in the
absence of a trityl group such rearrangement does not
occur.

2. THE BOND BETWEEN THE TRITYL GROUP AND THE
SULPHUR ATOM

The bond between the trityl group and the sulphur
atom is cleaved when aryl trityl sulphides are heated 32,
refluxed in alcohol in the presence of Raney nickel %22, or
acted upon by alkali metals ®, bromine 323, iodine %24, iron(I)
chloride 25, aluminium bromide 3?4, silver nitrate 34,
potassium permanganate 325, ruthenium tetroxide 32¢,
chromic 325,327 pitric 35, and sulphuric 3! acids, a mixture
of hydrochloric and acetic acids !, and dichloro- and
diacetoxy-iodobenzene 328, The detritylation products are
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triphenylmethane, triphenylmethanol, triphenylchloro-
methane, triphenylbromomethane, and ditrityl peroxide.
The yields of the peroxide reach 90%.

The interaction of phenyl trityl sulphide with N -bromo-
succinimide gives a 97% yield of N -tritylsuccinimide 328,
The reaction of phenyl trityl sulphide with mercury(II)
chloride in methanol takes place by the following mecha-
nism 322;

CgHS—C (CgHy); -1+ HCly -+ CH3OH —» CH30—C (CgHy)g +- CgH,ySHgCl + HCI

The decomposition of ditrityl sulphide 329,330 ditrityl
disulphide %2933t trityl thioacetate %29, and trityl thio-
benzoate 329,332 has been described. The dissociation of
the bond between the trityl group and the sulphur atom in
p -tolyl trityl sulphone by water has also been observed 3.

The trityl group has been used to protect the mercapto-
group in the synthesis of sulphur-containing acids, amino-
acids, peptides, and their derivatives324,333-355, Thesge
protecting groups have been used, for example, in the
synthesis of glutathione %2, oxytocin333, and cyclic cystine
peptides 344,345,351, GQelective detritylation permits the
elimination of the S-trityl protecting groups with retention
of the N -trityl 3%4,*42 and other protecting groups attached
to the sulphur 35 and nitrogen3%4,352,354,3%5 atoms, Thus in
the reaction of the methyl ester of SN -ditritylcysteine with
silver nitrate in methanol in the presence of pyridine,
methanol is tritylated only by the S-trityl group33¢, On
the other hand, the selective elimination of protecting
groups attached to the nitrogen atom with retention of the
S-trityl protecting group is also possible 353,

For the synthesis of asymmetric (with respect to the
cysteine residues) cystine peptides, the mercapto-groups
must be protected in various ways to permit their separate
elimination334,3%%, S§-Tritylcysteine and diphenylmethyl -
cysteine have been proposed for this purpose. S-Trityl
protecting groups are readily eliminated at room temper-
ature by treatment with heavy metal salts. TheS-diphenyl -
methyl group is then unaffected and can be removed
separately with trifluoroacetic acid.

3. THE BOND BETWEEN THE TRITYL GROUP AND THE
NITROGEN ATOM

As early as 1884, it was known that N -trityl groups are
readily dissociated in an acid medium 3¢, In 1925 trityl
derivatives of amino-acids and even of a dipeptide were
obtained® However, the effectiveness of trityl protecting
groups in the reactions of a-amino-acids and in the synthe-
sis of peptides was not finally recognised until the second
half of the present century 333,336,342,344,349-351,354,357-414,

For this reason, the honour and priority in the discovery
of trityl protecting groups are attributed not only to
Helfferich (1925) but also to Velluse (1955), 45

N-Trityl protecting groups have been used in the study
of the reactions of hydroxy-derivatives 35773 and mer-
CaptO _derivatives 338,334,388,342,344,349-351,354,831,395 Of
a-amino-acids, diamino-acids 360-362,371,379,40 = djcarbox-
yllC 333,342,363 —856,370,387,394,395,397—399 and heterocyclic 357,366,
370,371,537 o _amino-acids, and also B-amino-acids*! and
cycloserine 32, They have been also used in the synthesis
and the study of the properties of cyclic peptides 344,351,372 -878,
including gramicidine C and its analogues3™~378, It has
been established that, when trityl protecting groups are
employed, the most effective procedure for the synthesis
of peptides is the carbodi-imide method.

The principal advantage of the trityl group consists in -
the ease of its elimination under mild conditions, although
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steric hindrance of the adjacent carboxy-group sometimes
prevents the condensation of tritylamino-acids. With
increase of the side chain length in the amino-acid residue,
the steric hindrance becomes more pronounced, which is
inconvenient from the preparative standpoint. The steric
hindrance in aw-diesters of N -trityl derivatives of
dicarboxylic amino-acids makes it possible to hydrolyse
the w-ester group with retention of that in the a-posi-
tion 385,387,  The tritylated acid esters obtained in this way
have been successfully used for the synthesis of the pep-
tides of asparagine, glutamine, and isoglutamine®, On
the hypothesis that the bulky trityl group can suppress the
reactivity of the adjacent ester group as a result of steric
hindrance, an attempt was made to obtain the correspond-
ing monohydrazide by the reaction of hydrazine with

the diester of N-benzyloxycarbonyl-N -tritylcystine 3%,
However, the reaction takes place according to the follow-
ing mechanism:

NH—COOCH,C,Hy NH—C (CgHp)s NH--COOCH,C,H,
SCH,CHCOOR NHNH,  SCH,CHCOOR SCH,CIHCONHNH,
slcn,CHcoon "~ SCH,CHCOOR lSCHgCHCONHNH,

NH—C (CeHy)s NH—C (C,Hy)s NH—COOCH,C,H; .

Evidently, under the action of hydrazine there is a
disulphide rearrangement involving two molecules of the
asymmetric cystine derivative with formation of two
symmetrical derivatives.

The high sensitivity of the N -trityl group to the action
of acids makes possible its elimination under a wide
variety of experimental conditions. N -Trityl peptides
lose their protecting trityl groups when their solutions are
refluxed in anhydrous and aqueous acetic acid for several
minutes 357,371,379-3&,410  Aqueous trifluoroacetic acid
eliminates the N -trityl group even at —5°C,3™"377 It has
been stated that the group is eliminated under the influence
of lower alcohols 3%, Depending on the reagent used for
its elimination, the trityl group is converted into triphenyl-
methane, triphenylchloromethane, triphenylbromomethane,
triphenylmethanol, triphenylmethyl acetate and trifluoro-
acetate, alkyl trityl ethers, and also mixtures of these
compounds 419,

Anhydrous hydrogen chloride in methanol eliminates
N -trityl substituents from an @-amino group more readily
than from an w-amino group3%,41° and imidazole 3¢ and
also O -trityl substituents from phenol 3¢, Thus, when
trityl groups of these two types are present in the mole-
cule of the same compound, it is possible under certain
conditions to eliminate selectively one N -trityl substituent
attached to an a-amino group with retention of the S-trityl
substituent 333,334,342,410 or an N -substituent attached to an
w-amino-group3¢%%°%,  For example, when the hydro-
chloride of the methyl ester of NS-ditritylcysteine reacts
with methanol in the presence of hydrochloric acid, methanol
is tritylated by the N -trityl protecting group34, The
selective detritylation of the trityl ester of N-tritylglycine
allows the selective elimination of the trityl group from the
nitrogen atom with retention of the ester group3®, It is
also possible to eliminate selectively the N -trityl
protecting groups without affecting other protecting
groups 375-377,385,386,410  QOn the other hand, in catalytic
hydrogenation the N-trityl group is eliminated more
slowly than the N -benzyloxycarbonyl or O-benzyl
groups 366,380,

The condensation of amino-acids having amino-groups
protected by N -substituents with tritylhydrazine yields the
corresponding hydrazides 389,398,399,401 A particular
advantage of protecting groups of this type is that, after
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the elimination of the trityl group, the resulting derivative
may be used directly in peptide synthesis by the azide
method.

Under the conditions used to prepare certain oximes of
N -trityl-a-amino-ketones and also on heating the latter in
the presence of hydrogen chloride, ethanol is tritylated*!®.

The cleavage of alkyl-11%%17 dialkyl-48%7 alkyl-
aryl-418,418  ary]-14,417,420~22  apd diaryl- 8428 trityl-
amines, trityl-4244%5 and ditrityl-426427 hydrazines, trityl
azide 4?8429 N -tritylurethanes *3°, N -tritylacetamide 3!,
products of the N -tritylation of urea and thiourea?,
phenyl -428,4327439 and benzoyl - 4% azotriphenylmethanes,
quaternary ammonium bases containing the trityl group*4°,
and other N-tritylated compounds %4 ~%%5 has been described.

When N -tritylaniline 41,422 N -(B8-cyanoethyl) -N -trityl-
aniline!®, N -trityldiphenylamine, and other N -tritylaryl-
amines 422,446,447 are heated in an acid medium, in pyridine
in the presence of its hydrochloride, or with zinc chloride,
C-trityl compounds are obtained in yields up to 80%. For
example:

(CaHe)s C—NHCH, = NH;—— »—C(CHs -

The trityl group migrates to the p -position when N -trityl
aniline reacts with monosubstituted benzenes having ortho -
and para-directing substituents 5!, as happened in the
analogous reaction of phenyl trityl ether. The possibility
of the conversion of N -trityl aniline into o -(phenylamino) -
triphenylmethane is also postulated 42!:

NHC,H;

(CsHg)s C—NHC,H; — <;>—CH (CeHy)s

When N -tritylalkylamines? and N -(3-cyanoethyl)-N -
tritylalkylamines %8 react with allyl alcohol, ethylene glycol,
glycerol, and phenol, transtritylation takes place according
to the following mechanism:

—HOCH,CH=CH, _ (C,Hg)y C—OCH,CH=CH,
HOCH,CH,OH

CgHy)s C—NHR —|
(CoHa)s R HOCH,CHOHCH,OH |

~ (CeHs)s C—OCH,CH,OH
(CeHs)s C—OCH ;CHOHCH,OH

GO s (CiHy)s C—CyHOHp

The reaction of arylamines with N -(8-cyanoethyl)-N -
tritylarylamines involves transtritylation by the mecha-
nism 443.

CH,CH,CN
AtNH, + AN

\C (CeHy)s

1-Tritylimidazole and its 4,5-disubstituted derivatives are
readily hydrolysed on refluxing with 10% acetic acid to
imidazole and its derivatives and also triphenylmethanol °.
It is suggested that, when 1-tritylimidazole is heated to its
melting point, the trityl group may migrate from the
nitrogen atom to a carbon atom%®. The products of the
addition of triphenylchloromethane to pyridine and quino-
line are decomposed by water and alcohol to the heterocy -
clic base and triphenylmethanol or an alkyl trityl ether 3°.

Together with O -trityl protecting groups, N -trityl
protecting groups have found application in the chemistry
of nucleosides and nucleotides 3% -395,

— ArNH—C (C¢H,)s + Ar'NH—CH,CH,CN .

4, THE BOND BETWEEN THE TRITYL GROUP AND THE
CARBON ATOM

The study of the bond between the trityl group and the
carbon atom began with the work of Gomberg45°, who
obtained in 1900 a free radical of tervalent carbon (tri-
phenylmethyl) in an attempt to synthesise hexaphenylethane

61

by the action of silver on triphenylbromomethane. This
quite unexpected discovery demonstrated for the first time
the possibility of the existence of free radicals. The
discovery, treated by the majority of chemists with
considerable disbelief, was confirmed and developed
further in the subsequent studies by Gomberg himself and
also by Chichibabin, Markovnikov, Kerman, Fliirscheim,
Schmidlin, Cone, Walden, Wieland, Ullmann and Borsum,
Heintschel, Schlenk, Ziegler, A.E. and B, A, Arbuzov, and
others*5!7453, It was established that the crystalline
colourless hexaphenylethane dissociates reversibly in
solution, particularly at elevated temperatures, formmg
the yellow triphenylmethyl:

(CeHg)3C—C (CgHy)s 2 2(C4Hy)sC.

Gomberg's discovery5° gave rise to the chemistry of
free radicals, which later developed very rapidly. From
1900 up to the present an enormous number of investigations
have been carried out in this field. Apart from triphenyl -
methyl, many free radicals of the triphenylmethane series
have been obtained and their properties investigated,
including addition, disproportionation, and recombination
reactions. These investigations have greatly influenced
the development of theoretical concepts in organic chem-
istry, in particular the study of thermal and photochemical
reactions involving chain mechanismsg 4517453,

Tetraphenylmethane proved to be a perfectly stable
hydrocarbon—its solutions are colourless and the compound
itself distils without decomposition at atmospheric pres-
sure at 431°C. However, under the action of a liquid
potassium —sodium alloy, it dissociates even at room
temperature with formation of triphenylmethane and other
products 454, On distillation® or under the action of
oxidising agents 3455 and potassium 845, asymmetric tetra-
phenylethane yields respectively triphenylmethane, tri-
phenylmethanol, and triphenylmethylpotassium.

Chichibabin 457,458 showed that at an elevated temperature
pentaphenylethane decomposes, like hexaphenylethane, at
the C—C bond of ethane. The pentaphenylethane molecule
then breaks down into radicals, which subsequently
recombine in a different manner:

2(CgHs)s C—CH (CgHy): — (CoHs)s C—C (CeHy)s + (CgHy)s CH—CH (CoHy);

According to the observations of Cone and Robinson45®,
the reaction of phosphorus pentachloride with this com-
pound yields triphenylchloromethane. The instability of
the central C-—C bond in pentaphenylethane was later
studied also by other chemistg 6,460~466,

The thermal decomposition of ditritylmethane yields
quantitatively a mixture of triphenylmethane and triphenyl -
ethylene 467:

(CeHg)s C—CHy—C (CgHy)p ~> (CeHg)s CH + (€,Hy), C=CHC,H,

When two molecules of triphenylmethylsodium react with
dichlorodiphenylmethane, the product is octaphenylpropane,
which immediately breaks down into triphenylmethyl and
pentaphenylethyl 468:

(CaHy)s C—C (CgHy)3—C (CgHy)s = (CeHg)sC - + (CoHg)aC — (CoHy)s C

The products of the C-tritylation of mono-, di-, and
tri-hydric phenols, o-, m-, and p-cresols, and also their
derivatives undergo slight detritylation on oxidation with
chromium trioxide, on distillation with zinc dust and soda
lime, and on heating with hydriodic, sulphuric, and acetic
acids 6,446,447,469-471  The dissociation of the carbon—
carbon bond is influenced in this case by the position of
the trityl group.
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A number of studies have been made 46,47 -483 op the
dissociation of alkyl trityl and aryl trityl ketones. Ina
study of the possibility of using pyridine as a solvent for
the reduction with lithium aluminium hydride of ketones
which are sparingly soluble in ether and tetrahydrofuran,
Lansbury4™-477 discovered an interesting reaction of phenyl
trityl ketone. He found that in pyridine solution phenyl
trityl ketone undergoes, with lithium aluminium hydride
not normal reduction but reductive dissociation with forma-
tion of triphenylmethane and benzaldehyde or benzyl
alcohol. Phenyltritylmethanol is an intermediate in this
reaction4?’?, Methyl trityl ketone is also reduced by the
above reductant?’®, When organometallic compounds
react with phenyl trityl4%6:478 and 1-naphthyl trityl 4™
ketones, the bond between the trityl group and the carbon
atom is dissociated instead of the expected formation of
tertiary alcohols. C-Tritylated compounds containing an
oxo-group in the ring are known to undergo detritylation<®,

The decomposition of triphenylacetic acid and its deriv-
atives has been extensively investigated 4¢8,485-498  The
pyrolysis of ethyl a-tritylpropionate yields triphenyl-
methane and ethyl acrylate?®’. Methyl a-methyl-o-
tritylpropionate decomposes similarly 497:

(CgHg)s C—C (CHs); COOCHy — (CqHs)s CH + CH,=C (CH,) COOCH;, .

The detritylation process takes place also in the hydrol-
ysis and other reactions of diesters, diamides, and dini-
triles of tritylmalonic acid°8-5%, The amide of trityl-
acetic acid undergoes an interesting transtritylation
reaction on heating with sulphuric acid to 200°C: 5%

(CeHy)s C—CH,CONH, — CH;CONH—C (CeHy)s -

The self-condensation of methyl trityl ketone 5%, the
acyloin condensation of ethyl trityl acetate 5%, the thermal
decomposition of methylazotritylmethane 5%, and the
hydrolysis of the acid ester obtained from phenyltrityl-
methanol and phthalic acid5* are accompanied by detri-
tylation. For example:

(CgHjy)s C—COCH; + CHsCO—C (C¢Hg)s — (CgHg)s C—COCH;COCH; + (C4Hy)s CH

The products of the condensation of triarylmethanols
(including triphenylmethanol) with 3 -methyl-1-phenyl-5-
pyrazolone on dissolution in polar solvents dissociate into
ions 5% and their reactions with diazo-compounds yield the
corresponding diarylmethanol and an azo-dye®%, 5%, The
reaction of carboxylic acids and magnesium bromide with
the condensation products of the methyl ether of the base
of Crystal Violet with acetaldehyde, propionaldehyde,
crotonaldehyde, and nitromethane involves the dissociation
of the carbon—carbon bond and the formation of Crystal
Violet 24,508,509,

5. THE BOND BETWEEN THE TRITYL GROUP AND
OTHER ATOMS

The dissociation of the bond between the trityl group and
lithium 468, boron%'%5!! magnesium 52, aluminium 5,
silicon5!3,5¢  phosphorus5!551% nickel 517, zinc5!'8, and
germanium 5!? atoms has been investigated. For example,
the reaction of tritylaluminium compounds with primary
and secondary amines takes place as follows 5!!:

(R)3 AI—C (CeHy)s + (R")a NH — (R): AI—-N (R)s+ (CeHg)s CH .

When certain tritylated phosphorus compounds are
heated with methanol, methyl trityl ether is formed in 88%
yields!¢. Treatment of the trityl derivative of zinc with
tributyltin bromide resulted in the isolation of tributyl-
trityltin5!s,
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Radical Degradation and Stabilisation Reactions of Solid Polymers

V.S.Pudov and A.L.Buchachenko

The thermal and oxidative thermal degradation of the majority of polymers occurs by radical mechanisms. Therefore the
stabilisation of such polymers consists in the inhibition of the radical degradation processes. The aim of this review is to
consider and analyse the kinetics and mechanisms of elementary radical degradation and stabilisation reactions in the solid
phase, i.e. to examine the set of reactions which constitute the basis of the degradation and stabilisation processes.

Before analysing and interpreting the experimental data, it is necessary, firstly, to note the characteristic features of solid-

phase radical reactions which distinguish them from reactions in gases and liquids and, secondly, to consider the general
theoretical postulates concerning the kinetics of solid-phase reactions.

The bibliography includes 83 references.
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I. KINETIC CHARACTERISTICS OF SOLID-PHASE RADI-
CAL REACTIONS

The specific physical features of the solid state give
rise to the definite kinetic characteristics of solid-phase
reactions. The principal features of this type are as
follows.

1. For reactions to occur, the reacting species must
approach one another; however, in contrast to gas-phase
reactions, the duration of contact, i.e. the lifetime of the
pair of reacting species, is long, so that a static equili-
brium involving all the degrees of freedom is established
in the pair. This implies that such pairs must be
regarded as kinetically independent species, which has a
significant effect on the kinetics and frequently modifies
the kinetic equations.

2. Since the pairs are comparatively long-lived, it is
also necessary to consider the physical elementary steps
involved in the motion of the reacting species (rotation,
translation, orientation, etc.). It is then found that the
kinetics of chemical reactions are related to the kinetics
of molecular motion, i.e. the physical properties and the
structure of the polymer.

3. The same chemical elementary steps in the solid
phase can occur with a higher activation energy than in the
gaseous or liquid phases. Indeed, in a gas or liquid the
intrinsic chemical step (for example, the transfer of a
hydrogen atom from the molecule to a radical) and steps
involving a change in the structure of the reactants (for
example, those occurring when the bond hybridisation is
altered) take place simultaneously. In the solid phase
these steps frequently occur at different times, since the
rearrangement of the structure of the reactants after the
reaction occurs much more slowly than the chemical reac-
tion itself (during a period of the order of magnitude of the
structural relaxation time). This applies to reactants in
both the initial and the final states. In practice it implies
that the potential surfaces of the elementary reactions in
the solid phase may lie higher than for gas-phase or liquid-
phase reactions.

The general theory of the kinetics of solid-phase reac-
tions must reflect these features. In the most general
case of a reaction between two reaction centres A and B,
three kinetic stages may be distinguished: (a) the macro-
diffusion stage when the reacting species A (or B) fill the

specimen non-uniformly and diffuse as a result of an
average concentration gradient; (b) the microdiffusion
stage when there is no concentration gradient and the rate
of reaction is determined by the frequency with which the
species A and B, which are uniformly distributed through-
out the specimen, approach one another (the mechanism
involved in their mutual approach is unimportant at this
stage); this stage results in the formation of the pair

(A + B); (c) the intrinsic kinetic stage when the rate of the
process is determined by the rate of the chemical inter-
action in the pair (A + B).

Here A and B may be understood as reaction centres in
a group of macromolecules and macroradicals, molecules
of reacting gases, low-molecular substances, inhibitors,
etc.

We shall consider initially the case where there are
only two stages—the microdiffusion and kinetic stages—
i.e. where the reaction centres are uniformly distributed
in the specimen. For this case, Lebedev proposed a
simple cell reaction model and derived formal kinetic
rate equations !, It is suggested that the chemical inter-
actions of A and B begins only when A and B form a pair,
i.e. enter a single “cage” with a volume v* (of the order of
3m°, where X is the effective length of the “monomer”
unit). As a result of thermal or any other type of activa-
tion from outside, A and B can migrate in the specimen
with a migration rate constant %; and in the vapour phase
they can also react with a rate constant In the steady-
state case (with the rates of formation and destruction of
the pairs are equal), it is easy to obtain a kinetic rate
equation:

—4B) ___dB)
2 = Fertd) (B), (1)
where
hott= 80t (k= kD + 1) 2
=5 g, U =k +k (2)

Thus the law of the additivity of the kinetic resistance
in each component stage holds for the effective rate con-
stant for the overall process:

Vkett = 1/kev* 4 1/kp0° 3)

When kt > kp, the kinetic stage is rate-limiting and
keff = kpv*; when Akt < kp, the rate is limited by the
microdiffusion stage and keff = ktv*.
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In the above equations k; is the rate constant for physical
or chemical diffusion of the species and kp is the unimolec-
ular rate constant for the destruction of the pair, which
may be determined either by the frequency of rotation and
steric factors for the species in the vapour phase or by
the rate of the intrinsic chemical interaction. Since a
wide variety of species may be involved in the reactions,
the physical significance of k& and kp may be various;
they can assume any relative values and therefore either
of two types of kinetic regimes may be realised.

The cell model for bimolecular solid-phase reactions
is confirmed also by non-steady-state kinetics, i.e.
kinetics under conditions such that the steady-state con-
centration of the pairs has not yet been attained (an
example is provided by the kinetics of the recombination of
the radicals corresponding to the initial sections of the
curves relating the rate of degradation of the radicals to
time, which were analysed by Lebedev?).

The rates of bimolecular reactions in the solid phase
were calculated by Waite 2 even earlier and more rigorous-
ly using the macroscopic diffusion equation (for the micro-
diffusion stage); the results of this calculation are virtual-
ly identical with those obtained on the basis of the cell
model, but the latter has the advantage of simplicity of the
interpretation of the experimental data and clear physical
significance of the kinetic constants.

II. KINETICS OF RADICAL DEGRADATION AND STABILI-
SATION REACTIONS OF POLYMERS

We shall now consider the experimental data on the
mechanism and kinetics of radical degradation and stabili-
sation reactions of polymers taking into account the
general kinetic considerations described in the preceding
section. It will be more convenient to examine the indivi-
dual reactions of macroradicals and low-molecular-weight
radicals, which will henceforth be conventionally referred
to as microradicals.

1. Oxidation of Macroradicals

The addition of oxygen to macroradicals is one of the
fundamental kinetic chain propagation reactions in the
oxidation of polymers. All the experimental data on the
kinetics of this reaction were obtained in studies of the
conversion of alkyl allyl macroradicals R in irradiated
polymers into peroxy-macroradicals ROz. Such conver-
sion takes place under the action of gaseous oxygen and

Table 1.
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therefore its rate may be determined by any of the three
stages—macrodiffusion, microdiffusion, and kinetic.
The “recognition” of the rate-determining step in a
complex multistage process of this kind is difficult. The
system of Kkinetic equations for this case is of the form

— %’;’ = kefenic, @

% —kenc + DV, ®)
where n is the concentration of radicals in the polymer (it
is postulated that these are stationary) and c the concen-
tration of oxygen. At zero time (¢ = 0) we have n = no and
¢ = 0 in the bulk phase and ¢ = co = Kgp on the surface of
the polymer [Kg is the solubility (Henry's law) constant
and p the pressure of oxygen]. The first of these equa-
tions corresponds in form to Eqn. (1); the constant keff

is defined by Eqn. (2). Eqn. (5) describes the kinetics of
the reaction and of the macrodiffusion of the gas into the
polymer.

A rigorous analytical solution of Eqns. (4) and (5) is
impossible. A solution was obtained numerically by
Lebedev ® using a computer and the results of the rigorous
calculation were compared with approximate analytical
solutions. Approximate solutions were obtained for
limiting cases in which it was possible to neglect certain
kinetic stages and to simplify Eqns. (4) and (5). In both
cases (exact and approximate) the effective reaction time
ts, i.e. the time during which the initial concentration of
the radicals R diminishes by the factor e, was calculated.
Here !y is used instead of kx = I/ty, where ky is the
effective rate constant for the overall diffusion-kinetic
reaction R —RO:, which is described, as before, by the
bimolecular equation dn/dt = kxnc.

Comparison of the results of the exact and approximate
calculations showed that it is possible to formulate several
limiting regimes which are realised under various experi-
mental conditions. The principal data are presented in
Table 1. The fact that they were obtained for the case
where the specimen is in an infinitely long cylinder of
radius / does not diminish the generality of the results;
for specimens of other shapes (spherical grains, films,
etc.), the kinetic expressions remain unchanged except for
constant coefficients [only the form of the diffusion term
DvZc in Eqn. (5) depends on the shape of the specimen].

We shall now consider briefly each regime—the condi-
tions under which it occurs and the kinetic parameters.
The quasi-steady-state regime is observed when the rate
of reaction is high and the solubility of oxygen is low.
Table 1 shows that the law of the additivity of the kinetic

Kinetic regimes in the diffusion-kinetic process R + Oz — RO-.

Regime Experimental conditions Criteria

: S —
Effective duration of reactions 'E Characteristic kinetic features

Steady-state high radical concns., low oxygen ny
pressures K >10
Membrane large specimen, ng large, kB n
p small o >100
no/ K p>10
Kinetic small size (/ small), ng and Ty
p small k’d)Kvpl <01
D )
k»nd‘/D(i
Quasi-diffusional ! large, p large, np small kwl('ppl"
—p >

o/ K p<0,1

of the regime
1 0.631%n, 1y decreases in proportion to p and
W + TDKVD depends on the dimensions of the speci-
men and the initial radical concn. ng
0,631%n, 'z decreases in proportion to p and
aDKpp increases in proportion to 11g and ?
1 g indep of the di of the
kKo specimen and the initial radical
concentration ng
] ‘l/-___L_ tg independent of nq, decreases in pro-
aDK pky, portion to p and increases with /
a8
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resistances of all three stages holds for k3; the effect of
the diffusion constant is then given not by the term aD/I?
(obtained from the usual Smoluchowski equation {2 = aD})
but by the term (aD/??)(co/no) (as already mentioned,

Co = KSP)'

If the rate of reaction is very high compared with the
rate of macrodiffusion, the conditions may be referred to
as a membrane regime, since the rate of the process is
limited by the rate of leakage of gas through the layer of
the specimen (membrane) in which the reaction has already
occurred. When the diffusion is rapid, a purely kinetic
regime may be realised.

In an experimental study of the variation of {5 with
oxygen pressure, the concentration of radicals, and the
dimensions of the specimen, it is possible, using Table 1,
to identify the regime and the rate-determining step of the
reaction; by varying the experimental conditions, it is
possible to pass from one regime to another.

In the limiting cases it is possible to calculate the
following combinations of constants and their temperature
variation:

€err — AH
kinetic regime - koK, = k%;K2exp (—ﬂfRT—)

RT

€esf T €p — AI{S
RT

membrane regime - DK, = DOk %exp (-E');A—Hi)
quasi-diffusion regime - kDK, = k‘e’ffD"K?exp(-

and then it is easy to determine the complete set of kinetic
constants, the activation energies, and the heats of solu-
tion.

On the other hand, if all the constants are already
known, it is possible to calculate the rate of the diffusion-
kinetic process and to predict the rate-limiting stage. An

example of the use of the above theory for the determination

of the rate constants for the reaction R + O — ROz is a
study by Lebedev®.  For alkyl radicals in Teflon,

kest =5 x 1075exp (-10000/RT) cm3 s7!
K, = 2 x 10"exp (10000/RT) (cm® mmHg)™,
Do, =2 x 1073 exp (-9000/RT) cm? 5!

From these relations, it is easy to find that kt > kp,
i.e. keff = kpv*. I it is assumed that v* = 4 X 10-* cm3

(for » = 10 A), it is easy to estimate kp = 10" s"'. On the
other hand, &) = Jpv where v is the normal pre-exponen-
tional factor for the vapour-phase reaction of Rand Q: (of
the order of magnitude of the vibration frequency v =
10'2 3~1), whence the steric factor for the vapour-phase
reaction between R and Oz is fp = 107°. .

Most of the kinetic data on the reactions between R and
Oz were obtained in studies on the mechanochemistry of
polymers. Although the oxidation conditions (regimes)
were not investigated, it may be assumed, since radicals
are formed on the surface, that diffusion-dependent stages
are absent and the constants determined are equal to &pv *,
as for fluoroalkyl radicals. Table 2 summarises these
results. .

In the liquid and gaseous phases the reactions R +

0z —~ RO: usually have activation energies close to zero and

pre-exponential factors in the range 10~ "~10"* ecm® s~
The activation energies for solid-phase reactions are

much higher and the pre-exponential factors are much

lower. This very interesting feature of solid-phase reac-

tions is probably due to the considerations related to poten-

tial surfaces of solid-phase reactions discussed above

(see Section I). However, the stage reached in research
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on quantitative solid-phase reaction kinetics is not yet
advanced enough for a serious discussion of any theoretical
problems concerning the elementary reaction step.

In concluding our discussion of the kinetics of reactions
between R and Oz, we may mention that Loy’ has quoted
6 kcal mole™! as the activation energy for this reaction in
irradiated poly(vinyl chloride). However, the rate of
reaction depended on the surface area of the powder, i.e.
on the dimensijons of the polymer grains; this implies that
the above activation energy does not refer to the kinetic
stage. However, Loy does not quote any other data which
would make it possible to identify the regime governing
the reaction and find the rate-determining step.

Table 2. Pre-exponential factors and activation
energies for the reactions between R and O: in poly-

mers.
3.1 -1
Polymer kpv’, cm”s € cal mole References
Poly(methyl methacrylate) 6-10715 7900 4
Ditto — ~3800 s
Poly(vinyl acetate) 1.6.10"1% 5900 4
Polystyrene 410717 35300 4

Although the results presented in Table 1 refer to a
particular reaction between gases and stationary radicals
in the solid phase, their value is much wider and more
fundamental. In particular, in the oxidation of solid
polymers (where # should be replaced by the steady-state
concentration of radicals, which depends on the rates of
their initiation and destruction) these relations permit the
determination of the limits of diffusion-dependent kinetics.
For example, by studying the rate of sensitised oxidation
of polymer film or powder under different experimental
conditions (different film thickness, oxygen pressure,
rate of initiation, etc.) and using the kinetic results for
various regimes, it is possible to determine, in principle,
all the constants for the elementary radical oxidation
reactions. So far no experimental studies have been
carried out on these lines.

The importance of kinetic regimes is not restricted to
oxidation reactions. The kinetics of many degradation and
stabilisation reactions may be modelled by Eqns. (4) and (5)
and the regimes listed in Table 1. Among them, we may
include the chain-termination reaction under conditions
such that the inhibitor is non-uniformly distributed in the
polymer and diffuses to the radical generation centres or
reactions where the stabiliser, which inhibits degenerate
branching, diffuses in the polymer towards the hydroper-
oxy-groups responsible for the branching.

2. Reactions with Low-Molecular Substances

The addition of macroradicals R to monomeric mole-
cules M was investigated by Butyagin and coworkers in
studies of the mechanical dispersion of polymer solutions
in various monomers *°. It was found for various com-
binations Rj + M; that the activation energies (4~6 kcal
mole~!) and the pre-exponential factors (10°- 107 litre
mole™' s™') are close to the values of € and £° in the liquid
phase.
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The same method was used to determine the rate con-
stants for reactions with low-molecular hydrocarbons:
R+rH—~RH+r. Since the macroradicals formed in the
dispersion process are surrounded by solvent molecules,
the reaction with them is determined by the true rate
constants 2 = kpv*; it can be found from the rate of
destruction of macroradicals and the rate of accumulation
of low-molecular radicals r using the equation

(Tff-)T) k(rH)t (I —exp—k (H) 1)}

The rate constants for the reactions of polystyrene
radicals with toluene, ethylbenzene, and cumene (10~ "~
10™* cm?® s™') determined in this way at 77°K proved to be
anomalously high compared with the “liquid phase” con-
stants extrapolated to this temperature; it was suggested
that these reactions take place under non-equilibrium
conditions in the course of the dispersion of the polymer ®°

Activation energies of 38 and 36 kcal mole™" have been
quoted * for the reaction with cumene of the macroradicals
of poly(methyl methacrylate) and poly(vinyl acetate)
(obtained mechanochemically) respectively (it should be
noted that the maximum activation energy observed for
reactions of similar type is only 15 kcal mole™!~for the
reaction CHs + CHs — CH4 + CHs). *°  Since in the study
quoted the formation of low-molecular radicals r was not
observed, the validity of these data and their physical
s1gn1f1cance remain obscure.

Qualitative evidence for reactions of macroradicals R
and RO, with aldehydes, phenols, mercaptans, and thio-
phenols has been quoted in a number of studies *’'*’'2, but
quantitative data on the kinetics of such reactions are not
available.

The above brief analysis shows that there are virtually
no quantitative kinetic data for the reactions of macro-
radicals with low-molecular substances (including
inhibitors) although these reactions are important in
degradation and stabilisation processes. Firstly, low-
molecular substances can serve as transfer-agents for
oxidation chains, secondly, they take part in chain-
termination reactions, and, thirdly, they function as cata-
lysts for the recombination of macroradicals. In parti-
cular, the effectiveness of inhibitors is determined, apart
from other conditions, by the relative efficiencies of the
inhibitors in chain transfer and chain termination or their
ability to catalyse the recombination of the macroradicals.
The quantitative kinetic criteria governing such relative
efficiencies are essential for practical purposes.

The extensive data on the rate constants for the reac-
tion of radicals ROz with inhibitors in the liquid phase can
be hardly used for solid-phase reactions; this follows from
general theoretical concepts (see Section I) and is con-
firmed by the reaction between R and Oz considered above.
We may note that, in order to determine the effectiveness
of inhibitors in chain termination, it is necessary to know
not only the rate constant for the interaction of ROz with
the inhibitor (which characterises the kinetic stage) but
also the diffusion coefficient of the inhibitor in the polymer
(the microdiffusion stage).

3. Reactions of Macroradicals with Macromolecules

These reactions play an important role in the transfer
(R R'H — RH + R’) and propagation (RO; + RH — RO:H +
R) of kinetic chains in polymer degradation. So far there
have been no experimental studies designed to determine
directly the rate constants for these reactions; here the
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only source of information is the kinetics of the recom-
bination of alkyl and peroxy-macroradicals in irradiated
pclymers. Before discussing the kinetics, we shall first
consider the recombination mechanism.

The destruction of macroradicals in irradiated polymers
follows a bimolecular law. It is reasonable to suppose
(as was in fact done in the early studies) that the recom-
bination involves the mutual approach of macroradicals by
diffusion. However, later it was found that many
important facts are inconsistent with these hypotheses.

Firstly, data on the diffusion mobility of polymeric
segments show that the idea of recombination via molec-
ular collision is unsound. Thus even in low-molecular
rubbers the diffusion coefficient is D =~ 10”7 em®s™?; it
has been estimated *® that in polgstyrene at temperatures
close to the glass point D =~ 107% c¢cm® s™ and at 20°C
D =~10"7 em®s™!. This means that the recombination of
radicals in such matrices would require an infinitely long
period if it involved a diffusion mechanism; in fact the
recombination is quite fast even in crystalline polymers,
where physical diffusion of macromolecules is altogether
without significance.

Secondly, in the same polymers, even in the same
specimens, radicals of different chemical structures
(alkyl, allyl, and peroxyradicals) recombine at different
rates under the same conditions; the temperature ranges
in which different radicals recombine are also markedly
different. Thus peroxy-radicals usually recombine
10%-10° times faster than alkyl radicals. If the rate of
recombination of radicals were determined by the physical
diffusion of macromolecules or their segments, the chem-
ical structure of the radicals would have no effect on the
rate of recombination.

Table 3. Number of oxygen molecules » for each
recombined macroradical.
Pg »
Polymer T, *C 2 n References
mmHg
Isotactic polypropylene 60 150 8+1 15.19
. . 75 150 4.5%1 15
Poly(vinyl chloride) 22 150 6+1 15
35 150 S+1 15
3 7
Polyethylene 5 16
Poly(methyl methacrylate) 25 |~6; 525(1.5—2 17
Polyepoxyethylene 25 5—10 18

Thirdly, from the standpoint of the diffusion mechanism
one cannot explain the finding that in a number of polymers
[poly(vinyl chloride), polyformaldehyde] the interaction
between oxygen and alkyl radicals does not result in the
appearance of peroxy-radicals, although the destruction
of alkyl radicals is greatly accelerated; the kinetics of
their destruction remain bimolecular as before, and its
rate is proportional to the pressure of oxygen il (for a
more detailed discussion of the kinetics of such catalysis,
see below).

Fourthly, the recombination of peroxy-radicals is
accompanied by the formation of polymeric hydroperoxide
and the absorption of oxygen. Table 3 presents data which
show how many oxygen molecules are absorbed for each
radical recombined.
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Thus, as noted by Loy’, a peroxy-radical migrating in
the polymer leaves behind a trail—a chain of hydroper-
oxides—until it encounters another radical with which it
recombines. It should be noted that the values of n in
Table 3 are in fact too low, since no account was taken
of the amount of oxygen involved in the RO; recombination
step; furthermore, during radiolysis radicals are fre-
quently distributed non-uniformly in the specimen, forming
groups, and therefore the path traversed by the radicals
prior to their recombination is smaller than the path
which would be traversed in the case of a uniform distri-
bution. The low value of z for poly(methyl methacrylate)
is due to the fact that the radicals were obtained by the
mechanical degradation of the polymer and are probably
localised on the surface.

Table 4. Activation energies and pre-exponential factors
for the recombination of the radicals R in polymers.
Temp., Method of formation |,0 .3 .| € kcal
Polymer o of radicals [&°, cm™s mole’] References
Poly(methyl methacrylate}  30—55  [mechanical degradation 103 29 13
30—60 |radiolysis 103 28 %
mechanical degradation 2 26 9
mechanical degradation —_ 37 5
Polyformaldehyde 45—86  |radiolysis 1077 19 14
destruction in the
presence of O, 10-° 17 14
Poly(vinyl chloride) 70—100 |radiolysis 0.7 38 27
ditto — 44 28
Acrylate polyesters radiolysis g i(())::i %g? 2
2.4071 174 2
Polyethylene 40—100 |radiolysis 108 38 2
—158—123 |ditto 710717 0.7 30
—103—73 » 3-10~% 23.4 30
—53—23 » 5-107% 24.8 30
High-pressure poly-
ctmiene Y 40—100 | » 1 2 u
’ 2080 » 10~ 23 24
Polypropylenc 12323 , v 1 -
—23—25 » — 48 31
Crystalline Teflon 220—270 | » 10° 63 2
Amorphous Tetlon 180—220 | » 2'1(1)0’“ 3(2 0 2;
adi » B . 2
Polybutadiene , 3140-1¢ 40 2

All these features of the recombination can be explained
by a “chemical” mechanism for the diffusion of radicals,
i.e. the migration of free valence (relay mechamsm) via
the consecutive reactions R+RH —RH + Ror ROz +
RH — RO:H + R. This mechanism probably obtains in the
majority of solid polymers; rubbers and amorphous poly-
mers above the glass point probably constitute an excep-
tion. Thus in polybutadiene the activation energies for
the recombination of allyl radicals are 1-4 kcal mole™ ', ®
which is close to the values observed for the recombination
of radicals in liquids; the recombination rate constants
in polybutadiene and amorphous polycapramide diminish
markedly with increase in the number of cross-links,
with the increase in the rigidity of the matrix 2,22 The
latter property constitutes a form of criterion for the
recombination mechanism.

Eqn. (1) remains valid also for recombination; however,
in contrast to the reaction between R and O, where &t >

, here the rate-limiting stage is the relay process and
not recombination in the vapour phase, i.e. bt < Then
krec = ktv*. This equation can also be obtained in
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another way. We introduce the valence diffusion coeffi-
cient D = 2k, where kt is the frequency of “jumps”, i.e.
the frequency of the elementary steps in physical or chem-
ical diffusion and A the length of the diffusion path (of the
order of dimensions of a monomer unit or the lattice
constant). The recombination rate constant kpec = 8\D;
on 8 substituting D in this expression, we have krec =
<Mkt or krec = ktv*. Thus the recombination kinetics
are determined by the kinetics of the valence transfer
reactions and the recombination rate constants are the bi-
molecular rate constants for the relay process. This
hypothesis was tested in a recent study ?°; the calculation
of krec for the radicals R in polyethylene using the above
equation for D and At for the reaction between CoHs and
heptane in the liquid phase gave good agreement between
the calculated and experimental values of krec. Tables 4
and 5 list the experimental results on the kinetics of the
recombination of R and RO; radicals in solid polymers.

Table 5. Activation energies and pre-exponential factors
for the recombination of the radicals ROz in polymers.

Tem: Method of formation 3 .1} ©keal [gefs.
Polymer °Cp of radicals O em s mote’!’
Poly(methyl methacrylate) 5-37 hanical 4 dation| 5-10°¢ 17 32
ditto 1-10~* 18 13+
Crystalline Teflon radiolysis 10-10 26 2%
Amorphous Teflon ditto 10-1s 10 2%
Poly(vinyl acetatc) -17-(+37) |mechanical degradation| 1078 18 13*
Ditto ditto — 14.5 4
Polystyrene ~25-(+40) » 10-7 18 13¢
» — 12 4.33

*Recalculated by Butyagin'?,

It is striking that the activation energies for recom-
bination reach enormous values; in most cases the pre-
exponential factors are anomalously high and are without
physical significance; furthermore, there is a linear rela-
tion between the logarithm of the pre-exponential factor
and the activation energy—the compensation effect (CEF) *
(the nature of the compensation effect in these reactions is
discussed below).

Clearly these results give no information about the
kinetics of the valence transfer reactions. The reason
for this is probable that the kinetics of reactions in poly-
mers are related to the kinetics of molecular motion and
in this sense the measured constants are not elementary.
One can only suppose that the activation energies are about
13-17 kcal mole™! for reactions between R and RH and
10-15 kcal mole~" for reactions between ROz and RH. In
particular, the activation energy of the reaction between
RO: and RH in poly(methyl methacrylate), determmed by a
chemiluminescence method, is 11 kcal mole™!

In certain polymers [polyformaldehyde poly(vinyl
chloride), polyamides] alkyl radicals are not fully con-
verted into peroxy-radicals under the action of oxygen, as
is usually the case, but the rate of their destruction is
greatly increased. The rate of such catalytic recombina-
tion was calculated by Lebedev®, who showed that cataly-
sis is possible under conditions such that the diffusion of
oxygen is hindered and the relay process RO. + RH —
RO:H + R is much faster than the reaction between R and
RH. The rate of recombmation is then wrec = krec
(R)%(02), where krec may be calculated as the sum of the
kinetic resistances in all the stages: macrodiffusion,
microdiffusion, and kinetic; a linear relation between
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wrec and oxygen pressure has been observed experimental-
1 14

The above analysis shows that at present there are no
reliable data for the chain-propagation constants in solid
polymers. Even the few studies available on the solid-
phase oxidation of polymers, carried out in recent years,
are open to a number of serious objections.

Recently an interesting study was carried out on the
oxidation of polypropylene (degree of crystallinity 50%) at
110-140°C. 3. The steady-state concentrations of the
hydroperoxide and peroxy-radicals and the rate of absorp-
tion of oxygen were measured; these data are insufficient
for the calculation of all the elementary constants. It was
shown that the oxidation mechanism is almost the same as
the mechanism of the oxidation of liquid hydrocarbons:
the initiation takes place on decomposition of the hydro-
peroxide and the rate of reaction is proportional to
(ROOH)‘/ 2 i.e. the chain termination is quadratic (recom-
bination of ROz).

The chain propagation constant for reaction between
RO: and RH is of the form

5 x 107" exp (-9000/RT) cm?s™!

l‘PI‘OF‘

The chain termination constant is kter = 7.5 x 10" cm®

~! and the activation energy for chain termination is zero.

From the standpoint of the above hypotheses concerning
the migration of free valence by a relay mechanism,
€form should be close to €prop. Even if one assumes that
chain termination takes place via the physical diffusion of
segments, the high chain termination rate constant and the
zero activation energy are still quite incomprehensible
(kter is higher almost by a power of ten than kter for
2,4,6- trlmethylhegtane which may be regarded as a model
of polypropylene

The results obtamed by Chien and Boss * can be under-
stood and can be seen to have physical significance if it is
assumed that chain termination is effected by a product
which readily reacts with the macroradicals R (with an
activation energy close to zero) and readily diffuses in the
polymer (also with an almost zero activation energy); this
product then plays the role of a catalyst for the recombina-
tion reaction. This hypothesis has not of course been
proved (although a method for experimental tests may be
suggested), but, if found to be valid, it may be of funda-
mental importance. One cannot exclude the possibility
that in the oxidation of solid polymers this mechanism of
the termination of kinetic chains plays a leading role.

Denisov et al. ®® found for the sensitised oxidation of
solid polyethylene (temperature range 13 deg)

kproph/Frer = 7 x 107 exp (-21250/RT) mole™ kg” s™.

4. Decomposition of Hydroperoxides and Degenerate
Branching in Polymers

Hydroperoxides are responsible for the degenerate
branching in oxidative thermal degradation of polymers.
Degenerate branching constitutes the principal stage in the
oxidation process. Therefore the study of the kinetics of
the decomposition of the hydroperoxides of polymers and of
the probability of forming free radicals in the decomposi-
tion process constitutes a serious and important problem.

We shall consider initially the results obtained for the
mechanism and kinetics of the decomposition of hydro-
peroxides in polymers and then the data on the formation
of radicals and the probability of degenerate branching
in polymers.
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Decomposition of hydroperoxides. The
following principal mechanisms for the decomposition of
hydroperoxides (HP) have been considered in the literature;

ROOH — RO+ OH I
ROOH +RH — RO+ H,0 +R (Im)
ROOH + ROOH — RO + H,0 + RO, (1Im)

The unimolecular decomposition [reaction (I)] takes
place w1th a high activation energy of about 35-40 kcal
mole~! It occurs only at low hydroperoxide concentra-
tions in solvents without weakly bound hydrogen atoms.
Reactions (III) and (II) are more probable; the heat of
reaction (III) is approximately 9 kcal and that of reaction
(I1) varles within wide limits, depending on the R~H bond
energy ¥. Reaction (ITI) predommates at high hydro-
perox1de concentrations, while at low concentrations and
for enthalpy changes comparable with the heat of reac-
tion (III) reaction (II) predominates. 1In solid polymers
reaction (II), in the form in which it occurs in liquids, is
even less probable. However, one cannot exclude another
kinetic variant of this reaction, which is described by a
first-order equation, while the stoichiometry of the reac-
tion corresponds to Eqn. (III). The point is that, as
already mentioned, hydroperoxides are obtained in the
oxidation of polymers as a result of a sequence of two
elementary reactions R + Oz — ROz and ROz + RH —

ROH + R. Owing to the relay mechanism of the oxidation
process, hydroperoxides are distributed in chains, each of
which is in contact only with the nearest adjacent hydro-
peroxy-groups and the interaction with other peroxy-
groups is unlikely. Then the decomposition of the hydro-
peroxide can occur in pairs and the decomposition kinetics
are described by a first-order kinetic law.

In polymers containing weakly bound hydrogen atoms
mechanism (II) will predominate; since usually [ROOH] «
[RH], it will also be described by a first-order kinetic
equation. The only polymer for which the decomposition
of hydroperoxides was studied in detail is polypropylene.
However, even in this case there are contradictory views.
A number of investigators ****° believe that the decomposi-
tion of the hydroperoxide is described by a second-order
kinetic equation, in accordance with mechanism (III).

This conclusion is based on the finding that the time varia-
tion of the concentration of the hydroperoxide derived from
polypropylene is satisfactorily described by the equation

1 1

[ROOH] ~ [ROOH], k. ©)
The activation energy (27 kcal mole™") obtained by these
investigators, which is typical for a process of this type,
is also consistent with mechanism (II).

However, this is inconsistent with another observation
by Dudorov etal. % who established that the degree of
conversion of the initial peroxide is independent of the
initial concentration of the hydroperoxide. Such a relation
is typical for a first-order reaction. As a result, the
rate constant for the decomposition of the hydroperoxide
calculated from Eqn. (6) does not remain invariant when
the initial hydroperoxide concentration is changed. Evi-
dently the decomposition of hydroperoxides in atactic
polypropylene cannot be described by mechanism (III). In
fact recalculation of the results of Dudorov et al. * in
terms of kinetic equations which are first-order in to the
hydroperoxide concentration shows that, over a wide con-
centration range (7.4 X 107°~0.5 mole kg~'), the constant
remains satisfactorily invariant.

The above example confirms yet again the rule that, in
order to determine the true order of the reaction, it is



76

insufficient to investigate time dependences alone; a com-
prehensive kinetic study of the reaction is necessary.

This is even more valid for polymers, since the hydro-
peroxide cannot be isolated from the latter in a pure form.
For this reason the reaction is studied in a medium con-
sisting of the oxidised polymer where the peroxide ROOH
is present in addition to the hydroperoxide (incidentally,
one usually obtains a set of different hydroperoxides,
which may decompose at different rates); the peroxides
are as a rule more stable than the hydroperoxides. When
the mixture contains peroxides which decompose at differ-
ent rates, the variation with time of their overall concen-
tration is described by an equation which has nothing in
common with the true reaction mechanism. Fig.1 shows
as an example the calculation of the time variation of the
overall concentration of hydroperoxides in a 4 :1 mixture
assuming that the rate constants for their mono-
molecular breakdown are 4.6 X 10"? min~" and 4.6 x

10-° min~%,

1

[ROOH], mole kg~ 1/[ROOH],

/| mole!
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Figure 1. Decomposition of polypropylene hydro-
peroxide: 1) calculated points; 2) experimental
values taken from Dudorov et al. *®

Fig. 1 shows that the change in overall concentration up
to 90% conversion is satisfactorily described by a second-
order kinetic equation even though the hydroperoxides
decompose [b% a known unimolecular mechanism].

In a study ™ dealing with the decomposition of the
hydroperoxides derived from isotactic polypropylene it

was shown that the time variation of the concentration of the

hydroperoxide is satisfactorily described by a second-
order equation and the calculated rate constant remains
invariant as the initial concentration of the hydroperoxide
is varied.

However, the activation energies obtained ¥~ (25 to
27 kcal mole™") are inconsistent with the hypothesis of a
purely unimolecular decomposition of the hydroperoxide (I).
Furthermore, it has been established that the rate con-
stant for the decomposition of hydroperoxides from iso-
tactic polypropylene increases on introduction into the
polymer of substances with labile hydrogen atoms *° and
diminishes when the polymer is diluted with substances in
which all the hydrogen atoms are strongly bound *!. Fig.2
presents the decrease of the first-order rate constant
when polypropylene is diluted with naphthalene or cetane.
On the basis of these data, it is suggested ***' that the
decomposition of hydroperoxides from isotactic polypropyl-
ene takes place according to mechanism (II).
atoms attached to the tertiary carbon atoms evidently

The hydrogen
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partic‘igate in the reaction. The experimental yield of
water *" amounts to 85% of theoretical.

The above mechanism is confirmed by the results ob-
tained in a study of the kinetics of the absorption of oxygen
and the assimilation of hydroperoxides in the oxidation of
isotactic polypropylene*s, On the basis of the mechanism
proposed for the process, the authors calculated from
these data the rate constant for the decomposition of the
hydroperoxides by two independent procedures. The cal-
culated constant agreed satisfactorily with the value ob-
tained in the study of the thermal decomposition of poly-
propylene hydroperoxides.

4 |
10 keﬁ-.mm o-1

[ VN

0 1 1 re
8 16 103[RH], mole g
Figure 2, Variation of the effective rate constant for
the decomposition of polypropylene hydroperoxide with
polymer concentration: 1) dilution with naphthalene;
2) dilution with cetane.

The study of the decomposition of the polypropylene
hydroperoxides obtained in the sensitised oxidation of the
polymer in a dilute solution is of considerable interest **.
In this procedure hydroperoxy-groups distributed along
the macromolecule at adjacent tertiary carbon atoms

should form:
CH,
- (J) N
(’)OH "

The authors demonstrated * that their hydroperoxides
have precisely this structure; furthermore, they obtained
the distribution of groups with respect to #n, as shown in
Fig.3. It was found that 50% of the hydroperoxides are
present in the form of pairs and only 7-9% in the form of
single molecules.

The authors describe the breakdown of such hydro-
peroxides by the sum of two first-order kinetic equations
with rate constants of 16 x 10"* and 8 x 107® s™* at 120°C.
They suggest that the rapid reaction (¢ = 16 x 10™* s7') is
the chain decomposition of adjacent hydroperoxy-groups:

CH, CHs CH, CH,
~CH,—(I:—CH,—CI—CH,~ — OH +~CH,—(l:—CH,—(|Z—CH,~ -
H OH HOO
CHy CH,
- ~cx-12—c|—CH,-c|:—CH2 ~ av)
H o 0o

and the slow reaction is the chain decomposition of isolated
groups:
ROOH + RO (OH, RO;) — RO,. V)

The authors believe that this mechanism is confirmed
by the fact that the contribution of the slow reaction is
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10-15%, i.e. is close to the fraction of isolated hydro-
peroxy-groups and that the introduction of large amounts
of an inhibitor (ionol) diminishes the contribution of the
fast reaction and lowers the rate of the slow reaction to a
limiting value, which can also be obtained by reducing
the initial concentration of the hydroperoxide.

- N
S 0o

% of total hydroperoxide

) T &

Figure 3. Distribution of adjacent hydroperoxy-
groups with respect to n in polypropylene according
to the data of Chien et al. *

However, the above study involves significant contra-
dictions. In the first place the chain decomposition of the
hydroperoxide cannot follow a first-order kinetic law.
This is also shown by the variation of the rate constant for
the slow reaction with the initial concentration of the
hydroperoxide found by the authors themselves **. Fur-
thermore, the contribution of the “slow” reaction must be
much greater (30-40%). Indeed in the decomposition of
two adjacent hydroperoxy-groups by mechanism (IV) two
radicals, OH and RO;, are formed. Probably there is a
high probability of the conversion of ROz into the hydro-
peroxide, which will be formed as a separate molecule.
Thus one half of the binary and one third of the ternary
hydroperoxide sequences must ultimately decompose at the
rate of the “slow” reaction.

Furthermore, in the chain decomposition of the hydro-
peroxide the yield of radicals per decomposition step
should be much less than two, while Chien and Jabloner **
found it to be 1.8. These findings show that the mech-
anism proposed ** for the decomposition of the hydroper-
oxide derived from polypropylene is open to serious ob-
jections. It is difficult at present to interpret these
results unambiguously.

In the decomposition of hydroperoxides in other poly-
mers (other than polypropylene) the situation is even less

satisfactory; data for such processes are virtually lacking.

The results of Chien and coworkers * and Denisov and
coworkers *® for the decomposition of the hydroperoxides
derived from polyethylene constitute an exception. How-
ever, the two sets of data show considerable discrepan-
cies.

While Denisov and coworkers concluded that in poly-
ethylene the hydroperoxides undergo a chain decomposition
(an inhibitor retards the reaction), Chien and coworkers
suggest that there is no chain decomposition in the break-
down of the polyethylene hydroperoxides, since inhibitors
do not affect the decomposition process. According to
these authors' findings **, two unimolecular reactions take
place in polyethylene: fast and slow reactions with activa-
tion energies of 25 and 27 kcal mole™ ' respectively.
According to Denisov*, the activation energy for the
inhibited decomposition of the hydroperoxides is 35 kcal
mole~'; it is suggested that the decomposition process is
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unimolecular and has mechanism (I). The authors of both
investigations found that the rates of decompositions of the
polyethylene hydroperoxides are the same in solution and
in the solid phase.

Probability of radical formation in the
decomposition of hydroperoxides. The avail-
able literature data on the probability of radical formation
in the decomposition of hydroperoxides derived from
polymers can be divided into two groups. The first group
includes results obtained for the decomposition of the
hydroperoxides in a vacuum or in an inert atmosphere ¥
and the second group includes data obtained in an atmo-
sphere of oxygen ‘23145746,

The inhibitor method in one form or another is used for
the quantitative determination of the number of radicals
formed in the breakdown of the hydroperoxide. The fol-
lowing difficulties must be overcome. As a rule, it is
possible to obtain hydroperoxides derived from the poly-
mers at concentrations of 107°~10"* mole g”*. In order
to ensure the complete removal of the radicals by the
inhibitor, the concentration of the latter in the polymer
must be about 10™% mole g~'!. When the probability of the
formation of radicals is 1072-10"°, about 1% of the
inhibitor is consumed. Such a change in concentration
is outside the error limits of the measurements.

In order to calculate the number of radicals formed in
the decomposition of polypropylene hydroperoxides in a
vacuum ***¥, a new version of the inhibitor method was
developed. Phenoxy-radicals with t-butyl group in the
ortho-positions can split off isobutene **. The amount of
isobutene serves as a measure of the number of phenoxy-
radicals formed in the interaction between phenol and
radicals.

The mechanism of the radical processes can be re-
presented by the following series of reactions:

PhOH

ROOH — &R — 8PhO — oy (iso-CyHy) .

In order to find §, it is necessary to determine, in
addition to the amount of isobutene, also y—the yield of
isobutene in the decomposition of a phenoxy-radical. It
was found that at 130°C in polypropylene 10% of phenoxy-
radicals derived from ionol broke down with formation
of isobutene, i.e. y = 10 X 1072 * The calculations
showed that 17 radicals are formed for each thousand
polypropylene hydroperoxide molecules decomposed in a
vacuum. Such a low yield of radicals in the absence of a
chain process can be explained either by postulating that
the main bulk of the hydroperoxides break down without
the formation of radicals or that most of the radicals
formed are destroyed by recombination within the cage:

. /deslmclion
ROOH +RH — H,0 + (RO +R;,)
R .——-—(kt + Rin) — destruction

A number of facts suggest that the latter explanation is
correct. Thus, in a study dealing with the oxidation of
isotactic polypropylene*?, it was shown, by comparing the
rates of absorption of oxygen and of the decomposition of
the hydroperoxide, that in the presence of O the yield of
radicals is much higher and approaches 2.

Table 6 shows the variation of 6 with the pressure of Q..
The fact that in the presence of oxygen the mechanism of
the decomposition of the hydroperoxide does not change is
confirmed by the constancy of the rate of its decomposition
both in a vacuum and in the presence of Oz.

Analogous calculation based on the data of Chien and
Boss yields 6 = 1.2 for solid polypropylene at pg, =
760 mmHg and 120°C.*’**  For comparison, it should be
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noted that, using the inhibitor method, Chien obtained

6 = 1.8 for the decomposition of polypropylene hydroper-
oxides in solution at an QO pressure of 760 mmHg ** and
6= 0.2 for })olyethylene hydroperoxides under the same
conditions * Denisov and coworkers *® showed that the
probability of the formation of radicals in the decomposi-
tion of polyethylene hydroperoxides is the same in solution
and in the solid phase and is lower than the probability
reported by Chien and coworkers ** by a factor of 100. It
is difficult to account for such a discrepancy between the
results.

Table 6. Dependence of the yield of radicals 6 in
the decomposition of polypropylene hydroperoxide
on the pressure of Oz (T = 130°C).

Pn > mmH;
()2 2 ]
0 17.1073

50 0.25

100 0.5
200 0.8
400 1.2
1.5

The data for the variation of 6 with oxygen pressure
can probably be explained only on the basis of the cage
effect hypothesis. The decomposition of hydroperoxides
derived from polymers entails the formation of a pair of
radicals which, in the absence of powerful radical accep-
tors, recombine with a high degree of probability. By
adding to the radicals, oxygen can participate in the cage
reactions and can alter the value of 6. However, it must
be admitted that the mechanism of such participation
remains obscure.

The participation of oxygen in the cage reactions makes
it possible to estimate the lifetime of the cage 7. Evident-
ly the order of magnitude of this time must not be less
than that of the time during which the oxygen molecule
migrates over the distance separating two nearest oxygen
molecules (or half this distance). Using the available
data on the solubility and diffusion of Oz in polypropylene *°,
we obtain 7 for the amorphous polymer at 130°C of the
order of 10"°~10"% s; in the crystalline polymer this
quantity is probably somewhat larger. The value of 7
obtained here agrees well with 7 estimated from the prob-
ability of the breakdown of RO radicals (see below).

Shlyapnikova and Yasina °! secured direct evidence that
the yield of radicals in the breakdown of the hydroper-
oxides derived from solid propylene increases under the
influence of oxygen; 0 then varies linearly with oxygen
pressure: 6= 0, + 0ipQ,, Where 6i/6, =~ 2 X 10"° mmHg™'
for the 11berat10n of methane from the cage and 6i/6, =
1.3 x 10-2 mmHg™ ' for the liberation of propene.

From the standpoint of the stabilisation of polymers,
it is significant that the yield of radicals in the decomposi-
tion of polymer hydroperoxides can also be increased by
certain inhibitors. Thus in a study of the effect of ionol
on the yield of hydrocarbons in the breakdown of poly-
propylene hydroperoxide *, the results presented in Fig. 4
were obtained. Volatile hydrocarbons (methane, ethane,
propane, propene, and isobutene) are produced in the
breakdown of alkyl macroradicals generated from the
hydroperoxide and isobutene is formed in addition also
from phenoxy-radicals—the product of the interaction of
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ionol with macroradicals. Fig. 4 shows that the yields of
all the hydrocarbons, with the exception of isobutene,
decrease with increase in the concentration of the inhibitor;
however, the decrease is not to zero but only to a limiting
value. At the same time the amount of isobutene in-
creases continuously. These results can be readily
explained if it is supposed that the inhibitor can participate
in an additional radical generation process. Then, start-
ing with a certain inhibitor concentration, the concentration
of radicals in the polymer becomes constant and independ-
ent of the concentration of the inhibitor, because the rates
of formation and destruction of radicals are both propor-
tional to the latter. This is why the rate of formation of
hydrocarbons and consequently their yield cease to depend
on the inhibitor concentration. At the same time the

total amount of radicals and hence also the yield of iso-
butene increase continuously with increasing ionol con-
centration. Thus the inhibitor participates both in the
destruction of radicals and in their formation.

108 7, 107(CH, ), mote g1

nole § 6
14} (ROOH] =0.62 x 102, &
1
mole g
12t 5

10%4

n

4
510* (11}, mole g

Figure 4. Dependence of the yield of polypropylene
hydroperoxide decomposition products on the concen-
tration of ionol: 1) methane; 2) ethane; 3) propane;
4) propene; 5) isobutene.

A kinetic analysis of the role of the inhibitor in the
production of radicals and quantitative estimates of this
participation have been made ®. For example, in the
breakdown of the polypropylene hydroperoxides in a vacuum
at 130°C the yield of radicals in the presence of 5 x 10™* M
ionol increases by a factor of 5.

In principle, one can consider two mechanisms for the
involvement of the inhibitor in radical generation. First-
ly, the inhibitor may “enter” the cage (RO + Rjn) destroy-
ing one of the radicals; the second radical is then capable
of chain propagation. Secondly, the inhibitor can react
with the polymer hydroperoxide; such a reaction is an
additional source of radicals.

The branching function of the inhibitor can be shown
only when the primary yield of radicals in the breakdown
of the hydroperoxide (without the participation of the
inhibitor) is very low.

In fact the inhibitor can successfully compete with the
cage recombination of radicals only if the rate constant
for its interaction with the radicals is not less than the rate
constant for their recombination and the concentration of
the inhibitor is also fairly high. At the usually employed
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inhibitor concentration (0.01-0.01 mole kg™') the probabil-
ity of the interaction of the inhibitor with the cage is low
(10"3-10"%). For this reason, such interaction can be
important only when the spontaneous liberation of radicals
from the cage is also low. In the direct interaction of the
inhibitor with the hydroperoxide the following factors are
evident. If the probability of the formation of radicals in
the breakdown of the hydroperoxide is low, then even a
slight interaction between the inhibitor and the hydroper-
oxide can have a significant effect on the yield of radicals.
Otherwise even a high rate of interaction of the inhibitor
with the peroxide cannot affect appreciably the efficiency
of radical formation.

The above analysis of the data shows that no unambiguous
results are yet available on the yield of radicals in the
breakdown of polymer hydroperoxides in the presence of
oxygen. In some studies the yield of radicals in the
presence of oxygen has been determined as about 10"2 to
10-°, while in others it is of the order of unity.

Nevertheless this finding is fairly important. The
point is that the idea of the involvement of the inhibitor in
degenerate branching in the oxidation of polymers and the
associated theory of the effect of inhibitors (critical
concentrations, classification of inhibitors into “strong”
and “weak”, etc.) are based on the hypothesis of a low
value of 6; these thotheses were put forward by Shlyapni-
kov and Neiman **°* and confirmed in studies of the high-
temperature (180-220°C) inhibited oxidation of polypro-
pylene.

Thus there exists a definite contradiction concerning
the value of 5. Possibly in solid polymers (at 100~130°C)
0 is close to unity, while in melts at temperatures in the
range 180-220°C 6 is small (although from the physical
point of view the opposite relation would be expected).
Evidently the unambiguous solution to the problem of the
probability of degenerate branching in the breakdown of
hydroperoxides in polymers is very important for the
theory of polymer stabilisation.

5. Decomposition of Macroradicals (Degradation of the
Polymer Chain)

The kinetics of the decomposition of macroradicals of
different types are of exceptional interest for the theory of
degradation processes. Unfortunately there are virtually
no quantitative data for the rates of decomposition in the
solid phase. For this reason, only the qualitative aspects
of this problem will be considered here.

In various forms of polymer degradation the following
types of radicals play a leading role: alkyl macroradicals
and peroxy- and alkoxy-macroradicals.

Decomposition of alkyl macroradicals.
These reactions are usually investigated in thermal
degradation processes of polymers at temperatures in
excess of 300°C; this is because the rate of their decom-
position is low. Thus it is known from the kinetics of
gas-phase reactions * that low-molecular alkyl radicals
break down with an activation energy exceeding 30 kcal
mole™'. Probably the activation energy for the decom-
position of high-molecular radicals does not differ appre-
ciably from this value. The breakdown of alkyl macro-
radicals leads to the rupture of the polymer chain and the
formation of radicals with a free valence at the end of the
macrochain (terminal macroradicals). These radicals
give rise to volatile degradation products and in many
cases alkyl macroradicals may isomerise, which leads to
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a wide range of degradation products. For example, in
the thermal degradation of golypropylene the following
reactions are postulated **’°°;

CHy

| . .
~ CH,—CH—CH, — ~ CHjz + CHy—CH=CH,,
CH,

o, .
~ CH,—CH—CH, — CHy + ~ CH;—CH=CH, ,

etc.

Decomposition reactions of alkyl macroradicals have
been observed in the inhibited oxidation of polypropylene
at 200°C, ¥ in the mechanical degradation of a number of
polymers *%, and also in the breakdown of polypropylene
hydroperoxide at 130°C.* In the last case a detailed study
was made of the kinetics of the formation of volatile hydro-
carbons—the degradation products of the terminal macro-
radicals. The yield was found to be extremely low. In
the breakdown of 1.26 x 10~ * mole of hydroperoxide, ata
concentration of 1.26 X 10™* mole g™ ! in the polymer, the
amounts of products were 16.7 x 10" mole of methane,
0.85 x 10”7 mole of ethane, 0.89 x 10”7 mole of propane,
1.4 x 10~" mole of propene, and 0.19 x 10”7 mole of iso-
butene. These data make it possible to estimate the prob-
ability of the decomposition of alkyl macroradicals at
130°C. In the same study it was shown that the terminal
macroradicals are obtained mainly in the breakdown of
alkoxy- and not alkyl radicals. For this reason, only
half of the radicals liberated from the “cage” (RO + Rin)
are terminal. Since the yield of radicals is in this case
1.7 x 1072, “" it follows that 1.26 x 10”* mole of hydroper-
oxide gives 10.7 x 107" mole of R{. Consequently only
8% of the Rt radicals decompose with formation of propene
while the remaining 92% are converted into “inner” macro-
radicals by the reaction

R, +RH - ReH+ Ry,

or isomerise and yield other hydrocarbons (propane,
ethane, isobutene, etc.). Thus the rate of the chain-
transfer reactions exceeds at least by a factor of ten the
rate of decomposition of the terminal macroradicals.

In those cases where the activity of the alkyl macro-
radicals is low, the yield of the monomer is much higher;
for example, in the degradation of poly(methyl methacry-
late) (PMMA) almost pure monomer is found among the
products. The rate constants for the depolymerisation of
the terminal macroradicals have been measured in such
processes: the rate constant for the breakdown of macro-
radicals in the photo-degradation of PMMA was measured
by Cowley and Melville using the sector method at 167°C *°
and was found to be 5.8 x 102 s™%, According to the
same authors' estimate, the activation energy is 18.5 kcal
mole~!. These values agree well with data obtained in the
measurements of the rate of decomposition of the radicals
~ C(CH;3)(COOCH;) in PMMA at 20°C. *® 1t was found that
at a radical concentration of 10 spins g~! the rate of
formation of methyl methacrylate is 0.56 x 10™ particles
per cm? per second; hence the rate constant for the de-
composition is 0.56 x 10™% s™', According to the data of
Cowley and Melville, it should be about 10™° s™* at 20°C.
Thus depolymerisation in the solid phase takes place at
the same rate as in the liquid phase °.

Alkoxy-macroradicals. The activation energy
for the decomposition of alkoxy-radicals in the gaseous
and liquid phases does not exceed 10-12 kcal mole™?, ©*
i.e. they are much more stable than alkyl radicals.

In the mechanism of the thermal oxidative degradation

it is thought that alkoxy-radicals play a leading role in
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the dissociation of polymer chains. Thus Tobolsky, who
studied the sensitised oxidation of polypropylene (in the
absence of branching) at 80°C, established ®® that under
these conditions at least one rupture of polymer chain
occurs on the average for each oxidation chain. Hence it
was concluded that the polymer chain ruptures in the re-
combination process of peroxy-radicals:

RO, 4+ RO, —+ 2RO+ 0, ,
The RO radicals formed break down with rupture of the
polymer chain. Thus the probability of the decomposition
of RO radicals is close to unity. ’

In oxidation processes with degenerate branching the
principal source of RO radicals is the breakdown of
kydroperoxide:

ROOH +RH — (RO +R;)+ H;0 .

A quantitative study of the decomposition products of
polypropylene hydroperoxides made it possible to estimate
the probability of the breakdown of alkoxy-radicals®®. It
was established that in the decomposition of polypropylene
hydroperoxide the amount of oxygen-containing products
formed (formaldehyde, acetone, acetaldehyde, etc.), which
may be obtained only from terminal hydroperoxides, is
about 10—-15% of the total amount hydroperoxides decom-
posed. Hence the yield of oxygen-containing products is
equal to aB, where « is the probability of the decomposition
of RO radicals and B is the fraction of terminal hydro-
peroxides relative to the total amount of hydroperoxides,

B may be determined as follows.

If it is assumed that in the breakdown of the hydro-
peroxide aRt and (1 - @) Rj, were formed, then these
radicals would initiate new oxidation chains of length v.
Each chain, begun by the radical R¢, contains one RtOOH
molecule and (v — 1)RjinOOH molecules and the chain begun
by Rin consists entirely of RjyOOH. Hence 8= a/2v or
@?/2v = 0.10-0.15. According to Pudov®’, vat 130°C
varies in the range 5-1.5; hence 0.5 < a<1.

Thus the rate of dissociation of the polymer chain in
the oxidation of polypropylene must not be less than the
rate of decomposition of the hydroperoxides.

Bearing in mind that the probability of the breakdown
of the radicals RO is high (about 1.0) and the yield of
radicals liberated from the cage is low (about 1.7 x 1073),
one must conclude that the decomposition of these radicals
takes place during the lifetime of the cage. If 11 kcal
mole~ ! is adopted for the activation energy for the break-
down of RO radicals in polypropylene and about 10"° s™*
for the pre-exponential factor, it is possible to estimate
the lower limit of the lifetime of the cage (RO + Rjp); it
proves to be 107°-107" s %

A high probability of the dissociation of the chain in the
breakdown of the peroxide was observed in the oxidation
of polyoxymethylene copolymers at 160°C.%* 1In the
oxidative thermal degradation of rubbers it was also
shown by a kinetic procedure that the S)robability of the
breakdown of alkoxy-radicals is unity ®, i.e. even in
rubbers the breakdown of RO at 100-130°C is much faster
than the recombination in the vapour phase (RO + Rin).

Thus alkoxy-radicals appear to be the principal species
responsible for both the formation of volatile degradation
products and the dissociation of polymer chains.

The kinetics of the decomposition of peroxy-radicals
in Teflon according to the reaction

RO, -+ R+ 0,
were investigated by Voevodskii and coworkers #. The
rate constant is & = 10°exp (-20000/RT) s™*. The energy

of the R-00 bond in this radical is about 10 kcal mole™".
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We shall now consider the contribution of RO, radicals
to chain degradation. In 1959 Neiman and coworkers *
compared the rates of decomposition of the hydroperoxide
in the polymer and the rate of isomerisation of peroxy-
radicals and concluded that they are of the same order of
magnitude. Recently published data confirm this finding.
Chien and Boss * showed that in the oxidation of poly-
propylene at 130°C the steady-state concentrations of the
hydroperoxide and peroxy-radicals are 0.30 x 107 and
10.2 x 107® mole litre™* respectively and the rate constant
for the breakdown of the hydroperoxide is 16.5 x 107* s™%.
If it is assumed that the activation energy for the iso-
merisation of peroxy-radicals is about 20 kcal mole™ 't,’
it is found that the rates of isomerisation of peroxy-radi-
cals and of the decomposition of the hydroperoxide are
comparable. This conclusion is confirmed by the data
of Denisov and coworkers®®, according to which the
contribution of the isomerisation of RO, to the degradation
of polymer chains is about 10%.

é. Cage Effects and Radical Pairs in Solid Polymers

Numerous studies on cage effects in the decomposition
of initiators in the liquid phase showed that the probability
of the liberation of radicals from the cage or from a radi-
cal pair is 0.3-0.7, i.e. 30-70% of the radicals avoid
recombination in the cage. The principal mechanism of
the liberation of radicals involves diffusion; this is con-
firmed by the finding that the yield of radicals depends on
the gsi;scosity, obeying the Debye—Stokes diffusion equa-
tion .

The data on the yields of radicals in highly viscous
media (including polymers) are somewhat contradictory.

In a number of studies yields of radicals close to those
observed in the liquid phase are quoted. Haas ™ found that
in the decomposition of benzoyl peroxide in polystyrene

and poly(vinyl chloride) the probability of the liberation of
radicals from the cell is 0.5-0.6. These data agree with
the results of Denisov and coworkers”, according to which
about 70% of the radicals recombine in the cage in the
breakdown of lauroyl peroxide in solid polystyrene (at 80°C)
and about 95-96% in the breakdown of bisazoisobutyro-
nitrile.

It may be expected that the yield of radicals liberated
by the diffusion mechanism will be sharply reduced in
solid polymers; this is clearly illustrated by the data in
Table 7.

Evidently, the fraction of the products of recombination
in the cage (t-butyl peroxide) increases with the viscosity
of the medium and there is a parallel decrease of the
fraction of the products derived from the radicals liberated
from the cage (t-butyl alcohol).

In very viscous media relay mechanisms, including
the interaction between an active species and the wall of
the cage, play a significant role "°,"* supplementing to the
diffusion mechanism of the liberation of radicals from the
cage. It is useful to estimate the relative contributions
of the mechanisms whereby radicals are released from the
cage. The migration of low-molecular species by diffu-
sion in polymers is characterised by diffusion coefficients
in the range 107"-10""° cm?s~'. The liberation of radicals
from the cage via interaction with the cage walls (for
example, the abstraction of a hydrogen atom) can also be

fThis value is fairly accurate. In fact for RO. we have
<isomer — €prod = 8.5 kcal mole™; ® when €prod =

12 kcal/mole-?, €isomer = 20 kcal mole™ "
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characterised by a “chemical” diffusion constant, which is
related to the rate constant for the abstraction of a hydro-
gen atom by the expression D =‘é‘hzk', where ) is a quantity
of the order of magnitude of the intermolecular distance
and &’ is the frequency of the step involving the abstraction
of a hydrogen atom, equal to the product of the rate con-
stant for this reaction % and the polymer concentration
(RH).

Table 7. Products of the decomposition of di-t-butyl
peroxyoxalate at 35°C."2
o Yield of products as
> t-butoxy-radicals, %
Medium Z
8 toutyl- | tbutyl |,cet0ne
§ peroxide | alcohol
n-Pentane 0.22‘ 4 95 1
Liquid silicone A 46 46 0.5
Liquid paraffin 80 78 16 0
Polychlorotrifluoroethylene 560 88 2 7
Polyisobutylene 1000 93 4.6 0

On substituting in this equation the usual values A = 5 A
and (RH) = 10® cm™°, we obtain D~ 4 x10™° k. Thus, for
the liberation of radicals from the cage by the relay mech-
anism to be comparable with the liberation by the diffusion
mechanism, % must be of the order of 2.5 x 107*~10" " c¢m?
s~'. Hence it is clear that for mobile species (D =
1077 cm® s™") the diffusion mechanism predominates; only
in the case of the most reactive radicals can interaction
with the cage wall play an appreciable role.

The liberation from the cage of less mobile species
probably takes place by both mechanisms, their relative
contributions being determined by the reactivity and
mobility of the species. This is illustrated by the data
of Smirnov et al.”*, who measured the effectiveness of
various initiators in liquid and solid acrylate oligo-
esters. The effectiveness of bisazoisobutyronitrile
diminishes from 0.5 to 0.035 on transition from the liquid
to the solid acrylate oligo-ester, while the decrease of
the effectiveness of acyl peroxides is only from 0.5 to 0.3.
The authors suggest that, for the relatively unreactive
radicals (CHs)2CCN, the extent of liberation from the cage
is wholly determined by the diffusion of the radical and
therefore depends markedly on the viscosity of the medium.
On the other hand, for the radicals RCOO a relay mech-
anism plays an important role in the separation of the
radical pair and the effectiveness of the initiation depends
much less on the viscosity of the medium. It is possible
to account for the results of Haas " quoted above and other
data'in a similar manner.

It has recently been shown that radical pairs in the
cages can be detected by ESR. In such pairs dipole and
exchange interactions take place between the unpaired
electrons of the radicals and are reflected in the ESR
spectra. The ESR spectra have been reviewed in relation
to the theory of biradical systems (including radical
pairs)™. In radical pairs trapped in crystals the dis-
tances between the radicals are rigidly fixed and therefore
the energy of the dipole interaction between unpaired elec-
trons is rigorously determined; this dipole splitting is a
characteristic feature of the ESR spectra of radical pairs.
The average distance between the unpaired electrons is
found from the magnitude of the splitting.
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In most cases the distance is 4-6 &.™ The kinetics of
the reaction in pairs of azobutyronitrile radicals were
investigated by Lebedev”™. The probability of the libera-
tion of radicals from the pair at 77°K in azobutyronitrile
is about 2 X 10~°. The rate constant for the “quenching”
of the pair, i.e. for the recombination of the radicals in
the pair, is given by an expression of the form’®

k=108 exp (-3500/RT) s™.

Thus in the solid phase even recombination in the pair
requires an activation energy, i.e. the lifetime of the
radical pair may be fairly long.

In glasses and polymers a fairly wide distribution of
separations between radicals in each pair is to be expected.
The ESR spectra in such cases are fairly broad and in
general it is impossible to detect pairs in the region of
the usual ESR transitions (AMg = 1). However, recently
radical pairs have been detected in irradiated polymers
(polyethylene, polyformaldehyde, polyprogglene, etc.) by
recording the “forbidden” AMg = 2 signal ™ (this signal
corresponds to the simultaneous reorientation of both
electron spins in the pair).

It is difficult to determine the concentrations of the pairs
from such signals and to investigate the kinetics of their
reactions, but the very fact of their detection in polymers
is remarkable. The search for the broad signals due to
radical pairs corresponding to AMg = 1 is more promising
and these have also been observed 727,

II. RELATIONS BETWEEN THE KINETICS OF RADICAL
REACTIONS AND THE KINETICS OF MOLECULAR
MOTION IN POLYMERS

In the previous section convincing evidence was pre-
sented showing that in the majority of solid polymers radi-
cal recombination occurs by a relay mechanism. At first
sight it would appear to follow from this that the kinetics
of such reactions must be determined only by the chemical
reactivity of the radicals and should not be sensitive to the
physical state and the physical properties of the polymer
matrix. However, a number of facts are inconsistent with
this conclusion. Thus it is known that the temperature
ranges in which molecular motion is “unfrozen” (for
example, as measured by NMR) are the same as the tem-
perature ranges in which radicals are destroyed. The
kinetics of radical recombination in acrylate polyester
glasses are qualitatively related to the rigidity of the
matrix®, The rate of destruction of alkyl radicals in
oriented polystyrene is much lower than in the non-
oriented polymer 3, The rate of recombination of PMMA
peroxy-radicals in the stressed polymer is much higher
than in the polymer subjected to preliminary annealing®.

The relation between the reaction kinetics and the
kinetics of molecular motion is not only qualitative but also
quantitative. Thus in PMMA the effective activation
energy for the destruction of alkyl radicals is 28 kcal
mole™*, ® while the activation energy for seB%mental motion,
measured by NMR, is 27 + 10 kcal mole™".® 1In poly-
propylene the destruction of the radicals in the low-tem-
perature region takes place with an activation energy of
11 kcal mole™!; the activation energy for molecular motion
in the same temperature range is (100-250°K) is 13 kcal
mole™!. In the high-temperature region (> 250°K) the
activation energiesare respectively 48and 58 kcal mole™*,
The same behaviour is observed in polyethylene **. In the
high-temperature region radicals with stereochemical con-
formations corresponding to a regular spiral are destroyed,
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while radicals with a distorted structure, markedly differ-
ing from the spiral structure, recombine at low tempera-
tures (they are apparently localised in amorphous regions
or structural defects). :

Frequently such quantitative correspondance is regarded
as proof of a diffusion mechanism for the recombination of
radicals and the high activation energies for recombination
are usually explained by the co-operative nature of the
diffusion, requiring the simultaneous rearrangement of the
structure and of the packing of a large number of segments
and units of the polymer chains.

However, it should be noted that in the vast majority of
such cases pre-exponential factors for the rate constant
are anomalously high and are without physical significance.
Furthermore, there is a linear relation between the
logarithm of the pre-exponential factor (or the entropy of
activation) and the energy (enthalpy) of activation, i.e. the
compensation effect. Therefore it is clear that the above
purely qualitative explanation of the correspondence be-
tween the reaction kinetics and the kinetics of molecular
motion is inadequate.

Lebedev et al. were the first to draw attention to the
compensation effect in the radical recombination reactions
in polymers #*. They proposed an explanation for this
effect on the hypothesis that, over the temperature range
of the recombination reactions, the activation energy
decreases with increasing temperature as a result of
changes in the structure of the polymer. The effective
activation energy and the pre-exponential factor are then
given by the following expressions:

eetr= € (T)—T 3e/aT , 7)
K= Rexp (=5 3) ®)

and are linked by the reciprocal relation 1gkgff = A +
Beéeif-

However, this explanation of the compensation effect
and the kinetic characteristics of the recombination is valid
only within the framework of the hypothesis of a diffusion
mechanism for the recombination process. In fact it is
necessary to seek kinetic models which would yield the
compensation effect within the framework of the relay
recombination mechanism, i.e. the compensation effect
associated with the rate constants %t for the relay proces-
ses (see Tables 5 and 6).

The following model is the most natural. The reaction
of R and RH (or RO: and RH) requires that a definite
orientation of the reactants—be achieved before the
activated complex. Such a “preparatory” state ip is
attained via a series of thermodynamic equilibrium states
iy, iz, ..., ip-,, corresponding to different orientations
of the reactants. The kinetic mechanism of the reaction
can be represented as follows:

2 K . o o
RYRH S ... i, S RH4R, (9)
where Kj are the constants governing the equilibria between
the various states and ko is the rate constant for the reac-

tion in the “preparatory” state.
It is easy to show that the measured effective rate con-

stant is then keff = koHKp, where []is the symbol re-
p p

presenting the product of the constant Ky for all p states.

In the simplest case one may assume that all the states
are of equal importance, i.e. for all the equilibrium con-
stants one may write

K, = e"So/Rg=AHpIRT
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Then
e4p AH,,)
RT

where % and € are the pre-exponential factor and the
activation energy for the reaction in state ip.

Evidently the compensation effect is implied in this
equation; furthermore, since the number of states p may
depend upon temperature, this equation involves an addi-
tional cause of the compensation effect—by the mechanism
of Lebedev et al. ** It is noteworthy that an equation
similar to Eqn. (10) can be obtained on the hypothesis that
the “pre-start” state is attained by the “simultaneous”
rearrangement of a large co-operative group, but within
the framework of the model considered above this hypo-
thesis is not essential.

Eqn. (10) also implies a relation between the reaction
kinetics and the kinetics of molecular motion. In fact
mechanism (9) is applicable to the motion of the polymer
segment or a certain probe-species in the polymer matrix
(for example a paramagnetic probe ') and all the con-
siderations associated with this mechanism are valid.
Then for the frequency of motion of the segment (or the
probe), we have the equation veff = v, %Kp or

kest = kgexp (p AS,/R) exp (— (10)

e, +pAH, )

Verr== Vo exp (p AS/R) exp ( —_ T

This equation is analogous to Eqn. (10); here 13 and
are the true pre-exponential factor and the activation
energy for the intrinsic motion of the segment or the probe.
In particular, if it is found that € and €r << pAHp, then the
effective activation energies for the reaction and molecular
motion will be equal; examples of such agreement were
quoted at the beginning of this section.

Thus the kinetic model represented by mechanism (9)
gives a qualitatively satisfactory description of both the
compensation effect and the relation linking the reaction
kinetics to the structure of the polymer and the kinetics
of molecular motion. It may be supposed that these con-
siderations are in principle applicable to all radical reac-
tions in solid polymers, including reactions in radical
pairs.

Finally, the problem of the relation between the reac-
tion kinetics and the structure, properties, and the molec-
ular mobility of the polymers remains one of the most
important and fundamental; in this respect hardly anything
has been done and almost nothing is known apart from
certain general hypotheses. A similar situation is typical
also for liquid-phase radical reactions ®’; in both cases
the solution of the general kinetic problem is necessary.

---000---

The above review has dealt with almost all the most
important radical degradation and stabilisation reactions
of polymers, their role in the overall process has been
assessed, and their quantitative kinetic characteristics
have been described. It is noteworthy that the level
achieved in the quantitative kinetics of radical degradation
and stabilisation reactions of polymers is fairly low. For
the majority of elementary reactions, there are no quanti-
tative data and one must be satisfied with only approximate
estimates of the activation energies and rate constants.
For many reactions, the available data are very con-
tradictory; this frequently applies not only to the kinetic
constants but even to the mechanisms. The most con-
tradictory data concern the chain propagation and termina-
tion reactions, degenerate branching reactions, and the
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participation of inhibitors in these processes, despite the
fact that these reactions are in fact the most important in
oxidative thermal degradation.

However, the principal differences between the mech-
anism of degradation and stabilisation of solid polymers
and the mechanism of liquid-phase oxidation are already
clear; a kinetic theory for solid-phase reactions has been
developed to a degree quite sufficient for the solution of
problems associated with the degradation and stabilisation
of solid polymers; the physical significance of the solid-
phase rate constants and its difference from the physical
significance of the ‘“liquid-phase” and “gas-phase” con-
stants are largely clear. Experimental difficulties in the
study of elementary radical reactions in solid polymers
are also not of fundamental importance in most cases.

Essentially, first steps have now been taken in this
field and the principal kinetic problems associated with the
specific features of the solid phase have been formulated.
The solution of these problems constitutes an important
component in the creation of a scientific basis for the
stabilisation of polymers.
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Polyquinoxalines

A.M.Berlin
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U.D.C. 541.6:547.863.1

The present Review reports the most recent work on the synthesis, properties, and structure of a further class of thermostable

heterocyclic polymers containing six-membered heterocyclic rings—the polyquinoxalines.

A considerable amount of research has been undertaken
during recent years, both abroad and in the Soviet Union,
on the production of thermostable polymeric materials.
The fairly extensive class of macromolecular substances
containing heterocyclic rings in the main chain is of un-
doubted interest, because several heterocycles, e.g. 1,3,5-
triazine, oxadiazole, pyrazole, benzimidazole, benzox-
azole, benzothiazole, etc., possess excellent stability to
the action of heat, light, and oxidising agents, and are
resistant to acids, bases, and various chemical reagents.
The main investigations of the chemistry of macromolec-
ular compounds contammg five-membered heterocycles
have been discussed in a number of reviews '~*,

In view of the great thermal stability of the quinoxaline
ring and its resistance to chemical reagents, several
workers have synthesised polymers with chains containing
these rings. They used the polycondensation of aromatic

tetra-amines with bis- @-diketones:
H,| R H, —A:—-
meme~PannsiiggNo e

where

R=—, 0, §, SO Ar=p-CiH; m-CeHs; —{ __/"—0—(;\>\— H
7 \_\S_/ N \—SO e N .
N=—=/ N=—=/ Ne—=/ N/

Two methods are at present used for the synthesis of
polyquinoxalines: (1) stoichiometric quantities of the
monomers are heated at 225~250°C for several hours®, and
the resulting polymer has an intermediate molecular weight
which is then increased by further heating in a vacuum to
375°C; $2) the monomers first react in a solvent such as
dioxan %’° or hexamethylphosphoramide (HMPA),? and the
resulting solids of low molecular weight are again heated
in a vacuum at 375°C. The polyquinoxaline obtalned from
p-phenylenediglyoxal and 3,3’-diaminobenzidine ®, which
contains completely con]ugated aromatic chains, possesses
very high thermal stability when heated either in air or in
nitrogen, its decomposition temperature being 500°C and
above. It is insoluble in the usual organic solvents, and
sparingly soluble in hexamethylphosphoramide; films
obtained even from a polymer of high molecular weight are
extremely brittle.

The introduction of an oxygen bridge into the polymer
chain ® increased the solubility of the polymers. Films
cast from their solutions in hexamethylphosphoramide were
also brittle initially, and showed various colours from pale
yellow to red. After they had been heated in a vacuum in
an atmosphere of nitrogen at 350-400°C, however, they
were converted into tough, flexible, transparent films.
Unfortunately, no information is given on the stability of
these films. It is interesting that their infrared spectra
have the same characteristic absorption bands before and
after heating, which suggests the absence of cross-links
in the polymer. On this basis the diminution in the solu-
bility of the polymers after prolonged heating was explained

A list of 24 references is given.

by further increase in their molecular weight. This ob-
servation is common to all synthetic linear polyquinoxa-
lines.

The presence of an oxygen bridge had no effect on the
thermal stability of the polymers, the introduction of
various sulphur-containing groups ° produced only a slight
decrease (the limit of thermal stability remained above
400°C even in air), and up to a considerable molecular
weight these polymers retained their solubility not only in
sulphuric acid but also in hexamethylphosphoramide
(Table 1).

Polyquinoxalines ° having the structures

[ ( N (S~ =

/\/\S/\/\N/
(M

0 <]
/L/\So /k)\N/
(I
e \/j k j N/ S_<=>—] ;
\N/\/\o/ N A

(m)

OO ==1
0.0

( N/ \—\/__>——SO. a /\_ ;
/ \N/ n
N
_Z N/ /\/ Vamm V4
[ ==
N. No” N N
(v

have been obtained.
1t had been shown previously that the pyrazine hydrogen

in the quinoxaline ring
\)\ND\H

undergoes oxidation first°. An attempt was therefore
made " to increase the stablhty of polyquinoxalines to
oxidation by replacing the pyrazine hydrogen by a phenyl

group. Four phenylated polyquinoxalines were obtained by
the scheme
00
BN NH, 1 _u 9 . [ / N \I—Ar——]
- /Ar\NH + CHy—C—C—Ar'—C—C—CH; — Ax /\N M )
— 7 2
ae=[~{_ - L D0 D
A D] (-0
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These polymers were synthesised in the melt and in solu-
tion.

Condensation in the melt was performed at 180°, 200°,
and 280°C and then at 380~400°C for 1 h. The resulting
polymers exhibited extraordinarily good adhesion to glass.

Various solvents—dimethylformamide, dimethylacetamide,

m-~cresol—were used for polycondensation in solution,
between the temperature limits of ~10° and 202°C. The
initially formed polymer of intermediate molecular weight
(n= 0.6-1.0) was then heated at 400°C until the final
polymer (7= 1.5-2.2) was formed. Solutions of the poly-
mers in m-cresol showed perfect stability for 30 days.
Films from 10% m-cresol solutions of these polymers
possessed a high tensile strength and excellent flexibility
after being heated to 300°C."*

Table 1.
Solubility, % in Wt. lost at,
Polymer | Stage Colour MPA ] HZSO4 [n)* o
1st brown 100 100 0.35 —
1
o 2nd black 70 100 2.40 500
1st yellow 75 100 0.45 —
11
@ 2nd brown 55 90 0.80 440
1st yellow 100 100 0.35 —
III
h 2nd black 19 70 1.07 460
1st brown 100 100 0.41 —_
(rv)
2nd black 50 80 1.12 460
1st brown 100 100 0.33 —_
\%
V) 2nd brown 21 80 1.22 420
ist yellow 100 100 0.26 —
(VD)
2nd black 14 60 1.41 420
Y 11] = logarithmic viscosity in hexamethylphosphoramide,

concentration 0.25 g/100 ml.

Phenylated polyquinoxalines, as expected, exhibited
outstanding thermal stability and resistance to oxidation.
The authors showed this by making a thermogravimetric
analysis (Fig. 1), and also by the isothermal aging (Fig. 2)
in air and in helium of two polyquinoxalines differing only
in the presence of phenyl groups in one of them.

0000

\N/\/\O/\/\N/\C.H \/ 0/\) ]

0 e 0]
\N/ \0/\/\N/ N No/

(B)
In helium the difference between the temperatures at which
decomposition begins in phenylated and ordinary linear
polyquinoxalines is about 40 deg, and in air it is still .
larger. Furthermore, the phenylated polyquinoxalines
have considerably higher glass points, the value for the
polymer (A) being 437°C. It is interesting that both poly-
mers (A) and (B) are stable in air at 316°C (600°F), and
92-95% of the original weight remains after heating for
200 h. However, after 100 h at 371°C (700°F) the polymer
(A) retains 93% of the original weight, and polymer (B)
only 63%; the latter breaks down completely after being
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heated for 160 h, whereas polymer (A) retains 50% of its
weight after heating for 200 h (Fig. 2).

Phenylated polyquinoxalines are stable to the action of
40% alkali. After boiling in 40% caustic potash for 6 h,
polymer (A) was regained in quantitative yield, its visco-
sity, analysis, and infrared spectra being unchanged.

The characteristics of several polyquinoxalines are
given in Table 2.

100

residual wt., %
o =]

3 8 3§ 8
T

V77T R R

Figure 1. Thermogravimetric analysis of poly-
quinoxalines (A) and (B): full line in air; broken line
in helium.

Aliphatic polyphenylquinoxalines have been obtained *
by analogous methods to the above, by the reaction of
1,10-diphenyldecane-1,2,9,10-tetraone with 3,3’-diamino-
benzidine or bis-3,4-diaminophenyl ether. As expected,
the resulting polymers

[/ \I Nt
©

N\/\ E\/N\_(CH’)._—

LH,C” \N/ \) No/N NN NCH, da
(D)

had a lower thermal stability than the aromatic polyphenyl-
quinoxalines, their decomposition temperatures in air and
in helium being about 450°C. The reduced viscosity (0.5%
H2804 solution at 25°C) of such polymers was 1.16 and 1.04
for (C) and (D) respectively; they both possessed excellent
adhesion to glass.

Quinoxalinimide polymers have been obtained '? by the
reaction of 2,2’ 3,3'-tetramethylbiquinoxalinyl with o- and
m-phenylenebismaleimides:

/ N/ N_CH, HC—CO.

il SN ST L

HC—C0” \OC—

s

N/ AV 4
V4 \/ —CH,
CO—CH—

L0 () ;CH,_C.H .
N—R—N{
~co” —(I:H, s

The reaction was conducted in anhydrous toluene, in
xylene, or in dimethylformamide. The polymers are
soluble in dimethylformamide, hexamethylphosphoramide,
and sulphuric acid, do not melt, and lose 8% in weight when
heated in air at 200°C for 2 h. No information is given on
the molecular weight of the polymers.
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New mixed polymers, polybenzimidazoquinoxalines,
have been obtained '* by the reaction of previously un- .
reported phenoxycarbonylphenylglyoxals having the general
formula

OH
C,H,0CO—A—CO—CH
\OH
(where A represents m- or p-phenylene) with aromatic
tetra-amines. In the opinion of the authors !® quinoxaline
rings are formed initially, and the structure of the result-
ing polymers corresponds to the formula

ROSEIG Il

S S
@“Z‘Z S~ \\\{‘ 8
E N
= 40 8\ >
3 \
2 2 AN
& ; L L AN}
4y 80 120 160 200
time, h

Figure 2. Kinetic curves for the loss in weight of
polyquinoxalines {A) and (B) under isothermal con-
ditions in air: full line at 316°C (600°F); broken
line at 371°C (700°F).

The reduced viscosity of the polymers varied between 0.28
and 0.42.
Nitriles of glyoxals with the general formula
_OH
NC—A—CO—CH

NoH
react with 3,3’-diaminobenzidine to give biscyanoaryl-
biquinoxalinyls

L s
y

whichinturn, ontreatment with tetra-amine hydrochlorides
in polyphosphoric acid, also formed polybenzimidazo-
quinoxalines.

Published information indicates that work on the poly-
quinoxalines is developing in two main directions—(1) the
synthesis of linear polyquinoxalines discussed above, and
(2) the synthesis of ladderlike polyquinoxalines—the
second line of research being further divided into two sub-
groups as it were—(a) substances such as tetra-amines and
tetracarbonyl compounds are used for the synthesis, and
(b) compounds already containing a quinoxaline ring are
used.

The interaction of stoichiometric quantities of 2,5-di-
hydroxy-p-benzoquinone with the tetrahydrochloride of
benzene-1,2,4,5-tetra-amine in dimethylacetamide, hexa-
methylphosphoramide, or polyphosphoric acid leads to the
formation of a polymer having a ladderlike structure **

\l/\]/

o7 \oH

HO NVANPNFZAN

\r\ /N
,N/\/\NH - ﬂ\NJ\/I\N/
H

n

16 and hexamethyl-
phosphoramide can be redissolved in these solvents after
precipitation, and only after being heated at a low pressure
do they lose their solubility. The occurrence of solu-
bility in ladderlike polymers may be due to the formation

of stable aggregates of polymer and solvent molecules,
especially as ~ 20% of dimethylacetamide is removed from
the polymer only by prolonged heating in a vacuum.

Table 2. Properties of polyquinoxalines *°

Decomp.
temp.,
°C. in

Residual wt.
nftel heatmg

371°C"'% for
100 h] 200 h

[Chain unit]

_I /\/ (\] r

N/v /\N/[ VAVAN )
C AVAN E j \_
N/\/ /\N L/\O 7

L0000
) F’U\WN\HJ r
‘L' 0000 T ol on oo o | o

e VOO0

\/\/\\ N/
N NC‘

/\/
()

I(j\o/\/\ N \/ A

)

(N/IK/\O/ /\N/\ \J “

Npeg*s d! gl
Glass point

air | He

]

.06| 510 |(530/388| 60 0

.05] 520 |[550(420] 80 40

™

=3

61| 510 [540{382| 70 0

.’"

16 550 [560437| 93 50

=3

50| 530 (550/404) 90 | 45

=Y

.75 520 [540(390| 84 0

-

71| 530 |550{410| 78 35

*0.5% solutlon in H2SO, at 25°C.
**Particle size 140-240 mesh.

The thermal stability of these polymers in air was the
same as that of the usual linear polyquinoxalines under
similar conditions, probably owing to the presence in them
of linear sections as well as the ladderlike structure. To
test this hypothesis and obtain a completely aromatic
ladderlike polyquinoxaline, pyrene-4,5,9, 10-tetraone was
used as the initial tetracarbonyl compound

O T 0]
RN ) o \/\)\/N\

N

\J /\/I\N/\/\/\N/

I (

These polymers dissolved in hexamethylphosphoramide and
in hexafluoropropan-2-ol, which was rather unexpected for

\/\/N"'

H,N" \ \NH,
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ladderlike polymers. They began to decompose in air at
460°C, and in nitrogen at 683°C, the losses in weight by
the onset of decomposition being less than 4% in bothcases.
Thus it can be accepted that in this case the authors were
able to obtain a completely aromatic ladderlike poly-
quinoxaline, which in an inert atmosphere surpassed in
thermal stability the known linear aromatic polyquinoxa-
lines.

As was to be expected, ladderlike polyquinoxalines
(mred = 0.2-1.06) obtained from aliphatic tetracarbonyl
monomers, e.g. 3,3,6,6-tetramethylcyclohexane-1,2,4,5-
tetraone ', are of no interest Thermogravimetric ana-
lysis indicated that these polymers were considerably less
stable than aromatic ladderlike polyquinoxalines: thus
polymer (I) decomposes rapidly in air at 390°C, and (II)

at 200°C.
Haﬂyﬂm N\X
w 'fx

R R
© L
WS C( o
(&)
Both polymers begin to decompose slowly when heated in

N;ﬁ
ap
nitrogen at about 400°C.

Bulgarian scientists are investigating !” the possibility
of obtaining partly ladderlike polymers containing
6H-indolo[2,3-b]quinoxaline (indophenazine) as the main
chain unit. Such polymers are prepared from the con-
densation of bisisatins with tetra-amines by heating in
polyphosphoric acid:

oc——/ —x_l/ —co HgN _X—\_NH,
l l ) co HN—- /" U—NH, -

aY%
'u\g/iuu”‘j

They are powders, soluble in hexamethylphosphoramide,
dimethylacetamide, dimethyl sulphoxide, and sulphuric
acid. No data are given on their molecular weight or their
thermal stability.

A ladderlike polymer has been obtained by condensing
benzene-1,2,4 5-tetra~amine with a 2,3,6,7-tetrasubstituted
1,4,5,8- tetra-aza-anthracene ***° and by the self-condensa-
tlon of 6,7-diamino-2,3-dihydroxy (or diphenoxy)quinoxaline:

H
N '\~l
,,;( NH’ )ij(,( e J
Y
where X = OH, CI, OC H
0
H,N N\:(o a°“‘ ?4,‘4 . OCetts
H, NKIN/ OH H,NKI:;CC,H,
Polycondensation was conducted in solution, in a melt,
and in polyphosphoric acid; the reduced viscosity in
methanesulphonic acid reached 2.5. Analogous polymers
have been synthesised *° also with 3,3’-diaminobenzidine.
These polymers begin to lose weight when heated in air at

about 350°C, and in nitrogen at 550°C, which is also
explained by an imperfect ladderlike structure This is

* 4HCl—
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evidently supplemented by too high a content of piperazine
hydrogen atoms in the polymers, these being the first °
to undergo thermo-oxidative degradation.

Thermally stable “ladderlike” or partly “ladderlike”
polymers have recently been described which contain
alternating quinoxaline and thiazine #® or oxazine # units.
They are obtained by condensing two diaminoarenedithiols—
4,6-diaminobenzene-1,3-dithiol and 3,3’-dimercaptobenzi-
dine—with three tetrachloro-derivatives of quinoxaline—
2,3,6,7-tetrachloro-1,4,5,8-tetra-aza-anthracene,
2,2',3,3'~tetrachloro-6,6'-biquinoxalinyl, and bis-2,3-di-
chloroquinoxalin-6-yl ether—in various combinations or by
condensing diaminoarenediols, e.g. 2,5-diaminoquinol and
3,3’-dihydroxybenzidine, also with tetrasubstituted deriva-
tives of quinoxaline. The solvents used for the reaction
of aminoarenethiols are dimethylacetamide, hexamethyl-
phosphoramide, and polyphosphoric acid. The resulting
polymers are coloured powders, insoluble in the usual
organic solvents and sparingly soluble in sulphuric and
methanesulphonic acids. The reduced viscosity of a 0.2%
solution of the polymers in methanesulphonic acid at 30°C
varied from 0.22 to 1.55. A given polymer had a higher
viscosity when dimethylacetamide was used as solvent in
its preparation; polymers obtained in polyphosphoric acid
had the lowest viscosities. No quinoxalinobenzoxazine
was formed in dimethylacetamide; pyridine, naphthalene,
and polyphosphoric acid were used as solvents to obtain
the corresponding polymers.

Thermogravimetric analysis of polymers containing
quinoxaline and thiazine units in the chain showed that in
most cases they began to lose weight at about 500°C in
nitrogen and at about 400°C in air. Data on thermal
stability for the corresponding polymers containing oxazine
rings are given only in an inert atmosphere, where they
begin to lose weight at about 450°C.

The structure of polymers containing quinoxaline rings—
both linear and “ladderlike”’—was in all cases proved by a
comparative study of the polymers and of model compounds,
which included their ultraviolet spectra.

It is seen from the above survey that polyquinoxalines
constitute an extremely promising class of thermostable
polymers. Unfortunately, very little information is yet
available on their practical application. It has been
reported # that a plastic, which withstands heating to
480°C (900°F), has been developed on the basis of a poly-
quinoxaline of unstated composition. This material was
tested at 590°C in an inert atmosphere, approaching the
conditions of outer space. It is light, resembling graphite
in structure, inelastic, and electrically non-conducting.

-~--000---

While this paper was being printed, further papers were

published on the synthesis of ladderlike ** and phenylated
polyquinoxalines.
REFERENCES
1. C.S.Marvel, S.P.E. Journal, 20, 220 (1964).
2. Razvodovskii, Khim. Tekhnol. Polimerov, No. 12, 62
(1964).
3. F.T.Wallenberger, Angew. Chem.Internat. Edn., 3,
460 (1964).

4. A.A.Izyneev, M. M. Teplyakov, V. G. Samsonova,
and A.D. Maksimov, Uspekhi Khim., 34, 2090 (1967)
[Russ. Chem. Rev., No.12 (1967)].

5. J.K. Stille and J. R. Williamson, J.Polymer Sci., B2,
209 (1964); A2, 3867 (1964).



Russian Chemical Reviews, 39 (1), 1970

10.
11.

12.

13.
14.

15.

G.P. Gaudemaris and B. J. Sillion, J.Polymer Sci.,
B2, 203 (1964).

J.K. Stille and F. E. Arnold, J. Polymer Sci., Al, 4,
551 (1966).

J.K. Stille, J.R.Williamson, and F. E. Arnold, J.
Polymer Sci., A3, 1013 (1965).

J.K. Stille and F. E. Arnold, J. Polymer Sci., Al, 4,
551 (1966).

P. M. Hergenrother and H. H. Levine, J. Polymer Sci.,
Al, 5, 1453 (1967).

P. M. Hergenrother, J.Polymer Sci., Al, 6, 3170
(1968).

A.A.Berlin, T.V. Zelenetskaya, and R. M. Aseeva,
Zhur. Vses. Khim. Obshch. Mendeleeva, 11, 592
(1966).

B. Durif-Varambon, B.J. Sillion, and G.P. Gaude-
maris, Compt. rend., C-267, 471 (1968).

J.K. Stille and E. L. Mainen, J.Polymer Sci., B4, 39
(1966).

J.K. Stille and E. L. Mainen, J.Polymer Sci., B4, 665
(1966).

16.
17.
18.
19.
20.
21,

22.
23.

24.

89

J.K. stille and M. E. Freeburger, J. Polymer Sci.,
B5, 989 (1967).

1. Shopov and N. Popov, Vysokomol. Soed., 9B, 415
(1967).

F. Schryver and C. S. Marvel, J. Polymer Sci., Al,
5, 545 (1967).

H. Jadamus, F. Schryver, W.de Winter, and

C.S. Marvel, J.Polymer Sci., Al, 4, 2831 (1966).
M. Okado and C. S. Marvel, J. Polymer Sci., Al, 6,
1259 (1968).

W. Rainer, M. Okado, and C. S. Marvel, J. Polymer
Sci., Al, 6, 1503 (1968).

Electronic News, 9, No. 429, 46 (1964).

J.K. Stille and E. Z. Mainen, Macromolecules, 1, 36
(1968).

W. Wrasidlo and J. M. Augl, J. Polymer Sci., B7,
281 (1969).

Institute of Organoelementary
Compounds, USSR Academy of
Sciences, Moscow



90

Russian Chemical Reviews, 39 (1}, 1970

U.D.C. 532.733:532.74: 543.421

Physicochemical and Spectroscopic Characteristics of Associated
Compounds and Their Solutions

A.G.Kovaleva

In order to make the method of liquid-liquid extraction usable, it is necessary to have the complete characteristics of the
liquid systems to be separated. The study and comparison of a range of physicochemical and spectroscopic properties of
such systems makes it possible to discover factors affecting the miscibility of the liquids and to establish the presence of

specific interactions between the components.

The study of specific interactions with the aim of determining their nature is complicated and requires in each case specific
models which include the individual features of the interacting species. When such investigations are combined with the
study of solutions by physicochemical techniques, the nature of the solutions and the mechanisms of the processes occurring

in them are gradually elucidated.

The present review deals with solubility and the most important physicochemical methods for the investigation of the hydrogen
bond in solutions. Certain problems in infrared spectra associated with the effects of general and specific intermolecular
interactions and the effect of hydrogen bonds of the type OH...0=C in systems with ketones and aliphatic acids are discussed.

The bibliography includes 146 references.
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1. INTRODUCTION

The technique involving the extraction of substances
from their solutions by other solvents depends on a know-
ledge of the miscibilities of the components. A number of
publications deal with miscibility in liquid systems. In
some of these the results of experimental measurements
of miscibilities are reported, while in others the variation
of the binodal curve with temperature is discussed or the
partition coefficients are quoted. However, experimental
data on the effects of hydrogen bonds and of the molecular
structures of the components on the miscibility are pre-
sented in only a few papers.

Physicochemical methods of analysis provide informa-
tion about the nature of the processes occurring in these
systems. On the other hand molecular spectroscopy is a
direct method whereby it is possible to determine the
interacting groups and the structure of the compounds
formed. Indirect methods frequently fail to yield unam-
biguous information concerning this problem.

The elucidation of the mechanism of the interaction
between the components of liquid systems requires the
investigation and the comparison of a range of physico-

chemical and spectroscopic characteristics of the solutions.

2. SOLUBILITY AND CERTAIN PHYSICOCHEMICAL
PROPERTIES

Solubility constitutes one of the most distinctive effects
of intermolecular forces. Mendeleev believes that solu-
tions are the best subjects for the investigation of the
general phenomena of chemical interactions. He regarded
dissolution as a chemical process leading to the formation
of definite and indefinite compounds without a sharp
boundary between them and the solutions as “liquid disso-
ciation systems consisting of species of the solvent, the
solute, and definite unstable but exothermic compounds
formed by them, one or several, depending on the nature
of the constituent elements”?,

In solutions there is a very wide variety of chemical
interactions leading to the formation of compounds of
different stabilities and therefore solutions may play a
significant role in the solution of the general problem of
the nature of a chemical compound. Mendeleev wrote that
“in the solution there must be association between species
of different kinds, interacting chemically, combining,
breaking down, or forming systems”. This involves the
operation of forces of different intensities which lead to the
formation of compounds of different stabilities. According
to Mendeleev?, “it is futile to seek simplicities ranging
over the entire scale of dissolution [phenomena). It is
futile to seek a function expressing the sum total of the
observations”. And further3: ¢...the formation of
solutions may be regarded from two aspects: physical
and chemical and in solutions it is more evident than else-
where how close to one another are these two aspects of
natural science”. Mendeleev in fact chose solutions for
the investigation of the problem of chemical compounds.

The aim of the modern studies on the problem of solu-
bility is to establish special relations governing the
dissolution of individual groups of substances in solvents
of the same chemical type. Up to the present time, there
has been no quantitative theoretical calculation of the solu-
bility in the majority of cases. Theoretical advances are
restricted mainly to the derivation of qualitative and semi-
quantitative relations. On the other hand, the creation of
a quantitative theory of solubility would extend greatly the
possibilities for the discovery of laws governing the inter-
molecular forces in concentrated solutions and for the
investigation of the internal structure of solutions.

Attempts to set up a theory of solubility and to establish
a physical and chemical standpoint concerning solutions
were undertaken by Shreder*, Semenchenko?"°, who inter-
preted the solubility data in Seidel's handbook !°, and
Shakhparonov 11 -14,

The complex problem of intermolecular interactions has
been solved only for rarefied gases, i.e. for the case
where the intermolecular distances greatly exceed molecu-
lar dimensions. On the other hand, in the study of the”
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liquid state we encounter distances close to equilibrium
and the familiar expressions for orientation, polarisation,
and dispersion forces cease to be valid; this makes it
difficult to give a satisfactory description of intermolecular
interactions in the liquid phase.

Furthermore, the liquid state of matter is character-
ised by a wide variety of types of interactions between the
molecules. These include both different types of classical
van der Waals interactions (orientation, inductive, and
dispersion interactions) and physicochemical interactions
of a wide variety of types (complex formation and hydrogen
bonding).

Interactions of the first type (general intermolecular
interactions) result, after averaging with respect to con-
figuration and volume, in the effect of the solvent as a
physical dielectric medium (volume dielectric effect).

Interactions of the second type, a characteristic feature
of which is that they are directional, are physicochemical
in nature and in fact lead to the formation of a fairly strong
bond between molecules, the energy of which is neverthe-
less significantly lower than the energy of the chemical
bond. Evidently this type of interaction is determined to
a greater degree than the first by the individual properties
and the nature of the solute and solvent molecules (specific
intermolecular interactions).

The types of interaction discussed above are not of
equal importance., Systems may exist in which specific
interactions of one type or another are absent while van
der Waals interactions are observed in all cases. The
study of the specific interactions with the aim of elucidating
their nature is undoubtedly very complex and requires
definite models for each case which take into account the
individual features of the interacting species.

The physical and chemical properties of water, alcohols,
acids, proteins, and many other practically important
substances depend significantly on the interaction of two
functional groups of one or different molecules.

The formation of hydrogen bonds is a principal factor
which determines the nature of the changes in the majority
of physical and certain chemical properties in solution or
in the pure substance. This is quite reasonable, since the
formation of a hydrogen bond can alter not only the mass,
dimensions, and the shape of the species and the distribu-
tion of individual atoms but also the electronic structures
of the functional groups.

Hydrogen bonds were discovered for the first time by
1'inskii!® in a study of solubility and were then found also
by other classical methods in the study of vapour pressure
and density, molecular weight, dielectric constant, dis-
tribution between different phases, molar volume, refrac-
tive index, electrical conductivity, and thermal conduc-
tivity.

Depending on molecular structure, intermolecular
hydrogen bonds can lead to different types of association,
complexes, structures with a multiplicity of bonds, chains,
rings, and three-dimensional networks.

The differences in the types of association complexes
formed via hydrogen bonding is one of the principal causes
of the differences between the physicochemical properties
of these substances in the liquid and solid states. As
emphasised by Hildebrand®, not all deviations should be
attributed to one factor only. At the same time there is
no doubt that in many cases a significant proportion of the
deviations in the physicochemical properties of liquids and
solutions are in fact determined by hydrogen bonds.

The capacity of various classes of organic compounds
for the formation of hydrogen bonds was thoroughly inves-
tigated by Ewell et al.!®, who developed a simple classifi-
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cation, according to which different liquids were divided
into five groups.

One must emphasise not only the quantitative but also
the qualitative differences between three-dimensional
association complexes (networks) and cyclic dimers and
also between chain association complexes and cyclic
dimers. Therefore Ewell is not quite correct in combin-
ing into a single class alcohols, acids, and amines. Acids,
which form almost exclusively cyclic dimers, should
constitute an entirely separate class. The system pro-
posed provides a basis for qualitative predictions when only
the dissociation or formation of hydrogen bonds takes place.
In those cases where dissolution disturbs an existing equi-
librium or sets up a new one, the classification is of less
value.

The different amounts of molecules combined into
association complexes and their continuous time variation
make it difficult to apply the familiar thermodynamic
postulates in the calculation of the dynamic equilibrium
between such complexes. There is a complicated relation
between the strength of a hydrogen bond of a given type,
the average “lifetime” of association complexes with
different numbers of molecules, and the capacity of mole-
cules of different structures to form several hydrogen
bonds simultaneously. All these problems become even
more complicated when solvates are formed from different
component molecules.

As pointed out by Landsberg!?, Malyshev!8 and
Batuev!?72! the solubility of water, methanol, and formic
acid in acetone and dioxan is due to the dissociation of the
hydrogen bonds of the pure substance and the formation of
new bonds between solvent and solute molecules.

It has been established?? that, in addition to hydrogen
bonds of the type OH...O0 and N—H...O observed in water,
alcohols, phenols, carboxylic acids, and ammonia, hydro-
gen bonds of the type C~H...O or C—H...N are formed on
dissolution of chloroform, bromoform, or hydrogen chlo-
ride in solvents containing oxygen and nitrogen. This was
confirmed by measurements of the viscosities??, dielectric
constants?, and freezing points of these solutions?5.

The most important methods for the investigation of
hydrogen bonds in solutions, are, apart from spectro-
scopic procedures, those based on the determination of
dielectric properties of the liquids, the measurement of
the vapour pressure, cryoscopy, and the study of solubility,
partition between phases, viscosity, and density.

The theory of the dielectric constant may be regarded
as a supplement to the modern theory of the liquid state.
Dielectric properties arise as a statistical average result
of many microprocesses. Hypotheses concerning the
relation between dielectric properties and structure have
been put forward by Girard?é. He believes that mono-
hydric alcohols can form two types of association com-
plexes —polar and non-polar, the former predominating in
primary and secondary alcohols and the latter in tertiary
alcohols by virtue of the characteristics of their structure.
Accordingly in the first case there is ananomalous increase
in polarisation and in the second a decrease. The tem-
perature variation of polarisation confirms that the break-
down of association complexes of the first type should make
the decrease of the dielectric constant with temperature
more rapid and the breakdown of association complexes of
the second type should not only reduce the temperature-
induced decrease of polarisation predicted by theory but
should in fact result in an increase of the dielectric con-
stant. This has been confirmed experimentally for certain
isomers of higher alcohols?? and also pyridine?® and
carboxylic acids293°, The dielectric properties of acetic,
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propionic, butyric, and valeric acids are characterised by
an increase of the dielectric constant with temperature 3035,
The dielectric constants of caproic, oenanthic, and capry-
lic acids are almost invariant in the temperature range
investigated®. These phenomena are usually explained

by the formation of non-polar dimers in the liquid state.

The views on the mechanism of the effect of temperature
on the dielectric constant are extremely varied. The most
reasonable is the hypothesis that the formation of hydrogen
bonds in the dimer may entail a significant change in the
dipole moment of the molecule not only as a result of
dipoles induced by long- and short-range forces but also in
consequence of the super-position under these conditions of
the electron clouds and the redistribution of electron den-
sity in the dimer. With increase of temperature, the
hydrogen bonds in the dimer are deformed and their length
changes, which leads to a change in the vibration frequen-
cies of the molecule and the paramagnetic resonance sig-
nals37%, Kerr's molecular constants calculated from
measurements of the dielectric constants of dilute acetic
acid solutions in benzene suggested“® that a centrosym-
metric planar conformation is most likely for carboxylic
acid dimers. On the other hand, calculation of the same
quantities for the dioxan—acetic acid complex showed that
the latter has a non-planar structure and the angle ¢
between the molecular planes of the acid and dioxan is
approximately 80°. Thus in the general case the effect of
the hydrogen bond on the dielectric properties must be
considered in two ways—as a factor responsible for the
correlation between the relative orientations of molecules
and as a factor leading to an additional change in the
molecular dipole moment.

The cryoscopic method has been widely used for studies
on the hydrogen bond, mainly for a qualitative assessment
of the possible existence and type of association complexes
and also for the determination of the equilibrium constant
Kj in the association processes investigated. Cherka-
shin“b%? determined cryoscopically the degree of associa-
tion and the molecular composition of a number of organic
substances dissolved in benzene, in particular %% prop-
ionic and acetic acids. The average association constants
K, for acetic and propionic acids proved to be 0.5 X 105 and
1.5 x 10°% respectively. According to Cherkashin's data,
the straight line for the ideal dimer (K, = ) and the
calculated curve for acetic and propionic acids differ very
appreciably from the experimental curves, which the
author explains by an intermolecular field interaction and
a weak chemical interaction with formation of readily
dissociable association complexes. The author confirmed
that acetic acid in benzene solution has the molecular
composition (CH,COOH),. The marked deviation from the
ideal dimer curve in the case of formic acid is explained
by chain association and a sharp change in the composition
of the molecules as a function of the concentration of the
acid.

Lutskii's studies %5:%¢ showed that density and viscosity
data for solutions may be used to establish qualitatively the
presence and nature of the association of the solute. The
- author showed that, when alcohol and benzene are used as
solvents, the variation of the density and viscosity is the
same despite the postulated difference in the nature of
association in these different solvents, the variation being
the same not only qualitatively but also quantitatively. The
author explains this by postulating that in the comparatively
concentrated solutions investigated, the species involved
in association with the molecules of the solvent (alcohol,
benzene) are not single molecules of the test substance but
groups. The latter evidently do not break down on dissoci-
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ation. It is interesting that the relations found for the
densities and viscosities of aromatic acids in benzene and
alcohol are similar to those observed for the pure substan-
ces in the liquid state; the author believes this makes it
possible to draw inferences concerning the presence and
nature of association of the solute based on the densities

of the solutions.

The properties of aqueous acid solutions have been
investigated by a number of workers. The viscosities,
densities, and critical temperatures of the systems acetic
acid—water and butyric acid —water have been studied by
Solomko??’. The viscosity and density isotherms for these
systems have maxima, occurring at the same composition
in the acetic acid—water system. For the system butyric
acid—water, the density maximum is displaced towards
higher water contents.

Golik et al.“® investigated the kinematic viscosities of
acetic and butyric acids in water at 30—-90°C and estab-
lished that the viscosity isotherms of aqueous acid solutions
have maxima, which are more pronounced the higher the
critical point of the acid and the greater the difference
between the viscosities of the components. With increase
of temperature, the maximum is somewhat reduced. The
complex concentration variation of the viscosity is
explained by the formation of structural entities due to the
interaction between the carboxy-groups of the acids and the
hydroxy-groups of water. Glagoleva studied the equili-
brium in the system formic acid —water #® and the viscos-
ities and specific gravities5%5! of the systems formic
acid—water and acetic acid—water. These data estab-
lished the formation of the compounds HCOOH.H,O,
HCOOH.2H,0, CH,COOH.H,0, and CH,COOH.2H,0. Ina
study of the heats and integral heats of dilution of formic
acid solutions, Glagoleva®? established that these quantities
are a maximum when the solution contains 1 -2 moles of
water per mole of acid. She assumes that, for aqueous
solutions containing two moles of water for each two moles
of acetic acid, a hydrate with a chain structure and a
dimer with the composition 2CH,COOH.2H,0 are formed,
while in the presence of two moles of water per mole of
acid the species produced is a hydrate with the composition
CH;COOH.2H,0. These hypotheses were subsequently
confirmed by Glagoleva herself5® and other investigators 5457
using Raman spectroscopy.

Spectroscopic investigations are particularly important
in the study of the structure of liquids and solutions. The
study of the molecular spectra of solutions reveals more
clearly the role of individual groups of atoms in the mole-
cule in the formation of intermolecular bonds.

3. INFRARED SPECTROSCOPIC EFFECTS OF UNIVER-
SAL AND SPECIFIC INTERMOLECULAR INTERACTIONS

Real systems can be adequately described only by taking
into account the collective and individual effects of the
molecules in the surrounding medium on the spectrum of
the molecule in solution. However, at the present time
there is no rigorous and logical theory of the effect of
intermolecular interactions on the infrared spectra of
solute molecules. Therefore the subdivision of interac-
tions into general (collective) and specific (individual),
which entails the introduction of model hypotheses in the
study of specific interactions taking into account the indiv-
idual features of the interacting species, is justified
although it is in fact extremely arbitrary, and in real
systems there is a continuous gradation from pair inter-
actions to the overall effect of the surrounding species on
the solute molecule 38,
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The conditions under which the test molecule in solution
interacts with a light wave differ from those for an isolated
molecule. This is the reason why it is necessary to
introduce generalised parameters such as the dielectric
constant and the refractive index, which take into account
the effect on the test molecule of the sum total of the
surrounding species treated as a physical medium. The
concept of a reactive field, introduced by Onsager %, acting
on the molecule from the direction of the adjacent species
surrounding it, which it has polarised, proved to be
extremely fruitful in this respect. Kirkwood®5' and Bauer
and Magat 2 showed on the basis of the Onsager model that,
when the infrared vibration is regarded as that of a simple
oscillating dipole, then its frequencies in the vapour phase
(vy) and in solution (vg) are related by the expression
(vy —vg)/vy = C(e —1)/(2¢ +1). In this relation € is the
dielectric constant of the solvent and C is a constant. It
holds best for solvents of low polarity in which the inter-
action between the solute and solvent molecules is slight.
These theories are difficult to test quantitatively because
of the impossibility of determining the coefficient C, which
depends on assumptions about the dimensions and form of
the overall orientation of solvent molecules around the
solute molecules and cannot be found experimentally.

Plots of (¢ —1)/(2¢ + 1) against (vy — vg)/vy are straight
lines for non-polar solvents, while for solvents with pro-
ton-donor or proton-acceptor properties the points deviate
appreciably from linearity. Probably in those cases the
effect of polarisation interactions which occur in non-polar
solvents is supplemented by an effect due to the orientation
of the solvent molecules or an effect caused by the forma-
tion of a molecular complex®, A dielectric theory of the
effect of the solvent on the infrared spectra of molecules
has been developed by Pullin%,%, He suggested that the
frequency shift depends in the general case both on the
dielectric constant € and the refractive index n, of the
solvent as well as on the molar volumes V of the solvent
and the solute which is included implicitly in the expres-
sion for the radius of the Onsager cavity. Pullin proposed
the following function f(x,V) = (1/V)(x —1)/(2x + 1), where
x = € or n? and V is a characteristic of the dimensions of
the Onsager cavity. Buckingham %67 explained the effect
of the solvent on the infrared spectra of molecules from
the standpoint of both general and specific interactions.
Bellamy and coworkers %% showed that the problem of the
effect of the solvent on the infrared frequencies of solid
molecules cannot be solved taking into account the general
effect only. Not only dielectric effects but also specific
interactions, expressed in the formation of association
complexes of the solute and solvent molecules, play a
dominant role, while the association complexes may have
various natures. Thus, when polar media (alcohol, water)
are used, association complexes are formed as a result of
hydrogen bonding and, according to Bellamy's postulates 7,
the higher the polarity of the bond the greater the relative
frequency shift.

Thus the possibility of treating the effect of the solvent
on the intensities and positions of the infrared bands is
very limited. In the general case specific interactions
are always observed against the background of the general
effect of the medium.

The spectroscopic method for the investigation of
molecular association due to hydrogen bonding is funda-
mental; it is the only procedure which makes it possible
to elucidate the distribution of atoms in the vicinity of
donor and acceptor groups and the mechanism of the forma-
tion of the hydrogen bond.
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The forces responsible for the formation of the hydrogen
bond differ in magnitude from those which give rise to the
ordinary chemical bond. In the general case the energy of
the hydrogen bond consists of the electrostatic energy E¢j,
donor —acceptor interaction (with participation of the s
orbital of the hydrogen atom) and 7-electron interaction
arising by virtue of the participation of the 7 orbital £, of
the hydrogen atom7*. The role of the individual compo-
nents in different types of hydrogen bonds may not be the
same.

The spectra of compounds forming hydrogen bonds have
been investigated in particular detail by Landsberg and
coworkers ?-7  Chulanovskii and coworkers ™ -8,
Batuev!®~2! Stepanov -8, Vol'kenshtein®, and Sokolov -7,
They developed a theory of hydrogen bonds on the basis of
experimental studies of the spectroscopic effects of hydro-
gen bonds in many of the most important substances
(alcohols, organic acids, etc.). The causes of the forma-
tion of the hydrogen bond were examined systematically by
Sokolov 88, The conditions necessary for its formation
reduce to the asymmetry of the interacting groups. In
order to elucidate finally the distribution of electron den-
sity in the hydrogen bridge, experimental data must be
resorted to. Infrared spectra do not provide information
about changes in electron density near the hydrogen atom.
On the other hand, proton magnetic resonance spectra,
where the displacement of the signal is very sensitive to
the formation of a hydrogen bond, are more suitable for
this purpose. According to Aleksandrov and Sokolov®°,
the change in the screening of the proton on formation of
the complex RA —H. . .BR’ probably depends (1) on the
change in the polarity of the A—H bond (a shift of the centre
of gravity of the electron cloud of this bond towards the
atom A), (2) on the extension of the A—H bond, (3) on the
formation of the donor —acceptor bond H...B, which leads
to a shift of the centre of gravity of the cloud of the
unshared pair of electrons of B towards the atom H, (4) on
the effect of the electric field of the dipole of the BR’
molecule, and (5) on the effect of the unshared pair of p
electrons of the atom B (or the B—~R’ 7 bond). The
increase in the proton magnetic screening constant o due
to the increase of polarity on formation of the donor —
acceptor H...B bond probably plays a dominant role. Thus
Sokolov 8 787%% concentrates attention on the change in the
infrared absorption spectrum of the vg stretching vibra-
tions and on proton transfer processes.

When a substance dissolves, various absorption bands
may show perturbation of different magnitudes and types.
Two types of such perturbation have been established %677 —
bulk-phase and local. In the bulk-phase interaction the
state of the molecule is determined by a large number of
surrounding molecules, and in a gradual change of the
composition of the solvent the characteristics of the
absorption band also gradually alter.

Local interactions are extremely varied and are of
different types even in the case of a thoroughly investigated
type of intermolecular interaction such as hydrogen bond -
ing. The state of the active group of the absorbing mole-
cule is determined by several adjacent molecules and the
changes in the spectroscopic characteristics of the bands
are discrete. The effect of the local intermolecular field
on the infrared absorption frequency associated with the
C=0 stretching vibrations in ketones has been investigated
by Gadzhiev® over a wide range of temperatures (from
+80° to —180°C). The observed shifts of the C=0 stretch-
ing vibration bands of ketones on lowering the temperature
are accounted for by an increase in intermolecular inter-
action due to a decrease of the distance between the mole-
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cules and an increase in the residence time of the molecule
in the state of equilibrium. The temperature variation of
the shift in the infrared absorption band of the C=0 group
of ketones is linear.

On transition from one type of local bond to another,

i.e. on breakdown of one and formation of another associa-
tion complex, observed on dissolution, the following
changes may occur in the vibration spectrum: (1) the
stretching-vibration bands are displaced towards lower
frequencies (compared with the absorption band for an
isolated molecule) and the position of the maximum of the
band depends on temperature—the lower the temperature
the greater is the displacement of the maximum towards
lower frequencies; however, exceptions are also known 7793,
when the formation of local bonds does not cause a batho-
chromic shift of the stretching vibration bands; (2) there
is an appreciable change in absorption intensity, which is
sometimes very large for the fundamental bands of the
stretching vibrations involved in the formation of the
molecular bond; here the discrete structure is more
complex than in cases where a shift does occur; (3) the
absorption band due to these bonds becomes appreciably
broader.

When association complexes break down in a pure liquid
or in a solution, converse changes occur in the character-
istics of the stretching vibration band. The most typical
difference between the molecular bonds of the newly formed
association complexes on the one hand and the chemical
bond in molecules on the other consists in the ready
reversibility of the association process under normal con-
ditions due to the thermal motion of molecules, a wide
variety of possible interactions between molecules, and an
insufficiently defined nature of the association complexes
produced.

All these factors complicate our understanding of the
molecular state in solutions. Furthermore, in contrast
to the solid state, in liquids there is a possibility of the
coexistence, with different probabilities, of various types
of intermolecular hydrogen bonds, including those which
do not correspond to the absolute potential energy mini-
mum 78,

Structural changes in solutions can be investigated in
greater detail by spectroscopic procedures than by physi-
cochemical methods. In the structural analysis of the
solutions the elucidation of the structural elements of
molecules responsible for the intermolecular bond and its
type and also the nature and strength of intermolecular
association are of interest.

4. SPECTROSCOPIC EFFECTS OF HYDROGEN BONDS
OF THE TYPE OH...0=C

Spectroscopic effects of hydrogen bonds of the type
OH. . .0=C have been usually investigated on the basis of
data for the O—H stretching vibrations, which made it
possible to assess the state of the hydrogen atom alone ™,
A more detailed study of this bond indicates the necessity
of elucidating the role of at least three atoms (A, H, and
B) in the schematic structure of the hydrogen bond
RA—H...BR'. For this, it is necessary to investigate not
only the A—H spectrum but also the spectra of the R—A
and B—R’ groups. On the other hand, the formation of
the bond OH. ..0=C entails a change in the stretching
vibration frequencies of both O —H and C=0 groups.
Although the shift is in this case smaller, the overlapping
by other bands (C—H, O—H) is also less pronounced in the
study of equilibria involving associated substances such as,
for example, water and alcohols.
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According to infrared spectroscopic data, the carboxy-
groups of aliphatic acids have an agymmetric structure:
the proton is located within the electron cloud of one of the
oxygen atoms®, The properties of acids and quantum-
chemical considerations ?® make it possible to attribute the
following formula to propionic acid for example:

HOY,
e LY
Hscz/

The frequency of the carbonyl group is very sensitive to
interaction with other bonds®’. Depending on the nature
of the substituent in the organic group, the position of
carbonyl bands can be somewhat displaced 8-1%°, When an
aliphatic group is replaced by an aromatic group, the band
is displaced towards longer wavelengths (1690 cm™! in the
spectrum of benzoic acid). The presence of electrophilic
substituents in the organic group gives rise to a hypso-
chromic shift: 1735 cm~! in the spectrum of monochloro-
acetic acid® and 1730 cm™! in that of a-chloropropionic
acid!®’, This phenomenon can be explained directly by the
mutual effects of the bonds: the partial shift of the elec-
tron to the C=0 bond or, conversely, a shift of the C=0
electron to an electron-acceptor group. When an electron
is transferred to the C=0 bond, the force constant of the
latter £-_o and hence the frequency are reduced, while in
the opposite case they are increased. On the other hand,
spectra of the ions derived from the acids do not contain
such frequencies but they do include characteristic bands
in the region 1510—1650 cm~* (antisymmetric vibration of
the COO~ group) and at about 1400 cm-?, corresponding to
the symmetrical vibrations of this group®,1%%103,  The
spectrum changes in this way because both oxygen atoms in
the ion, linked to a carbon atom, become equivalent:

The carboxylate ion has a symmetrical structure in
aqueous solutions of acid, where it is formed as a result of
acid dissociation, and also in salts where the metal atom
is equally associated with both oxygen atoms®. It must
be noted that the stretching-vibration frequency of the
carbonyl group at about 1700 cm ™ is due to C=0 groups
hydrogen bonded into dimers and is most intense in the
infrared. However, this band may not always be observed
or can be observed very weakly in the Raman spectrum.

If the dimer formed by the association of acids has a
centre of symmetry, only antisymmetric vibrations will

be active in the infrared spectrum, while in the Raman
spectrum symmetrical vibrations will be active!®, where
the corresponding carbonyl frequency is 1660 cm~. The
appearance of a frequency in the range 1660—-1670 cm~! in
the infrared spectrum is associated with the breakdown of
ring symmetry in the liquid phase as a result of the inter-
action between the dimers.

In a number of studies the effect of hydrogen bonding
and association of liquid acids on the frequency and
intensity of the C=0 characteristic vibrations was
considered 5557,104=1%6_ Gjllette and Daniels % observed a
change in the structure of the C=0 band over a wide tem-
perature range in the vapour phase. The authors inter-
preted the structural changes of the bands as due to the
simultaneous presence of monomeric and dimeric acetic
acid species.

Batuev55-57 compared the Raman spectra of liquid
formic, acetic, isobutyric, and isovaleric acids at room
temperature and concluded that the carbonyl group is
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extremely sensitive to the formation of a hydrogen bond
and under its influence the C=0 frequency undergoes a
considerable shift, spreading into broad diffuse bands.
Depending on the number and positions of the C=0 absorp-
tion bands, Batuev divided acids into three groups: formic
acid with frequencies at 1670 and 1724 cm™~!, acetic acid
with frequencies of 1665, 1713, and 1740 cm ™, and the
remaining acids characterised by a single frequency in the
form of a narrow line in the range 1660—-1670 cm-!., He
believes that association in formic and acetic acids is
largely of a polymeric type, in contrast to heavier acids,
which may be regarded as dimeric. However, Smolian-
skiil®” observed in the infrared spectrum of liquid iso-
butyric acid a second component (on the high-frequency
side) of absorption band due to the hydrogen-bonded C=0
group. The doublet structure of the band is explained by
the presence of open-chain dimers in the acid, which is
confirmed by an increase in the intensity of the high-
frequency component at 1720 cm ™! as temperature is
increased.

Feneant-Emard ! confirmed Batuev's observation in
the study of the Raman spectra of acids and at the same
time discovered a higher frequency, at 1760 instead of
1740 cm™. He noted that both these bands can probably
be attributed to an open-chain dimer, since the adoption of
the hypothesis of polymeric chain association would prob-
ably entail a very low concentration of non-hydrogen-
bonded groups at the end of the chain, which could not be
detected in the Raman spectrum.

Constant!® showed by ultrasonic spectroscopy that not
only acetic acid polymers but also polymers of aliphatic
acids with longer chains exist. He believes that the
percentage polymerisation increases with the length of the
carbon chain of the acid.

Lascombe et al. % found from the position of the C=0
band in the infrared spectra of liquid propionic, butyric,
and caproic acids that the carbonyl group gives rise to a
band at a lower frequency than for the free C=0 group in
inert solvents, in addition to the band associated with the
dimer. The relative intensity of the second component in
the spectra of these acids is reduced with increasing
carbon chain length. These workers believe that the
appearance in the infrared spectrum of the band at 1748 —
1755 em~!, like that of the band at 17401760 cm™! in the
Raman spectrum, is associated with the formation of
polymers in which only the OH component of the carboxy-
group is involved in hydrogen bonding, in agreement with
Constant's data %, On the other hand, the intensity of
the high-frequency component of the dimeric band is
directly related, as noted by Feneant-Emard, to the
molecular weight of the polymer. However, Lascombe et
al. believe that the presence of this band cannot be accoun-
ted for solely by the existence of open-chaindimers because
in this region there is also a band which is observed in the
spectra of solutions when the solvent is a proton acceptor
O
and the structure R—C</

OH...Y

is attributed to the complex

formed.

Shubin 1,112 jpvestigated the hydroxyl band in the infra-
red spectra of formic, acetic, propionic, butyric, iso-
butyric, and isovaleric acids in the gas and liquid phases.
He showed that the position and shape of the absorption
bands, which characterise the bond involving the hydroxy-
group and also the extinction coefficient, scdrcely change
on transition from the gas to the liquid phase. Formic
acid was an exception. For formic acid, the band in the
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spectrum of the liquid phase is somewhat broader than for
the gas phase, which can be accounted for by the partial
chain association of the acid in the liquid phase. This
suggested that the type of association of the acid in the
liquid phase is the same as in the gas phase, for which
dimeric association has been established by Pauling and
Brockway using electron diffraction?!3, The temperature
variation of the absorption maximum in the band due to the
dimer makes it possible to determine the heats of dissoci-
ation of formic, acetic, propionic, butyric, isobutyric,
and isovaleric acids in the gas phase. The energy of the
OH. . .0=C bond proved to be the same for all the acids
investigated (except formic) and approximately equal to
8.3 kcal mole!.

The relations governing the effect of adjacent atoms on
the intensity and frequency of the stretching vibrations of
the carbonyl group in carboxylic acids are similar to the
relations characteristic of ketones. Since there have been
only a few infrared spectroscopic studies of the carbonyl
group in monocarboxylic acids using solvents of different
types, we shall employ studies on the carbonyl group of
ketones in the comparison.

Bottreau et al, !4 studied the effect of non-polar solvents
(hexane) on the stretching vibration frequency of the
carbonyl group of ketones. A detailed study led to the
conclusion that the observed spectroscopic changes are a
result of two simultaneous effects.

1. Effect of the breakdown of ketone association
complexes. When two associated adjacent molecules

C=0
Coz__‘_) » each of which is in the electric field of the other
- +

are considered, the direction of the field displaces the
electrons of the double bonds towards the oxygen atom.
Dissolution in hexane leads to the separation of the dipoles
and enables the displaced electrons to return to the C=0
bond; this is accompanied by a progressive increase in the
carbonyl vibration frequency.

2. The Kirkwood effect. Dissolution of ketones in the
test solvent (carbon tetrachloride, hexane, cyclohexane)
decreases the dielectric constant of the medium (reflected
in an increase of the vibration frequency of the carbonyl
group). Wishing to elucidate the contributions of the two
effects, the authors eliminated the effect due to bond
dissociation by hydrogen bonding the ketone molecule to
phenol molecules before dilution with the solvent. This
made it possible to observe the influence of the Kirkwood
effect on the carbonyl frequency alone., It is easily seen
that, whereas inert solvents increase the carbonyl fre-
quency in ketones, in proton-donor solvents such as
chloroform, bromoform, and butanol the C=0 frequency
falls as a result of the formation of a complex of the type
C=0...H-C or C=0...H-0O. Thus the C=0 stretching
vibration frequency is 1715 cm ™ in pure acetone, 1722 in
hexane solution, 1721 in cyclohexane, 1717.5 in carbon
tetrachloride, 1709.5 in chloroform, 1707 in bromoform,
and 1709 in butanol. The carbonyl group in carboxylic
acid monomers behave similarly.

The change in the antisymmetric C=0 frequency of the
acid dimer and of the C=0 frequency of the monomer is
different in solvents of different types. The C=0 stretch-
ing vibrational band due to the acid dimers depends on the
polarisability of the solvent. In solutions with a high
concentration of the acid, polarisation diminishes due to
the dimerisation of the acid molecules. Conversely
polarisation increases in inert solvents (heptane, carbon
tetrachloride) on dilution. This is caused by the presence
in certain such solvents of a mixture of highly polar single
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acid molecules and weakly polar or non-polar dimers.
These changes in the polarisation of the solution have an
effect on the C=0 vibration frequencies of the acid dimers,
altering the ring symmetry and the frequency of the dimer
carbonyl group. Solutions of acids in solvents capable

of forming hydrogen-bonded complexes have been investi-
gated to a much lesser extent and the interpretation of the
results is much more complicated.

In Denisov's systematic studies!!5,!18 problems of the
effect of the hydrogen bond of the type O—H...0O=C on the
stretching-vibration band of the carbonyl group in ketones
were considered. Denisov showed that in liquid systems
containing a strong acid (acetic, mono-, di-, and tri-
chloroacetic, trifluoroacetic) and a ketone the formation of
a mixed complex predominates over the dimerisation of
acids. The absorption spectra of cyclohexanone (0.39 M)
and trichloroacetic acid (0.016 M) in carbon tetrachloride
contain bands due to cyclohexanone (1717 cm™!), acid
dimers (1751 cm™!), and acid monomers (1787 cm™). On
the other hand, these bands are absent from the spectrum
of a mixture of cyclohexanone and trichloroacetic acid and
are replaced by bands corresponding to interaction products.

Denisov assigned the 1764 cm ™! band to the carbonyl
vibrations of the acid, the hydroxy-group of which is
involved in hydrogen bonding with the ketone. The 1691
cm ™! band is interpreted as due to the C=0 frequency of
the ketone participating in hydrogen bonding with acid
molecules. By investigating the dependence of the param-
eters of the C=0 band on the properties of the components
of the complex, the author showed that the spectroscopic
characteristics of the C=0 band of the ketone involved in
hydrogen bonds of the type C=0...HO depend not only on
the properties of the C=0 group but also on those of the
OH group. The same may be said of systems containing
a strong acid and an ether!!?, nitrile, ester, or another

molecule with sufficiently strong electron-donating capacity.

The formation of an acid—ketone complex was observed
also by Reeves!!8 in a study of hydrogen bonding by proton
resonance. He showed that, in a solvent with pronounced
electron-donor properties such as acetone and acetonitrile,
dimeric acid molecules are involved in the equilibrium
between the hydrogen-bonded complex and the monomer of
the type

[RCOOH],; + 2D & 2RCOOH-D,

where D is a powerful electron donor.

We may note that in the spectra of solutions of acids in
solvents which are powerful proton acceptors (ethers,
esters, ketones, acetonitrile, dioxan) one band is always
observed®® in the region of the stretching vibrations of the
carbonyl group. Only at a concentration equal to or
exceeding 10! M does a band characteristic of the dimer
appear at low frequencies. One may predict that, by
analogy with the behaviour of ketones in proton-donor
solvents, complexes of the type C=0...H—-O will form
with acids, as a result of which the intensity of the acid
monomer band increases relative to the dimer band and
is somewhat displaced towards lower frequencies. It
becomes clear that even more complex interactions will be
observed in solutions where the solvent behaves both as a
proton donor and acceptor.

Water molecules possess both proton-donor and proton-
acceptor properties. Both these properties in water as a
solvent are weak, because the majority of the hydrogen and
oxygen atoms are involved in the formation of the inter-
molecular hydrogen bonds of water itself. The solubility
of carboxylic acids in water has been investigated because
of their importance in biology and chemistry. However,
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few acids other than formic and acetic have been investi-
gated (spectroscopically) and only over a narrow range of
concentrations. Table 1 presents spectroscopic data for
two-component monocarboxylic acid —hydroxylated solvent
systems. The Table shows that a band due to the C=0
group in acids is sensitive to association and the formation
of a hydrogen bond. Furthermore, in the study of the
carbonyl stretching vibration band it appears possible to
obtain data concerning the immediate environment of the
COOH group, which is particularly important in the inves-
tigation of the properties of solutions in the acid extraction

process. We shall consider some of these studies.
Table 1. Raman frequencies of two-component systems
monocarboxylic acid —hydroxylated solvent.

Solvent Acid Concn. of acid Frequency, em’l |References
H,0 HCOOH 10-15% 1660 w.., 1710 | lo-21,
H.0 HCOOH 40% 1708 119
H,0 HCOOH 1:2 1712 120
H.0 CH4COOH 10% 1710 -2t
H.0 CH{OOH dilute aqueous soln. 1710 1208
H.O CH;COOH | conc. soln. with a small 1730, 1660, 1766 w..| 120

amount of water
H,0 CH;COOH 10 mole % 1710 121
choH CHXCOOH | 10 mole % 1707 21
C.HOH CH,COOH | 10 mole % 1707 12
CH,OH CH3sCOOH 20-40 mole % 1706, 1736 121
CH,OH CH,COOH 60-80-90 mole % 1660, 1703, 1745 | 121
,0 CH,COOH 83.5 wt.% 1697, 1665, 1745 | 1z
H0 CH,COOH 78.8 wt.% 1690, 1667, 1745 | 12
CH,COOH 769 wt.% 1700, 1687 122
H,0 CH,COOH 65.1 wt.% 1700, 1680, 1760 | 122
H,0 CH,COOH 219 wi.% 1700, 1695 122
H,0 CH,COOH 1.3 wt.% 1695, 1705 122
H,0 CHCOOH 87 % 1715, 1670 w. ab
H;0 CHyCOOH equimolar soln. 1715, 1670 w. 91
H,0 CH,COOH 63.% 1715, 1760 w. of
C,H,OH CH,COOH 107°M 1710, 1754° 10
CH,0H CH,COOH 1.0M 1710, 1754°¢ 110
H,0 C,HyCOOH | equimolar soln. 1720, 1708, w., | 123
R 1750 w®
CH,0H CH;COOH | 10°M 1715, 1740° 1o
CH,0R CH,COOH | 1M 1715, 1740¢ 1o
C.H,0H CH,CO0H {10 M 1709, 1737° 110
CH,OH CH,COOH | 107°M 1708, 1737°¢ 1o

aFrequencie:s of 1660, 1712, and 1745 cm~! were
observed in the spectrum of pure acetic acid.

bFrequencies of 1670, 1715, and 1760 cm™ were
observed in the spectrum of pure acetic acid.

cFrequencies in the infrared spectrum are quoted.

Lascombe et al. !t° gpbserved that acetic, propionic,
valeric, hexanoic, and benzoic acids in butanol exhibit two
frequencies (in particular the 1710 and 1754 cm ™ frequen-
cies of acetic acid), which can be attributed to two types

of complexes, the formation of which entails hydrogen
bonding involving the carbonyl group (1710 cm™) and the
hydroxy-group of the acids (1754 cm™), a change in the
concentration from 1072 M to 1 M being without effect on
the observed bands. Izmailov and Kutsyna!?! observed
the following changes in the Raman spectra of the same
solutions (acetic acid in butanol) as the acid concentration
was varied: at a concentration of 10 mole % they observed
a single band at 1706 cm~! which they assumed to corres-
pond to addition products with the composition AB,; at
20—40 mole % two frequencies were found at 1706 and 1736
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cm-!, the first being more intense than the second; in the
spectrum of the solution at a concentration of 60 mole %
three bands were observed at 1660, 1703, and 1745 cm*-?,
The same frequencies also persist in the solution at a
concentration of 80—90 mole % of the acid, the intensity of
the line due to the dimer increasing continuously, which is
evidence for the presence of dimeric acid molecules
together with molecules linked to the solvent species. The
authors assumed that in solutions of acetic, monochloro-
acetic, and trichloroacetic acids at low concentrations in
water, methanol, or butanol the same addition products
are formed since the same frequencies are observed in all
these solutions: 1706 and 1710 cm ™! for acetic acid in
alcohols and water and correspondingly at 1736 and 1728
cm ™! for monochloroacetic acid and 1760 and 1748 cm ™
for trichloroacetic acid.

Glagoleva and Ferkhlin!?2 made a very thorough inves-
tigation over limited ranges of aqueous solutions of acetic
acid at low concentrations. Their data demonstrate that
in the presence of 33 wt. % of acid the carbonyl band is
very pronounced and has a maximum at 1700 cm~, Bands
are also observed at 1710 and 1680 cm ™. At high dilu-
tions, the band remains in the same position up to a con-
centration of 8.3 wt. % and then the maximum at 1700 cm
disappears, but the bands at 1690 and 1710 cm ™ persist
down to an acid concentration of 1.3 wt. %. The appearance
of a band at 1690 cm ™! is explained by the formation of
hydrates. This may be evidence that the hydrogen bond
between water molecules and the carbonyl group of the
acid persist for a fairly long time despite the fact that at a
concentration of 6.0 wt. % dissociation of the acid begins.
These data suggest that solvates of several types exist in
dilute solutions.

It is no less interesting to compare the data of Glago-
leva and Ferkhlin!?? with those of Feneant 2 for high
concentrations of the acid in the same system (both studies
were based on Raman spectroscopy). According to
Glagoleva and Ferkhlin!22, the band with the highest inten-
sity is at 1700 cm ! in the concentration range 87.0-63.0
wt. %, while at a concentration of 78.8 wt. % a new band
appears at 1690 cm™!; Glagoleva and also Izmailov and
Kutsyna demonstrated the formation of monohydrates in
the same concentration range. According to these authors,
further dilution did not change the form of the band, but at
concentrations of 62.8 and65.0 wt. %oftheacid the 1700 cm !
band becomes sharper and narrower. The authors
conclude that dihydrates are formed in this concentration
range. However, according to Feneant 124, in the spectra
of solutions at a concentration of 65 wt. % the band at 1715
cm™ has the highest intensity and can be assigned to the
dimeric monohydrate; on further dilution (63 wt. %) the
same frequency remains the most intense and is interpre-
ted by the authors as due to the dihydrate. According to
the observations of the authors of both investigations, the
band associated with the dimer disappears at these concen-
trations. The changes occurring in the solution are
attributed to the formation of association complexes of
several types.

. The change in the contour of the stretching vibration
band due to the C=0 group in carboxylic acids on forma-
tion of an intermolecular hydrogen bond %107 jg of
considerable interest. Since the relations concerning the
effect of adjacent atoms on the intensity and frequency of
the C=0 stretching vibrations in carboxylic acids are
similar to those characteristic of ketones, the observed
frequencies were assigned 23 by analogy with the C=0
frequencies of ketones, in accordance with a number of
investigations !14-116,125 and also in accordance with data on
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the stretching vibrations of the carbonyl group of acids in
Solvents Ofdifferent types 19 '21,55-57, 100,106 -1].1, 110,121,122,124, 120.
The spectrum of an equimolar mixture of propionic acid
and water '2® (Table 1) has a characteristic band at 1723
cm™! and a shoulder at about 1708 cm ™ on its long-wave-
length slope.

The presence of a single intense band suggests that a
1:1 addition product with the same composition is mainly
formed in the solution. Very small amounts of acid
dimers and solvates of the composition A,B and AB persist
in the solution, as shown by the weak band at 1750 cm ™,
The carbonyl group of the acid remains free in such
complexes (A is the acid and B is water).

The study of the infrared spectra of homogeneous
saturated water —monocarboxylic acid (propionic, valeric,
oenanthic) ~heptane systems 23 over a wide range of
concentrations and analysis of the results led to the follow-
ing postulates and conclusions. In solutions with a high
molar content of the inert solvent (heptane) (5.70—4.20 M)
acid concentrations in the range 0.7—0.9 M, and water
concentrations in the range 0.04—-0.10 M, similar C=0
frequencies (1720-1725 cm™) are observed for all the
systems. Probably open-chain acid dimers, undergoing
O-H...0—H and O-H...0=C interactions with water
molecules, are present in such solutions and the nature of
the hydrogen bond in the addition products and the struc-
ture of the association complexes differ little.

In the spectra of solutions with high contents of acids
(1.00—-5.00 M) and water (0.5—3.0 M) absorption bands due
to the C=0 group appear at 1740-1745 cm ™!, which indi-
cates the presence of addition products A,B and AB contain-
ing free carbonyl groups.

In solutions with high acid (8.0—5.0 M) and water
(0.6 —7.0 M) concentrations differences are observed in the
structure of the hydrates of the systems investigated 23,
Hydrates with the composition AB, (band at about 1690 cm 1)
are formed mainly in solutions with propionic acid and are
present in insignificant concentrations in solutions of
valeric and oenanthic acids. In highly concentrated solu-
tions of the latter bands due to acid dimers and possibly
free water molecules (1715 cm™!) appear. Bands of this
kind are absent from the spectra of propionic acid solu-
tions. The spectra of the postulated complexes may be
formulated more precisely by studying the spectra of
solutions of the deuterated derivatives 28,

The changes in the intensity of the carbonyl band were
investigated by Venograd and Spurr '27 and by Huggins and
Pimentel 128, The ratios of the integral absorption coef-
ficients of the carbonyl bands of the acid dimers and
monomers measured by Venograd and Spurr are 1.15 for
acetic acid, 1.36 for propionic acid, 1.22 for benzoic acid,
and 1.32 for toluic acid. When complex aggregates of
associated molecules are formed, the interpretation of the
intensities and the widths of the band becomes much more
complicated. To account for the spectra of such com-
plexes, it is necessary to take into consideration angular
deformation vibrations. Huggins and Pimentel arrived at
a similar conclusion!?® and separated hydrogen-bonded
systems into two classes: in the first they included sys-
tems with hydrogen-bonded complexes and in the second
systems with hydrogen-bonded polymers.

A simple relation was observed between the frequency
shift and the intensity of absorption by hydrogen-bonded
complexes. There is a linear hydrogen bond in the
complexes. When bonds of this kind are formed, an
increase in the intensity of the stretching vibration bands
accompanies their frequency shift. The same workers
showed that the intensity does not alter on formation of a
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non-linear hydrogen bond. The decrease of the integral
intensity of the C=0 band with increasing concentrations of
acid and water in the systems can probably be accounted
for by the formation of a non-linear hydrogen bond in acid -
water association complexes!?3, Such data lead to the
conclusion that, when the system A —H...B deviates from
linearity, the intensity of the bands associated with the
stretching vibrations involved in the formation of hydrogen
bonds does not increase.

Sokolov 8 showed that the spectroscopic effect of the
hydrogen bond may be related to the proton transfer pro-
cess and consequently to a change in acidity. The reason
for the decrease of acidity in the homologous series of
acids is a positive inductive effect'??. A characteristic
feature of the inductive effect is its rapid decay along the
chain of single bonds, which is evident from the acid
dissociation constants: 17.6 X 10-% for formic acid,

1.76 X 105 for acetic acid, 1.34 x 10-5 for propionic acid,
1.50 X 107 for valeric acid, and 1.38 X 1075 for heptanoic
acid. On the other hand, the first ionisation potential of
aliphatic acids !3° increases in the sequence H < CH, <
C,H, < C,H,: 11.33 eV for formic acid, 10.66 eV for
acetic acid, 10.47 eV for propionic acid, and 10.22 eV for
butyric acid.

The energy of the hydrogen bond formed by mono-
carboxylic acids depends on both factors and its constancy
in the homologous series of acids (AH = 7.5-8.0 kcal
mole~!) implies that the increase of the electron-donor
capacity of the C=0 group is compensated by a decrease of
the proton-donor capacity of the O—H group.

The systematic study of the spectroscopic effects of
hydrogen bonds began with the work of Gordy and Stan-
ford 315132 and also Searles '3 and Tamres!3., They
established that the low-frequency shift ofthe A —H stretching
vibration band on formation of a hydrogen bond increases
linearly with the basicity of the solvent.

In their study of hydroxylated substances and proton-
acceptor substances (acetone, acetophenone, cyclohexa-
none), Singul and Ignat'eva '35 drew attention to the
frequency change observed in the vibration spectra of
proton acceptors. They established an inverse correla-
tion between the shift of the C=0 band and the pK, of the
hydroxylated substances. The hydroxylated solvents used
were the initial members of the homologous series of
saturated monohydric alcohols ranging from methanol to
butanol and water and phenol, the greatest C=0 frequency
shift being observed when the ketone interacts with phenol.
Since a linear relation was obtained for each ketone, this
also characterises the different basicities of the ketones
investigated.

A direct correlation was established '35 between the
change in the frequency of the C=0 group of acetic acid and
its substituted derivatives and also substituted benzoic
acids on the one hand and the acid strength in alcohol
solutions on the other. A similar relation was found!23
between the frequency of the carbonyl group in carboxylic
acids, participating in the formation of an acid —water
complex, and their acid strength in the aqueous solution.

The linear relation between the C=0 frequency shift and
the pK can be explained by the relations linking the acid
strength and the frequency of the carbonyl group to its
polarisation and therefore any intermolecular interaction
which alters the bond polarisation leads to a change in both
acid strength and the carbonyl frequency.

In many cases a correlation has been observed between
the spectroscopic characteristics of the C=0 group and the
parameters of free molecules 3115116, Denisov's
studies 15 showed that for the systems ketone —acid there
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is a correlation between the shift of the carbonyl band of
the ketone and its first ionisation potential. The latter
can probably serve as a measure of the relative electron-
donor capacity of the ketone. As in the ketone series, the
variation of the relative shift of the carbonyl band with the
first ionisation potential was observed in the series of
esters!3”, However, in the case of the ester carbonyl
band a larger carbonyl shift occurs over a smaller range
of ionisation potentials, although esters are poorer proton
acceptors 1% than ketones. Probably the C=0 frequency
shift can serve as a measure of electron-donor capacity
only within an individual class of compounds.

A number of determinations of the dimerisation energy
of carboxylic acids in the gas phase as the principal
characteristic of the hydrogen bond have been made 112,139,
The energy of the hydrogen bond in dimerised mono-
carboxylic acids does not change in the gas phase either
when the molecular weight increases or when the structure
of the non-carboxy-residue is altered!,149,

The energies of the hydrogen bonds of certain acids in
carbon tetrachloride solutions have been determined in a
number of investigations 4!, However, very few data
characterising the strength of the hydrogen bond of
carboxylic acids in different solvents have been published 17,
The energies of the hydrogen bond in carboxylic acids per
O~-H...0=C bond are listed in Table 2.

Table 2. Energies of formation of O—H...0=C
hydrogen bonds according to spectroscopic data.
Acid Medium Energy, | References
kcal mole

From acetic gas phase 2(8—8.5) 112

to valeric

Acetic CCl, 2(5.38) 141

Acetic CCly 2(5.38) 139

1sobutyric CCl, 2(5.5) 107

Benzoic CClg 2(5.25) 144

Benzoic* CCl4 2(8.2)% 2(4.2)* 145, 146

Benzoic* CHCly 2(6.35) 145

Isobutyric CHCly 2 (4.2) 107

*Data on the energy of the hydrogen bond obtained
by Klages and Mdhler 45,
**Data of Wall and Banes 116,

Comparison of the effects of various solvents on the
energy of the hydrogen bond shows that, on transition from
the gas phase to the solution, even in an inert solvent such
as carbon tetrachloride, there is a considerable decrease
ofthe hydrogen bond energy. The energy oftheO—H...0=C
bond for solutions of acids in chloroform is even lower.
Probably a change in the solvent may alter the type of
equilibrium (dimer = open chain dimer = monomer) and
the relative content of the monomer. The presence of
open-chain dimers of carboxylic acids can explain the
discrepancy between the bond energies for gases and solu-
tions in carbon tetrachloride. To account for the
decreased hydrogen bonding in acids dissolved in chloro-
form compared with the solutions in carbon tetrachloride,
it is suggested 1%’ that the complexes are formed via
RC=0. . .HCC]; hydrogen bonds and the acid monomers
interact with chloroform more strongly than with carbon
tetrachloride.
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In solutions in hydroxylated solvents it is possible to
determine only the formation constant of the complex
which yields information about the average energy of the
hydrogen bond in the compound, while adequate data on the
energy of the individual C=0. ..H—-O bond cannot be
obtained. Therefore it is impossible to compare the
frequency of the C=0 group bound in the complex with the
energy of the corresponding hydrogen bond.

The dependence of the relative shift Av/v of the absorp-
tion bands due to the C=O groups in acid dimers and
monomers on the universal interaction function
(n? ~1)(222 + 1) makes it possible to assess the strength of
the interaction between the components in solution 19,123,
The effect of solvents on the frequency of the C=0 group of
acid dimers differs appreciably from their effect on the
C=0 frequency of monomers. Regardless of the nature of
the solvent, plots based on the Kirkwood —Bauer ~Magat
formula show that all the points corresponding to the C=0
frequency of the dimers are distributed near a straight
line, while those corresponding to the C=0 frequencies of
the monomers lie to the right of the theoretical straight
line. The effect of the solvent on the dimer is smaller,
since the dimer is a symmetrical complex with a dipole
moment close to zero because its active polar groups
C=0 and O—H are hydrogen-bonded. On the other hand,
the effect of the medium, which leads to a decrease of the
potential energy, may be regarded as a consequence of the
interaction of the acid molecules with one or several of the
surrounding solvent molecules.

Thus we have examined the results of many investiga-
tions 55 757,106 -108,110,115-117,123,126 deyoted to the effect of the
hydrogen bond on the absorption bands of proton-acceptor
groups in the infrared and Raman spectra. These data
show that the band due to the stretching vibrations of the
C=0 group in ketones and monocarboxylic acids is sensi-
tive to association and the formation of a hydrogen bond,
while the change in the contour of the band due to the C=0
group in carboxylic acids on formation of an intermolecular
bond yields data on the immediate environment of the
carboxy -group.

The increase in the number of observed bands in the
region of the C=0 stretching vibrations of carboxylic acids
is evidence of the formation of different types of associa-
tion complexes (dimer, open-chain dimer, compounds
with the composition AB, A,B, AB,). The presence of
different types of association complexes has been
established on the basis of the temperature %4197 or con-
centration 55 ~57,107,110,115 -117,120-123,126 yarjation of the band
positions. In many cases it is possible to determine the
type of the association complexes in the systems by
simultaneous application of infrared and Raman spectro-
scopic methods together with physicochemical
methOdS 34,38,40-53, 121 —123.

Studies of the effect of the hydrogen bond on the infrared
absorption spectra due to the stretching vibrations of
proton-acceptor groups have been made only in recent
years; the general form of the relation governing the
force constants of such systems has not yet been elucidated.
Its elucidation will provide new information about the
structure of the complexes formed in the systems.

Summarising, it is noteworthy that the study of the
physicochemical and spectroscopic characteristics of
associated compounds and their solutions indicates a wide
variety of intermolecular interactions in solutions.
Comprehensive studies of the properties of a definite
group of substances and the discovery of special relations
will in future contribute to a general and unique solution
theory.
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I. INTRODUCTION

One possible approach to the development of a scien-
tific basis for the preparation of catalysts and catalytic
systems is to use the method of analogy with enzymes.
Results obtained in enzymology make it possible to explain
many features of the structure and mechanism of action of
coenzymes and enzymes on the basis of the ideas of
organic and coordination chemistry. This makes it
possible to reach definite conclusions regarding the chem-
ical characteristics of the components of the active
centres of enzymes, the principles of their activation and
the activation of substrates, and the organisation of the
individual components into more complex structures. On
this basis it is possible, with a sufficient degree of reli-
ability, to formulate some of the general principles deter-
mining the structure and catalytic properties of enzymes.
It appears to us that it is now possible to realise these
principles and to prepare corresponding analogues and
analogue systems of various levels of organisation.

It may be assumed that the development of this approach
will open up extensive possibilities for the preparation of
new effective catalysts and catalytic systems for various
reactions.

In the present review we have considered, for the
example of redox reactions, some problems of the prepa-
ration of catalysts and catalytic systems using the method
of analogy with enzymes.

We shall first analyse the general requirements to be
satisfied by catalysts for redox reactions. The simplest
catalytic hydrogen-transfer cycle consists of a reaction
between a hydrogen donor (AH,) and a catalyst (Q) (stage 1)
and the reactions of the reduced forms of the catalyst with
an acceptor (B) (stage 2):

AH; +Q 4 QH, + A, (1)

QH,+B % Q4 BH,. (2)

The best catalyst for the catalytic cycle corresponds to
the maximal value of the rate of catalytic transfer (w).
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The rate w is related to the constants &, and k, by the
equation

— by [AHL)IBIQl | 3)
£, [AH,] + £, [B)

The value of w is determined by the absolute values of
the constants, and also by the ratio between them. It
follows from an analysis of Eqn. (3) that if &, > k, (or
k, > k,), we have w = k,[B][Q], (or w = k,[AH,][Q],), that
is the rate of the catalytic transfer of hydrogen in the
limiting cases is proportional to one of the constants k2, or
k,, and in the intermediate range of values of the constants,
a maximum is observed in the range where &, and &, are
approximately equal. For the same redox substrate pair,
characterised by a definite decrease in free energy AF?,
the constants k&, and k, are not independent, but are
related to one another by the expression AF° = AF? + AF),
where AF{ and AFJ are the free energy changes in reac-
tions (1) and (2). Although in general there is no simple
relationship between thermodynamic and kinetic constants,
it follows from the last relationship that with improvement
of the acceptor properties of the catalyst (in the thermo-
dynamic sense) there is a simultaneous deterioration in its
ability to act as a donor. Thus for the given catalytic
cycle there exists an “optimum” catalyst, exhibiting strong
donor and acceptor properties with respect to the sub-
strates.

The literature contains examples illustrating the
existence of an optimal dependence of the overall rate of
catalytic reactions on the values of the individual con-
stants for stages (1) and (2). Thus for the catalytic
transfer of hydrogen in the reaction

0
H,C,00C COOC,Hy H H
+ 2 —
H . H,
HyC” H;, Hy T CH,
H 0
c
HyC,00 N CO0C:H; 11_1' H
| v )
N/ 3 H;
H,C CH, H, CH,

bu

the most effective catalysts correspond to a limited range
of catalyst redox potentials 0.4—-0.6 V.2 The Figure
demonstrates the dependence of the rate of the catalytic
transfer of hydrogen in reaction (4) for a series of para-
quinones on the redox potential of the quinone. When
quinones are used as catalyst-transfer agents in hydro-
genation, derivatives of 9,10-anthraquinone are more
active than derivatives of 1,4-naphthaquinone and 1,4~
benzoquinone3. A similar relationship with a catalytic
efficiency maximum is also found for enzyme systems?.
Moreover, the greater the redox potential of the quinone,
the greater the rate at which it is reduced, and the lower
the rate of oxidation of the corresponding hydroquinone.
Analogous relationships were observed® in the catalytic
decomposition of hydrogen peroxide by metal complexes.
It may be concluded that in general the realisation of a
catalytic cycle involving two (or more) successive stages
with comparable rates always leads to the existence of an
optimal dependence of the overall rate of catalysis on the
values of the rates of the separate stages, or, in the final
analysis, on the thermodynamic characteristics of the
catalysts. This principle of redox catalysis has an
analogy in other types of catalysis, in particular heter-
geneous catalysis®. For example, from the principle of
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energetic correspondence of Balandin's multiplet theory it
follows that “if a process involving a catalyst is repres-
ented as taking place in a number of stages, the most
favourable path will be that in which the energetic effects
of the stages are equal”.” Note that to obtain the “opti-
mum” catalyst it is also necessary to satisfy the condition
of a minimum value for the energetic effects of the stages.

Q
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/50

ooy 400
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(OO

o
L 1 1
7 000 mV
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Dependence of the rate of transfer of hydrogen in
reaction (4) on the redox potential of the para-quinones
used as catalysts for the reactio