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Organic Monothiopyrophosphates

J.Michalski, W.Reimschissel, and R.Kaminski

The present state of the chemistry of organic monothiopyrophosphates is described. Discussion of methods of preparation is
followed by consideration of physical and chemical properties. Close attention is paid to symmetrical monoth iop_»yrophos
phates and their isomerisation, as well as the properties distinguishing them from the unsymmetrical isomers. A list of

72 references is included.
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1. INTRODUCTION

Isomeric monothiopyrophosphoric acids HsP206S, in
contrast to pyrophosphoric (diphosphoric) acid HsP20-, are
unknown in the free state. However, their esters are
kncwn, as well as structural analogues containing a direct
carbon-—-phosphorus bond. The present Review covers the
chemistry of monothiopyrophosphoric esters, in whose
molecules the sulphur atom is located either symmetri-
cally or unsymmetrically
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which we shall term symmetrical or unsymmetrical mono-
thiopyrophosphates. Such compounds merit special
attention because of the diversity of their chemical reac-
tions and their great practical value. They are also of
theoretical interest. An existing review' covering the
development of the chemistry of organic monothiopyro-
phosphates has already become insufficiently exhaustive.
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II. METHODS OF PREPARATION

Tetraethyl thiopyrophosphate was first obtained in 1931
by A.E. and B. A, Arbuzov®, by the addition of sulphur to
the mixed anhydride of diethyl hydrogen phosphite and
diethyl hydrogen phosphate:

(RO),P—O—l; (OR)s+S — (RO):F—O—FG (OR)y .

o} S o
R=Et 1)

An unsymmetrical structure was ascribed to compound (I).
Many fresh attempts to prepare monothiopyrophosphates
began two decades later. A large group of methods
developed earlier were based on the phosphorylation,
usually by means of dialkyl phosphorochloridates, of
inorganic and organic salts of dialkyl phosphorothionates®™%:

(RO),P—OM + Ci—P (OR)s — (I) + MCl . )

| ]
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The reactions are conducted with the sodium, potassium,

and ammonium salts in aprotic solvents. The method

was modified’ to effect more convenient isolation of the

final product.

The formation of monothiopyrophosphates by the action
of hydrogen sulphide on dialkyl phosphorochloridates in
the presence of bases®? can be regarded as a two-stage

814
814
816
817

process. In the rate-determining first stage a salt of
dialkyl hydrogen phosphorothionate (II) appears:

(RO),{]’——CI + HyS+RN — (RO),I')——SHNR; + RNHCI ,
|

(In

In the second stage this salt (II) undergoes phosphoryla-
tion as in Eqn. (1).

Tetra-alkyl thiopyrophosphates (I) were obtained by the
action of carbonyl or thiocarbonyl chloride on ammonium
dialkyl phosphorothionates™ '~

(RO){P—ONH, + CXCl, — (I) + NH,Cl - CXS
§
X=0,5 .
The mechanism of this reaction has not yet been adequately
elucidated. An analogous method is based on the thio-
phosphorylation of dialkyl hydrogen phosphates or their
salts®:
(RO),P—Cl + Mo-x; (OR), — () +MCl .
i

This reaction provides indirect evidence of the unsym-
metrical structure of (I).

The reaction between the diphosphoryl disulphides (III)
and potassium cyanide requires separate discussion'>,
These disulphides (III) are readily formed by the oxidation
of salts of dialkyl hydrogen phosphorothioates'®, so that
this method has preparative value. Investigations in our
laboratory'® on the preparation and chemistry of organo-
phosphorus thiocyanates indicate a two-stage reaction:

Sy
(Ro)zﬁ—-s-s—ﬁ(om, + CN"—> (RO),E——NCS + —>P<0R)2 —> ()+ SCN™,
0 0’
(1) av) )

The extremely unstable intermediate thiocyanate is con-
verted into the isothiocyanate (IV), which then reacts with
the dialkyl phosphorothioate anion (V) formed at the same
time. An analogy is clearly evident between this reac-
tion and the phosphorylation of phosphorothioic acids i
conformity with Eqn. (1). :

The condensation of dialkyl hydrogen phosphates with
dicyclohexylcarbodi-imide (VI) ° is the same type of
reaction. It involves initial formation of the interme-
diate adduct (VII):'®

(RO)P—OH + yHy—N=C=N—~GHy (R0>,x|>—S—C=N¥C.Hu

O  NH—GgHy,
I (v
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In the second stage this adduct (VII) phosphorylates
another molecule of the phosphorothioate.

Two additional methods for obtaining tetra-alkyl thio-
pyrophosphates must be mentioned. The first is based
on reaction between a dialkyl phosphite and sulphur mono-
chloride in the presence of an amine'”™*°

NRy

(RO)EFH+SZC12 — (I) - S+ NRgHCI , (2)
|

0
The final product is isolated from the reaction mixture by
distillation. In the second method sulphur dichloride is

used in the presence of a tertiary amine'® %%

NRj ,
(RO), PH + SCl, ———— () + NRjHCI ,
I

(3

The dichloride and the amine can be replaced by the
dialkylaminosulphenyl chloride RiNSCL.*”*  Present-day
knowledge indicates that the primary product of reaction
(2) is the diphosphoryl disulphide (III), which breaks down
with formation of an unsymmetrical thiopyrophosphatez".
Reaction (3) involves initial formation of a symmetrical
thiopyrophosphate, which in the presence of the amine and
at a higher temperature is converted into an unsymmetri-
cal isomer. A special method for obtaining an unsym-
metrical thiopyrophosphate, in which the PS.0.PO group
of the initial product remains undisturbed, is alcoholysis
of thiopyrophosphoric tetrachloride®®:

Cl,P—O0—PCl, +ROH — (1) + HC
i s

which is accompanied by alcoholysis of the P—-O-P bond.

Thermochemical estimates indicate that in thiopyro-
phosphates the unsymmetrical skeleton is more stable
than the symmetrical skeleton by ~35 kJ mole™.?® This
suggested that thiopyrophosphates containing a P-S-P
group should be sufficiently stable to be isolated. In
1962 application of a stereochemical method proved®”?®
that an intermediate product containing this group is
formed in the reaction between an optically active chloro-
thio-alkylphosphinic ester and an alkylphosphinic ester.
The series of reactions

Et>p_H (4a)
Et_. Et 07| Et Et
ShooH $Ck . “Nposa O, Np—s—p/ -
Et0” ) a EO7| a Et07 1 | NOEt a
S 0 0o o
lalp (Vi
Et « | LN
= >p—o—p ——  Nb_ou
Et0” | | NOEt Et0” |
s o s
ax 1
;[Q]D

leads to half the optical activity of the initial phosphono-
thioic ester. Such an experimental result can be explained
only by formation of the symmetrical bond system
(O)P-S~P(O) in the intermediate product (VIII), which is
then converted into the product (IX). This conclusion is
supported by the series of reactions

Et.
Et E(o>ﬁ—m Et
s ! \. Rt N
P_oH ___O b_o_p —_ b_on
et b B0/ | N0t ® .m0/
s s © s
[alp (1X) [l

(4b)

which results in hardly any change in the optical activity
of the substrate.
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Proof of the intermediate formation of a symmetrical
thiopyrophosphate was obtained by investigating the reac-
tions of dialkyl S-chlorothiophosphonates with dialkyl
phosphites®®

(E£0)yP—OH - CI—P (O-iso-Pr)y — (E10)sP—O—P (O-iso- Pr),
I I I I
o)
(Et0),P—SCl -+ HP (O-iso-Pr)y

R
b b N |
by [ (iso-PrO)sP—S—P (OEt), }
I i
c

(iso- PrO),P—SCI + HP (OEt), :
i I | ®)

!
(150-Pr0)P—OH + Cl—P (OEt)y = (is0-PrO);P—O—P (OEt): .
1 I 1 I
S o)
(X)

The final product of reactions (5b) and (5¢) is always an
unsymmetrical thiopyrophosphate (X). This provides
convincing support for the view that reactions (5a¢) and
(5d)—the phosphorylation of dialkyl hydrogen phosphoro-
thioates by means of dialkyl phosphorochloridates accord-
ing to scheme (1) —leads directly to the formation of a
P-O-P bond without intermediate formation of a product
having a symmetrical skeleton.

It was subsequently established®® that symmetrical
thiopyrophosphates are formed in the reaction of a dialkyl
S-chlorothiophosphonate with a dialkyl phosphite®. A
general method was the reaction of dialkyl phosphites with
piperidinosulpheny! chloride (XI), *** yielding symmetrical
thiopyrophosphates containing four identical substituents:

Y ST
(RO),PH -+ c1s—1\£\ > - (RO),F—S—P (OR); + ¢ \NH - HCl
i _—

N/
)

A more general method is use of the dialkyl S-chloro-
thiophosphonate (XII), *>** which enables different substitu-
ents to be attached to the different phosphorus atoms:

(RO)le‘H + Cisflﬁ’ (OR"), — (RO)zl:!L S"lFI’ (OR"): +HCIL
i
(X

These reactions are probably of the Arbuzov type
with formation of an intermediate phosphonium complex:

28, 30~32

OH O
(X111)

(RO):PH -+ CIS—P (OR); = [(Rou?—sw <0R'>2] e
{ il
1

This complex (XIII) breaks down to form a symmetrical
thiopyrophosphate and hydrogen chloride. The use of
trialkyl phosphites (RO)sP instead of dialkyl phosphites
(RO):POH may change the mode of decomposition of the
complex (XIV):*

o (RO)gll!LS—l}r (OR"); +RCl
(RO),P—S—P (OR'), | C19— o
[ IOR % ] —— (RO)P ++CI—P (OR'),
s

(X1V)

In such a case the symmetrical thiopyrophosphate is
accompanied by the corresponding trialkyl phosphorothio-
nate and dialkyl phosphorochloridate.

A special group of reactions for obtaining monothio-
pyrophosphates involve the diphosphoryl disulphides (III)
with dialkyl®** or trialkyl®® phosphites. At present it is
thought most probably that the reaction mechanism
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involves intermediate formation of a phosphonium com-
plex (XV):

[¢]
(RO),POX + (111 —> [(Ro)f;—s—p(oa )q} e\P(OH —
x 8 7
X=H R (XV)
(R'O)gﬁ-—SX + (RO)z‘ll’—O—P(OR')g
0 5 0(s)
(XVD)

(RO)zﬁ—SX + (R onp—0— P(OR),
S

II
(XVD)
(RO}, ‘Pl#o\ + (R'0), ﬁ—o ﬁ(OR) .

(X VI

If in (XV) the substituent X = H, the cation of the complex
(XV) is identical with the cation of the compound, and
decomposition of (XV) yields a symmetrical thiopyro-
phosphate. If X = Alk, the cation (XV) contains three
electrophilic centres—the substituent X and the two
phosphorus atoms—with the occurrence of three parallel
substitutions by an anion, since dialkylation of the cation
(XV) is slower than deprotonation of the cation (XIII). The
substitution products when X is an alkyl group are a
trialkyl phosphorothioate (XVI) and two isomeric unsym-
metrical thiopyrophosphates formed by isomerisation of
the symmetrical skeleton. Two other reactions result
from substitution by an anion at the two phosphorus atoms:
substitution at the phosphonium atom P* yields a trialkyl
phosphorothiolate (XVI) and an unsymmetrical thiopyro-
phosphate, whereas substitution at the phosphorus atom
of the phosphinyl group leads to formation of a trialkyl
phosphorothionate (XVII) and an unsymmetrical thiopyro-
phosphate containing four identical substituents. The
action of triphenylphosphine on di(5,5-dimethyl-2-oxo-
1,3,2-dioxaphosphorinan-2-yl) disulphide follows a similar
course®® to give an unsymmetrical thiopyrophosphate and
a dithiopyrophosphate.

The first stable symmetrical monothiopyrophosphate
to be synthesised was di-5,5-dimethyl-2-0x0-1,3,2-dioxa-
phosphorinan-2-yl sulphide (XVIII), obtained from anammo-
nium phosphorothioate and a phosphorochloridite®”

~—0, (4]

O, O
>( \P/e ELNH + C1—F :>< — ) S >C >P—S——f/ :><+
I N o1l Do
(XVII1)

0

+ —o—p/

X

0

(XIX)

Three isomeric structures—essentially PO.S.P, PO.PS,
and PS.0.P—can be suggested® for the unidentified
unstable product Y obtained in the first stage. Oxidation
of Y directly after formation gives a symmetrical thio-
pyrophosphate (XVIII), whereas oxidation of Y after
storage yields an unsymmetrical thiopyrophosphate (XIX).
The original attempts to obtain symmetrical thiopyro-
phosphates by ox1dlsmg compounds containing a P.S.P
group always resulted in an unsymmetrical isomer *¥4°,
Methods for obtaining thiopyrophosphates can in gen-
eral be divided into two groups, comprising those leading
directly to unsymmetrical products and those in which
symmetrical thiopyrophosphates are formed, at least as
intermediate products. The phosphorylation of dialkyl
hydrogen phosphorothioates and the thiophosphorylation
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of dialkyl hydrogen phosphates by compounds such as
dialkyl phosphorochloridates belong to the first group.
The first or second substrate is often an intermediate
formed in the reaction medium. In our view several
published methods yielding thiopyrophosphates, whose
mechanisms have not yet been fully investigated ™"
can also be included in this group. The second group is
based on the reactions of dialkyl phosphites with sulphenyl
compounds.. They involve an intermediate phosphonium
complex and yield symmetrical thiopyrophosphates, but
it is often impossible to isolate the latter from the reac-
tion medium™ ?»%%"*° owing to isomerisation. The
presence of amines, acids, or ammonium salts, as well
as an incorrect purification technique, results in rapid
conversion of symmetrical into unsymmetrical products.
These facts make clear why symmetrical thiopyrophos-
phates were exclusively obtained in much of the earlier
work. Formally, the isomerisation of symmetrical into
unsymmetrical thiopyrophosphates can be regarded as an
effective method for obtaining the latter.

1. STRUCTURE AND PHYSICAL PROPERTIES

Tetra-alkyl monothiopyrophosphates are oily, non-
volatile liquids, readily soluble in organic solvents but
sparingly soluble in water. Several of them, e.g. deriva-
tives of neopentyl glycol and alcohol, are crystalline.

The intense biological activity of unsymmetrical thio-
pyrophosphates has been known for a long time: they are
poisons, blocking the choline esterase system®”®!. In
view of the strong phosphorylating properties of symmet-
rical thiopyrophosphates, they may also be expected to
possess high biological activity. Caution must be exer-
cised in working with thiopyrophosphates.

Spectral and several other properties of monothiopyro-
phosphates have been reported® ™, among which the
infrared and phosphorus-31 nuclear magnetic resonance
spectra are most characteristic. The infrared spectra
of symmetrical thiopyrophosphates contain an absorption
band in the range 520—545 cm™, corresponding to vibra-
tions of P-S-P bonds. The characteristic band of the
P=0 group appears at 1270-1315 cm ™", at lower wave-
numbers for symmetrical thiopyrophosphates. Bands
due to the P=S and P-O-P groups in unsymmetrical
thiopyrophosphates are less intense, and usually appear
in the region of deformation vibrations of the bonds of
alkyl substituents.

As can be predicted, the signals of phosphorus nuclei
in the P n.m.r. spectrum of monothiopyrophosphates
have the form, after the spin interaction of phosphorus
and hydrogen nuclei has been decoupled, of pairs of
separate singlets. The spectra of symmetrical th1opyro-
phosphates having four identical substituents contain *P
n.m.r. singlet signals. The chemical shift relative to
orthophosphoric acid of the phosphoryl group in symmet-
rical thiopyrophosphates lies between -15 and -5 ppm.
In the spectra of unsymmetrical thiopyrophosphates the
chemical shifts of phosphoryl and th1ophosphor¥1 groups
are respectlvely +12-25 and —55 to —-40 ppm.

Infrared®® and Raman®® spectra have been used to
confirm unsymmetrical structures. At the present time
the most convenient method of structure investigation and
identification of thiopyrophosphates is *'P supplemented
by 'H n.m.r. spectroscopy. Recently, unsymmetrical
tetraethyl monothiopyrophosphate has been used to inves-
tigate the structure of organic compounds by means of the
Faraday effect®®.
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Table 1 lists results of the X-ray examination of the
lattice structure® of the cyclically substituted monothio-
pyrophosphates (XVIII) and (XIX) together with the analo-
gous cyclic pyrophosphate.

—0 O—no
NN op TN x
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Table 1. Crystallographic data for 2,2-dimethyltri-
methylene pyrophosphate and monothiopyrophosphates®’.

Parameters of unit cell
N X-ray density,
Ester Space group | N o non lattice constants, A me’:’ y
a | b ¢
(XVIII) Pbca 4 18.66 9.25 9.05 1.40
(X1X) Phca 8 27.96 9.84 11.28 1.41
(XX) Phea 8 26.90 10,00 11,13 1.39

Figure 1. Structure of a molecule of symmetrical bis-
2,2-dimethyltrimethylene thiopyrophosphate (XVIII) in
the crystal.

The unsymmetrical thiopyrophosphate (XIX) and the pyro-
phosphate form isostructural crystals in the form of
rhombic bipyramids. The symmetrical thiopyrophosphate
(XVIII) also has a rhombic lattice, but with different
symmetry and unit cell parameters. The molecule of
(XVII), who structure in the crystal®® is illustrated in
Fig.1, differs from the pyrophosphate®® and the unsym-
metrical thiopyrophosphate in having a twofold symmetry
axis lying in the plane of the P-S—P bond system and
passing through the central sulphur atom. It is character-
ised by long P-S bonds and relatively remote oxygen atoms
in the P=0 groups. The dioxaphosphan rings are flatter
than the cyclohexane ring. Such flattening is exhibited

by other dioxaphosphans®”. The central sulphur atom
in this symmetrical molecule, like the central oxygen
atom in the pyroghosphate, occurs in the crystal in an
axial position®”°® with respect to the principal plane of the
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dioxaphosphan rings. In solution this molecular structure
of (XVII) is probably atypical, since the 'H n.m.r. spectra
of solutions indicate an equatorial arrangement® of the
sulphur atom.

IVv. CHEMICAL PROPERTIES

Tetra-alkyl monothiopyrophosphates contain three
types of reactive centres—electrophilic phosphorus and
carbon atoms and the nucleophilic sulphur atom—so that
this group of compounds is characterised by three types
of reactions. The chemical properties of organic mono-
thiopyrophosphates are determined mainly by the pres-
ence around the phosphorus atoms of two strong electro-
philic centres and “good” leaving groups. In this sense
thiopyrophosphates resemble their oxygen analogues—
pyrophosphates.

Examples of reactions in which nucleophilic properties
are developed are that of an unsymmetrical thiopyrophos-
phate with elementary chlorine, giving a mixture of
products containing the P-SC1 group, and the slow reac-
tion of a symmetrical thiopyrophosphate with the dialkyl
S -chlorothiophosphonate (XII), yielding the diphosphoryl
disulphide (1I1) *

(RO)zlx‘LS—‘Ir (OR), + c15~‘1[> (OR); - (RO);P—S—$—P (OR), + CI—P (OR), .
) 0 0 0 S 5
U] (XID) (111)

Alkylating properties may appear at the carbon atoms of a
thiopyrophosphate during nucleophilic substitution. Such
reactions have not been investigated systematically, but
after an unsymmetrical thiopyrophosphate has been stored
or heated the corresponding phosphates, thiophosphates,
and polymeric products are detected®.

The addition of aziridine to the P~S—P chain in thio-
pyrophosphates, yielding diphosphorylated derivatives of
2-aminoethanethiol, has recently been described in the
patent literature®. Inthe case of a symmetrical thio-
pyrophosphate the course of the reaction is

v
1) —]-HN\ - (RO)zp—NHCHZCHZ—S—F (OR)s «
4 i

The first stage probably involves nucleophilic substitution
at the phosphorus atom; after this the anion of phosphoro-
thioic acid adds to the aziridine residue.

From the difference in energy between the O-P and
S—P bonds in the thiopyrophosphate skeletons®®® we may
predict that symmetrical isomers will react more vigor-
ously than unsymmetrical isomers in reactions of a
phosphoryl cenire with nucleophilic compounds. This
represents an interesting case of the presence of a leaving
group, which is a “better” group not only because of the
stability of the anion formed but also because the energy
of the ruptured bond is less.

In symmetrical monothiopyrophosphates two phosphoryl
groups are the reaction centres. Their relative reactiv-
ity depends solely on the nature of the substituents attached
to the phosphorus atom. The unsymmetrical isomers
contain two different groups—phosphoryl and thio-
phosphoryl—of which the former undergoes nucleophilic
substitution more rapidly®”®. Reaction on the latter
centre can be observed provided that the reactivity of the
former is diminished by appropriate choice of substituents;
such diminution may be accomplished also by the type of
nucleophilic reagent employed®.



818

An unsymmetrical thiopyrophosphate undergoes hydrol-
ysis almost exclusively at the phdsphoryl centre. Kinetic
data®® for the hydrolysis of tetraethyl pyrophosphate and
the corresponding unsymmetrical thiopyrophosphate
indicate that the presence of the sulphur atom in the latter
has relatively little effect on the reactivity of the phospho-
ryl centre (Table 2). Comparison of kinetic results for
the hydrolysis of mono- and di-thiopyrophosphates®”
confirm (Table 2) the lower reactivity of the thiophosphates
foungg %ith trisubstituted phosphates and phosphorothio-
ates™ ™,

Table 2. Rates of hydrolysis of tetraethyl pyrophosphate,
unsymmetrical thiopyrophosphate, and dithiopyrophosphate.

Arrhenius activation
" parameters
Aqueous solvent |Hydrolysis rate
) d
Compoun (dioxan, %) const. _1‘0 k, - Ref.
s kJ mole! g4

(E|0),p;|.‘o-p" (OEt), 0 41.0* 44.0 3.12 66

o (o)
(Et0),P—O—P (OEt), 0 24.8 51.9 4.02 66

] I 50 2.53 67.8 5.43 67

S o
(E(O),?—O—ﬁ (OEt), 50 0.85 116.9 12.18 68

s s

* Calculated by means of the Arrhenius equation.

Table 3. Kinetic data for the alkaline and acid hydrolysis
of unsymmetrical tetraethyl monothiopyrophosphate at
25°C.°°

Airrhenius activa-

tion parameters

Solvent 108 & —

E, lgA

kJ mole! g
Water 0.82 51 51.9 4.02
KOH, 0.02 M 9600 M-1 51 50.6 7.86
HCL, 5.78 M 11951 75.8 8.35

Hydrolysis of tetraethyl monothiopyrophosphate is con-
siderably more rapid in alkaline than in neutral medium,
while the catalytic effect of acids is insignificant,

Table 3 gives some Kkinetic data for this process. The
mechanism of the reaction is explained on the basis of
specific acid—base catalysis.

The reactivities of symmetrical and unsymmetrical

thiopyrophosphates have been compared™ with respect to
neutral hydrolysis in aqueous dioxan solution with the
cyclic compounds (XVIII) and (XIX) as examples. The two
compounds yield identical organic phosphoric and phospho-
rothioic acids as hydrolysis products. The rate of reac-
tion of the symmetrical isomer exceeds that of the unsym-
metrical isomer approximately hundredfold (Table 4).
The reaction velocity is influenced significantly by solva-
67 whose role is indicated by a difference for these
isomers in the dependence of the hydrolysis rate constant
on the dioxan content of the solvent (Fig. 2).
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An interesting reaction is the nucleophilic substitution
of a symmetrical thiopyrophosphate by the dialkyl
phosphorothioate anion®, in which an unsymmetrical
isomer is formed with regeneration of the nucleophilic
reagent:

W] +90—~F|7 (OR); — (RO)zP=S+(R0)af|’—0—1]:|‘ (OR); .
]

Table 4. Rates of hydrolysis of symmetrical and unsym-
metrical thiopyrophosphates in aqueous dioxan at 80°C. 7
Arrhenius activa- Arrhenius activa-
Dioxan - tion parameters Dioxan | 105 & tion parameters
Compound|  mole l:_l ' Compound  mole 1
fraction - xﬁ'ole‘l A fraction K rﬁélc‘l g A
(XVIII) 0.2 103* 66.5 6.89 (XIX 0.2 0.52 69.1 5.05
(XvI 0,6 17* 58.2 4.84 || (XIX 0.6 0.072 7.2 8.33

* Calculated by means of the Arrhenius equation.

1
o5
(XY

T

S B
g az o0y g5 a8 W0

dioxan, mole fraction

S NS SIS WU VR S I

Figure 2. Dependence of hydrolysis rate constant on
mole fraction of dioxan in aqueous solvent: 1) unsym-

metrical tetraethyl thiopyrophosphate (80°C); ¢ 2) sym-
metrical thiopyrophosphate (XVIII) (50° C); ™ 3) unsym-
metrical thiopyrophosphate (XIX) (80°C).

The reaction is bimolecular, but if the two reagents have
the same substituents (R = R’) the reaction velocity is
described by a first-order kinetic equation. Activation
parameters for the reaction of the symmetr1ca1 thiopyro-
phosphate (XVIII) w1th the acid ester (XXI) ™
o—
pa ‘,’<0__/\+“°“‘“’<0_~/\ -

(xvm) (xxn
— O
S0 P—oH + M Npo—pC TN
/<——o A oL No— N\
(XX1) (XIX)
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have been determined as AH¥ = 69 kJ mole™* and S* =
-74 J mole™ deg™'. The reaction is accelerated in the
presence of amines. The above reactions most probably
occur when contaminated specimens of symmetrical
thiopyrophosphates are stored, and lead to spontaneous
isomerisation of the latter.

The thermal isomerisation of a symmetrical thiopyro-
phosphate, which may proceed in parallel with the above
reaction with an organic phosphorothioic acid, is uni-
molecular. The thermodynamic parameters of this reac-
tion have been determined for the symmetrical (XVIII) in
a polar solvent as AH* = 128 kJ mole™ and AS* = =16 J
mole™ deg™'. The transition state is probably amphoteric
in structure.

Our kinetic investigations and certain qualitative results
suggest that unsymmetrical are formed from symmetrical
thiopyrophosphates by two independent reactions —uni-
molecular thermal isomerisation and bimolecular nucleo-
philic substitution.
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