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The methods of synthesis and chemical properties of compounds containing the/'P— (S}),-(X=0

or S, n = 2-4) fragment are examined. The unusual chemical behaviour of phosphorus-containing
polysulphides in the reactions with nucleophiles and electrophiles is discussed.
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I. INTRODUCTION

Despite the fact that phosphorus-containing polysulphides
have been know for a long time, their chemical properties
have begun to be studied in detail only in recent years.
Nevertheless the presence of phosphorus-containing frag-
ments introduces a definite specificity into the chemical
behaviour of these compounds, which differ appreciably in
their reactivity from aliphatic and aromatic polysulphides.’
It must also be emphasised that phosphorus-containing poly-
sulphides are the starting materials for the synthesis of a
wide variety of organophosphorus compounds, including
those which are difficult to obtain by other means.

This review is devoted to phosphorus-containing polysul-
phides—the "symmetrical™ polysulphides (I}, in the molecules
of which the polysulphide bridge links two phosphorus-
containing groups, and the "asymmetric" polysulphides (II),
where there is only one such group. This review is a first
attempt at a survey of the methods of synthesis and chemical
properties of these compounds.

X X X
| I I
ReP—S,—PR;  ReP—S,—R’

(1 (11

Here X = 0or S, n = 2-4, and R and R' are various organic
and inorganic substituents linked to the phosphorus and sul-
phur atoms either directly or via the atoms of other elements.

Considerable advances have been made recently in the
study of the reactivity of phosphorus-containing polysul-
phides and also in their employment for the synthesis of new
structures among organophosphorus compounds.

Il. THE STRUCTURE OF PHOSPHORUS-CONTAINING
POLYSULPHIDES

The structure of symmetrical phosphorus-containing poly-
sulphides is examined below in relation to bis(di-isopropoxy-
thiophosphoryl) disulphide investigated by X-ray diffraction
(see Figure).? The bond lengths and valence angles are
indicated in Table 1. The data obtained do not preclude the
possibility of the presence of a centre of symmetry located
between the two sulphur atoms S(2) and S(2'). The S(2)—
S(2') distance (2.09 &) is greater than in tetraethylthiuramide

sulphide (1.999 R).}> The atoms surrounding the phosphorus
atom have a distorted tetrahedral configuration; a plane can
be drawn through the C(4)—0(2)—P(1)—0(1)-C(1) atoms to
within 0.04 &.

The structure of bis(di-isopropoxythiophosphoryl) disulphide
according to Tkachev et al.?

Table 1. The bond lengths and valence angles in

bis(di-isopropoxythiophosphoryl) disulphide.?
Bond length, A Valence angles, deg

S(1)—P (1) 1.89 |S(@)—S@—P@#) | 99.1
S(2)—P (1) 2.07 Sy—P()—S2) | 102.8
S(2)—S(2") 2,09 |[SM—PW)—0@)| 122.0
P(1)—O (1) 1.57 | S)—P(1)—0(2) | 117.0
P(1)—0(2 1.53 S@—P)—o0Q) 108.0
o(f)—C(1) 144  |S@—P{)—0@) | 111.0
0(2)—C(4) 1.47 O()—P(1)—0(2) | 95.0
c()y—C(2) 152 | P()—O()—C(l) | 121.0
C(1)—C(3) 1.49 P(1)—0(2)—C(4) 119.0
C{4) —C(5) 155 | OM)—C{)—C(2) | 108.0
O()—C(1)—C(3) | 104.0
0(2)—C(&)—C{) | 106.0
0((2)—C4)—C(8) | 104.0
CE—C(M)—C2) | 112.0
C(5)—C{4)—C(6) | 112.0

In the case of phosphorus-containing tri- and tetra-
sulphides, the structure of the polysulphide chain is of inter-
est. Combined infrared and Raman spectroscopic data show
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that the R—S—(S),—S—R polysulphide chain in phosphorus-
containing polysulphides is unbranched." Table 2 presents
the absorption maxima in the infrared and Raman spectra of
bis(diethoxythiophosphoryl) polysulphides in the range 400—
700 cm~! when the stretching vibration bands of the S-S,
P-S, and P=S bonds are located. Evidently the bands
which are intense in the Raman spectra have a low intensity
in the infrared spectra and conversely. The unbranched
nature of the structure of phosphorus-containing polysul-
phides is indicated by the fact that this feature holds best
for centro-symmetric structures.® It must be emphasised
that the bands cannot be assigned to different conformers,
since the relative intensities remain constant as the temper-
ature is altered.

Table 2. The band maxima (v, cm™) in the infrared and
Raman spectra of bis(diethoxythiophosphoryl) polysulphides
(bands of low intensity are indicated in brackets).*

P—S—5—P | Pm§—S—S—P i P—5—5-5—5—P
T Assignment

in | R OV in | R I

- — — — (452) 432 S-S sym.

— — 464 465 469 — S-S asym.

— 485 — 480 — 474 S-S sym.

498 — 501 — 501 — P-S asym.

— 507 — (506) — | (505 P-S sym.

639 (640) 643 (642) 644 — P=Sasym.
(656) 657 — 655 — 653 P=Ssym.

1. METHODS OF SYNTHESIS

1. Symmetrical Phosphorus-containing Disulphides

The commonest method of synthesis of phosphorus-
containing disulphides involves the oxidation of phosphoro-
thioic and phosphorodithioic acids or their salts. The oxi-
dants employed are the halogens (chlorine, bromine, and
iodine),* %2 hydrogen peroxide,® 2922 sodium nitrite (in the
presence of sulphuric acid),??™2* nitrous acid,?® dimethylsul-

hoxide,?® sulphuryl or thionyl chloride,?’ ™ potassium hexa-
P 3l

cyanoferrate(111),*! and atmospheric oxygen:*?
be : X X
Rl R'_I I R
Spsy -9 " Npos—s—p( o
R/ R’ R

where X =0 or S, Y = H or a metal, and R and R’ are sub-
stituted or unsubstituted alkyl, aryl, alkoxy-, aryloxy-, or
amino-group or a fluorine atom.

Best results are achieved when one employs acid salts, since
the reactions of certain dialkylphosphorodithioic acids with
iodine in an acid medium are reversible.?®* In an alkaline
medium the oxidation by iodine proceeds as far as the phos-
phates and sulphates and it is therefore not possible to
obtain disulphides under these conditions.®* %

It must be emphasised that, together with the disulphides,
trisulphides are formed in yields up to 12% in the oxidation
of phosphorodithioic acids by certain oxidants (Br,, KI + I,,
H,0,) in an acid medium.®’?? Concentrated sulphuric acid
converts phosphorodithioic acids into a mixture containing
up to 49% of the disulphide, 27% of the trisulphide, and 11%
of phosphorothioic acid.??> The ease of the oxidation of
0,0-dialkyl phosphorodithioates depends on the nature of
the alkyl residue (Table 3).
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Phosphorus-containing disulphides with a C—P bond can
be obtained from secondary phosphines via stages involving
the formation of phosphinothious and phosphinodithioic acids
with subsequent oxidation :*®

S S s s

S | s R () I
RoPH — RyPH —> R,PSH —> R,PSSPR,

Table 3. The oxidation-reduction potentials E for the
reaction (RO),P(S)S™—e (RO),P(S)SS(S)P(OR),.**?%’

R EV R EV

CH, 0.315 CgHys 0.015

CoHy 0.255 iso-CgH7 0.196

CgH; 0.187 iso-C4Ho 0.158

C.Hy 0.122 iso-CsHpy 0.086

CyHyy 0.050

Disulphides are formed from phosphorodithioic acids when
the latter interact with dialkoxythiophosphorylsulphenyl

chlorides:3%™"2

S s
N
S s S s —— (RO);PSSP(OR),
| I [
(RO)3PSH 4 [(R'0)4PSCl] > (ROg)PSSP(OR" )3 —| S S

-Hel [
—— (R'0)4PSSP(OR"),

Symmetrical phosphorus-containing disulphides (R = R')
have been obtained successfully by this method. In the
case of various alkyl groups (R and R'), the isolation of the
disulphide in a pure form present considerable difficulties
owing to the ease of their disproportionation to the corre-
sponding symmetrical disulphides."?

The reactions of phosphorodithioic acids with dialkoxythio-
phosphorylsulphenamides proceed analogously :*°

S s
[
N S S S i—— (ROg)PSSP(OR),
Il I [
(RO)3PSH + (R¥0).PNR} — (RO),PSSP(ORY),— S S

-(RO),P(S)SH»HNR: no
——(R¥0),PSSP(OR}),

The interaction of N-substituted thiophosphorylsulphen-
amides with phosphorus acid halides in an alkaline medium
results in the formation of phosphorus-containing disul-
phides:*?

S S s S S
+NaOH

i I [ i
(RO),PSNHR! - (R*0),PCI Naan —nacio- (RO):PSSP(OR), + (R20),PNHR? .
The decomposition of thiophosphorylsulphenamides, which
apparently proceeds via a free-radical mechanism, also leads
to the formation of disulphides:**

S S S
[ 1l + “S\
(RO)sPSNH; —~ (RO);PSSP(OR)s - [NH,} &/ POR): | +N;+H, ,

According to Mel'nikov and co-workers,*%“® the formation
of phosphorus-containing disulphides in the reactions of
phosphorodithioic acids with diazonium salts in an acid medi-
um also involves a free-radical mechanism:

S S s
i v
(RO);PSH + ArN,Cl ™ (RO),PSSP(OR); -+ ArH + HCI 4N, .
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Several specific methods whereby one can obtain bis(dialk-
oxyphosphoryl) disulphides have been discussed in the
literature. These include the reactions of dialkyl phosphites
with sulphur monochloride,"” i.e.

o 0o
(RO),PH - S,Cl, — (RO):PSSP(OR); - HCI ,

the condensation of acid phosphinothioates, phosphonothioates,

phosphorothioates, and phosphorodithioates in the presence
29,30 91

of sulphuryl chloride or sulphonyl chlorides,”" i.e.

5 v 9 9 r

R'_ I ! i R

N 504Cly Npech/

POH ———- PSSP

R’ RTOR

R, R’ = Alk, AIKO
S S s

" : 3
(RO);PSK =+ R'C4H,S0,C! — (RO),PSSP(OR); + R'CH,SO:K + KCI ,
the reactions of O,0-dialkylphosphorodithioic acids with
0,0-dialkyl S-methyl phosphorodithioates,*® i.e.
s S 00
i I{ U
(RO):POH -+ (RO);PSOR’” — (RO;)PSSP(OR), -+ R’'SH
and the interaction of pyrophosphorothioates with dialkoxy-
phosphorylsulphen chlorides,"*®
[¢] S (6]

]

00 o]
1 i I [ I
(RO),P—O—P(OR); - (RO},PSC! — (RO),PSSP(CRY), -+ (RO),PCI ,

Bis(dialkoxyphosphoryl) disulphides with higher alkyl sub-
stituents (propyl and butyl) can be obtained from bis(di-
methoxyphosphoryl) disulphide by its interaction with
aqueous solutions of the salts of the corresponding phos-
phorus acids:?°

00 o) 0 0 0
no I [ Il
(CH40),PSSP(OCHy), + NaSP(OR) — (RO),PSSP(OR); -+ (CHsO)sPSNa .

Phosphorus-containing disulphides are obtained as side
products in certain reactions. For example, the interaction
of phosphorodithioic acids with nitriles of pyruvic and ben-
zoylformic acids results in the formation of a bisphosphoryl-
ated iminocarbinol, one of the decomposition pathways of
which leads to a phosphorus-containing disulphide:®°

NHO
] It it i
(RO);PSH + R'CCN — [(RO);P—5~C~C—R"} —
S

S [} S

if s s 0
(RO),PSC=NH i 4
- — (RO);PSSP(OR); + R’C+ HCN
(RO),PSC—OH \
it H
SR

Disulphides are also formed in the reaction of phospho-
rodithioates with sulphimines, N-iminopyridinium betaines,

and pyridine N-oxide:%"%?

XY re'p(s)sn A
I =1l
b t_

N N SP(SRR'
¢ gy

XH

s s

RRP(S)$H Ao R
by RR'P(S)SXH| ————> RR'PSSPRR' + HX
I

R, R'= CgHs, AIKO; X =0, NCgH NO,-4, NCOCgHg «

2. Symmetrical Phosphorus-containing Tri- and Tetra-
sulphides

A phosphorus-containing trisulphide was isolated for the
first time in the recrystallisation of diethyl phosphinodithioate
from carbon disulphide and was described as bis(diethylphos-
phinyl) trisulphide.®* A mixture of symmetrical tri- and
tetra-sulphides is formed in the interaction of alcohols with
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phosphorus pentasulphides. Depending on the conditions
(temperature, duration of heating), the content of trisul-
phides in the mixture can then range from 37 to 63% and that
of the tetrasulphides from 19 to 28%.57:%°

The commonest method of synthesis of phosphorus-
containing tri- and tetra-sulphides involves the interaction
of phosphorodithioic acids or their salts with sulphur di- or

mono-chloride :%+ 7> 56760
R i R
X .
x o R\/P—S——S—S—P<
Ry
N + v
PV - val

I

R I
SiCly \p_s_s—s-—S—p< |
R/ R .

where Y = H or metal, X = O or S, and R,R' is an alkyl-,
alkoxy-, or substituted alkoxy-group® ”> %% %% or R = alkyl
and R’ = §.5%8¢

Symmetrical phosphorus-containing trisulphides have been
obtained from O,0-dialkylphosphorodithioic or alkoxyalkyl-
phosphonodithioic acids and morpholinylsulphenyl chloride.**=¢!
The reaction apparently proceeds via the intermediate for-
mation of thiophosphoryl morpholino disulphide:

s s
R >gSH+CISN/ N —eman | BNJGod TN _mrpeiss
R NN ~{CsHa)aN-HCI R/ N2
R} TR
N ’ —\. S R’
- > —s_s—skp< + [o NH._,] P14
R R N & R

The reaction with ethoxypiperidino sulphide proceeds analo-
gously :*2

s s s
R s R’ | R

NPSH+ CHOSN D = SP—5—5—5—P{ -+
R” R

/TN 4 -S. R’
; N
+ [(\ /NH,J [ & P/\R ]+ C,H;OH

When dialkoxythiophosphoryl N-mono(di)alkylamino disul-
phides were allowed to interact with phosphorothioic acids,
bis(dialkoxythiophosphoryl) tetrasulphides were isolated.%?

Halogen-substituted phosphorus-containing polysulphides
are extremely interesting. Fluorine-substituted polysul-
phides are obtained by oxidising the corresponding fluorine-
containing phosphorodithioic acids.®**¢® Bis(phenylchloro-
thiophosphonyl) polysulphides are obtained by treating
phenylthionophosphine sulphide with sulphur di- or mono-
chloride:53

s s
CiHs I 1 ,CeHs
s s e N pos—s—sP( ’
b SNfew o “
gL1s \ / sFl5—| s
s CsHy It U/CeHa
Lsl ™ "™ p_55—5-5—-P(
c” cl

Bis(dibromothiophosphoryl) trisulphides are formed readily
when phosphorus polysulphides P,S;,, where n = 3, 5, or 7,
are treated with bromine:®*%%

S S Be
N Br\l I/
P.S, - Bry = B /P—s-—s—s—P\Br

The interaction of bis(dibromothiophosphoryl) trisulphides
with alcohols gives rise to bis(dialkoxythiophosphoryl) tri-
sulphides:®®

s s s s
Br Br i i
Br>P—S—S—-S—{I><B —ROH_, (RO),P—S—S—S—P(OR), ,
)y
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Individual reactions leading to the formation of phosphorus-
containing tri- and tetra-sulphides as side products are
known in the literature. Thus bis(diethylthiophosphinyl)
trisulphide can be isolated in a low yield in the reaction of
bis(dimethylamino)diethylphosphinylborane with sulphur:®®

S S

I f
{{CH3)2N];BP(C:Hs)e 4 S — (C,HS)Qﬁ'~S—S—S-P(C2}{3), + Bz [N(CH3)2l,

Phosphorus-containing polysulphides are formed together
with phosphinodithioic acids and disulphides in the inter-
action of secondary phosphines with sulphur.®*

In the oxidation of potassium and nickel salts of 0,0-
diethylphosphorodithioic acids with selenous acid, bis(di-
ethoxythiophosphoryl) tetrasulphide is one of the reaction
products.®’

3. Asymmetric Phosphorus-Containing Polysulphides

Phosphorothioic and phosphorodithioic acids or their salts
can be used to synthesise asymmetric phosphorus-containing
disulphides. On interaction with various organosulpheny!
chlorides, they give rise to a wide variety of disulphides:*?:687%1

X X
0 ]
(RO),PSY + CISR’ — (RO),PSSR’ 4 YCI ,

where X = 0O or S, Y = H or metal, and R' = alkyl, substi-
tuted alkyl, aryl, substituted aryl, carbamoyl, alkoxycar-
bonyl, and various ester and heterocyclic groups.

Phosphorodithioic acids react with aminosulphenyl chlorides
to form dialkoxythiophosphoryl amino disulphides:*!:61,68770

S S
i H
(RO)PSY + CISNR, — (RO)PSSNR, -+ YCI .
Asymmetric phosphorus-containing disulphides with thiadi-
azole residues are obtained by the joint oxidation of 0,0-
dialkylphosphorodithioic acids and 2-mercapto-1,3,4~
thiadiazoles:%?

N—N S N—N
I o 1 o
(RO):PSH + HSC  CSR’” —% (RO),PSSC  CSR’ + H,0 .

In the presence of a twofold excess of phosphorodithioic acid,
compounds with two symmetrical disulphide groups are formed
analogously from dimercapto-derivatives:

S N-—N S N—NS
] Il o ot
(RO)PSH + HSC ~ CSH —2— (RO),PSSC  CSSP(OR); + H,0 .
Ns” s/

Asymmetric phosphorus-containing disulphides and
sulphonylthio-derivatives can also be obtained by the reac-
tion of phosphorodithioic acids with sodium alkyl thiosul-

phates,®® sulphenamides,®!'®% and alkylsulphurous acid chlo-
rides:%"
S
NOSOSSR'_, o BSR4 NaHSOs
S S
REQ"SH__‘LNS_R.L, RzlgSSR?—{— RINH |

S
i
|__CISOOR! | R,PSSOR! - RgN-HCI
ReN I

Many asymmetric phosphorus-containing disulphides are
obtained by the reaction of dialkoxyphosphoryl- and dialkoxy-
thiophosphoryl-sulphenyl chlorides with compounds con-

taining the mercapto-group:’® 8678893
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X X
Il I
(RO);PSCI + R'SH — (R0O),PSSR’ -- HC1

It is noteworthy that, in contrast to phosphorylsulphenyl
chlorides, the majority of thiophosphorylsulphenyl chlorides
are unstable. However, in many studies these substances
were isolated in a pure form using various organophosphorus
compounds as intermediates in the synthesis.??>5%:8°

The preparation of asymmetric disulphides from thiophos-
phorylsulphenamides in the presence of HCI1 should be
assigned to reactions of the same type, since the correspond-
ing thiophosphorylsulphenyl chloride is an intermediate
under these conditions:®*

RO y -7 RO S
[} RO—-L It
HCl . l: >PSCI] Ne= ya

RO}
; SPSS—¢
R”

\PSN 0

N
= ~ H>-Or

N
The interaction of dialkoxythiophosphorylsulphene chlo-
rides with mercaptotriazines in the presence of an acceptor
which absorbs the hydrogen chloride evolved leads to

dialkoxythiophosphoryl triazinyl disulphides:?°

SIH R!
|
$ N S NC
(RO;)PSCI - ’\I N~ (RO)PSSC N+ HCl
RIC  CR? “N=c”
Sn 1
Rl

Dialkoxythiophosphorylsulphene chlorides react with deriv-
atives of carbonic and carbamic acids to give the correspond-
ing phosphorus-containing disulphides:®?

o] X 0 X
I it tol
(RO).PSCI + RISCR? — (RO),PSSCR? - RIC]

>

where X = O or S, R = alkyl, R! =H, a metal, or alkyl, and
R? = alkoxy-, aryloxy-, or amino-group.

Certain alkoxythiocarbamates also react with dialkoxyphos-
phorylsulphenyl chlorides. It is remarkable that, depending
on the structure of the substituent at the nitrogen atom,
final reaction products of different structure are formed:®?

o} S o} (o6}
il ] i [
(RO),PSC! < RIOCNRIR® [(RO)&SS——E—NR’R“]C]’ — (RO),PSSCNR2R?
I <R'Cl ’
OR1
[¢] S O OR! O OR?
I It /H [ /H o
(RO).PSCI + RIOCN\R, — | (RO),PSSC= N\R’ Cl" g > (RORPSSC=NR? |

It has been noted in some reports that, on heating or pro-
longed storage, compounds containing the thiocarbamoyl
residue are converted from the thiolo- into the thiono-form:®?

(O]

S S
(l?O),‘x‘ossc”z\:RlR2 - (RO):l'LOS(Il‘:\*R’R2 .

Asymmetric phosphorus-containing disulphides are also the
products of the reactions of phosphorothioic acid amides with
organosulphenyl chlorides. The formation of a disulphide in
this instance is apparently a consequence of the decomposi-
tion of the intermediate quasi-phosphonium compound:®*

RO\I.;/OR i

I H
(RO),P—N{ 4 RESCI - [ cr —
® \R1 RINH” \SSR’ “RCI RINH

A novel method of synthesis of diethoxyphosphoryl acetyl
disulphide from O,0-diethyl S-methyl phosphorodithioate and
thioloacetic acid has been proposed by Michalski and co-
workers:"®

(o} O

It il o
(RO),PSOCHj; +- CHsCSH — (RO),PSSCCH, + CH,0OH

O 0
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The method of synthesis of sulphonylthio-derivatives by
sulphonating sulphotriazoles with alkylarylphosphinodithioic
acids in the presence of trifluoromethanesulphonic acid®* is
also of interest:

. N—TIJSO,R‘ r o N—NH
i | , I
SPSH+HC  CH —CRSOH P77 SSOR’ + HC ¢
Ar N Ar \N

Analogously to compounds containing the thiocarbamoyl
residue,’? S-sulphonylphosphinothioates slowly isomerise to
the corresponding P—S derivatives at 20 °C:%*

RO
A7 N\sso,R At
Asymmetric phosphorus-containing disulphides are obtained
by oxidising the esters of phosphorodithioic acid with 3-
chloroperbenzoic acid. Three-membered heterocycles are
apparently formed as intermediates in this reaction:®®

S o] o)
I — 7\ I
_ TN (©] 5 . TN
{(RO)PS—L_ »—c1 O, (RO),P /s N (RO)PSS—{ __ >—CI .
s—/=>\—c1

Asymmetric phosphorus-containing trisulphides have been
investigated to a much smaller extent. Several examples of
the preparation of such compounds have been described in
the literature. One of these involves the interaction of
0,0-dialkylphosphorodithioic acids with amino disulphides:*®

ﬁ x x'
(RO),PSH -+ ¢ N ——S——S@ —>
ﬁ X
~ <
(RO),P—5—5—8 < >+_ N\,
e ,P—5 ‘@ 3 NH, S//J(Oﬂ)z :
N ’

X.X'=H, CHy,Br ,

Trisulphides are also formed in the reactions of phospho-
rothioic acid amides with organothiosulphene chlorides:®’

i H RO_ . ,OR
/ 2 - Npd Cl" ——x&i~
(ROWPN | -+ RISSCI [RINH PP e i
o o
R I
- NP—5—5—5—R?
RINH/

IV. CHEMICAL PROPERTIES

Despite the fact that phosphorus-containing polysulphides
are quite readily available, systematic studies of their reac-
tions have been begun comparatively recently and have led
to the development of methods of synthesis of a number of
classes of organophosphorus compounds whose preparation
by other methods presents significant difficulties.!’®?

The presence of several reaction centres in the molecules
of phosphorus-containing polysulphides imparts unusual
features to their chemical behaviour. These compounds
react with both electrophiles and nucleophiles, the reactions
involving and not involving the rupture of the polysulphide
chain.

Among the phosphorus-containing polysulphides, the
disulphides are the most thoroughly investigated group; tri-
and tetra-sulphides have been studied to a much lesser
extent.
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1. Thermal Stability

The thermal stability of phosphorus-containing polysul-
phides depends to a large extent on their structure. Thus,
whereas bis(diethoxythiophosphoryl) disulphide begins to
decompose only at 180 °C,%® the corresponding dialkyl-,
dialkoxy-, and alkylalkoxy-phosphoryl compounds are grad-
ually converted into pyrophosphorothioates, even at room
temperature, while on heating the process is rapid:?°

L00 L0
RR'/\gss'E(: . “—o—'i><R +s
where R and R' = alkyl or alkoxy-group.

Analogous behaviour has also been observed in the series
of tri- and tetra-sulphides. Bis(dialkoxythiophosphoryl)
trisulphides and bis(dialkoxythiophosphoryl) tetrasulphides
are comparatively stable at room temperature, but on heating
or prolonged storage they decompose with liberation of sul-
phur.* Bis(dialkoxyphosphoryl) trisulphides and bis(di-
alkoxyphosphoryl) tetrasulphides are much less stable; they
begin to evolve sulphur at room temperature after only
several days."

2. Oxidation and Chlorination

Bis(dialkoxythiophosphoryl) disulphides are quantitatively
oxidised by iodine in an aqueous alkaline medium:3*35
S S

]
(RO);PSSP(OR), + I, -+ HO™ — (RO)4P{0)O~ + SOf' +1I"+HO .

An analogous reaction takes place also when other oxidants
are employed.’

Depending on the reaction conditions, the oxidation of
bis(dialkoxythiophosphoryl) disulphides with hydrogen per-
oxide can give rise to both bis(dialkoxyphosphoryl) disul-
phides®® and bis(dialkoxythiophosphoryl) sulphoxides:*°°

0 o
s s HOM _, (R0),PSSBOR),
(RO),gss[iv(OR):—l . s s
s~ (RO)P—S—P(OR);
0

The chlorination of various symmetrical and asymmetric
phosphorus-containing disulphides and trisulphides with
chlorine or sulphuryl chloride entails the rupture of the
polysulphide chain with formation of phosphoryl- or thio-
phosphoryl- sulphenyl chlorides,®®:271% pyt, under the
reaction conditions, the latter evolve sulphur, giving rise
to phosphorothioic acid chlorides as the final products:

X X
i
(RO),PSSP(OR); ————— X X
i I
X X & s (RO)PSCl— (ROGPCI + S

I )
(RO)gP—S~—S—S—~P(OR),—
s s

] 1l
(RO).PSSAr -+ SO,Cl; - (RO)4PCI 4- ArSCI 4 SCl, + SO,

The chlorination or bromination of bis(hexafluorodimethyl-
thiophosphinyl) disulphide leads to the chloride or bromide
of hexafluorodimethylphosphinous acid;!°® this disulphide
reacts with hydrogen chloride or bromide to form mixtures
of hexafluorodimethylphosphinodithioic acid and its halide.®®

The reaction of dialkoxythiophosphoryl morpholino disul-
phide with hydrogen chloride proceeds with rupture of the
S—N bond. According to Almasi and Plaskucz,*! the unstable
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dialkoxyphosphoryl chloride sulphide is an intermediate in
this reaction:

-HN

s s s
N I I
®oubssy’ o — [(RO).PSSCI] — (RO),PCI 4§ -
A 4 N /0

3. Addition to Multiple Bonds

An interesting type of reaction of phosphorus-containing
disulphides is addition to multiple bonds.'°®*%7 Bis(dieth-
oxyphosphoryl) bis(diethoxythiophosphoryl) disulphides
react with dioxene and thioxene in the presence of iodine to
form the corresponding phosphorothioic acid esters:

X X

1 ( O o
(CsHs0)gPSSP(OC,Hs)s + [ , I—SP(OCsz)-
Nx” \x/—ST(OCst)z B

where X = O or S.
The reaction of phosphorus-containing disulphides with

acetylenic hydrocarbons takes place under irradiation with

ultraviolet light and apparently has a radical mechanism:*?®

X X x
(RO):PSSP(OR); > 2(RO)PS"
X X
(RO)JD!S' 4 HC=CR’ — (RO),PQSCH=CR'
X X X
(RO),QSCH:C'R' + (RO),F;SSIQ(OR); -,
X X
i | X
- (RO)ZPSCH=?SP(OR)2 +®OWPL
i

’

4. Interaction with Organometallic Compounds

Phosphorus-containing disulphides react with organometal-
lic compounds with dissociation of the disulphide bond and
the formation of the corresponding phosphorothioic and
phosphorodithioic acid esters.!?®"11® The literature contains
examples of such interaction with alkyl-lithium, alkylpotas-
sium, alkylsodium, metal derivatives of alkenes and alkynes,

Grignard reagents,'**'!? and organomercury compounds:***
X X
_won=cm o booh-cHR' + RobSM
X X
X X __RCSCM_ | p BsC=CR’ + RbSM
R,PSSPRy—| X X
_rmene o dop +R,1gSMgBr ,
, X X
RiHe g BSR4+ RPSHER'

where R = aryl or alkoxy-group, X = O or S, and M is a
metal.
Bis-derivatives are also sometimes formed, for example,
from lithioacetylene:
S S S S

[ i i
(Ar0),PSSP(OAr); + LiC==CH — (Ar0){PSC=CSP(OAr); -+
—+ (ArO), P(S)SH =+ (ArG),P(S)SLi .

773

The reactions with N-magnesio-derivatives either give a
low yield of the corresponding sulphenamides or phosphoro-
thioic acid amides are formed as a result of desulphurisa-

tion ;113,115

s s S sv
[ f !
(RO);PSSP(OR); - (CsHs){C=NMgBr — (RO);PSN=C(CsHs); -+ (RO).PSMgBr ,
S s S

P :
(RO)PSSP(OR), + CeH,NHMgBr (RO),PNHCeH, - [(RO);P(S)S]:Mg -+ MgBr, .

5. Reactions with Hydrocyanic Acid Salts

The reactions of hydrocyanic acid salts with bis(thiophos-
phoryl) disulphides involve the initial formation of the
corresponding thiocyanates,''®?!7 which subsequently
isomerises to the isothiocyanates:

S S N N

i i I
(RO);PSSP(OR). + KCN —ROFERR {RO)3PSCN — (RO};PNCS .

In the case of bis(phosphoryl) disulphides the final prod-
ucts of this reaction are either pyrophosphoromonothioates
or, depending on the structure of the groups attached to
the phosphorus atom, isothiocyanates:*%:11®

0 0 0 s 0 3
bl on- . Va i Il P
(RO),PSSP(OR), <> (RO),PNCS + (RO)QPx\— > (RO}, P—O0—P(OR), + SCK™,
~0
The thiocyanates of O,0-dialkylphosphoric acids, obtained
by the reaction of phosphorylsulphenyl chlorides with silver
cyanide, are stable only in solution at -5 °C. They isomerise
at room temperature to the isothiocyanates:*®

o o} o
Il i i
(RO),PSCI + AgCN — (RO),PSCN -» (RO),PNCS .

6. Reactions with Tervalent Phosphorus Derivatives

The interactions of bis(phosphoryl) and bis(thiophosphoryl)
disulphides with various tervalent phosphoryl derivatives
have been studied in detail.*®11%7128  gome of these reactions
constitute convenient methods for the synthesis of many
organophosphorus derivatives. It is most likely that such
reactions proceed via the mechanism of the Arbuzov reaction
with formation of an intermediate quasi-phosphonium salt.

The character of the final reaction product depends on the
mode of decomposition of this intermediate. Thus bis(di-
alkoxyphosphoryl) and bis(dialkoxythiophosphoryl) disul-
phides react with phosphite and phosphonite esters to form
pyrophosphates and the esters of phosphorothioic and
phosphorodithioic acids,*®»11%-123

+/OR
(B! 0),P—3—p=—0R
RZ

(R‘o)zvlssxl(cn’-‘)2 + (RO)PR? —>

X
—> (R'0);P—5—P + (R‘o)zgsn

X 0
| e
\BE
The reactions of phosphorus-containing disulphides with
triaryl phosphites, phosphorous acids tris(N,N-diethylamide),
and triphenylphosphine!?*™12% proceed with the desulphur-

isation of the disulphides and the formation of pyrophos-
phorotrithioates:
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S S S S
[ , I i .
(RO)sPSSP(OR); -+ RyP—(RO);P—S—P(OR)s + RPS ,

where R = alkyl or phenyl and R’ = phenyl, alkoxy-group,
or diethylamino-group.

Bis(dialkoxythiophosphoryl) and bis(diaryloxythiophos-
phoryl) disulphides react with salts of phosphorous acid in
accordance with the mechanism of the Michaelis—Becker

reaction ;127,128
s s s o) s
[ ) I i i
(R'0),PSSP(OR"), _{RO:PHO/E | (R‘O),P—s_f:(omz ~(R'0),PSH-B—~
S o s
i | [}
A 'OV (R’ X
— o [(R'0):P—S—P(OR)(OH)-B] = (R'0);PSR + HPO, B ,

where B is a base.

The formation of pyrophosphorotrithioates and triaryl
phosphorothioates has been observed in the reactions of
bis(dialkoxythiophosphoryl) disulphides with alkali metal

salts of diarylphosphorothioic acids:12*:128

S S S S { (o] N ]

I (ArO)PON : i I i
(RO)PSSP(OR): —(75,gaRs — (RO):P—S—P(OR)z + | (Ar0);P—0—P(OAr),

(ArO),PS + (ATOPO,), -

The formation of the triaryl phosphorothioate has been
explained by the disproportionation of the tetra-aryl pyro-
phosphorothioate.

The interaction of phosphorus-containing tri- and tetra-
sulphides with an equimolar amount of dialkyl or trialkyl
phosphite and also triphenylphosphine entails the desul-
phurisation of these compounds with formation of di- and

tri- sulphides respectively :}*?

s s s s s
| | , , I 1 i
(RO):P—S,—P(OR), —22LHOB (o) B, <—P(OR)s+- (RI0)POH-B (or RLPS)

(or Rif’) ; ’
where R and R! is an alkyl, R? is an alkoxy-group or phenyl,
n = 3 or 4, and B is a base.

The reactions of phosphorus-containing tri- and tetra-
sulphides with tervalent phosphorus derivatives apparently
proceed analogously to the reactions of the disulphides, via
a stage involving the formation of an unstable quasi-
phosphonium compound. However, in contrast to the disul-
phides, the intermediate formed is more polar and its desul-
phurisation is observed as a consequence of the rupture of
the disulphide bond. In the presence of an excess of the
di- or tri-aryl sulphite, the reaction does not stop at the
stage described above: the disulphides formed react further
with the phosphites to form asymmetric pyrophosphorodithio-
ates as well as esters of phosphorothioic and phosphoro-
dithioic acids:*?°

S S N @] S

I {i It [ , I
(R0);P—S—S—S—P(OR); + (R'0)3P — (RO);P—S—P (OR,) + (R'O)sPS + (RO)sPSR’ |

Asymmetric phosphorus-containing disulphides react with
triethyl phosphites with rupture of the S—S bond to form
the triesters of phosphorothioic and phosphorodithioic

acids 121,126 X X o

| il I
(RO)J’SSR‘ 4+ (R?0)yP—(R0O)4PSR? + (R*0)sPSR!

In the reaction with trialkyl phosphites or triphenylphos-
phines, phosphorus-containing amino polysulphides undergo
desulphurisation with formation of products containing one
sulphur atom less:®?

S S

i R % I R
(1?0),1>—s,,—1~1<R2 R L RIPS + (RO),P-—S,H—N<R2 ,

where n = 3 or 4 and R? is an alkoxy-group or phenyl.
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7. Reactions with Ammonia, Amines, and Hydrazines

In the reactions of symmetrical phosphorus-containing
disulphides with nitrogen-containing bases having a mobile
hydrogen atom, the sulphide bond is broken and the corre-
sponding phosphorylsulphenamides and the ammonium salts
of phosphorothioic or phosphorodithioic acids are formed.
The reaction is general for different amines.*139713%  ith
its aid, thiophosphorylsulphenamides unsubstituted at the
nitrogen atom and N-monoalkyl-substituted derivatives have
become available, whereas it had been impossible to obtain
them by the methods known previously.!®

On reaction with ammonia at approximately 5 °C, bis-
(dialkoxyphosphoryl) and bis(dialkoxythiophosphoryl)
disulphides form high yields of dialkoxyphosphoryl- and

dialkoxythiophosphoryl-sulphenamides :***37

X
[ 1. + RN
(RO),FSSP(OR)s +  NHj === (RO),PSNHy + | NHy —/-p(oa)g
‘
S

The reaction is rapid and the phosphorylsulphenamides
obtained are vacuum-distilled. They are insufficiently
stable on storage but are stable at low temperatures and can
be used as intermediates in the synthesis of various deriv-
atives.®®

The substitution of a hydrogen atom in the amide group
increases the stability of phosphorylsulphenamides. Thus
primary and secondary aliphatic amines react with bis(phos-
phoryl) and bis(thiophosphoryl) disulphides to form more

stable sulphenamides:130,132,139,140

X R}
e
—> R.PSN -+

g N v | ,

i v

R,PSSPR, + HN

where R is an alkoxy- or aryloxy-group or aryl and X =
O or S.
Hydroxyalkylamines and diamines react analogously :*3*!

X
HaN(CH,) 01 1] + BN
> (RO),PSNH(CH),OH + |1O(CHy, NI, 7})(01’\)2 ,
i ?
{RO),PSSP(OR); —
HaN(CHp) nNH, I + AN
> (RO);PSNH(CH,),NH, + |H,N(CHy), N5| | =) P(OR),

D

S

Aliphatic diamines can give rise to bisphosphorylated deriv-
atives:1*?

i : 1 i
(RO},PSNH(CHy),NH; + (RO);PSSP(OR); —> (RO),PSNH(CH,),NHSF(OR), +

N
7/' P(OR),

s .

+
+ | (RO),PSNH(CH,),NH;

Alicyclic secondary amines react with disulphides in accor-
dance with an analogous mechanism,*%!*2 but the reaction
with ethyleneimine involves the simultaneous opening of the
three-membered ring together with the formation of thiophos-
phorylethyleneimide :**

S s S S
(RO) {')SSII!’(OR) . HN{ ﬁH' (RO) gS\'/ Ciﬂz +- (RO) E'SCH CH,NH
2 L * \CH, 281 \CH= T 2! 2 2 2 .
On reaction with tertiary amines, bis(dialkoxythiophos-

phoryl) disulphides behave as alkylating agents,*3:1**
forming the salts of quaternary ammonium bases. This
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reaction takes place particularly readily with bis(dimethoxy-
thiophosphoryl) disulphide:'*?

S S

noR [ O ,S S _,0
CH;0),PSSP(OCH, 2R,N ~- pZ P
( )2 ( 32 + 2Ry LCHSO/ Nsos/ Noch

} 2RyNCH .
3
Bis(dialkoxythiophosphoryl) disulphides react with aro-
matic amines in an unusual manner.}*® The reaction with
aniline at 90—95 °C takes place with rupture of the sulphide
bond via two pathways with formation of N-phenylthiophos-
phorylsulphenamide and the product of the substitution of
hydrogen in the aromatic ring by the thiophosphorylmercapto-
group:
N
[ + N
== (RO)PSNHC:H; + [CsHNHg) | P(OR); | ,
S S S

[
(RO),PSSP(OR), + C,H:NH;

s
I . -S
s (RO),PSCH,NH, - [CeH,NH,] [ S>P(OR)2]

The reaction of phosphorus-containing disulphides with
m-phenylenediamine proceeds under milder conditions (on
heating a mixture of the initial components in benzene) and
the main products are S-(diaminophenyl)-substituted deriv-
atives of phosphorodithioic acids and substitution takes

place in the 4-position of m-phenylenediamine :***

S S NH s N{*"
i — -
RiPSSPRy+ < S—NH, » RPs—{ SoNH, +

NH,
[ P ] SN
+ {_>—NH, S/P(OR)n:!;
R = iso-C3H70, CgHs.

The interaction of phosphorus-containing disulphides with
aromatic and aliphatic hydrazines is also interesting. It is
not possible to isolate the corresponding thiophosphoryl-
sulphenichydrazide, which apparently decomposes with for-
mation of the initial disulphide, aniline, and nitrogen. In
the presence of an excess of phenylhydrazine, the disul-

phides react almost completely :%*

S

Il
2(RO);PSSP(OR), + 4CeHNHNH; ——30),p(5sa-1, NANGH,
S S S

I [
— 2(RO);PSNHNHC¢H;s — (RO)3sPSSP(OR); + Ny + 2CHsNH, .

In contrast to the reaction with phenylhydrazine, the
analogous reaction of disulphides with N,N-dimethylhydrazine
leads to the formation of the dimethylammonium salt of O,0-
dialkylphosphorodithioic acid and not its dimethylhydrazinium
salt.’®  This can be explained by the more basic properties
of the dimethylamine formed compared with those of the
initial dimethylhydrazine.

The reactions of phosphorus-containing tri- and tetra-
sulphides with amines had been virtually uninvestigated
previously. Several studies devoted to the interaction of
amines with the tri- and tetra-sulphides showed that the
main product is the salt of the amine and the corresponding
phosphorothioic acid; other phosphorus-containing reaction
products could not be isolated.’”>®5 It has been established
in recent years that, in the interaction of phosphorus-
containing tri- and tetra-sulphides with primary and sec-
ondary aliphatic or alicyclic amines, the disulphide bond
nearest the phosphorus atom is ruptured with formation of
the corresponding asymmetric polysulphides containing one
sulphur atom less and of the salts of O,0-dialkylphosphoro-

thioic or 0,0-dialkylphosphorodithioic acids:*7-1*¢
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X R X R B! Xy
i \ S NI N
ROVP—S,—P(OR), +  NH —> (ROLP—S,.—N_ + NH; || =2 P(OR;
(Rt ’ e gt o 7 ’

where X =Oor S, n = 3or 4, R = alkyl, R! = H or alkyl,
and R? = alkyl (R? and R? can together form a heterocyclic
group).

Dialkoxyphosphoryl N-mono(or N,N-di)alkylamino disul-
phides are readily vacuum-distilled, while the corresponding
dialkoxyphosphoryl and dialkoxythiophosphoryl trisulphides
decompose on distillation. The infrared, H NMR, and
ultraviolet spectra are most informative as regards these
compounds. The infrared spectra contain the characteristic
absorption band of the N—H group (3320 em™), SN-H =
3.85—4.71 p.p.m. in the 'H NMR spectra, while the ultra-
violet spectra exhibit absorption at 226 and 281 nm for the
di- and tri-sulphides respectively.* The stability of such
structures is apparently due to the stabilisation of the mole-
cule by the resonance interaction involving the 3d orbitals
of the sulphur and phosphorus atoms, which is confirmed by
the bathochromic shift of the absorption maximum in the
ultraviolet spectra on passing from the disulphide to the
trisulphide .1*6:149

The reactions of tri- and tetra-sulphides with an excess of
aliphatic amines result in a quantitative formation of bis-
(dialkylamino) sulphides or bis(dialkylamino) disulphides
together with salts of phosphorothioic or phosphorodithioic
acids:

AR R pa'\ N
(RO)P—S—P(OR), + 4HN —> N'——S,,_z—-l\‘/ + 2 R, -}p(om,
N\g? P \g? I §7

This is explained by the reaction of the intermediate thio-
phosphorylamino-di- or -tri- sulphide with the excess amine:

Rl

R [& X,
-+ N
N—S,,_Z-—N/ -+ \mxc —}P(OR).‘,

R’/ g | s

-

AR
S
R2 R?

i
(RO),P—S,.|—N

It must be emphasised that, in contrast to the reaction of
symmetrical disulphides, the interaction of asymmetric
phosphorus-containing disulphides with primary and secon-
dary amines results in the formation of sulphenamides with-
out a phosphorus atom, while the organophosphorus part of
the molecule enters into the composition of the corresponding
ammonium salt in the form of a phosphorus-containing anion ;9

2 2 .
. A L LN EN
(RO),PSSR! + HN]  —»> R'sN + NHp|| —iP(OR),
R \g? _d 7 -

8. Reactions of Phosphorus-containing Polysulphides with
a CH Acid

One of the characteristic pathways in the reactions of
phosphorus-containing polysulphides involves their inter-
action with dicarbonyl compounds. Thus the resctions of
phosphorus-containing disulphides with g- and y-dicarbonyl
compounds, namely with the sodio-derivatives of acetoacetic
ester, acetylacetone, acetoacetanilide, malonic acid ester,
and acetonylacetone involve the dissociation of the disulphide
bond and the formation of esters of phosphorothioic or phos-
phorodithioic acids containing dicarbonyl groups:!5%15!

o 0
I i
X X R X Ccr
i s i
RAPSSPR, + HiC| GO RPSHC 4 RPSNa - CHOM |
N
CRe CRe
i i
0 0
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where R = aryl or alkoxy-group, R' = CH, or C,H,0, R? =
CH;, C,H;0, or C,HNH, and X = Q or S. It must be
emphasised that the reaction leads to the formation of the
corresponding C-derivative.!%*

Depending on the conditions (the ratio of the reactants and
process temperature), the sodio-derivatives of y-dicarbonyl
compounds interact with either one disulphide molecule, as
in the case of g-dicarbonyl derivatives, or with two such
molecules to form disubstituted y-dicarbonyl compounds:

(o] X O
i) '
X X CH,CCHy c,1,0Na _ R:PSCHCCH,4 i
Lok e — | 4 RyPSNa -+ C,H;0H ,
R,PSSPK CH,CCHy R:PSCHCCH,
I ; !
X e}

The more mobile the hydrogen in the inolecule of the carbonyl
compound, the greater the ease of the reaction with phos-
phoryl disulphides.

In the interaction of phosphorus-containing tri- and tetra-
sulphides with the sodio-derivatives of malonic ester, aceto-
acetic ester, or acetylacetone, the disulphide bond nearest
to the phosphorus atom is ruptured and the corresponding
asymmetric di- or tri-sulphides are formed together with

salts of phosphorodithioic acids:*%?

o o
Py b L
| | , C,H,0Na I
(RO); P—S,—P (OR); + H2C<CR! —GaBON2 ey p_s"“—HC<CR2 +
I I
) o
5

I
+ (RO);PSNa + C,H;OH ,

where R = alkyl, R? and R? = alkoxy-group or CHj, and
n = 3or 4.

Table 4. Spectroscopic characteristics of diacetylmethyl and
alkoxycarbonylacetylmethyl dialkoxythiophosphoryl poly-
sulphides.!%?

IH NMR spectrum Lr.spectrum 13C NMR spectrum U.v. spectrum
n (5, p.p.m.) v, cm°l) (, p.p.m.)
OH | cH | H...0 | —C=C- | =C—CH, |=C=OC,H,| Amax, tm| 1gs
Compounds of type (A)
2 174 2.43 1570 — 195.77 — 231 3.1
3 17.6 2.45 1575 — 195.66 — 240 3.9
Compounds of type (B)
2 13.7 2.43 1580 1635 184.81 ’ 171.59 232 ’ 4.1
3 13.7 2.43 1585 1640 184.81 | 171.68 240 4.6

Analysis of the infrared, ultraviolet, and *H and '°C NMR
spectra showed that the di- and tri-sulphides formed, (A)
and (B), are almost wholly enolised in both non-polar sol-
vents and in a pure form. The chemical shift of the signal
due to the hydroxyl proton in the H NMR spectra (Table 4)
indicates the formation of an intramolecular hydrogen bond
between the enolic hydroxyl and the oxygen of the carbonyl

group:

?Ha CH,
,C:O‘ S C—OH
Il & - il Yl
(RO)P—S:—C_ H (RO),P—5,—C H
\ . AN I}
€===0 C=0
CH; CoHg N
(A) (B)
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Table 4 shows that the chemical shift of the signal of the
enolic proton hardly changes with increase of temperature to
70 °C and following a change in the nature of the solvent,
which indicates the stability of the chelate structure formed.
The number of sulphur atoms in the chain also does not affect
the chemical shift. The content of the enolic form in com-
pounds of this type is 98%; on passing from CCl, as the sol-
vent to CH,CN, the content of the keto-form increases to
4%'152

The 13C NMR spectra of compounds of type (A) (Table 4)
contain one signal due to the carbon of the carbonyl group,
which indicates the presence of a quasi-symmetrical struc-
ture with the bonds equalised in pairs.!®

The observed enolisation is a consequence of the strong
electron-accepting influence of the thiophosphory! disulphide
and trisulphide groups, which entails a decrease of the elec-
tron density on the methyl carbon atom and hence an increase
of the acidity of the CH group.

An increase of the wavelength and of the extinction coef-
ficients in the ultraviolet spectra of compounds of types (A)
and (B) (Table 4) on passing from the disulphide to the
trisulphide indicates the presence in this compound of an
unbranched structure of the polysulphide chain.**

The products of the reaction of phosphorus-containing
polysulphides with sodiomalonic ester exist in the keto-form,
as shown by the absorption band at 1740 em™ in the infrared
spectra, the presence of the signal due to the proton in the
CH group (§ = 4.4 p.p.m.), and the absence of the signal
of the enolic proton in the 'H NMR spectra.

In the interaction of symmetrical tri- or tetra-sulphides
with an excess of a f-dicarbonyl compound, the disulphide
bonds closest to the phosphorus atom are ruptured in suc-
cession and the corresponding mono- or di-sulphides without
phosphorus are formed :*%?

S S o o S i

I
I I RICCH,CRY; C;HiONa i
(RO)s P—S,— P(OR)s —(R:O),P(Sl)SNa —~ (RO)e P—Sn_l——HC<CR: -~

o] o

e e | X
RICCH,CRY; GHONa_ RIC( CR!
Z{RO)P(S)SNa R’C/CHVSH-{—HC<CR

i I
0] (0]

9. The Interaction of Phosphorus-containing Polysulphides
with Diazo-compounds

The interaction of phosphorus-containing polysulphides with
diazo-compounds has been studied only in recent years,!557163
It is stated in the literature that aromatic disulphides, in
particular diphenyl disulphide, react with the Simmons—Smith
reagent (iodomethylzinc iodide ICH,ZnI) and also with the
esters of diazocarboxylic acids in the presence of a catalyst
to form the products of the insertion of the corresponding
carbene in the disulphide bond. On the other hand, dialkyl
sulphides do not react with the Simmons—Smith reagent and
the reaction with diazocarboxylic acid esters takes place with
only an insignificant yield,¢*16S

These data show that the activity of the disulphides in
relation to diazo-compounds is significantly influenced by
their structure. The presence of electron-donating sub-
stituents reduces and that of electron-accepting substituents
increases the reactivity of the disulphides. The latter fac-
tor is manifested in the reaction of phosphorus-containing
polysulphides with diazo-compounds in reactions of the
carbene and non-carbene types.
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It is of interest that, in contrast to aromatic disulphides,
bis(dialkoxyphosphoryl) disulphides never form products of
the insertion of the methylene group in the S—S bond on
reaction with an excess of diazomethane in an ethereal solu-
tion under various conditions (under irradiation by light
from a mercury lamp, in daylight, or in the absence of illu-
mination); this reaction leads to the formation of a low yield
of asymmetric products—dialkoxythiophosphoryloxy—
dialkoxyphosphorylithiomethanes:*°®

o o s 0
. I I
(RO)gPSSP (OR), —<2M . (20), POCH,SP (OR), |

0 O s Nx

U
(RO), PQCH SP(CR), «

where R = alkyl.

The °!P NMR spectra of these compounds consist of two
singlet signals with §p = 21-23.7 p.p.m. and 65.2-68.2 p.p.m.,
which are characteristic of quinquevalent phosphorus in the
phosphoryl and thiophosphoryl groups respectively. The
'H NMR spectra show a doublet of doublets due to the CH,
group with 6y = 5.28-5.40 p.p.m. ( JP(O)H = 19.5 Hz,

JP(S)H = 13.5 Hz), which also confirms the presence in
the molecule of the phosphoryl and thiophosphoryl groups
and the asymmetry of the structure formed. The infrared
spectra contain an absorption band in the range 1260—1275 cm™
(due to the vibrations of the P=0 bond). The absorption
band corresponding to the P=S group is shown in the Raman
spectra in the range 615-630 cm™*,1%°

Since the given reaction results in the formation of prod-
ucts containing the thiophosphoryl group instead of one of
the initial phosphoryl groups, the reaction has been called
the phosphoryl—thiophosphoryl rearrangement.!®®

It is believed that, at least in the absence of illumination,
bis(dialkoxyphosphoryl) disulphides interact with an undis-
sociated diazomethane molecule. This reaction can be rep-
resented by different schemes. One of these involves attack
by diazomethane on one of the sulphur atoms with rupture of
the disulphide bond and the formation of an intermediate
structure with an ambident thiophosphoryl anion and a
phosphorus-containing diazonium cation; the last species,
which is an unstable intermediate, gives off nitrogen and is
converted into the more stable phosphorus-containing carbo-
nium ion, which attacks the rigid end of the triad, namely
oxygen, in the (O=P=S)” ambident system:

1

I [ -
(RO),P—S QI OR)2 —> | (RO),P—SCH,N, —>-P(on)2 oy
%' e}

*r.‘—O

i \ i
—_ (Ro)ﬁp—scn2 —} P(OR); | —3 (RO),PSCH,OP(OR), |
o

The interaction of bis(dialkoxyphosphoryl) disulphides with
diazomethane in the absence of illumination is not restricted
to the phosphoryl—thiophosphoryl rearrangement and is
accompanied by the formation of the products of insertion of
two methylene groups in both P—S bonds of the disulphide
with retention of the S—S bond and the symmetry of the
structure.!®® The formation of products of the P—S inser-
tion has been represented by a scheme involving successive
attack by diazomethane on the phosphorus atom of the disul-
phide with the intermediate formation of a dipolar diazonium
ion, its decomposition to N, and a dipolar carbonium ion, and
the 1,2-migration of the P(0)SS fragment to the carbonium
centre; an analogous sequence of stages after the attack by
a second diazomethane molecule leads to the final product:
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S R T
Ru)lrlrﬁs—s—e\om —> | (ROP—5—§—DIOR); | ==
T :
£, |
N —(‘H e
3) 0 = v 0
ID Il CH¥g 17 I Cl _1
—> | (RO),P=i—s—P(OM), | ——> | (RO c1'15—571{(0m2 f—
2 8
" - “CHy _}

i
—> (RO),PCH,SSCHPORY,

The 'H NMR spectrum of the products of insertion in the
P—S bond of the disulphide (R = iso-C;H,) contains a dou-
blet associated with the methylene protons of the CH, group
having 6y = 2.21 p.p.m. (¥Jpy = 15 Hz). The *P-{'H}
NMR spectrum consists of a singlet with §p = 24.9 p.p.m.;
the infrared spectrum contains an absorption band due to
the P=0 group in the region of 1260 cm™,%¢

The interaction of bis(dialkoxyphosphoryl) disulphides
with diazoacetic ester involves (as in the reaction with diazo-
methane) under conditions not promoting the formation of a
carbene, involves both the phosphoryl—-thiophosphoryl
rearrangement with formation of dialkoxythiophosphoryloxy-
dialkoxyphosphorylthioacetic esters and the insertion of the
ethoxycarbonylmethylene group in both P—S bonds with
formations of bis(ethoxycarbonyldialkoxyphosphonomethyl)
disulphides:*°®

s o
i i

~——— {RO); POCHSP (OR); + N; ,

ff 5" COOC,Hs
(ROp) PSSP (OR), + N:CHCOOC,H; —

o o
j I

. (RO),PCHS—SCHP (OR); + N, .

|
C,H,00C COOCHs

The two competing reactions take place at different rates and,
depending on the process conditions, it is therefore possible
to obtain each reaction product separately or their mixture

in different proportions.

The reaction under the conditions of the catalytic genera-
tion of ethoxycarbonylcarbene leads to different results.
When bis(dialkoxyphosphoryl) disulphides react with diazo-
acetic ester in the presence of catalytic amounts of boron
trifluoride etherate, bis(dialkoxyphosphorylthio)acetic esters,
the products of the insertion of ethoxycarbonylcarbene in
the S-S bond, are formed even at temperatures between —20°
and +8 °C:!%7

0 o ¢} (¢}
Fod . BE, O(Ci1,), I Il
(RO)PSSP(OR); + N,CHCOOCH; ———g =" (RO), ps?isp (OR); .

COOC,H;

The 'H NMR spectra of these compounds contain a triplet
due to the methylidyne proton of the CHCOOC,H group with
Sg = 4.90-5.04 p.p.m. (*Jpy = 13.5 Hz). A singlet with
8p = 21.1-21.6 p.p.m. can be observed in the *'P—{*H} NMR
spectra. The infrared spectra contain absorption bands
corresponding to the stretching vibration frequencies of the
P=0 (1265~1275 cm™) and C=0 (1745 cm™) bonds.'%’

Under the conditions of the catalytic generation of the
carbene in the presence of copper powder at 80 °C in ben-
zene or at 80—120 °C in the absence of the solvent, the for-
mation of the product of the insertion of ethoxycarbonyl-
carbene in the S-S bond of the disulphide is accompanied by
the competing reaction involving insertion in both P—S
bonds:!%7
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v It
{—— (RO), PSCHSP (OR),
o o COOC, 1,
i i Cu; 80—120°
(RO), PSSP (OR)e + N,CHEOOCH, — g
le) (¢}

ull
i
i ‘
| (RO, PCHS—SCHP (OR),
|
COOCH, »

C,H;00C

The insertion of ethoxycarbonylecarbene in the S—S bond
apparently proceeds via a stage involving the formation of
an unstable sulphonium ylide with subsequent 1,2-migration
of the phosphorylsulphenyl group from the sulphonium sul-
phur atom to the ylide carbon atom (pathway a). The inser-
tion of ethoxycarbonylcarbene in the P—S bond is also
regarded as a process involving the intermediate formation
of a sulphonium ylide with subsequent migration of the phos-
phoryl group from the sulphonium sulphur atom to the ylide
carbon atom (pathway b):%7

o]

Q
£CHCOOC, H; I + ) I
L (RO>QP—~S~CSD-—P(OR)2 —

(e —Cy -~ (b)

COOCeH; |

I
(R0)2P~s——s—~y’(om2

o]

9
|
) (RO)QgSCHSP(OB):

s
COO0CT;

(8}

()

I Il
(RO),PCHS=—SCHP(OR),
$CHCOOC,Hy - =

CyH00C COOC,Hy

Since insertion in the P—S bond is observed also under
conditions which do not promote the formation of carbenes, it
is necessary to take into account the possibility of the reac-
tion with an undissociated molecule of the diazo-compound.
However, in this case the reaction centre is apparently the
phosphorus atom and not the sulphur atom in the disulphide
molecule.

Phosphorus-containing tri- and tetra-sulphides form the
products of the phosphoryl—thiophosphoryl rearrangement
on interaction with diazomethane:!*®

(¢} o S (o}
i If CH,N, I I
(RO), P—S,—P (OR), ——x (RO), POCH,S,_,P (OR), +
S S
I Il
-+ (RO); POCH,S,,_,CHOP(OR), ;
n=3,4.

In the reaction with diazoacetic ester there is no rearrange-
ment and the products of the insertion of the ethoxycarbon-
ylmethylene group in one of the P—S bonds of the polysul-
phide are formed in a high yield:**®

[} o o o
i I Il 1
(RO), P—S,—P (OR), + N;CHCOOC,Hs — (RO), PCHS,P (OR); -+ N,
COOC,H,
In the presence of an excess of diazoacetic ester, two

ethoxycarbonylmethylene groups are inserted in the P—S§

bonds of the polysulphides and desulphurisation takes

place :15°

o} (e} 6] (o]
fi N I [
(RO); P—S,~P (OR), - N,CHCOOC,H; — (RO), PCHS—SCHP (OR), -+ N; + (n—2)$;
C,H;00C COOC,Hs
n=234.
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Reactions analogous to those described above have also

been considered in relation to thiophosphoryl di-, tri-, and

tetra-sulphides:160-162

s s s s
! I . o
(RO); P—S—S—P (OR); —5i-~ (RO), PSCHSP (OR),
L
s s s s s s
CH,N,

I i I B i I
{RO); PSSSSP (OR)y ——y*~ (RO); PCH,SSSP (OR)z + (RO)s PSCH,SSCHoSP (OR), |

where R = alkyl and R' = H or COOC,Hs.

In the case of bis(dialkoxythiophosphoryl tetrasulphides
the sequence of the insertions of the methylene group ini-
tially in one and then in the other S-S bond of the polysul-
phide has been observed with the aid of 'H NMR spectro-
scopy. This is indicated by one doublet due to the protons
of the CH, group with §y = 4.02 p.p.m. (}Jpy = 18 Hz),
appearing initially in the spectrum, and then by the second
doublet with ég = 3.75 p.p.m. (*Jpy = 18 Hz).'%?

It has been suggested that the phosphoryl—thiophosphoryl
rearrangement takes place in the reaction with an undisso-
ciated molecule of the diazo-compound, while the S—S inser-
tion is a reaction of the carbene type. The P—S insertion
reaction can apparently be both of the carbene and non-
carbene types.

As regards phosphorus-containing disulphides with an
asymmetric structure, it has been reported that the methy-
lene group is inserted in the S—S bond of aryl diethoxyphos-
phoryl disulphide in its interaction with diazomethane.®®> The
products of the rearrangement were obtained in an insignif-
icant yield.'®® It is believed that the formation of arylthio-
diethoxyphosphorylthiomethane and arylthiodiethoxythiophos-
phoryloxymethane proceeds via the "diazonium" mechanism;
the diazonium cation interacts with the thiophosphoryl anion
to a greater extent via the sulphur atom and to a lesser
extel:nt via the oxygen atom of the ambident (O=P==S)  tri-
ad:16®

2 0
) V
(C,H50)P—S =5 R —> | (CH0P— R | o>
¢ Ng + 1 :
¥ N,C

CH,N, o
s

0
1 I
—3 (C,H;0),PSCH,S R+ (CyH;0),POCH,S R

The reactions of phosphorus-containing polysulphides with
diazo-compounds make it possible to obtain organophosphorus
compounds which had been difficult to synthesise otherwise
or had been altogether unknown and lead to interesting
possibilities for the study of the carbene reactions in the
chemistry of organophosphorus compounds.

10. The Reactions of Phosphorus-containing Disulphides
in the Presence of Lewis Acids

When phosphorus-containing disulphides react with aro-
matic hydrocarbons and alkyl aryl ethers in the presence of
Lewis acids, the corresponding S-aryl esters of phosphoro-
thioic acids are formed :67>16%

S s S S

[ AlCH, | 1l
R,PSSPR, 4- ArH = R;PSAr + R,PSH |

where R = alkoxy-group or phenyl. One must note that,
in the case where the unsubstituted alkyl aryl ethers are
employed, a mixture of isomers is formed whose separation
presents certain difficulties.
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When bis(dialkoxythiophosphoryl) disulphides are used,
alkylation of the aromatic ring is also observed and in some

cases this reaction predominates.
In the presence of Lewis acids, bis(dialkoxythiophosphoryl)
disulphides are capable of self-alkylation:

167,168

.167

S s
T AICh, i RO _ S
(RO)sPSSP (OR); —5—= (RO)y PSR + _[_0 /P\S_

.

The interaction of phosphorus-containing disulphides with

tin dihalides is of interest:1%%17°

A complex of tin dihalide is apparently formed initially.

s S S X S

by r | i
(RO), PSSP (OR)y - SuXy — [(RO)s P (5)S]-SuXz — (RO)s P—S—Sin—S-P(OR),

X

subsequent redistribution of electron density leads to the
rupture of the S—S bond and the formation of S—Sn valence
bonds.

---00o---

Thus the unusual chemical behaviour of phosphorus-

containing polysulphides renders this group of compounds
extremely promising for use in organic synthesis in order to
obtain new types of organophosphorus compounds or com-

pounds of this kind which have been hitherto difficult to obtain.
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