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1. Introduction

Thio derivatives of trivalent phosphorus acid (TTPA) have until
recently remained one of the least studied classes of organophosphorus
compounds. Although the first examples of this class of compounds
were obtained more than 100 years ago, there were virtually no
systematic studies of the chemical behaviour in their class for a long
time. Only at the end of the 1950’s and the beginning of the 1960’s
did TTPA start to attract more attention from research workers.
This occurred because several TTPA were found to have practical
application and continue to be of use as additives for lubricating
oils, 2 stabilisers of polymeric materials,>™ heat-stable additives for
organic products,”® vulcanisation accelerators of rubbers,” etc.
Moreover, with the discovery in the 1950’s of the reaction between
elemental phosphorus and disulphides,!®!! the industrial synthesis of
trialkyl phosphorotrithioites became a possibility. At the same time,
the problem of finding ecologically preferable, ‘chlorine-free’
methods for synthesising various organophosphorus compounds
based on phosphorotrithioites became important. Evidently the
solution to these practical problems was not possible without a
detailed study of the reactivity of TTPA.

By the mid-1970’s investigations had been carried out on the
synthesis and some chemical properties of esters and acid halides of
P(III) thioacids had been studied, so that it was possible to find the
first examples of the difference in chemical behaviour between TTPA
and their oxygen analogues. These specific aspects of the chemistry
of TTPA were partially covered in monographs'>!® and a review'* of
that period and received the most attention in the review of
Krasil’nikova,'® which dealt with problems on the dual reaction of
esters of P(I1I) thioacids with alkyl and acyl halides.

However, about 10 years has passed since it was published and
during this time the chemistry of TTPA has undergone a new stage
of development. Previously unknown classes and types of TTPA

have been discovered, and an abundance of synthetic material has
been collected on essentially new reactions involving TTPA, so it
has been possible to establish the general mechanisms of these
reactions. A wide range of physicochemical methods has been
involved in structural and stereochemical studies of this class of
compounds, which have recently been reviewed in a monograph.'®
Also at the present time it has become necessary to correlate and, as
far as possible, classify the abundantand interesting material collected
during the last few years in the world chemical literature.

In the review presented here, the findings of the last ten years,
concerned with synthetic methods and properties of TTPA, have
mainly been used.

I1. Synthesis

By analysing the considerable flow of literature on the synthesis of
TTPA, we have considered it practicable to limit ourselves to an
examination of preparative methods based on those chemical
conversions which lead to the formation of a P(III)—S bond in the
molecule. The reactions which use trivalent phosphorus compounds
that already contain a P(III)—S bond as starting materials will be
examined when problems of the reactivity of the latter are discussed.

1. Synthesis based on elemental phosphorus

The direct synthesis of trialkyl phosphorotrithioites from
elemental phosphorus and disulphides was developed back in the
early 1950%s:'0:1!

P,+6RSSR—4(RS),P .
1t was later shown!”!? that phosphorotrithioites can be obtained
in high yield by reaction of white phosphorus with thiols in the
presence of sodium thiolate in CCl.

P.+6RSH+6RSNa+6CCl—>4(RS),P +6CHCl,+6NaCl |

By using perfluorochloromethylsulpheny! chlorides in a reaction
with elemental phosphorus it was possible to achieve the direct
synthesis of perfluorochloromethyl phosphoromono- and
phosphorodi-cl'x]oridothioites:19

P+CF.Cl;-,.SCl—(CF,Cl;..S).PCls_,+ (CF,.Cl,_.S).
x=1,2 whenn=1,2; x=1-3when n=3.
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However, up to the present time phosphorylation of sulphur-
containing compounds has continued to remain the most common
method for obtaining TTPA.

2. Phosphorylation of sulphur-containing compounds
In recent years this method has been developed on the one hand
by improving the reactions of this type that were already known and
on the other hand by modifying them through expanding the range
of both phosphorylating agents and reactants being phosphorylated.
The most widely used process is the phosphorylation of metal
thiolates?®?* and thiols?'~* with P(III) acid halides.

R.-.PX,+nR’'SM—R,.,P(SR"),~naMX
R =alkyl, aryl, RO, RS, Me,N; X=Cl, Br, M=H, Na, Ph.

In the latter case a base is generally used, and in order to avoid an
induction period in the reaction of P(III) halides with thiols it was
proposed that the phosphorylation should be carried out in the
presence of formamide? or other nitrogen-containing catalysts.?*

By using this reaction it was possible to obtain new types of
bis-phosphorylated methylamines?”?® and functionally substituted
TTPA, including silicon-containing P(III) thioesters,>?*0 of
y- and w-chloro-substituted phenylphosphonochloridothioites,!
phosphorus(III)-containing dithiolothiadiazoles,** and
S-phosphorylated derivatives of thioglycolic acid esters
amides.®

By introducing o-dithiolobenzene, ethane- and cis-ethylene-
dithiols, or their metal derivatives into a reaction with PCls, it was
possible to synthesise a number of l,3,2-dithiaphospholanes35 and
1,3,2-dithiaphospholenes®® containing an exocyclic P—Cl bond:

33,34 and

MS._ s

Np_|
PClit R -~ R<s DP—Cl 4 2MCl
M=H, Na; R=CH,CH,, CH=CH, 0-CH,

At the same time, it is necessary to use a base in order to obtain
1,3,2-dithiaphospholanes with a P—C bond.”” In the absence
of the former the reaction of t-butyldichlorophosphine with
1,3-propanedithiol results in the formation of a twelve-membered
ring containing phosphorus and sulphur atoms together with
2-t-butyl-1,3,2-dithiaphosphorinane.®® The process takes place via
an intermediate acyclic product:
cl

p/
H ¢ NBu-t
t-BuPCl; + HS——

TSP But (0 T
/ s

Np/
|
Bu-t
Recently”'” PCls has also been used successfully as a
phosphorylating agent for the synthesis of acyclic and cyclic TTPA:

PClg + (GeF5sS): Pb — [(CeFyS)s P1 —

MV e B

5 .
PCh+ | | -~ pci + [polysulphide)
5 0>

MS
M=H, Me,Si; R=H, Me .

(CF3S)s P+ (CeFsS)e

An attempt was made to utilise the phosphorylation of thiols
with P(III) acid amides® in order to obtain optically active
phosphinothioites.”” However, when the optically active
ethylphenylphosphinous diethylamide was treated with thiols, only
the racemic thioester of this acid was formed:

A+ msy — EtPhPSR+Et,NH.
Ph"/ N

g1 NEYy

When this reaction was extended to bis(trimethylsilyl) amino-
phosphine it was possible to synthesise the first example of a new
class of TTPA—ethylthiophosphine:*!

(MesSi); NPH, - EtSH — EtSPH, - (Me;Si); NH .

During the last ten years there has been a development of the
phosphorylation of bifunctional reactants that have other proton-
containing substituents in the molecule in addition to the thiol
group; this is due to the growing interest of research workers in the
chemistry of heterocycles. The reaction of phosphorus trihalides
with certain 2-thiolophenols on heating gives the corresponding
2-halo-4,5-benzo-l,3,2-oxathiaphospholanes:‘u’43

HS, AN

. R——R—E] —X *HX .
;©- \l o/P

HO

X=Cl, Br; R=H, alkyl, t-alkyl, OMe
At the same time, attempts to synthesise 2-chloro-4,5-benzo-
1,3,2-thiazaphospholane by phosphorylation of o-aminothiophenol
with PCl; proved unsuccessful. In the presence of a base only a
four-coordinate phosphorus derivative was isolated,** while in the
absence of a base a halogenated N-phosphorylated 4,5-benzo-
1,3,2-thiazaphospholane was formed:**

TC],

HaN N
N/ NS

wCh+ | ﬁ - ]\)] >PCI+3HC1 .
Ns

ys”’
More successful was the use of alkyl- and aryl-phosphono-
diamidites* and diethyl phosphorochloridite,*’ which made it

possible to obtain a number of 1,3,2-thiazaphospholanes by reaction
with g-aminothiophenol and its N-methyl derivative:

H SPNR

wosie Xz (e = O
R/ N RN NA\pe RN \N
R=Me, Et, Ph; R’=Me, Et; R"=H, Me
8BS /P (OEh, avd
(EtO)y PC1 + O -5 HBCl—’ k) “Fon” (\“ S>pOEt
MeNH/ “\NHMe N\N )

|
Me

It should be noted that in most cases the process takes place via
the formation of linear products which are phosphorylated on the
thiol group. In this case the factors (structure of reactants,
temperature, presence of acidic catalysts, etc.) that affect the
formation of products with a linear structure as well as cyclisation
products have been determined.*®
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The temperature conditions of the reaction also govern the ratio
of S- and N-phosphorylation products formed by reaction of indole-
3-thiols with P(III) acid amides and chlorides,**** the thiol group of
indole-3-thiols being more active in reactions with chlorides.*

By using the reactions of polyfunctional compounds, in particular
bis(B-thioloethyl)phosphine or bis(B-thioloethyl)amine, with
triaminophosphine, a method has been developed for the preparation
of bicyclic eight-membered heterocycles—2,8-dithia-1,5-diphospha-
or 2,8-dithia-1-phospha-5-aza-bicyclo[3.3.0Joctanes

7\
S
(EtaN)3P + (HSCH,CH,);EH —arec~ P— E+ 3Et,NH
$
\

E=P,N

The reaction of thiolodeoxy-1,2-alkadiene-a-D-glucofuranose with
PCl; ! or hexamethyltriaminophosphine®? was used for the synthesis
of sugar bicyclophosphorothioites:

HXCH, X-—CH,
HY- ) Y
(Me,N)zP /
H ———— (4)
o] (o]
of- P
X=8§, Y=0
X=0,Y=S§.

Phosphorylation has also been widely used to obtain TTPA that
contain electron-withdrawing substituents on the sulphur atom.
Thus, because the high mobility of the «-hydrogen atoms in
dithiocarboxylic acid esters makes it possible to phosphorylate the
latter on the sulphur atom of the thiocarbonyl group, a method
based on the reaction of P(III) acid chlorides with dithioisobutyrate
esters in the presence of a base could be developed for the synthesi

of the previously unknown vinyl phosphorothioites:*>**

P RP—S5—C=CMe,
SR’

R,PCl + HC (Me), c{i

R==Cl, Et, EtO, Et;N; R’=Me, Et .

Piperidine salts of dithiocarboxylic acids proved to be convenient
for the synthesis of the first examples of mixed anhydrides of
diphenylphosphinothious acid and the respective dithiocarboxylic
acid:%

cther

phpcl+ReSTHANC > = PhP—S—CR

R=Et, p-R'C¢Hs; R'=Cl, Me, MeO.

These reactions were subsequently extended to dialkyl phosphoro-
chloridites.*

In a study of the phosphorylation of metal derivatives of
thioacetic acid it was found®” that S-acetyl phosphorodifluorido-
thioite is only formed when phosphorus difluorobromide reacts with
the silyl ester of thioacetic acid at -80 °C:

_MeCSIOSHy | Eyp. SCMe
FPBr — =& a0 cl| e c (")
McC(OISSnBuy | pl' OCMe
| McCOI1SSnBuy P
I

At the same time, the reaction of phosphorus difluorobromide
with tributylstannyl thioacetate gives the O-phosphorylation
product—O-thioacetyl phosphorodifluoridite—which on heating to
-30 °C is partially isomerised to S-acetyl phosphorodifluoridothioite.”’

Phosphorylation of free thioacetic acid with PCls only occurs on
the sulphur atom and triacety] phosphorotrithioite is formed.*® The
reaction of thioacetic acid with chlorophosphines in the presence of a
base takes place in a similar manner, %%

Taking into account the tendency of thiocarboxamides to form
thiolimidoyl structures, studies were made of their phosphorylation
with P(ITI) acid chlorides in the presence of a base.*5! While
dialkyl phosphorochloridites react smoothly with thioacetamide to
give only the S-phosphorylation product,% the reaction of diethyl
phosphorochloridite with thiobenzoic acid N-methylamide gives

S- and N-phosphorylation products in approximately equal
61

proportions.”” The phosphorylation of N,N'-diphenylthiourea
occurs in a similar manner to that for the latter;%!
S
: B , I
S Rzps?z +R,PNCR’

R.PCI 4 R'C;NHR" = R'CSH
[ s A R ke
R=EtO, PrO, Et,N; R’'=Me, Ph, NHPh; R'=H, Me, Ph .
Reaction of phosphorodiamidochioridite with thiobenzoic acid
N-methylamide again gives an imidoy] phosphorothioite as the sole
product.“

The products of S-phosphorylation-2-benzthiazolyl phosphoro-
thiojtes—are also the only ones when Captax is reacted with trivalent
phosphorus acid amides.®

Examples of new types of phosphorus-containing heterocycles—
2-phenyl- and 2-acetyl-1-chloro-4-methyithio-1,5,2,3-phosphathiadi-
azoles—were synthesised by phosphorylation of the methyl esters of
3.substituted dithiocarbazic acids in the presence of triethylamine:®®

i
21BN N—N_
PCl3 4+ MeSCNHNHR —ZENad n BCl .
JEGN. /
g MeS S
R=Ph, MeCO

Treatment of alkali metal®*%® or diethylammonium®
N-diethyldithiocarbamates with P(III) acid chlorides gives
phosphorylated derivatives of N-diethyldithiocarbamic acid:

Ry sPCly + 1 M “SONEf, — s Ry P (S(!%NEt,) +P (SCNEt,)
- ! i
n

S 3
M=Na,K, Et,NH;; n =1, 2; R=ELN, EtO, PhO; Ry=OCH;CH,NPh, 0-0CH,0

It should be noted that compounds with a single dithiocarbamate
group were only obtained in the case of 2-chloro-3-phenyl-1,3,2-oxa-
phospholane.*>5¢

Phosphorylated derivaiives of dithiocarbamic acid can also be
synthesised by reaction of P(III) acid amides with carbon disulphide,
as was reported in detail back in 1963.%” At the beginning of the
1980’s this reaction once again drew the attention of research
workers because a number of phosphorylated dithiocarbamates
obtained from it proved to be effective vulcanisation accelerators for
rubbers with polyfunctional action.’®7! By studying new types of
acyclic P(III) acid amides in reactions with carbon disulphide it was
possible on the one hand to extend considerably the range of
organophosphorus compounds containing one, two, or three
dithiocarbamate groups® 6%’ and on the other hand to determine
the factors (nature of substituents, ratio of initial reactants, presence
of acidic catalysts, etc.)®%7? affecting the rate and direction of
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reaction as well as the structure of the products formed and the Certain phosphaalkenes reacted smoothly with sulphur by a
composition of the reaction mixture: {2+ 1}-cycloaddition to give the previously unknown 1,2-A>-thia-
phosphiranes. 88
R'R'PNR; + CS; — R'R"PSFNRz +R'P /SCNR,,) - P /SCNR, R R
I 1 I '
o5 1 (), Sy
/ —p=c/ B 18 ./
R/, R”=alkyl, aryl, CH,CH,CN, PhCH=CH, i )I , NR, R—P=C{_ & Ns” \r
S R=Me;Si—C=C, R'=R"=Me;8i; R=R"=Bu-t, R'=H.

=alkyl, Ry=(CH,),, (CH,CH,);0; n=4,5 .

In the case of cyclic phosphoramidites containing both an exo- and
endo-cyclic P—N bond, carbon disulphide is inserted selectively into
the exocyclic phosphorus — nitrogen bond.5*%3

In the last ten years a whole series of studies has been published
on the synthesis of TTPA containing the heterosystem P—S—E
(E = Si, Ge, P), information about which was previously restricted
to individual studies.”*"*

The possibility of forming S-silyl esters of P(III) thioacids was
shown’® when the reactions of different silylphosphines with
elemental sulphur dissolved in hydrocarbons were studied:

RR'PSiMe, -8, RR'PSSiMe,
R=R'=Me, Me;Si; R=Me,Si, R'=Me, P (SiMey), .

In a study of the reaction of bis(difluorophosphine) sulphide with
chlorogermane, S'-germyl phosphorodifluoridothioite was obtained
for the first time:’

(FaP)s'S + ClGeHy —<— F,p~-S—GeHy + F,PCl .

However, it is not possible to synthesise the S-silyl or S-stannyl
analogues of the latter by phosphorylation of disilathiane or

bis (tributylstannyl) sulphide with difluorohalophosphines due to the
high rate of the second stage of the reaction, resulting in the formation
of bis(difluorophosphine) sulphide:””

F,PX + S(ER);—xggr [F2PSER:] Sign~ FiP—S—PF,

X=Cl, Br; E=Si, Sn; R=H, Bu.
Reaction of disilathiane with tetramethylphosphorodiamido-
chloridite alzo takes place in a similar manner.”®

3. Synthesis of TTPA from bicoordinated phosphorus
compounds
A new approach to the synthesis of previously unknown types
of TTPA is opened up by the addition reactions of thiols to
phosphaalkenes® and imidophosphenous acid amides:®!
Ph

k "“ p\_ Bu-t

. 0-100°C
( “ p>-— Bu-t+PhSH 24h

" __ether RI\ /NHR
>N—-P—N/ + R'SH 55 e Mesi NP

Me;Si, t-Bu; R=t-Bu, R'=Me;Si; R"”=Pr, t-Bu, Ph.

Me,Si
R=R'=
It was possible to obtain a four-membered phosphorus-containing
heterocycle by [2 +2]-cycloaddition of carbon disulphide to
1-aminodiazaphosphene.®?

s
R—P=N—~NMR, + CS, »R —P<N>C=S

I,
NR;

SN, R'=

/ Me;,Si .
N

7
R=
/

4. Other methods for obtaining TTPA

During the last ten years processes involving desulphurisation of
four-coordinated phosphorus derivatives by treatment with tertiary
phosphines and other P(III) derivatives have been used to an
increasing extent for the synthesis of TTPA. Thus, the elimination
of sulphur from phosphinodithioate esters,® including those that
were optically active, with trialkylphosphines was successfully carried
out, resulting in the isolation of the corresponding phosphinothioite
esters:

Bpg® _mr Sp—sr
R’/ Nsr e R /)
R=Me, R'=R"=Ph; R=p.MeOC4H,, R'=Me,
R"=Ph; R”=Me, By .

However, optical activity cannot be retained in the reaction products
due to the low pyramidal inversion barrier of phosphinothioites.®®

By using triphenyl phosphite to reduce 3,3,5-trimethyl-2-thione-
2-ethyl-1,2-thiaphosphol-4-ene it was possible to synthesise the
corresponding phospholene with a tricoordinated phosphorus
atom:¥¢

5 __/
mbC | Et~P/ [I
N\

Phosphinothioite esters were obtained by P—S cyanolysis of
quasiphosphonium salts containing an alkylthio group on the
phosphorus atom:%’

R".
— R’”>P—SR

LN
ge/t R

R\*”/ SR X- _[BuNJ+CN-
Rl Sepr ¥ T

When this method was modified using hexamethyltriaminophosphine
as the nucleophilic reagent it was possible to carry out the stereo-
selective synthesis of optically active phosphinothioites:®®

SMe l
~ (Me,N),P A
P orgsop AMeNSP 'i'\
Et” l N SPr-iso Ev’ SPr-iso
Ph Ph

For this reaction it was established in two studies®”®® that,
depending on the nature of the RS group, both its selective
elimination giving only one phosphinothioite and the formation of a
mixture of phosphinothioite esters were possible.
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At the same time, electrochemical reduction of optically active
ethylphenyl(diethylamino)ethythiophosphonium tetrafluoroborate in
acetonitrile at 20 °C gives ethyl ethylphenylphosphinothioite that is
optically inactive:¥

S|Et
: +
ZetH

l\ BF¢

NEt,

EtPhPSEt + Ef,NH .

The formation of alkyl phosphorodichloridothioite occurred®® on
decomposition of certain diazadiphosphetidines, and a number of
diphenylphosphinothioite esters were obtained by thermal
decomposition of phosphorylated semimercaptals,’® being accelerated
in the presence of acidic catalysts.

III. Chemical properties

At the beginning of the 1970’s the chemical conversions of TTPA
were studied in the greatest detail in the case of reactions with alkyl
and acyl halides, and in the course of these studies dual reactivity of
P(I1I) acid thioesters was found.'> In the last ten years the range of
both electrophilic and nucleophilic reagents has been considerably
extended, so it has been possible to determine the general mechanisms
governing the chemical behaviour of TTPA in substitution and
addition reactions and to establish the differences between the
reactivity of the system /P —8§ and that of other ambident systems
with a heteroatom (N, O) on trivalent phosphorus.

1. Thermal stability and isomerisation of TTPA

Studies on the thermal stability of P(III) acid thioesters using
differential thermal analysis® indicate that the latter have quite a
high stability when exposed to heat. In contrast to this, dialkyl
phosphoranilidodithioites undergo thermal disproportionation even
on distillation under vacuum or on heating in a sealed tube.’!
Products obtained from insertion of carbon disulphide into the
exocyclic P—N bond of 2-dialkylamino-1,3,2-oxaphospholanes are
also thermally unstable; on heating under vacuum they decompose
to the original oxaphospholane with elimination of carbon
disulphide.%® At the same time, when 2-(N-dimethylthiocarbamoyl-
thio)-4,5-benzo-1,3,2-oxaphospholane is exposed to heat, only
2-dimethylamino-2-thione-4,5-benzo-1,3,2-oxaphospholane is
isolated:®®

Ph
|
R=CHCH TN\ _ .,
s Rr=ph I_o/ PRy + G
Ne 1.
R<O>PSCNR e
7 NH
 R=CH.
—Ra | \p.\R,

The change in the course of decomposition in this case is due to the
presence of the condensed phenyl ring system.

The thermal thiol-thione isomerisation, due to S,C-migration of
the phosphorus atom is of the greatest interest. Thus, phenyl
diphenylphosphinothioite isomerises to triphenylphosphine sulphide
only at 350 °C.*2 This type of rearrangement takes place much
more readily in the case of ethyl phosphinothioites in the presence of

iodosilane® and in a number of TTPA that contain electron-acceptor
groups on the sulphur atom in the molecule, including those such as
P(I1I) thioacid vinyl esters,®* mixed thioanhydrides of P(III) acids
and thioacetic®® or dithiocarboxylic acids,*® imidoyl phosphoro-
thioites,®! etc.

s
i
RiP—S—C (R')=X 5> RP—C (R)=X

X=0, §, Nr", CMe;; R=alkyl, RO, R; R;N, Ph;
=Me, iso-Pr, Ph, NHPh.

In the latter case it is necessary to isolate separately S-acetimidoyl
phosphorothioites, which do not undergo thermal isomerisation but
decompose to dialkyl phosphorothioites and acetonitrile, which is
apparently due to the presence of a mobile proton on the imine
nitrogen atom:

1“ /
{RO),P. )c——cu —_— (RO)gP/ + CHSCN .,

Thiol-thione isomerisation takes place on gentle heating of
S-phosphorylated thioglycolic ester derivatives.>*

2. Oxidation, addition of sulphur, and imination

A characteristic feature of P(III) derivatives, including TTPA, is
their tendency to undergo oxidation, addition of sulphur, and
imination, which result in the formation of the corresponding P(V)
derivatives. Thus, 2-benzthiazolyl phosphorothioites,®? vinyl dialkyl
phosphorothioite,> and S-thioacyl phosphorothioites® are readily
oxidised with atmospheric oxygen to the corresponding phosphoro-
thioates. Chlorosulphonic acid proved to be a convenient oxidising
agent of TTPA such as alkyl phosphorodichloridothioite:

o
|
RSPCl, + HOSO,Cl — RSPCl, 4 SO, + HCI

The oxidation of diphenylphosphinothioite with sulphur dioxide®®
is accompanied by the formation of diphenylphosphinodithioate.

o S
i fl
3 Ph,PSEt 4 SO, — 2 Ph,PSEt 4 Ph,PSEt

Reactions of elemental sulphur with TTPA have been studied
quite extensively in recent years with the object of synthesising new
types of P(V) acid derivatives, in particular, 3-thiophosphoryithio-
indoles,* 2-thiolobenzthiazolyl phosphorodithioates,’? and optically
active, 0,S-dialky! alkylphosphonodithioates.’” The addition of
sulphur to S-(o-methylaminophenyl) ethylphosphonamidothioite
takes place in a similar manner.*® However, in this case, the
addition product cyclises during distillation to form 2-ethyl-2-thione-
3-methyl-4,5-benzo-1,3,2-thiazaphospholane:

s
NR, I} ,NR, s
sp{ sp
O (e (e
-R:NH __NM )
N \NHMe N/ \NHMe /e

TTPA that contain electron-acceptor substituents react with
sulphur in a more complex manner. Thus, as a result of the
reaction of elemental sulphur with 2-dithiocarbamoyl-3-phenyl-
1,3,2-oxazaphospholane, together with an addition product,
2-dimethylamino-2-thione-3-phenyl-1,3,2-o0xaphospholane is also
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formed by elimination of carbon disulphide from the dithiocarbamoyl
derivative:®*

Ph Ph Ph
! S { S8 | S

—N. i —N Il —N. !
N Me. {s AN N
O/PSCN‘ fe, —- O/PSCNMe-, + _O/PNML\.: .

A dithionepyrophosphinate is obtained from S-acetyl diphenyl-
phosphinothioite:*

[S]
Ph,PSCMe 53! [Ph,PSCMe == Ph,POCMe] —
I W Ty 0l

S

— Ph,POPPH, |
Iy

It has been suggested™ that at the first stage S-acetyl diphenyl-
phosphinodithioate is formed, being converted to thioacetyl
diphenylphosphinothioate as a result of phosphorotropic
rearrangement; disproportionation of the latter gives the final
product.

Trichlorophosphorus sulphide has been used in separate cases to
introduce thione sulphur into TTPA molecules.®®

Imination reactions of TTPA have in recent years only been
studied in the case of the reaction of phenyl azide with vinyl
phosphorothioites™ and S-thioacyl phosphorothioites,’ the
corresponding phosphazo compounds being obtained:

NPh Ph

|
(Et0); P—S—C—R - PhN, —(EtO), P—«S——'CI—RmS-)»(ElO), l;'-—N-CPh )
0

Ml
S

In the latter case®® an imide-amide rearrangement can take place

during distillation, which is due to migration of the thiocarbonyl
group in the trio of atoms S—P—N.

3. Reactions of TTPA with proton-containing compounds
Substitution reactions on the trivalent phosphorus atom in a
number of TTPA have been most effectively studied for reactions of
the latter with compounds containing a mobile hydrogen atom.
With these studies it was possible on the one hand to extend the
methods for obtaining those TTPA already known in addition to
new types and on the other hand to detect unusual pathways of
particular reactions caused by the presence of alkylthio groups in the
molecule.

(a) Hydrolysis and sulphhydrolysis

The hydrolysis of P(III) acid thioesters has hardly been studied at
all. There are results®® indicating that trialkyl phosphorotrithioites
under normal conditions are stable to the action of water. At the
same time, dialkyl phosphoramidodithioites are hydrolysed to
ammonium salts of phosphorous acid and the corresponding
phosphorotrithioites:”"°

2{RS); PNR'R” 4 3H.0 RN HyPO, - HNR'R” + (RS)3 P - RSH
R=Et, Pr; R’=H, R"=Ph; R'=R"=Me .

It has been established that the rate of hydrolysis is dependent on
the nature of the amide substituent on the trivalent phosphorus
atom.”?

In contrast to this, 2-benzthioazolyl phosphorodiamidothioites
react with water and carbon disulphide with cleavage of the
P—S bond and retention of the P—N bond® as a result of the
pseudohalogen nature of the benzthiazolyl group.

The nature of the substituents also governs the rate of hydrolysis
of 2-dialkoxyphosphoryl-1,3,2-dithiaphospholanes and the analogous
dithiaphosphorinanes;'® this takes place with an initial cleavage of
the P—P bond followed by disproportionation of the phosphoro-
dithioic acid formed:

—(R'()),P(O)H

S
SNp_ N, -
R\S op ﬁ](OR )s 4- H,0 R ) -
(o]

/ \p,/ J

N R/ S\p—s R— S—P/ \R -- HyPO;

R:(CHz)z, (CHg)a; R ==Et, Ph .,

It was shown'® that hydrolysis can be accelerated by the action of
acids and alkalis.

A similar disproportionation of intermediate dialkyl
phosphorotrithioites has been suggested'®! in the sulphhydrolysis of
cyclic and acyclic phosphorochloridodithioites.

RS). PC! + HS ~pri o= [(RS) s l > RS) P .

Only when the reaction of S-ethyl phenylphosphonochlorido-
thioite with water was studied by >'P NMR spectroscopy was the
formation of S-ethyl hydrogen phenylphosphonothioite detected for
the first time:'%?

O

cl
Prpd ok M0 g Php/
“SEt

st

The latter decomposes during the reaction in a similar manner to

other derivatives of this class of products.!®
1-Chloro-1,5,2,3-phosphathiadiazole is readily hydrolysed by

atmospheric moisture to give the initial dithiacarbazates.5®

(b) Alcoholysis and thiolysis

Alcoholysis reactions have been studied in a fairly detailed
manner for a number of TTPA. The ready cleavage of the P—S
bond by treatment with alcohols occurs in those TTPA containing
benzthiazolyl,*? dithioacyl,> thioacetimidoyl,*® dithiocarbamate,®
and other® groups with electron-withdrawing substituents on the

sulphur atom.

X
I st
R'R"P—~8~-C—R"” -}- ROH 2 R'R"POR
RO, R3N, Ph; R'R”"=O0CH,CH,NPh; R" =alkyl,
aryl, RoN; X=§, NH.

RI’ RH =

At the same time, alcoholysis of #ris (N,N-dialkylaminothiocarbamoyl)
phosphorotrithioite takes place under more severe conditions to give
a complex mixture of products;®® this is apparently due to the
presence of intramolecular coordinate bonds in this type of
TTPA.72104

There has been extensive study of the reactions of bis(difluoro-
phosphine) sulphide with alcohols, phenols, and diols, which give
different types of phosphoromono- and phosphorodi-fluoridites:!°*

(), S - HO—R—OH -» FsPO—R-—0PF, — 4><O>R.

-FP s

Cleavage of the P—S bond in trialkyl phosphorotrithioites is
effected by sodium ethoxide!% and also pyrocatechol.'”” In the
latter case only bis (o-phenylenedioxy)phosphorane is formed,
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whatever the ratio of the initial reactants.
H N
HOA oL, o~
wweve | )= | | %G
Ho/ Va N/

The reaction of dialkyl phosphoramidodithioites with alcohols
takes place under severe conditions to give trialkyl phosphite and
phosphorotrithioites:*®
(RS); PNEL, - R'OH ——grrir— (RS), POR' —222— (R'O)5P .
(RS)y PNEt, 4+ RSH s (RS)3 P, R=R’=<Et, Bu
Alcoholysis and phenolysis of bis(V,N-diethylcarbamoyl)diethyl-
phosphoramidodithioite gives similar products.%® It was establishe
that the amine generated at the first stage of the reaction catalyses
the subsequent replacement of the alkylthio groups on the trivalent
phosphorus atom by alkoxyl groups. When alcoholysis and
phenolysis is carried out with removal of the amine, it is possible to
stop the process at the stage where mixed 0,S,S-phosphorodithioites
are formed.’® In this case the reaction is accelerated in the presence
of acidic catalysts.

The reaction of phosphoromono- and phosphorodi-amidothioites
with aliphatic and aromatic diols takes place with substitution of
amide and alkylthio groups on the phosphorus atom, giving either
a spirophosphorane with a P—H bond or compounds with a
hexacoordinated phosphorus atom,®” depending on the nature of the
diol:

d99

il
NGty o_ | o
. / ’ e >P/ AN
G P R O0—R—0 —_— R R ——
AN OTEEGNH, N N

ER -REH,
E=S, NR —RSH

R'=CHgCH,.0-CgH o
) (X |
OH A

B / :
2) BlaNH [/ | \p<‘"’ HaNEL
Hzz 0 ~(Hy S \u/(/ N
)
/
<

In a series of P(III) acid O,S-thioesters alcoholysis was only
studied in the case of bicyclophosphorothioites of sugars:”’

s—cll, HSCH,
o HO
~ MoOH
/ O ——r MO + Py
A oy

i -

Anhydride derivatives of P(III) thioacids are widely used for the
phosphorylation of alcohols and phenols. Thus, by alcoholysis of
S-alkyl phosphonochloridothioites in the presence of the natural
alkaloid, brucine, it was possible to obtain readily racemising
optically active 0,S-dialkyl phosphonothioites:®’

R o R
SP—-Cl R"OH — 5 /er— SP—-OR”
J + R SRR ps/ R

'

R=Et, Bu; R; =is0-Pr, iso-Bu, C¢H3; R”=Me, Et; B-—brucine.

In the absence of a base, this type of reaction with phenyl-
phosphonous acid derivatives does not stop at the stage where mixed
0,S-thioesters are formed but gives partial O-alkyl phenylphosphonites
by further phosphorylation of alcohol.!?

A number of alkoxy derivatives of phosphorus-containing
heterocycles have been obtained by phosphorylation of aliphatic
alcohols and phenols with 2-halo-1,3-2-oxathiaphospholanes*>#>108
and the analogous oxathiaphosphorinanes,'® and also with 1-chloro-
1,5,2,3-phospl'1athiadiazoles:é3

S S
VARN o ~——2 ., o/ N\p_op’
R PP—Hal + ROH—gijgr— R P—OR

R:=CH,CHoCHy, 0-CgH,y RS—C==N, Hal == Cl, Br;
X=0, S, NR"; R’'=alkyl, Ph, 0-FC¢H, etc.

Dialkyl acetyl phosphorodithioites,''° 2-dialkyloxyphosphoryl-
substituted 1,3,2-dithiaphospholanes or 1,3,2-dithiaphosphorinanes,
and also their acyclic analogues can be used for the mild
phosphorylation of aliphatic alcohols.®  Alcoholysis of the latter
takes place with cleavage of the P—P bond:

RyP---P (OR"); 4~ R"OI --» R,POR" - (R'0),P(O) H
Il i

Ry=S (CH,), S, (BuS)y; n =2, 3; R'=Et, Ph; R"==Me, Et .

For cyclic compounds the process is complicated by scission of
the P—S bond in the ring, and the result depends on the structure
of the compound, ratio of reactants, temperature, and reaction
time.!®

Phosphorylation of thiols with TTPA has not been studied very
much. It was shown that the exocyclic P—Hal bond in 2-halo-
1,3,2-dithia~ 3>'%° and 2-halo-1,3,2-oxathia-phospholanes *>** readily
undergoes thiolysis in the presence of a base in a similar manner to
the reactions with alcohols.

Information is also available on the thiolysis of P—S—P
bonds:105:111

R'R"P—S—PR; - RSH - R'R'PSR + R;PSH
; I
X X
R'=R"=R"=F, X —unshared electron pair; R'=Et, R"=Ph,
R”=ElO; X=8

In recent years it has been established that acyclic acyl
phosphorodithioites!!%!1? and phosphoramidodithioites,”''* in
contrast to their oxygen analogues which when treated with thiols
are converted in most cases to thiophosphoryl compounds, can be
successfully used to phosphorylate thiols:

(RS); PX + R'SH -» (RS), PSR’ - HX
X-=0COMe, Et,N, PhNH; R:==Et, Bu; R’==Et, Bu, PhCH,, Ph .

(c) Aminolysis

The synthesis of various P(III) thioacid amides is usually carried
out by phosphorylation of primary and secondary amines with
suitable P(IIT) halides. In recent years this method has been widely
used to obtain 2-amino derivatives of 1,3,2-diheterophospholanes
and 1-amido-1,5,2,3-phosphathiadiazoles.®®

s s
N 4 B N\ . ’
R<X/P——Hnl - RINH - _B_”m__.R<X/1» NR]
R=C¢H4, RS—~C=N; X=0, NR”; R'=H, alkyl, Ph.

Together with dialkyl phosphorochloridodithioite,!!* acyl

phosphorodithioites'!? and also mixed anhydrides of phosphoro-
dithious and phosphorodithioic acids''* have been proposed as
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phosphorylating agents for the synthesis of acyclic phosphoramido-
dithioites:
(RS),PX -+ 2 R'R"NH—(RS), PNR'R” +- R'R"NH-HX
X=:Cl, OCOMe, (RO).P (S)S; R'=R"=Et; R’=H, R"=Ph.

The difficult-to-prepare aminodifluorophosphines can readily be
obtained by reaction of primary and secondary amines with
bis(difluorophosphine) sulphide.'®® The P—§ bond also readily
undergoes aminolysis in those TTPA containing benzthiazolyl,%
dithioacyl,> thioacetimidoyl,®’ and dithiocarbamate®® groups which
have a pseudohalogen nature.

(d) Reactions with acids

Up to the end of the 1970’s there was virtually no information in
the literature about the reactions of TTPA with acids. At the
beginning of the 1980’s, as a result of a systematic study of the
chemical behaviour of P(III) acid thioesters reacting with acids it was
established®® that in contrast to the oxygen analogues—phosphites—
the pathway of the Arbuzov reaction is not followed but cleavage
of the P—S bond occurs. Thus, the reactions of HC] with trialkyl
phosphorotrithioite,!!* S-phosphorylated thioglycolates,* and
0,0-dialkyl S-acetimidoyl phosphorothioites® occur with replacement
of the alkylthio group on the trivalent phosphorus atom:

R3P—-SR+HCl & R;P—-Cl+RSH
R=F{, CH,COOLL, € (Mc)=NU; R'=EtS, RO, Cl.

Diphenylphosphinothioite esters react with HI in a similar
manner,''® but in this case the reaction is complicated by secondary
processes.

Only in the case of S-germyl phosphorodifluoridothioite does
cleavage of the S—Ge bond with hydrogen halides oceur;”® this is
probably due to the greater electrophilicity of the germanium atom:

FyPSGeH; - HX — F,P(S) H - XGeli,
X=Cl, Br .

Studies of the reactions between P(III) acid thioesters and
carboxylic acids showed'®*!!* that they occur under severe
conditions with cleavage of the P—S bond and formation of
carboxylic acid thiol esters and O-containing phosphorus acids:

R'R'PSR 4+ R7COOIN == MTC . R'R"POCOR” -|- RSH

R'R"POCOR™ -|- R"COOH — R'R'P(O) H + (R"CO), 0
(R"C0O); O - RSH — R”C (O)SR -J- R"COOH
R'=R"=SR; R=EL, Pr; R"=Ph; R=R’=Et, R"=Ph, R”=Me

R’=Et, Ph; R"=SR; R"=Ph ,

If there are alkylthio groups present on the phosphorus atom in the
O-containing acids, they are unstable during the reaction and
decompose with elimination of mercaptan to give P(III) acid
anhydrides.'%

Introduction of chlorine atoms into the acetic acid molecule has a
substantial effect on the course of the reaction between the latter and
P(III) acid thioesters.!!™'®  In this case, instead of acidolysis,
replacement of the alkylthio group on the trivalent phosphorus
atoms by a chlorine atom takes place, giving the corresponding
P(I1I) acid chlorides as well as oxidation products from the initial
thioesters and products from dechlorination of carboxylic acids as
the corresponding thiol esters:!!®

R’=R"=SR; R=E{, Pr; n=3; R'=Ph, R"=Et; n=3;
R'=Et, R"=Ph; R=Et, n=1—3 .

R R’ R
2 >PSR + CCl,H,_,COOH -.R”>pc1+ Rﬂ>p (O)SR + CCl,_,H,_,C(0) SR

In studies on the reactions of phosphinothioites with
o,B-unsaturated carboxylic acids, the previously unknown 1:1
addition products—diethyl-B-ethylthiocarbonylalkylphosphine
oxides—were obtained;!!*1%°

St R
Et,PSEt + CHy=CR—COOH - Et,p<_ -
o—\,

R
= Et,f><:g: ( ~SEt — EQ}IDCHZC'JHC (0) SEt
0

R
R=H, CH; -

When the reaction was monitored using IR and *'P NMR
spectroscopy'? it was possible to detect an initially formed
monocyclic phosphorane with a P—S bond, which probably then
decomposes via an intermediate quasiphosphonium compound to the
final phosphine oxide.

In contrast to phosphinothioites, phosphorotrithioites and
phenylphosphonodithioites cause «,B-unsaturated carboxylic acids to
polymerise.'?°

The reaction conditions have a significant effect on the course of
the reaction between P(III) acid thioesters and organic acids. While
ethylphenylphosphinothioite reacts with phosphorodithioic acids at
60-70 °C to form diethyl phosphorodithioate and ethylphenyl-
phosphinothious acid [route (1)), at room temperature under vacuum
a mixed anhydride of ethylphenylphosphinothious acid and the

corresponding phosphorodithioic acid is obtained [route (2)):'!

I Ry (S) SEE 4 EWPRD () H

vacuum ~ . .

s EtPhP--S5--PR, - EiS

EtPhPSEL -} R,P (S) SH-- @ RS iR - ESH
S

~—G— - EtPhP (S) SEt + R, (S) H
R=EtO, R;=0CHCHO
|
Me Me

It should be noted that whatever the method used to carry out
the reaction it is accompanied by a subsidiary process involving
desulphurisation of the phosphorodithioic acid by the initial
phosphinothioite [route (3)].!!!

In a study of these reactions an unusual cleavage of the P—$
bond in ethylphenylphosphinothioite on treatment with
phosphorothious acid under vacuum was identified for the first
time:'!!

vacuum

EtPAPSEt - RuP (8) M ——gy

- EtPhP—PR, |,
i
S
A similar route also occurs in the reaction of dialkyl phosphites

with Schrader’s anhydride'?! and related compounds'?? in the
presence of a base:

Rzl’~3—|l" (OEt). -}- (EtO), P (O) H LN ReP—P (OEY), - (EtO), PSH - NEf,
i I

S o] S
Me

]
R= (Et0); P (S) S; Ry;=SCHCH,S .

At the same time, dialkyl phosphoramidodithioites react with
mineral!!® and organic’'®!!* acids, retaining the P—$ bond and
replacing the amide group on the trivalent phosphorus atom to form
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the corresponding P(III) thioacid anhydride derivatives:

(RS), PNR'R” - 2HX — (RS);PX 4 R'R'NH - HX
R=Et, Pr; R'=R"=Et; R'=H, R"=Ph; X=Cl, OCOMe, (RO),P (5)S .

114,123,124 122

Acyclic and cyclic'““ phosphorochloridodithioites in the
presence of triethylamine react in a similar manner with organic
acids:

(RS), PC! + HX —2 (RS), PX -+ EL,N - HCI

R=El, Pr; X=0COMe, (RO);P (S)S, (Et0),P (O} .

In the absence of base, acidolysis of ethyl phosphorodichlorido-
thioite takes place only on heating with removal of an alkylthio
group and formation of ethyl thioacetate, acetyl chloride, and
metaphosphorous anhydride:!?*

H

|
EtSPCly - 2CHyCOOH ,‘Cl—' CHaCSEL - CHyCCl o /| —P—0—], —
I i

i
(0]

According to the findings of 3P NMR spectroscopy, S-ethyl
phenylphosphonochloridothioite reacts with acetic acid at 0 °C to
form phenyldichlorophosphine and products derived from its step-
wise acidolysis—phenylphosphonous acid and its monochloride.'%?

In their reactions with o, p-unsaturated acids dialkyl phosphoro-
chloridodithioites behave similarly to other P(III) acid chlorides,
being converted to the corresponding diethyl B-chloroformylalkyl-
phosphonodithioates: 28

(E1S), PGl 4 CHy==CR—COOM - (L1S), PCH,CHC (0) Cl
I

0O R
R=H, Me .

In studies on the reactions of acyl phosphorodithioites with
mineral and organic acids'?*'?" it was established that, in contrast to
their oxygen analogues which react with acids according to the
Arbuzov reaction mechanism, in these compounds replacement of
the acetoxyl group on the trivalent phosphorus atom occurs with
retention of its coordination:

(RS)s POCOMe - HX 2 (RS);PX - MeCOOH
R==Et, Pr; X=Cl, OCOPh, (RO),P (S)$

In this case the possiblity of transacylation of the acetoxyl group in
acy] phosphite was demonstrated experimentally for the first time.!??

4. Reactions of TTPA with halogens and halogenated
electrophilic reagents

The discovery by A E Arbuzov of the rearrangement of trivalent
phosphorus acid esters to pentavalent phosphorus acid esters by
treatment with alkyl halides formed the start of a systematic study of
P(IHI) derivatives in reactions with halogenated electrophilic reagents.
It is obvious that these studies could not also cover TTPA. By
studying the chemical behaviour of the latter in reactions with alkyl
and acyl halides in the 1960’s and 1970’s, with the most detailed
treatment given in one review,'’ it was possible to establish some of
these reaction mechanisms. It was found that in a number of cases
the classical Arbuzov reaction route does not occur but the alkylthio
group on the trivalent phosphorus atom is replaced and its coordination
is retained. Moreover, there was a complete range of halogenated
electrophilic reagents used up in this connection and there were
virtually no studies on the reactions of TTPA with other compounds
containing a halogen atom. At the beginning of the 1980’s both in
the USSR and abroad studies were published on the chemical

behaviour of TTPA in reactions with halogens and halogenated
reagents. Of particular interest are the results of those studies in
which, as in the case of alkyl and acyl halides, there are deviations
from the classical route of the Arbuzov reaction.
It was shown in 19807° that chlorine cleaves the S—Ge bond in
S-germyl phosphorodifluoridothioite.
S

j
F,PSGeH, + Cl; — F,PCl 4 ClGeH, .

An interesting mechanism was found'?® in a study of the

chlorination of 3,5,6-bicyclophosphorithioites of sugars:

X—CH, CH,Cl

Aoy

It was shown that the direction of chlorination is determined
stereochemically, in all cases nucleophilic substitution being most
favourable on the sterically accessible primary C(6) carbon atom.!

On mixing equimolar quantities of diphenylphosphinothioite
ester and iodine, unstable quasiphosphonium compounds were
subsequently obtained.''

28

I N

30 |« = i
—goe— PhaPSRI- —RE ppr

Ph,PSR + I,

When R = Et, the quasiphosphonium compound decomposes in
accordance with the second stage of the Arbuzov reaction.
Quasiphosphonium compounds® as well as chlorophosphoranes®
are also formed by chlorination of 2-chloro-4,5-benzo-1,3,2-dihetero-
phospholanes that contain an endocyclicP—~Sbond. As a result of the
reaction between chlorine and S-vinyl pyrocatechyl phosphorothioite,
the first examples of vinylthiochlorophosphoranes were obtained,
partially decomposing when distilled under vacuum.'? In this case
products from replacement of the vinylthio group on the trivalent
phosphorus atom—pyrocatechyl phosphorochloridite and methyl
a-chloroisobutyrodithioate—are isolated:

SR

7 \_0\ |
“ DPSC=CMes + Clz
—o

\ s 0
- K/—O /PI-—SC—CMe,—r J_O DPClMe,CCIC (S)SR
R~Me, Et.

Chlorination and bromination of phosphorotrithioites take place
with the formation of substitution products—dialkyl phosphoro-
halodithioites:'*°

2(RS);P + Hil, — (RS); PHal 4 (RS);PS 4 RHal
R=Me, Et, Pr; Hal=Cl, Br .

In this reaction phosphorotetrathioate and the respective alkyl
halides are formed as by-products.'®

The chlorination of trialkyl phosphorotrithioites with phosphorus
pentachloride takes place in a similar manner:'*

2(RS)sP 4 PClg — (RS);PCl 4 (RS)sPS + RCl - PCly
R=Et, Pr
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The reaction of thioacyl phosphinothioites with N-chloro-
succinimide probably also leads to replacement of the S-thioacyl
group by a chlorine atom, but products derived from further
reactions are isolated in this case:*

0 0
N— N
PBPSCR + CI—NC ! - RCSN< 4+ (RCS), + Ph,P—PPH, .
s O
0 3

The possibility that TTPA take part in exchange reactions with
sulpheny! chlorides was first shown in 1980:"

(CF,Cl,_,S), PCl,_, -+ xCF,Cl,_SCl —pgr=— x (CF,Cl,_,S)s .

The rate of this reaction decreases as the degree of chlorination of
the reaction partners increases.

It was later found'! that in the reaction between methyl
phosphorodichloridothioite and trifluoromethylsulphenyl chloride the
Arbuzov rearrangement does not occur and S-(trifluromethylthio-
methyl) phosphorodichloridothioite is unexpectedly formed:

CH,SPCly + CF3SCl — CFySCH,SPCl, 4 HCI .

Retention of the same coordination of the phosphorus atom
together with an Arbuzov rearrangement also take place for the
reactions of phosphorothioites and phosphinothioites with

ethylsulphenyl chloride:!*2

* N
——»RR’PQ—E:'(:[ »RR'P.SE4 + EtCl

RR'PSEt+ EtSCl — SEt

»RR/'PCl + EtSSEt
R=R5=SEt; R=FEt, R'=ph .

The course of the reaction is determined by the temperature, use of
solvents, presence of acidic catalysts, and the nature of the sulphenyl
chloride.’® In particular, replacement of ethylsulphenyl chloride

by 2,4-dinitrophenylsulphenyl chloride in a reaction with triethyl
phosphorotrithioite has the result that the Arbuzov reaction pathway
does not occur in this case but an alkylthio group on the trivalent
phosphorus atom is replaced by a chlorine atom to give phosphoro-

chloridodithioite and 2,4-dinitrophenyl ethyl disulphide:*?

NO, NO,
N

(EtS); P + CI——% >~—NO, — (EtS), PCl + EtSS—/—>—-NO, .

During the last ten years the study of the chemical behaviour of
TTPA in reactions with alkyl and acyl halides has been continued.
It transpired that chloromethyl derivatives of amines behave in a
similar manner to alkyl halides in reactions with P(III) acid
thioesters.'>>  While phosphinothioites react with them on the
phosphorus atom to form Arbuzov reaction products, phosphono-
dithioites give products from substitution of the alkylthio group on
the trivalent phosphorus atom as well as Arbuzov rearrangement
products:

SBu
R’ R’ R
— >NCH,13—/——R -Ci - >NCH,p< + BuCl

R R’
Nps SN _
o PSBu+R~ ONCH,CI

SBu R’
m-—»PhP<CI + R~>Ncmsau
R=Ph, SBu.

The course of the reaction is determined by the polarity of the C—Cl
bond; as the latter increases there is a greater tendency towards a
substitution reaction.!*

Phosphoramidothioites also react with alkyl halides by two
routes—the Arbuzov reaction pathway and replacement of an
alkylthio group.!> The occurrence of a particular route is
determined by the nature of the initial reactants and the presence of
a catalyst (ZnCly).

Mixed P(III) acid O,S-thioesters react with alkyl halides® and
2,5-dibromothiophene’” in a complex and unclear manner.'** Only
in the case of reaction of the latter with S-ethyl diphenylphosphino-
thioite was it possible to isolate 2,5-bis(diphenylphosphinothioyl)-
thiophene:'**

zenpsELL] ] e s ,j‘—/il s
B8 e b N,

New data has been obtained on the reactions of phosphorotrithioites
with alkyl halides. Until recently it was generally thought'® that
these reactions occur with retention of the same coordination of the
phosphorus atom. However, the first example of the formation of
only classical Arbuzov reaction products was recently found:!3¢

(E1S); P -+ Mel — (E{S), ]II’Me + EtI.

S-Acetyl diphenylphosphinothioite reacts with methyl iodide
in an interesting manner.” Depending on the process conditions,
either methyldiphenylphosphine sulphide and dimethyldiphenyl-
phosphonium iodide or acetyldiphenylphosphine sulphide can be
obtained, with the latter formed by a reversible isomerisation of the
initial acetyl phosphinothioite under mild conditions by the action
of trace quantities of acetyl iodide:*

S
Mel, 60°C I £
‘—_,f,cc(o), -» Ph,PMe -+ Ph,PMe,]
Ph,PSCMe—
I
MeC(O)]
—'—e'—(’____L-._:: Ph,P—CMe .
Il
S O

In contrast to this, in the reaction between S,S-dialkyl acetyl
phosphorodithioites and carboxylic acid halides the coordination of

the phosphorus atom remains the same;'>*137

(RS$)s POCOMe 4 R'C(0) X — (RS),PX 4+ R’C (0) OC (O) Me
R=Et, Pr; R’=Me, CCl;, Ph; X=Cl, Br .

Dialky! phosphoramidodithioites also react in a similar manner:!3®

{RS); PNEt, -|- R'C(O) X ~ (RS),PX -]~ R'C (0) NEt,
R=Et, Pr; R"=Me, Ph; X=C|, Br,

The Arbuzov reaction route, which is typical for the oxygen
analogues, namely, acyl phosphites and phosphoramidites, does not
occur in a single case, and the functional group is replaced by a
halogen atom to give the corresponding phosphorohalodithioites.

In studies on the reactions of TTPA with acyl halides,!?>!313% the
effect of different factors, including the presence of acidic catalysts,
on their rate was determined, and it was possible!* to propose a
general acid-catalysed mechanism for the reaction between TTPA
and carboxylic acid halides.

(RS);P—A + HX =(RS):P—X 4 HAREX _, ps). PX + R'C(0) + HX

A=SR, NR,, OCOR’ :
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Retention of the same coordination of the phosphorus atom also
occurred in reactions of TTPA with polyhalomethanes. Thus,
trialkyl phosphorotrithioites undergo a reaction with CCl, to form
trichloromethylphosphonodithioite, phosphorochloridodithioite, and
disulphide:!3+14!
2(RS);P 4 CCly » (RS),PCCl; 4 (RS), PCl +- RSSR

R=Et, Pr, Bu .

At the same time, trichlorobromomethane under similar
conditions gives phosphorotetrathioate and alkyl bromide together
with trichloromethylphosphonodithioite:'**

2 (ES)4P -+ CClyBr — (EtS),PCCl, + (E1S)sPS -+ EtBr ,

This contrast in the final reaction products is due to the different
routes of side reactions.!>

When phosphoramidothioites react with CCl, the alkylthio group
on the trivalent phosphorus atom is also replaced and the
coordination remains the same.'**!*2  However, in this case the sole
reaction products are the corresponding P(III) acid chlorides and
trichloromethyl alkyl sulphide.

®p SR - CCl ®p Cl+ CCLSR
Et,N/ T BN :

2!
R’ =EtN, SR; R=Et, Pr,

In the case of phosphoramidothioites this reaction takes place only
in the presence of Lewis acids.!*?

It was recently established that, in contrast to trialkyl phosphites,
phosphorothioites'** and phosphonothioites'** reacted with
dichloroacetylene not by the classical Arbuzov rearrangement route
but they formed the previously unknown products derived by
‘insertion’ of dichloroacetylene into the P—S bond:

RI
R'P(SR); + Cl—C=C—Cl »  SP~C(C)=C(Cl)—SR
) ps P CEN=C(C

R’ == Et, Ph, SR; R=Et, Pr,

5. Addition of TTPA to multiple bonds and to olefin oxides

Addition reactions of TTPA to C=0, C=C, C=N, N=N, and
other multiple bonds have until recently constituted a little-studied
area of organophosphorus chemistry; this was related to the low
nucleophilicity of the trivalent phosphorus atom in TTPA. The
preparation of new types of TTPA and the use of a number of
synthetic procedures, in particular, the introduction of a third
reagent into the reaction mixture, have made it possible in recent
years to extend considerably the range of addition reactions
involving TTPA.

(a) Addition to a carbon—oxygen multiple bond

Reactions with aldehydes and ketones. Phosphorotrithioites
react with benzaldehyde at 130 °C in a complex manner to give
a-alkylthiobenzylphosphonodithioates, trialkyl phosphorotrithioates,
and 1-phenyl-1,1-bis(alkylthio)methanes:'**

__18¢° C

— (EtS);P—CHPh - (E1S),PO -} (EtS),CHPh
O SEt
~» (EtS)sPS -+ EtSCH.Ph

(E1S)sP - PhCHO—

200° C

It was shown**® that the course of the reaction depends on the

temperature. When thisis increased to 200 °C, phosphorotetrathioate
and ethyl benzyl sulphide are formed.

An effective synthetic procedure that made it possible to add on
P(III) acid thioesters to aldehydes and ketones under mild conditions
was the introduction of a third electrophilic reagent which served as
an activator into the reaction mixture. Thus, phosphonothioites
and phosphorothioites in the presence of an equimolar quantity of
dry HC! underwent reaction with benzaldehyde'*® and acetone'*®
even at room temperature to form o-alkylthio-substituted
phosphonodithioates and phosphinothioates. The latter are formed
as complexes with HCI, dissociating on distillation to give the final
products;

R O..-HC R O
N\ A N
RP(SEt); 4 R'R*"C=0 -+ HCl — /P——({R‘R" e Toried P—CR'R"
EtS SEt EtS SEt
R = EtS, Et

Complex-formation apparently inhibits these reactions in the
presence of catalytic quantities of HCI by deactivating the latter, so
an equimolar quantity is required.'*

At the same time, the reaction of S-acetyl diphenylphosphinothioite
with benzaldehyde in the presence of HCI gives bis[a-(diphenyl-
phosphoryl)benzyl] sulphide, which is isolated from the reaction
mixture as a complex with two moles of HCl. In addition to that,
a-acetoxybenzyldiphenylphosphine sulphide is formed in small
quantity:'#?

o} o} S

It it I
PhyPSCMe -+ PHCHO - HCl — (PhyPCHPH),S-2HCI + PhyP—CHPh
2Et,N 1—2EI.N JHCI |
OCOMe

(Ph,PCHPH),S
It

This reaction route involves the initial replacement of the thioacetyl
group by the action of HCL!¥

When equimolar quantities of trimethylhalosilanes are used as
activating agents in the reactions of phosphinothioites with
benzaldehyde, two types of reaction take place depending on the
nature of the halosilane. Benzaldehyde reacts with S-ethyl
diphenylphosphinothioite in the presence of trimethylchlorosilane
under mild conditions (~60 to -50 °C), resulting in the isolation of
u-siloxybenzylphosphine sulphide as an addition product:'*

S SEt

. I
e, Ph,l’-—-&HPh -+ Ph,PCl -+ (MeSi)0 .

Ph,PSEt 4 PhCHO +- Me,SiCl

In contrast to trimethylchlorosilane, trimethyliodosilane can be
used to carry out the reaction of phosphinothioites with benzaldehyde
under mild conditions (—60 to —50 °C), resulting in the isolation of
a-siloxybenzylphosphine sulphide as an addition product:'*

- OSiMe, ~
PP p_SE < PHCHO 4 MasSil— | ©SP—chph 17 e
o P SEtHPHCHO 4 MeSil» | SE—CHP 17 =g SP—CHPh

_ Bt OSiMe,
R =Et, Ph

The formation of an intermediate quasiphosphonium compound has
been detected by studying this reaction using *'P NMR spectroscopy
at different temperatures.'*® It was suggested'*® that coordination
of the silicon atom with the oxygen of the carbonyl group must
precede nucleophilic attack by the phosphorus atom.
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By using PCl; as a third electrophilic reagent in the reaction of
phosphorotrithioites with ketones it was possible to obtain a number
of a-alkylthioalkylphosphonodichloridates:'*

(RS)sP - 3R'R"C=0 + 2PCly — SCIgP—_—?R‘R"
It

O SR
R =Et, Pr; R’ =R"=Me; R'=Et, R’==Me .

The formation of the latter is evidently due to an initial exchange
reaction between phosphorotrithioite and PCls which is already
known in the literature'? followed by addition of the resulting alkyl
phosphorodichloridothioite to the carbonyl compound. It has been
established!®! that the reaction of S-alkyl phosphorodichloridothioites
with aldehydes and ketones takes place with retention of the P—Cl
bond and cleavage of the P—S bond, in contrast to other P(III) acid
chlorides:

ClPSEt 4 RR'C = O — Cl,P—CRR’

]
O SEt
R=R’'=Me; R=H, R'=Ph .

Hydrogen chloride catalyses this reaction.

It should be noted that before the study of Al'fonsov and
co-workers'®! there was only information in the literature about the
reactions of P(III) thioacid chlorides with carbonyl compounds in
the presence of proton-containing reactants. Thus, reaction of
P(I1I) thioacid chlorides with aldehydes and ketones in the presence
of an equimolar quantity of water gives S-alkyl esters of a-hydroxy-
substituted phosphinothioates and phosphonodithioates:!%?

RS RS O e TS

SR+ HO0 g R o DPCRRY

' R" H L
R’ = Et, Ph, RS; R= Me, Ef, Pr; R"=H, Me

R” = Me, Pr, (CHg)y, (CHg)s, CCla, Ph, 0-OaNCH, .

R

A detailed study of this reaction using *'P NMR spectroscopy
formed the basis of the proposal by Kardanov and co-workers!®
that the reaction takes place via hydrolysis of the acid chlorides
followed by addition of the resulting P(III) thioacids to the carbonyl
compound.

Replacement of water by acetic acid results in the formation of a
product that does not contain sulphur:102

¢ N
M . \
PhP + O # CHZCO0H » /P—
\SEl Cr

152

Recently'”* a simple and convenient method for the preparation
of alkythio-substituted phosphinothioates and phosphonodithioates
was developed on the basis of the reaction of P(III) thioacid
chlorides with carbonyl compounds in the presence of thiols:

R\ -
P—Cl 4 R'R’C==0 -} EtSH—

Rp CR'R" +- HCI
Ets” am

EtS7 )
O SEt
R == Et, E(S; R'=:R":=Me; R'==H, R™—Ph .
However, compounds with an activated carbonyl group, in

particular, acetyl phosphonates, do not undergo this reaction.
At the same time, the latter react with diethyl phosphorochlorido-

dithioite in the presence of triethylamine to form a-(diethoxy-
phosphoryl)vinyl phosphorodithioites:'**

0O

I
(ELS);PCI -+ (BIO),P—CCHy —pr A (B1S);POCP(OEY), |
i ]
00 Cliy

Other anhydride derivatives of P(III) thioacids have only been
studied in a reaction with chloral. Thus, cyclic'®® and acyclic!!?
acyl phosphorodithioites react with it to form new «-acetoxy-
B8,8,8-trichloroethylphosphonodithioates:

R,POCOCX;+ CCI;,CHO — R,P—~CHCCl3

[
0O OCOCX,

R==E1S, X=H; R, == SCHyCH,S, X==F .
2-Diethoxyphosphoryl-1,3,2-dithiaphosphorinane does not react
with chloral even on boiling, but when water is added to
the reaction mixture the P—P bond is cleaved even at room
temperature to form 2-oxo-2-(f,B,B-trichloro-e-hydroxyethyl)-
1,3,2-dithiaphosphorinane:!*
0 : S 0
1 S
TNy | eeneno

- \‘-S/ -

—S_ t
< P—P(OE); -|- H;0 - (EtO),PH -
—s/

O
/—_S‘\P (O) (E:('Cl |- (EL1Q),PP(OYH
\——5/ ly :10),P(O)H .

In a study of the addition of P(III) thioacid amides to carbonyl
compounds it was established that the nature of the latter has no
effect on the course of their reaction with phosphoranilidodithioites,
in which o-anilidoaralkylphosphonodithioiates are formed:!*’

(EtS),PNHPh - 11-XCaH,CHO - (E1S)gP—CHCyH X1
|

(') NHPh
X =1, NO, .

There was not a single case where products with a P=N bond,
namely, phosphonimidodithioates, which are characteristic for
reactions of dialkyl phosphoranilidites with carbony! compounds
containing electron-withdrawing substituents, were formed.'>’

Reactions with conjugated carbonyl compounds. The reactions of
TTPA with conjugated carbonyl systems, usually giving pentavalent
phosphorus compounds, had by the end of the 1970’s been studied in
quite a detailed manner.!”® At the beginning of the 1980’s, Ragulin
and co-workers'*® showed that retention of the same coordination of
the trivalent phosphorus atom in these reactions was possible by
insertion of o,B-unsaturated aldehydes and ketones into the exocyclic
P-S bond of phenylethylene- and 1,3-propylene-phosphorothioites:'>?

o0 R .
/o\ \? / 0\ ‘
l\ P—SPh+ CH R POCR"=CHCHSPh
07 AN / |
cu © R

RI
R = CHyCHy, CHyCHCHy; R’ = H, Me, Ph; R” = H, Me -
The rate of condensation decreases when the B-carbon atom of the
conjugated system is shielded.
At the same time, insertion of 3-benzylideneacetylacetone in a
reaction with phenyl ethylenephosphorothioite results in the
formation of a mixture of diastereomeric spirophosphoranes
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containing a P—$ bond:!%°

0. Me
A

' >P—-SPh + Pb, VY »
H Me

Me
phs T N—COMo
\\
———h (h:-[’ 7 Ph +

Cl

anti -

syn

In this case the stereoisomer with the syn-configuration is the
kinetically favourable product and the anti-isomer is the thermo-
dynamically favourable reaction product. The fact that a
thermodynamically nonequilibrium mixture of diastereomers is
formed was taken by Ragulin and co-workers'®® as positive evidence
for an almost synchronous 1,4-cycloaddition mechanism.
Spirophosphoranes containing a P—S bond are also obtained by
reaction of a-dicarbonyl compounds with 1,3,2-dithia->" and

1,3,2-thiaza-phospholanes;:46
R 0
S,
I I \PR’ + \ I I >p/I
/
> 4 o/
X=8,NH

R=H, K Me;

R—-Et Ph ;

Ethyl diphenylphosphinothioite reacts with chloranil in benzene to
form p-ethoxytetrachlorophenyl diphenylphosphinothioate:'®!

o /cx 1 cn/ <cu
phypSE + 0= »=0-» Ph ?5—0 —0~~Php—0—L —OEt
? 1 >=(
o/ skt c1/ ¢t s o a

When benzene is replaced by the more polar DMSO and DMF it
is possible to stop the process at the stage where a bipolar ion is
formed, probably by stabilisation of the quasiphosphonium centre
with solvent molecules. A study of this reaction by means of
chemically induced polarisation of 31p nuclei showed that there was
also a radical route for formation of the final product.’®!

The reaction of trialkyl phosphorotrithioite with anthrone gives
9-alkythioanthracene and anthracene:'

o
AN\

SR
|
NN,
o L/\/\/ KJ I / I \/ﬁ\/\) '

R =Et, Pr, iso-Pr, Bu, iso-Bu

7

140°C
Zdays

P(I1I) thioacid cyanides react with ethyl pyruvate, retaining
the same coordination of the phosphorus atom and forming
a-cyanoalkyl esters of P(III) thioacids.'®®

Cl.OOEt
{BuS)sPCN -+ CH.%—%OEt ~» (BuS);POCCH;
(el e}

(b) Addition to other multiple bonds

Up to the present time there have been only isolated reports
in the literature about the reactions of TTPA with compounds
containing C=C, C=N, N=N, and other multiple bonds, which
generally take place with retention of the P—S bond. When S-ethyl
diphenylphosphinothioite reacts with 1-nitro-1-propene, instead of
attack by the phosphorus atom on the B-carbon atom of the
nitroolefin as occurs in the case of the oxygen analogues, only
oxidation of the initial phosphinothioite occurs:'¢*

Ph,PSEt —TACH=CH-NO,

~» PhyP (O)SEt .

Using 'P NMR spectroscopy, chemically induced polarisation of 3p
nuclei was detected on the initial and final products, so it could be
assumed'®* that the reaction took place according to a one-electron
transfer mechanism.

It was established'®® that cyclic phosphonodithioites do not react
with acrylonitrile, while dialkyl phosphoranilidodithioites slowly add
on to the latter with the formation of B-cyanoethylphosphonimido-
dithioates:!!3

NPh
) I
(EtS)sPNHPh -+ CHy=CH—CN - (E1S)JPCH,CH,CN

In reactions of phosphinothioites with ethyl acrylate in the
presence of aliphatic and aromatic glycols the formation of cyclic

phosphoranes was demonstrated:'%®
CH,CHq.COOEt
" PSER - CH,=CH—COOEL ~HO-R-OH ‘p/ \R

In this case there is probably an initial substitution of the alkythio
group on the phosphorus atom.

The first examples of azomethylenephosphoranes containing a
P—S bond were obtained in a study of the reaction of P(III) acid
thioesters with nitrilimines in the presence of a base:!%%'¢7

cl
Ph | b
R>PSEt+P.’C —~N—NHR" —gRHei~ R>}L-=C(R’)-—N=NR’
R=Ph, SEt; R"'=MeC(0), PhC(0), EtOC(O)
R” = Ph, p-CrCeH,, p-O,NCeH,

A new approach to the synthesis of certain spirophosphoranes
containing a dithiophospholane residue is the reaction of cyclic
amides and esters of phosphorodithious acid with diethyl
azodicarboxylate in chloroform:'®

R' OEt

s.f> 7

N-—N

(],OOEt

The previously unknown O-iminophosphonodithioates were readily
formed by opening of the N=0 bond in a-chloronitrosolkanes on
treatment with mixed O,S-phosphorodithioites:'®®

| PX 4 Etolc]——N~N-I?ost

X==NMe,;, OMe; R’==H, Me

(9} /Mc
_20-150C ]
EIOP(SR, + O=N—O(CI)Me R (RS)P—0--Ne=C

R’ R’
R=Et, Pr, Bu; R’==Cl, Me

- EtCl
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P(1II) acid chlorides add on to a C=C bond in the presence of
H,0 ' in a similar manner to the reaction with carbonyl
compounds:'®

R! R! 0O’
N RIRIC=C(RY)~C(O)Me
RS/pCl + H0 s [RS>P<HJ _RIRIC=CRY-CO)Me_,

0]
R
-~ JPCRIR'CHRIC(O)Me
RS

R—Et, Pr, Ph; Rl==Et, Ph; R* =R* = R¢=H, Me .

In the reaction of S-phenyl phenylphosphonochloridothioite the
formation of a cyclic product—-1,2-oxaphosphol-4-ene—occurs
together with y-ketophosphinothioates.!” The proposed spontaneous
cyclisation of y-ketophosphinothioate was not confirmed
experimentally.

(c) Addition to olefin oxides

In the mid-1970’s there were reports in the patent literature
about the development of a method for hydroxyalkylation of P(III)
thioacid chlorides with olefin oxides in the presence of organo-
aluminium catalysts:

.
H\P——X . \./ Alon), \p—o/\/x
/ g

R'g

171,172

X=CJ, Br; R'=alkyl, R'S, RO, R5N.

This reaction was subsequently extended to cyclic P(III) thioacid
chlorides and oxetanes and it transpired that scission of the
2-methyloxetane ring occurs on the C—O bond through the primary
carbon atom in the absence of catalysts:

R
___S\ —15
.-X/P—C] + \/O>—R - Lx>p_o)\/\(:]

X=0, S, NBu-t; R=H, Me.

Only in the mid-1980’s was the possibility shown for the first time
that olefin oxides could be inserted into the P—S bond of
phosphinothioites!™ and phosphoramidothioites:'”

RR/PSEL  + ‘; > rl'a’x’o/\/sEt

R=Ft, R=Ph: R==R’==Ph, NEt, ; R=EtS,R=Et,N .

The reactions are catalysed by organic acids, Lewis acids, and bases.

6. Exchange reactions in a number of TTPA

Exchange reactions in a number of TTPA can be successfully
used for the synthesis of various organophosphorus compounds.
However, these studies were only elaborated at the end of the 1970’s,
as a result of which it was established that excliange can be
accompanied by processes leading to a change in coordination of the
P(III) atom together with retention of the same valency for
phosphorus. In this case the effect of different factors (nature of
the reactants, temperature, presence of catalysts) on the rate and
course of these reactions was shown.

P(III) acid thioesters have been studied in the greatest detail in
reactions with phosphorus trihalides,!’®!”” which provided the basis
for the development of synthetic methods not only for P(1II) thioacid
chlorides as already reported in the literature but also for the
previously unknown phosphoromono-!"" and phosphorodi-bromido-
thioites.!™

(RS),P - 2PX, - 3RSPXy; (RSP - PXy — 3(RS).PX
R:=Me, Et, Bu; X = Cl, Br.

It was later shown'” that a similar reaction of tribenzyl phosphoro-

trithioite with phosphorus tribromide at 180 °C is accompanied by a
change in coordination of the phosphorus atom and culminates in
the formation of benzylphosphonothioic dibromide, although initial
exchange products have been detected by *'P NMR spectroscopy:

(PhCH,S),P - 2PBr, — 3PhCHLP(S)Br, .

In contrast to the reaction with phosphorus trihalides, the reaction
between phosphorotrithioites and ethylphenylchlorophosphine is a
reversible process:!”’

(RS)1 |- EPIPCE = (RS),1C) -] BIPWPSR
R-=Me, Et, Pr.

At the same time, ethyl diphenylphosphinothioite reacts with
diphenylchlorophosphine under severe conditions to form a complex
mixture consisting of tetraphenyldiphosphine, ethyldiphenyl-
phosphine sulphide, and diphenylchlorophosphine sulphide:*
s S
2500 ¢ il I
Ph,PSEt -+ Ph,PCl ———— = PhP--PPhy - Pl PEL - PhyPCL
The reaction of S-germyl phosphorodifiuoridothioite with
diphenylchlorophosphine is also complex; cleavage of the S~Ge
bond occurs together with formation of exchange products:’®
e PP~ PP,
- -1, i
VobSGel by |- PhybCle---
S
Il
= By PPy - ClGeldy
176

—m— 0L - PS8 GeH, -

At the beginning of the 1960’s it was shown’’® that the reaction
between trimethyl and tributyl phosphorotrithioites in the presence
of trace amounts of HCI gives an equilibrium mixture consisting of
four phosphorothioites:

(RS),P - (RIS) 1 <= (RS)SR” -} RSP (SKR'),
Re=Me; R'-=El, Bu.

It was established later'% that the exchange of alkylthio groups in

a number of phosphorotrithioites occurs only in the presence of
catalytic quantities of acids and bases, the rate of exchange increasing
on changing from acidic to basic catalysts.

The reaction of P(III) thioesters with trialkyl phosphites has only
been studied in the case of Schrader’s anhydride reacting with ‘
triethyl phosphite,'? as a result of which a compound with a
PAD_p™ pond—rris (diethylphosphoryl)phosphine—is formed:

hm\.))zln)ShP + 3 (ELO),1-» FELO)P Ll - J(E0O),PSEL
S (g ﬂ
There is no information in the literature about the exchange of
groups between P(II) acid thioesters and triaminophosphines, but
the reactions of the latter with phosphoromono- and phosphorodi-
chloridothioites'” and also with 1,3,2-thiazaphospholanes containing
an exocyclic P~ Cl bond'® have been studied, so it was possible to
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obtain P(III) acid derivatives containing both a P—S bond and a
P—N bond in the molecule:
A s (RAS)PNEL, -k (EEN)CI
(BIS)PCl - (BLN)P-~| e L
= (EiS)zP~-P(NEt2)3C]' .

More recently, in a study'®! of the reaction between diethyl

phosphorochloridodithioite with hexaethyltriaminophosphine at low
temperatures using >!P NMR specroscopy it was possible to identify
the formation of a quasiphosphonium compound with a P—P bond,
which on increasing the temperature decomposed with the subsequent
formation of exchange products. A quasiphosphonium compound
with a P—P bond is also formed by reaction of diethyl phosphoro-
chloridodithioite with tripropylphosphine;'® this compound is
converted at 0 °C to tripropylethylphosphonium chloride:

<2 C s (BIS)D —DPr, CI”

(EAS),PCL - Pryp~—| g bert -
———=7 Pr,PSEL CI™

Products with a P—P bond were also obtained in the case of the
reaction between diethyl phosphorochloridodithioite and silyl
phosphites:'?*

(E1S),PCl + (RO),POSIMey —msici™ (EtS)2P<~I}I3.(OR)2
R=Et, MeSi -

The reaction takes place under mild conditions and is accompanied
by the liberation of heat.

7. Reactions of TTPA with organometallic and complex
compounds

In recent years studies on the reactions of TTPA with organometallic
and complex compounds have been published in the literature. This
is related to the fact that a number of metal-complex compounds
containing TTPA as ligands have been used as catalysts for liquid-
phase hydroge,nation182 and hydroformylation.183 Moreover, new
types and classes of organophosphorus compounds, including those
with an unusual structure and coordination of the phosphorus atom,
have been obtained from reactions of TTPA with organometallic
compounds.

Thus, in the reaction of pentamethylcyclopentadienyllithium with
2-chloro-1,3,2-dithiaphospholane, 2-(pentamethyl-2,4-cyclopenta-
diene-1-y1)-1,3,2-dithiaphospholane is formed, having a ‘fluxional’
structure as a result of a 1,5-sigmatropic rearrangement of the
dithiaphospholane residue:'3

Neee/
A N\
> ) N/
L SP—Clf- MeColi =g~ /TN
S/

Previously unknown compounds with a pentavalent tricoordinated
phosphorus atom—=bis (methylene)phosphoranes—were synthesised
from alkyl or aryl phosphorodichloridothioites and lithium

bis (trimethylsilyhmethanide: 3186
- s C(SiMe;)
RS—PCl, + 3LICCSIMe;); ~—3igaf—— RS—P < 3)a
~C1,CiSIMeyy AN C(SiMe,).

R=iSO~PI', C5H11, Ph.

Cleavage of the P—S bond in TTPA on treatment with organo-
lithium compounds was shown only in the case of the reaction
between S-thiobenzoy! diphenylphosphinothioite and phenyllithium:*S

Ph,PSﬁPh 4 PhLi - Ph,P 4- PhCS]Li* ,

The cleavage of the P—S bond in P(III) acid thioesters by organic
hydrides of Group 4b metals was studied in greater detail.!*”!%¢
On the basis of these investigations, for the first time a general
method was developed for the synthesis of a new class of organo-
phosphorus compounds—alkyl- and phenyl-alkylthiophosphines'®®
and t!l;g previously unknown acyclic thioesters of hypophosphorous
acid:

SR/
RP(SR'); ++ BugSnH — RP<H - Bu,SnSR’

R =Me, Et, iso-Bu, Ph, SR’; R’'=Me, Et, Pr.

It is interesting that in the reaction of trialkylstannanes with
trichloromethylphosphonodithioite the P—S bond is retained while a
C—Cl bond in the trichloromethyl group is cleaved:'

CCIP(SEY) -- RySnH — CHCLP(SFY), -1- RySuCl
R==Et, Bu.

At the same time, it is not possible to use complex alkali metal
hydrides, in particular, lithium aluminium hydride, as reducing
agents in reactions with TTPA for carrying out a selective reduction,
since all the P—S bonds are cleaved in phosphinothioites,
phosphonothioites,?!!%? and phosphorodiamidothioites,!®? resulting
in the formation of the corresponding primary or secondary
phosphines and hypophosphorous acid diamides:

PhP (SE t)‘ dibenzxo-i-“l\sli;wn-tsh) PthZ

(Et,N),PSR 4%, (Et,N),PH ,

ether
1t was shown for the first time!®"!%2 that the use of crown ethers as
phase-transfer catalysts in these reactions considerably increases the
rate of reduction and the yields of the final products.

During the last ten years there has been a considerable increase
in interest concerning metal derivatives of TTPA, particularly in
transition metal complexes. A number of mono- and di-substituted
phosphinothioite and phosphonodithioite complexes of
chromium,'**%¢ molybdenum,'**'*>1%7 and tungsten'®*!% have
been obtained from transition metal carbonyl complexes containing
readily detachable ligands such as tetrahydrofuran (THF) or
norbornadiene (NBD):

M(CO)sTHF + R,PSR’ Z1iF M(CO)sPR,SR’

: ,/ v ] 5 "
cis-M(CO)sNBD + 2RP\Z>R TNE**czs-M(CO)4(RP<S>R )2
M=Cr, Mo, W; R, R’=CHj, CFy; R*=CH,CH,, 0-C,H, .

It was established that in all cases phosphorus coordinates with the
metal atom, and the rate of ligand exchange depends on the nature
of the substituents and the metal atom.'**!% It should be noted
that in the case of disubstituted complexes the compound with a
cis-configuration that is formed initially can be converted to the
trans-isomer, with the rate of isomerisation depending on the nature
of the substituents, the metal atom, and the temperature.®>'%®  The
reaction of tetracarbonyl(norbornadiene)molybdenum with S-germyl
phosphorodifluoridothioite takes place in a similar manner.”®
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More recently the synthesis of phosphinothioites of binuclear
manganese carbonyl complexes has been carried out!®® by direct
displacement of carbon monoxide from manganese carbonyls:

Mn, (COY,, -+ (CF), PSR —2EH2C . Mn,(CO),P(CF,),SR
R = alkyl, aryl, perfluoroalkyl, perfluoroaryl, P(CF3),

Cyclometallated iron complexes with a triphenyl phosphorotri-
thioite ligand are readily formed by UV irradiation of a complex of
the type (A) in the presence of tripheny! phosphorotrithioite:'®

Fe_ SR, 4  (PLS),p _ﬁ"_,, 0C~—Fe A
/| Cutts Y,
0
¢ s (Phs),P——3

(A)

The replacement of ligands in platinum complexes with the
involvement of S-germyl phosphorodifluoridothioite has been
studied.”

-=-000---

Thus, the introduction of alkythio groups on to the trivalent
phosphorus atom produces a substantial change in the reactivity of
P(III) acid derivatives. The Arbuzov reaction route, which is typical
for oxygen analogues of TTPA, does not occur in the majority of cases
and substitution at the trivalent phosphorus atom with retention of
the same coordination takes place. This trend is particularly marked
in the reactions of TTPA with acids and halogenated electrophilic
reagents. The addition of TTPA to carbonyl compounds resulting
in the cleavage of a P—S bond, as a rule, only occurs in the presence
of a third reagent which assumes the role of activator for the
process.

The effect of different factors, including acidic catalysts, on the
rate of substitution and exchange reactions involving TTPA has been
established, placing them in the same series with other trivalent
phosphorus acid derivatives.

The mechanism established for the chemical behaviour of TTPA
in substitution and addition reactions now make it possible not only
to carry out the directed synthesis of compounds with a predetermined
structure and properties but also to predict the course of TTPA
reactions that have not yet been studied. Everything that has been
reported above and the existence of a considerable number of
convenient methods for obtaining TTPA mean that further studies of
this class of compounds will have future potential.
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