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A. INTRODUCTION

Dialkyldithiophosphoric acids and their organic esters have been exten-
sively employed as pesticides for a number of decades. More recently, the
interesting bonding possibilities of these ligands have attracted chemists. A
review article published by Wasson et al. [1] in 1973 deals with the chemistry
of dialkyldithiophosphate derivatives of transition metals in detail. A consid-
erable amount of work, also carried out on dialkyldithiophosphates of
non-transition elements in recent years, has revealed many novel and inter-
esting features for the coordination chemist, e.g. compared to the almost
universal bidentate nature of these ligands in transition metal chemisiry,
they have been shown in recent years to behave as monodentate species in
cases of organosilicon, organogermanium (in general} and triorganotin moie-
ties, whereas these bind diorganotin moieties in a bidentate chelate manner.
As in the case of transition metals, the dialkyldithiophosphates of main
group elements have also been used selectively in extraction processes [2-6)
and for analytical purposes [7-18]. In view of their interesting structural
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features and applications, a brief review is being presented on dial-
kyldithiophosphate derivatives of non-iransition elements emphasising par-
ticularly the work carried out during the last decade.

B. GENERAL

The dialkyldithiophosphoric acids can be prepared by the reactions of
alcohols {or phenols) with phosphorus pentasulphide {1,19--21]

P,S, + 4 ROH — 2(RO),PS, H + H,S1

These are unpleasant smelling strong monobasic acids having pKa values {1]
in the range of —1.10 to +0.22. These tend to be oxidized [1] readily io the
corresponding disulphides. Although these acids have been known for over a
century [22], it was only in 1925 that serious efforts [23] were made to throw
light on the structural features of the products, which were more accurately
defined [24] in 1945.

Main group dialkyldithiophosphate derivatives have generally been pre-
pared by the cleavage of the metal and organometal-halogen (chloride,
bromide, iodide), —oxygen (oxides, hydroxides, alkoxides, acetates, nitrates,
sulphates), or —carbon (alky! or aryl) linkage by dialkyldithiophosphoric
acids or their alkali metal and ammonium salts.

Dialkyldithiophosphate moieties could bind a metal in a variety of ways
[25] as shown in Fig. 1. From an analysis of proton decoupled *'P NMR
data for a large number of derivatives, Glidewell [25] concluded that *'P
chenucal shift could be expected in the regions 101-107, < 82 and 88-101
p.p-m. for bonding modes A, B and C(i, ii} respectively (Fig. 1). Doubts have
been raised [26] about the universality of the above generalization. However,
besides actual crystal struciure determinations and some valuable informa-
tion derived from spectral techniques like Mdssbauer specira, applicable for
a few metals (e.g., tin) only, the *'P spectra must be considered as the most
satisfactory indicators for the bonding mode.

Infrared spectra of a number of compounds, relevant to this review have
been reported [26—59]. These show some apparent variations, but efforts to
correlate these with structural features have not been particularly successful
[51-56]. The IR data have, therefore, been summarized in Tabie 1 o0 avord

N N \P{S\M NP
- \s" 7 \‘S—M 7 \“‘s/ /\\‘"S-M
A B C ()

Fig. 1. Structural possibilities of metal dialkyldithiophosphate derivatives.



211

9 $'L$ = (HOUS)r (*HD-US)
00 (*HD) 9 S€°T ‘01 =(HDOd)r (*HD) ‘W *s1'¥ E(*HO)uS'Sd T (O H®D) ST
9 (*H*D-2D+ tHD) ‘W ‘Sp'1 {(HD) “1dss ‘9p LU DPRO s (OLH D] 174
9 (CHD=9D + ‘HD + *HD) ‘W ‘TT {O°HD) ‘W ‘S¢'p E(*H"D)O'Sd (O H D) £7
74 (*H"D—8O+ *HD) ‘W ‘SH'1T {HD) “1des ST°¢ E(*H"D)RO'Sd (O H D) 44
9 (*H"D-9D + FHD) ‘W ‘¢¢°T {(*HD) ‘W ‘S¢'p E(*H"D)PDISd (O°HD) Iz
9 (SH®DO-9D+ *HD) ‘w ‘7’1 {(HD) “vdos Ly ECHDPDI (O HD 174
74 CH®D-20+ *HD) ‘w ‘71 {(*HD) ‘b ‘8’1 (O*HD) ‘W ‘Ov E(*H*DPRDSd (O HDW) 61
74 (*H®D—2D+ *HD) W ‘¢¢'T (O°HD) ‘W ‘ST E(*H*DPRO®Sd (0 H®D)] 81
9z (*HD) ‘P ‘9’1 {(HD) “1das ‘16 {(SHD—18) ‘wt ‘L' LEHNSHSSd (O H D] LT
74 (*HD-18) s ‘g0
(*HD) 9 ‘66’1 {(*HD) ‘W ‘cp {(SHD-IS) ‘W ‘g6, CCHO)CHD)SSd (0 HD)] 91
9 (*HD-1S) ‘s ‘6’0 {(*H%D) s ‘v'L EEHDNSSd*(0°H®D) S1
9T (FHO—1S) s ‘550 {(*HD) 1 *s€'T “(*HD) ‘W ‘67T {O°HD) ‘W ‘Sg'p E(FHONSSd* (O H D) 14t
9z (CHD19) s ‘v'1 9 = (HDOA)r(*HD) 9 ‘s€°1 “(*HD) ‘W ‘6°€ E(*HOIS'Sd*(0°HD) €1
vL7 =(H~-D-1L)r (*HD-1D) ‘b ‘17 59 =(H-DO-O-1L)r ,
Sy (*HO®HOIL) 9 ‘s£°'T *(O°HD) © ‘T'v “(*HD) 1 *s¢'1 FEHIL'Sd (O H®D) (4!
SLZ =(H-O-IDr (*HO-1L) ‘b ‘TT ‘T€9 = (H-D-D-1Lf
Sy (*HDHDILL) © ‘8T ‘b1 =(HDOd)r (O°HD) ‘P ‘IL'E L(SHILL*Sd YO HD) 1
Sy ¥9€ =(H-D-1L)r (*HD-ID) ‘P ‘ST {(*HD) 9 ‘S¢’1 {(*HD) 2 ‘TI'¥ LEHONI'Sd (O HD) o1
v e =(H-D-1Lr(HD-IL) ‘P ‘TS'T S1=(HDOd)r (O°HD) ‘P ‘L€ CEHDNL*SA (O HD) 6
37 (*HD) 1€ T *(*HD) 2 T’y LI'sd“(0*H®D) 8
LY'SY v1=(HDOd)I ‘P ‘LYE 11sd *(0*HD) L
Ly 9's1=(HO0d)r ‘P ‘L6°€ ur?[%sd*(0*HD)] 9
Ly L's1=(HDO0d)r ‘P ‘s8°€ POYI%Sd*(OfHD)] S
LY ‘sp 91=(HDOd)r ‘P ‘I8¢ uZ*[*sd *(0fHD)] v
8y (*HD) ‘w ‘L7 {(HD) ‘peo1q vy eN*Sd {OHD*(*HD)] £
8Y (*HO) 9 €'T {(*HD) ‘o ‘OF eNSd (O H®D) r4
09°gp ¥1=HO0d P ‘9°€¢ eN“Sd S (O*HD) I
. ‘'ON
o ('s*d5) syueysuoo Burpdnos pue adeys yim (wrd-d @) PYrys [eoruILyY)) punodwo)  sousg

- SoreydsoydorynpAy[eip [e1aw 10] v1Ep [endads 9ouBUOSAI dnduFeuwl Uol01g

[AcRLAAR



(“"H*)-ug)

€5 ‘w1 CCHD) P ET ‘2= (HDOd)r (HD) ‘W ‘S6p F(MHPOUSTSI (O HE DY oy
0°0L =(HDUS4 ) (surpuikd ur)

€5 (FHD-uS) s ‘0’1 (*HD) ‘P ‘¥'1 ‘€1 = (HDOD)r (HD) ‘W ‘0'g E(EHD)uS*Sd (0 H D) 6€
LS = AmUGMO:v\.

€5 (FHD-US) ‘s ‘§9°0 ‘ST=(HDOd)r (O*HD) ‘P ‘S9°¢ E(*HD)US'Sd T (OFHD) 8¢

€5 (CH®)-uS+0Q°H%)) ‘W ‘9L FCH?DUSISd (0 H?D) LE
(*H®)-us) ‘W ‘9

£s (*HD) ‘P ‘8°0 “(HD) ‘w ‘L1 ‘6 = (HDOJ)r (O*HD) ‘W ‘¢9°¢ LEHPDMUSISd HOCH DD 9¢
(*H’D-us) ‘w ‘g

€5 (FHD + FHD) ‘W ‘0'T “$°6 = (HOOJ)r (OPHD) 1 ‘8¢ ECCH*)uS'Sd (0 H D) St

€5 (*H®)-us) ‘w ‘spL ‘$'s1=(HD0d)r (F*HD) ‘P ‘Sv'€ E(CH))us®Sd (0 HD) 3
(CH®)-ug)

£5'1S ‘w ‘g ((PHD) P OSSTT S2l=(HDO0d)r (HD) ‘W L'y ECHDUSISd (OLH DY) €€
(*H®D>-ug)

£5°1S ‘w gL ((PHD) 9 T'T ‘01=(HDOd)r (*HD) ‘bp ‘6t EEHDNUSISdH (0 HYD) (43

£ (PH"D-us + *HD) ‘W ‘TT {(OHD) ‘W §p E(*H"D)us*Sd* (O H D) | £3

1£3 (*H"D-uS + fHD) ‘W ‘o¢'1 (OTHD) ‘W Ty E(eH"OIUS Sd (0O H D) 0

is (*HD-US+ *HD) ‘W ‘sp'I “(HD) ‘w ‘g ECHDNuSISd O HD Y 67
65 = (HOUS¢, )r

I$ ‘66 = (HOUS, ;) (FHD-US) s ‘69°0 “(O°H%) P ‘€L (*HO)US 'Sd (O H D) 8T
09 = (HOUSg, )f ‘5'sS = (HOUS,;)r (FHD-US) ‘s

IS ‘g0 {(FHD) 9 ‘T'1 (*HD) b 6'T “(Q'HD) ‘W ‘T'p E(*HD)uS*'Sd (O ‘H DY) LT
§'Ls=(HOuS)r (FHO-us) ‘s

€51 00 ((HD) P SE°1 €1 =(HOOd) (HD) ‘W 58y E(*HDUSTSd*(0“H D) 74

oK

PEM ('s*d-0) sjueysuoo Suipdnos pue adeys ypm (‘urd-d @) yrys reorwdy) punodwo))  saLIdg

(panunuos) 7 IT4VL

212



213

9s
Ly
ss
39
39
199

159
99

13
129

149

125
ve

129
pSTS

[4Y
[43
[43
4y
4y

Ts

psTs

(fHD) 9 “sL°1 {(O*HD) D ‘ssp

91=(HD0d)r (O*HD) ‘P ‘L€

(PH"D-US+ HD) 1 'sT'1 {(*HD) ‘W ‘sp'7 (OHD) ‘W ‘SE'p
(*H"D-US+ FHD) ‘W ‘¢'T {(HD) ‘W ST'S

(°H*D-uS + *HD) 1 69’1 {(*HD) ‘w ‘Sp'd
(SH®D-us + ‘HD) w ‘9T {(HD) “1dss ‘50°¢

601401 = (HOUS g L1

(FHD~US) *s ‘5z {(*HOP ‘sL1 HHD) “1des “T'g

LO1 ,MOH = Amoﬂmm:.:—v.\

(FHO-US) ‘s ‘TZ {(*HD) ‘P ‘L1 {(HD) “ydss “1°¢

901 .NOH = AmUﬁmg —.h:vk.

(*HD-uS) s ‘77 “(FHD) ‘P ‘s8'T {(HD) “¥dss ‘5¢°¢
(*H’D>-us+ 0 H")) W ‘gL

CH®D-us) ‘w1 L (*HD)

‘Pego {(HD) ‘w ‘LTt = (HDOd)r {(*HD) PP §'¢
(SH®~ug) ‘w ‘gL {*HD)

480 THD) ‘W 51 {56 = (HDOJ)r (O*HD) WP ‘sL€
(SH®>-us) ‘w ‘/°L '¢'ST=(HDOd)r (*HD) P ‘¢
Ow.wﬁ = AmUGWm:.h:v\.

(FHD-uS) s ‘¢°'1 ‘s'sT=(HOOd)r (O°HO) ‘P ‘L€
(*H%D-us) w ‘s {(*HD) P ST'T {(HD) ‘W v’y
(SH®D-us)

‘w gL ((FHD) 9 ST ‘0T =(HDO0d)r (*HD) ‘bP ‘6'¢
(*H"D-ug) ‘w ‘57’1 {(*H®D) ‘W ‘€L

(SH'D-uS + *HD) ‘W ‘§¢'T (HO) ‘W ‘5¢°¢
(°H*D-US + ‘HD) ‘W ‘5.1 {(*HD) W ‘sg'v

08'bL = (HOUSg - )F (FHO-TS) s ‘STT {(CH?D) ‘s ¥'L
08‘SL = (HOUS g 1) (FHOUS)

T {(HD) 1 ‘7T {(*HD) ‘b ‘1T {(OFHD) ‘w ‘7Y
6L°SL = (HOUS g1y (FHO-US)

59T (*HD) 9 %1 ‘00T =(HD0d)r (*HD) bp ‘1t

svE[*sd X0 H D))
qd*{*sa* (0 HD)l
(SH"Dust[*sd (O H D]
(SH"DNS [*sd* (0 H D]
a:vUGMmﬁﬂmmﬂ AOmENUv_
SHPuUS [*sd Y (0 H D]

fHOuS {isd “(0 H D]
DCEHDNUSH*sd YO HDD)

(P HD)uS Tsd (O H D]
TSH)US Esd (O HD)]
L HNSE[*sdt(0°H D]
LEHDNS [fsd (O H D))
t(SH*D)uS[*sd “(O HD)]
T(*HOJUS [*Sd * (0" HD)]

g ust[isd (0 H DN
DS *Sd O H D)
L(SH*D)US[*Sd (0 H%D)))
(oYU {*Sd (0 H DI
Z(SHD)us?[*sd SO HD)]
t(CHDUS [ *sdH{O*H D)
C(*HD)uS [ *sd (0O H D)

EHDUSHESd F(O H DN

79
19
09
6S
8¢
LS
9s
133

12
€5

(43

s
0s

ov
14

Ly
9
154
134
44

|84



214

9¢ (£HD) ‘storqnop Burddepaso ‘91 {(HD) ‘W ‘S6'f Lt HOYUSI*Sd (O H DY) St
9 (*HD) ‘s1vrqnop Burddepaso ‘5¢°1 {(HD) ‘W ‘§1°¢ -2 HO)S [*sd * (0 H D] vL
95 (FHD) ‘P ‘8’1 “{(HD) W ‘sTs taslisdtoao-1l €L
9 (F|HD) ‘P ‘L'T {HD) ‘W SIS [Dast*sd*(0“H D] (4
9¢ (*HD) P ‘LT ‘(HD) ‘W ‘TG ast[*sd*(0‘H D] 112
9 (FHD) 9 “s#'1 “(FHD) ‘0 ‘sTy 1o4asl*sd (0 H D)) oL
9¢ S 'Syl svE[*'sd H(0°HD)] 69
9¢ (FHD) P ‘560 (HD) ‘(peo1q) ‘w ‘s6'1 {(*HO) b ‘sL¢ sy *{T8d L0 H "D 099)] 29
9¢ (CHD) 0L (FHD) ‘W “L'T HOHD) ‘W SO’y Dsviisd 0t O-w)] L9
9¢ (*H2) 1 ‘g1 {(FHD) ‘w ‘97 HOTHD) ‘W ‘sgp svE[*sd (0 HD-u)] 99
9 (*|HD) ‘P ‘8T “(HD) ‘W ‘5L’ Losvitsd (0 H DI $9
9¢ (*HD) ‘P “s8'T “HD) ‘W ‘g§ sV isd “ (0t H D] ¥9
95 (*HD) ‘P 9T ‘(HD) ‘W 5S¢ svE[isdH(OtH D] £9
oN

NEN | (-s'd-d) s1ueisuoo Surpdnos pue adeys yim (w-dd ¢) 1yys [eorway) punodwo)  soueg

{penunuod) 7 FT9V.L



215

xojdwos = 5 ‘}a11enb Jo 191qnOp = bp 19190 = 0 ‘Avrdas = 1doas
“Youenb = b “lopdn =1 “le1qnop = p go_mﬁmlm bu>:oo%2 's'do pue ‘wrd'd ¢ w are syueisuoo Furdnod pue syYS [ESTWLYD [V

LS
LS
LS
LS
LS
LS
LS
LS
LS
LS
LS
LS
9¢
9s
9¢
9s
9¢

(*HO) ‘w “T'T {(HD) ‘w ‘ST {(*HO) ‘b ‘g°¢

(*HD) “(peo1q) s ‘s1'p {(*H®D) ‘P ‘€L

(*HD) b ‘cT'1 “HD) ‘W ‘sp's

(FHO + *HD) 9 °¢'T {(HD) ‘w ‘si'y

(*HD) ‘P ‘ss'1 {(*HD +HD) ‘W L'y

(FHD) ‘P ‘59’1 {THD) ‘s ‘€p (HD) ‘W ‘T'S

(*HD) ‘W ‘1T {(*HO) ‘w ‘LT {O'HO +HD) ‘W ‘I'p
(*HD) ‘w ‘¢80 {(*HO) ‘W ‘sp'1 (OHO +HD) ‘W ‘9°¢
(*|HD) 9 °¢'1 (*HD) ‘m ‘T'T {O'HD) ‘W €y
(FHD) 1 ‘650 *(*HO +O*HD + HD) ‘W ‘§9°¢
("HO) *w ‘LT {(*HD + HD) ‘W ‘S¢'y

(*HD) 1 ‘s£°1 “(*HD) ‘w ‘ss'p

(*HD) ‘P ‘0’1 “(HD) W ‘0’7 Y(*HD) ‘b ‘s8¢

(FHO) ‘P ‘560 ‘(HD) ‘w ‘0T {(*HD) ‘b ‘s8¢

(*HD) 9 ‘9T {(*HD) ‘w ‘¢8'T {(O°HD) ‘W ST'¥
(°HD) 9 ‘6'0 {(*HD) ‘W ‘L' {O'HD) ‘W ‘9°¢
(*HD) 1 ‘v'1 {(*HD) ‘w ‘T'T {O°HD) ‘W 59y

QO (*HO)O (*HD)OO0sY *sd *(0°H D)
OFHOPHOOSY *Sd“(0O°H%D)

O (*HD)D*(*HD)DOSY *Sd“(0“H D)
O(*HD)HD HO*(*HD)DOSY *Sd *(0“H DY)
O HO(*HD)HOOSY *8d“(0“H D)

O HOHOOSV Sd*(0‘H DD

(O*HO)HO HO (*HO)OO0SY *Sd*(0“H*OW)
O HO(*HO)HOOSY *sd “(0“H O-W)

O*HO HOOSV “Sd “(0“HDOW)
OC*HOHO HO (*HD)DO0SY ‘Sd“(0°H?D)
O“HO(*HO)HDOOSV *Sd “(0°*H D)

O HO'HOOSV Sd {0 H%D)

1D9S°I*sd *(O°H D]

4S°[°Sd*(O°H D]

2as{“sd “(0“H D))

104S%[*sd “(0“H DO W)}
qs¢[%sd*(0“H D]

<6
16
06
68
88
L8
98
<8
12
€8
(4]
18
08
6L
8L
LL
9L



216

TIoM PIZLIRRIEY) | "AJUO 2imeId] JuNed oy ur payiodas Jo pazualdeseyd A[[nj 10N ,

M7 ON PN Wl s D g wy wy ng dN n 8d YL oV uy

a1 q9A WL I OH ¢A&Q 4L PO M WS quWd PN i 2 o®1 U]
uy ey 14
wy W ood o 44d 4Ll o3H qnv M i SO M M BEL JH  UT gBg 8D
£)'¢ I 43 495 qUS U +PD .3V .Pd U4 .™ 5L <OW AN .IZ A I .y
i) | I 438 oSV 2D BD (UZ 0D JIN 40D 4% qUA XD gA eIl 98 qBD oY
1y D S d IS IV , aIN  4EN
3N 4 (¢} N o) q o oI
°H H
0 VIIA VIA VA VAI VII 4l a1 IMA dIA  dIA  dA dAI dIH VI VI

0861 ©1 dn 1no paLIIed U39q SBY YIOM YOTYMm UOC S[BISUI JO saanealap areydsoydompipiAyrer(q

¢ HT1dVL



217

repetition in individual groupwise discussion. For similar reasons the 'H
NMR data [45,47,48,60,61] have also been summarized in Table 2.

C. DIALKYLDITHIOPHOSPHATE DERIVATIVES OF MAIN GROUP METALS

Main group metals/metalioids, the dialkyldithiophosphate chemistry of
which has been investigated so far, have been indicated in Table 3. A list of
individual compounds described so far is given in Table 4.

{i} Alkali metals (Li, Na and K)

Lithium, sodium and potassium saits of the dialkyldithiophosphoric acids
have been prepared [62-70] by the reactions of alkali-metal carbonates,
hydroxides or alkoxides with freshly prepared dialkyldithiophosphoric acids.
These salts can also be prepared [24] by the reaction of dial-
kyithiophosphorochloridates with KSH

(RO),P(S)CI + KSH — {RO},PS,K + HCI1

The alkali salts of dialkyldithiophosphoric acids are white solids, which
appear to be more stable to oxidation compared to acids themselves.
However, when heated to 190°C, these salts tend to decompose with oxida-
tion to polymeric derivatisks [1] of the type, [(RO},PS,1,S, {(x = 1-4).

Sodium dimethyldithiophosphate has been shown [60] to undergo isomeri-
zation at 60°C in aqueous solution

CHyO S CHy0 o CHyS -0
MO 5 \\pﬁ_ T

] i::— —_ N P. >
o s s s thys”” o

Treating a solution of the sodium sailt with ethyl iodide at 60°C, however,
gives only a mixture of (CH,0),P(S)SC,H; and (CH,O)(CH,S)P(0)SC,H;;
a higher temperature (90-95°C) 1s required for the formation of
{CH,S),P(0)OC,H;.

The UV spectra of sodium dialkyldithiophosphates are quite similar
{48,71]. In methanol, these show a broad absorption beginning at 300 nm.
The molar absorptivities at the shoulders have been reported as 387 at 251
nm for NaS,P(OCH,),, 3500 at 224 nm for NaS,P(OC,H;), and 1900 at
226 nm for NaS,P[OCH(CH,);],. The absorption has been shown to
increase to the cut off point at 200-210 nm.

Proton decoupled ¥P NMR spectra of lithium and sodium diisopro-
pyldithiophosphates 25,72} show chemical shifts of 95 and 111 p.p.m.
indicating the chelating and ionic nature of the ligand (Fig. 1A and C(i)
respectively).
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TABLE 4

Diaikylithiophosphaie derivatives of main group metals/metalloids

[ .
DCFICY
no,

[ -
AOLBH R

] n’
n b Y

Melting
..... 14

point
{b.p.
°C mm™ ")

10

{RO), PS, Li

(RO),PS,Na

C,Hy
i-C,H,
CH,

C,H;
C,H,
{CH,);CH

( p-CIC4 H 0}, PS, Na3H,0

(CH,),CHCH 0, P(5)**SNa
{CH,),CHCH ,0,P(S)**SNa

(RO}),PS, K

[(RO},PS, ], Mg
[(RO},FS,],Ca

[(RO),FS;],Ba

[(RO),PS;],Zn

CH,

C4H,CH,
24-X,GH;
X = C(CH,),{C;H)
o-CM_ H,
p-CICH,
C.H,

C,H;
-C,H,
C,H,
i-C;H4
C,H;
i-C;H,
n-C,H,
CH,

C,H,

i-C;H,
i-CyH;
i-C;H,
-C;H,
n-C,H,
n-C,H,
-C,H,
i-C,H,
FC Hy
n-C,Hy

97-99
Anhydrous
above 250

120

168(d)y
210-212¢d}
187-188

79

180-181

144

Liquid

223,5-2245
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Physico-chemical and other reported data Ref.
Photometric analysis 7
3P NMR, solvent effects 25
Isomorphism, PMR, UV, IR, 48, 60
Photometric analysis, UV, IR, PMR 7, 48
P NMR, solvent effects 25
Electronic, IR, PMR 48
66
101
101
X-ray crystal structure 67
iR 45
X-ray crystal structure 68
63
66
66
66
Photometric analysis 7
*'P NMR, solvent effects 25
Photometric analysis _ 7
3P NMR, solvent effects 25
Photometnic analysis 7
1P NMR solvent effects 25
X-ray electron spectroscopy 81
45
PMR 47
Crystal and molecular structure 106
Polarography 131, 170
Thermal stability 142
Photometnic analysis 7
Crystal and molecular structure 108
Thermal stability 142
X-ray analysis 106

Thin-layer chromatography
Polarography

Thermal stability
Thin-layer chromatography
Polarography

Thermal stability

X-ray electron specira
X-ray analysis

126, 128, 129
11
142
126, 128, 129
131
142
81
106
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TABLE 4 {continued)

Series Compound R’ Method Melting
no. of point
prepara-  {(b.p..
tion °C mm™")
t-C,H, b Unstable
8 TGO
tempe‘raiure
H,C~CH-(CH,),CH,
&,
H,C- CH-(CH, },CH,
(EZHS
CrHys
C-C¢H,,
(CD;),CH P 140145
CH,- CH-CH, - (!ZH— b Liquid
éH; CH,
11 {(RO),PS,],Zn,OH i-C,H, b 214-215
n-C,H, b 178-179
i-C,H, b 138-140
n-C,H, 4 149-151
154-155
12 {(R0O), PS,1,Zn,0 i-C,H, b
n-C,H, B
13 (RO}, PS,;],Cd CH, e 174--176
C,H,
C,H,
C,H,
C,H;
i-C,H, b
i-C,H, b 138-139
C,H,
H,C- CH(CH,},CH,
ZHS
14 {{RO),PS,Hg CH, 112-113
CH,
C,H, 124
C;H;
CH; b
CyH;
C,H;
i-CyH, ak 92-93
i-C,H,
i-C,Hy b 104

i-C,H,
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Physico-chemical and other reported data Ref.
Thermal stability 142
Metal exchange study, 116
extraction constants
iR, Raman spectra 159
Thin-layer chromatography 126, 128, 129
Thin-layer chromatography 126, 128, 129
Thermal stability 142
Thermal stability 142
IR, PMR 106

94

94

94
iR, PMR 106
X-ray analysis 106
X-ray analysis 106
PMR 47
Electronic spectral data 166
Polarography 170
Photometric analysis 7
Thermal stability 148, 152
Crystal and molecular structure 108
Thermal decomposition 142
X-ray electron spectra 81
iR, Raman spectra 159

86
Influence of substituents on stability 110

86
IR 44
Crystal and molecular structure 162
Photometric analysis 7
Influence of substituents on stability 110

86
Crystal and molecular structure 162, 163
Thermal stability 142

36
Stability 110
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TABLE 4 {continued)

Sedes Compound R R Method Melting
no. of point
prepara-  {b.p.,
tion °C mm~ ')
n-C,Hy ah 61--62
n-C4H,
FC Hy; 90
«-C,Hy, 40-41
C.H, 102
15 [(RO}, PS,],HgCl, CH, b 116
C,H; 116
-CyH, 106-108
i-C4Hg 1G6
n-C,H, g2
-C.H, 120-121
n-CH,, 126-128
C.H; 128
16 {RO),PS, HgR’ CH; C,H; ab
C,H; C,H;
i-CyH, C,H,
i-C4Hy C,H;
n-C,Hy C,H;
i-C H C,H;
n-C;H,, C,H;
CsH; C.H; 103-105
17 [{C,H,0),PS,];Al
18 (RO), PS5, T CH, 122
C,H; 86
i-CyH,
p-CIGH, 180
CeH;
-CH,-CH-(CH, },CH,
é'2,1_{5
1% {RO), PS,TIR, CH, CH, # 181
CH, C,H, 2 153
C,H; CH, & 135-136
C;H; C,H; i 132
p-CIC,H, CH, a 134
20 [(RO}, PS,],TIR’ CH, CH, ab
CeH; CH, b
CHs CH, ab
CH, C H, wb
C,H, CeH; ab
CeHs CH; ab
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Physico-chemical and other reported data

Ref.

Stability

Photometric analysis

Association, PMR, IR, conductivity
Association, PMR, IR, conductivity
Polarography

Photometric analysis

Molecular structure

3p NMR, solvent effects

Association siudy, PMR, IR, conduciivity
Molecular struciure

Raman, IR

Conductivity, association, IR, PMR
Conductivity, association, IR, PMR
Conductivity, association, IR, PMR
Conductivity, association, IR, PMR
Conductivity, association, IR, PMR

86
110
86
26

86
86
86
86
36
36
86
86
87
87
87
87
87
&7
87
87

45
45
151

167
25
45

167

159

45
45
45
45
45
168
168
168
168
168
168
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TABLE 4 (continued)

Senies Compound R R’ Method Melting
no. of point
prepara- {bp.
tion °C mm™')
21 [(RO},FS;]51n C,H,
-H,C- CH{CH,),CH, akb
2Hs
-H,C- CH{CH, ),CH,
2Hs d
22 {RO), P$,;51{(CH;}, CH, 4446
C, H; ad 55-56
n-CyH, ad 100-102,/8
i-CyH, ad 98-99,/8
CﬁH_q ad
23 [{RO), PS,],5iR5 i-C,H; C.H; ? 125-128/4
C,H C,H; CH, # 110-113/2
i-CyH, C,H,CH, : 115-119/2
24 [(i-C;H, ), PS,],5i s
25 (RO, P§,GeR’, C,H, C,H, 2 110-113 /05
n-C,H, C,H; 2 117-116,0.2
i-C;H, C,H, a 115-117 /0.5
C,H, C,H, # 118-121,/0.2
n-C,H, C:H, 2 128-129/0.1
irCyH, C.H, a 129--131 /0.1
26 [(RO},PS,1,Ge(CyHy), C,H, 194-197 /0.1
n-C;H, : 130-132,/0.1
i-CH, a 128-132,0.2
27 [(i-C3H,0),PS,],Ge a
28 (RO}, PS,SnR CH; CH, abe
C,;H; CH, ab %0-91 /0.3
C,H; CH, an 112-115/0.2
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Physico-chemical and other reported data

Ref.

IR, extraction

Crystal structuge (X-ray)
Photometric determination
IR, Raman spectra study

Metial exchange reaciion study

Refractive index

Refractive index

Refractive index, dipolemoment,

mol.wt., conductivity, IR, NMR {'H, P),
electronic spectra

Refractive index, dipole moment, mol.
wt., conductivity, IR, NMR (*H, *'P},
electronic specira

Refractive index, dipole moment, mol.
wt., conductivity, IR, NMR (*H, *'P),
electronic spectra

Refractive index, dipole moment, mol,
wt., conductivity, IR, NMR ('H, 'P)
electronic spectra '

Refractive index, dipole moment, mol. wi,

conductivity, IR, NMR (*H, ¥P) and electronic spectra

Refractive index, dipole moment, mol. wt.,

conductivity, IR, NMR ('H, 3'P) and electronic specira

1p NMR, solvent effects

Refractive index, dipole moment, mol.
wt,, conductivity measurement

IR, NMR ('H, *'P), and electronic spectra
IR, NMR ('H, *'P} and electronic spectra
IR, NMR (H, *'P) and electronic spectra
IR, NMR ('H, **P} and electronic spectra
IR, NMR ('H, *'P) and electronic spectra
IR, NMR ('H, *'P} and electronic spectra
IR, NMR (H, *'P) and electronic spectra
IR, NMR (*H.*'P) and electronic spectra
31p NMR, solvent effects

IR, PMR, Massbauer and mass spectral studies
Mol. wi., refractive index, dipole moment, conductivity,

IR, PMR and electronic spectra -

Mol. wt., refractive index, dipole moment, conductivity,

17

159

116

172
173
26

26

26

26

26

26

25
26

26
26
26
26
26
26
26
26
25
53
51

53
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TABLE 4 (continued)

Series Compound R R’ Method Melting
no. of point
prepara-  (b.p.,
tion °C mm™ "y

n-C,H, CH, ap $8--99 /0.1
n-C,H, CH, ab 0il
i-C,H, CH, an 80-83,/0.1
i-C,H, CH, &b 105-109,/0.4
C.H, CH, ab -
C,H, C,H, wh 118-120,/0.5
n-C,H, C,H, ah 122-124/0.2
i-C;H, C,H, ab 104-106 /0.5
CeHs C,H, ab 104-106 /0.5
C,H, n-C,H, 135-138,/0.01
n-C;H, n-C,H, 140-143 /0.1
i-C,H, n-C,H, 125-130,/0.05
C,H, n-C,H,
CH, CyH, ab 83
C,H; C,H, ab 104106
C,H, C.H, ab 105
C,H; CH,
n-C,H, C.H; a8 71-73
n-C,H, C.H, ab 63
i-C,H, CH, b 62-63
i-C,H, CgH, ab 73.5-74.5
-C,Hg C.H, ab 52-54
C.H, CiH, ab 121-122
n-C H,, CH, ab 6869
-C;H; C¢Hy, &b 43-44

28 [{RO),PS,1,58nRY, CH, CH, ab 82
C,H, CH, ab 32-33
C,H, CH, ab 121-123,0.2
n-C,H, CH, ab 126-129/0.5
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Physico-chemical and other reported data Ref.

IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 51

IR, PMR and electronic spectra

Mol wt., refractive index, dipole moment, conductivity, 53

IR, PMR and elecironic spectra

Mol. wt., refractive index, dipole moment, conductivity, 51

IR, PMR and electronic specira

Mol. wt., refractive index, dipole moment, conductivity, 53

iR, PMR and electronic specira

- 5

Mol. wt., refractive index, dipole moment, conductivity, 51

IR, PMR and electronic spectra

. Mol. wt., refractive index, dipole moment, conductivity, 51

IR, PMR and ¢lectronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 51

IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 51

IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 51

IR, PMR and electronic specira

Mol. wt., refractive index, dipole moment, conductivity, 51

IR, PMR and ¢lectronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 51

IR, PMR and ¢lectronic spectra -
51

iR, PMR, Mossbauer and mass spectra 53

IR, PMR, Mossbauer and mass spectra 51

1R, PMR, Mbssbauver and mass spectra 53

X.ray crystal analysis 201

iR, PMR, Mossbauer and mass spectra 51
53

IR, PMR, Mossbauer and mass specira 51

IR, PMR, Mossbauer and mass spectra 53

IR, PMR, Mossbauer and mass spectra 53

IR, PMR, Mbossbaver and mass spectra 53

IR, PMR, Muissbauer and mass spectra 53

IR, PMR, Mbssbauer and mass spectra 53

IR, PMR, Muossbauer and mass spectra 54

iR, PMR, Massbauer and mass spectra 54

Mol. wt., refractive index, dipole moment, conductivity, 54

IR, PMR and elecironic spectra

Mol. wt., refractive index, dipole moment, conductivity, 52
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TABLE 4 {(conlinued)

Seres Compound R R’ Method Melting
no, of point
prepara-  (b.p.,
tion °C mm~1)

n-C,H, CH, ab 0il
i-C;H, CH, b 32-33
i-C,H, CH, ab 98-99/0.5
C H, CH;, ab 83-85
C,H, C.H, ab 142-145/0.01
n-C,H, C.H, &b 142-145,/0.01
i-C,H, C,H, nb 140-142,/0.01
C6H5 C4H9 ab
CH, C,H, ab 118
C,H; CH; ab 53
C,H, CeH;
n-C;H, CH, ab 41
i-C,H, CH, ab 108

30 (RO}, PS,SnRCl i-C,;H, CH, 108-110,/0.4
i-C,H, C,H, 121-133/0.02
i-C,H, CH;

n [{RO),PS,],SnR’ i-C,H, CH, b
i-C,H, C,H; b
C,H, C,H, b
C,H; C,H, b
n-C;H-; C4H9 b
i-C,H, C.H, ®
CsH; C,H, b
C,H, CH, b

32 (RO}, PS,SnR'Cl, i-C,H, CH; 2
i-C,H, C.H, a
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Physico-chemical and other reported data Ref.
IR, PMR and electronic spectra

iR, PMR, Mossbauer and mass spectra 54
iR, PMR, Mossbauer and mass specira 54
Mol. wi., refractive index, dipole moment, conductivity, 52
IR, PMR and electronic specira

Mol. wt., refractive index, dipole moment, conductivity, 52
IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 52
IR, PMR and electronic spectra

Mol. we., refractive index, dipole moment, conductivity, 52
1R, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 52
iR, PMR and elecironic spectra

Mol. wt., refractive index, dipole moment, conductivity, 52
IR, PMR and electronic spectra

IR, PMR, Mossbauer and mass spectra 54
IR, PMR, Massbauer and mass spectra 54
X-ray crystal structure 202
IR, PMR, Mossbauer and mass spectra 54
IR, PMR, Mossbauer and mass spectra 54
Mol. wt., refractive index, dipole moment, conductivity, 52
IR, PMR and electronic spectra

Mol. wi., refractive index, dipcle moment, conductivity, 52
IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 52
IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 55
IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 55
IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 55
IR, PMR and electronic spectra

Mo, wt., refractive index, dipole moment, conrductivity, 55
IR, PMR and electronic spectra

Mol. wi., refraclive index, dipole moment, conductivity, 55
IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 53
IR, PMR and electronic spectra

Mol. wt,, refractive index, dipole moment, conductivity, 55
IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 55
IR, PMR and ¢lectronic specira )
Mol. wt., refractive index, dipole moment, conductivity. 35
IR, PMR and electronic spectra

Mol. wt., refractive index, dipole moment, conductivity, 55
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TABLE 4 {continued}

Series Compound

no.

Method
of

prepara-

tion

Meiting
point
{b.p..
°*Cmm™"}

33

34

as
36
37

38

39
40

{(RO), PS,1,SnR'Cl

[(RO),PS,],5n

{(-C;H,0),P5,],5n

i-C, H, CH,

i-C,H, C,H,

C2H5
H,C-CH(CH, ),CH,

L,
C.H,

[i-C,H,0),PS, }$nX, X = Cl, Br

[(RO},PS,],Pb

{(RO}, PS, PB{C, H;),

[(RO),P5;], PHC.H, ),
[(RO),PS;];As

CH,
C,H,
C,H;
C,H,
C,H;
C,H,
C,H,
C,H,
iCyH,
-C,H,
i-C,H,
n-C,H,
CH,-CH(CH,),CH,

Ln,

CH,- CH(CH,),CH,

&,
o-CIC.H,
p-CICH,

CH,, CH,H,, n-C,H,,
i-CyH,, n-C,H,

CHj;, C,H;, C¢Hj
C,H,

C,H,

C,H;

i-C,H,

i-C;H,

s-CyH,

ab

ab
zb

abc

ak

145-147
74

131.5-132

5.7
134-135

52

100
114
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Physico-chemical and other reported data Ref.
IR, PMR and electronic spectra
Mol. wt., refractive index, dipole moment, conductivity, 55
IR, PMR and electronic specira
Mol. wt,, refractive index, dipole moment, conductivity, 55
IR, PMR and electronic specira
Photometric analysis 7
JR, Raman 159
X-ray analysis 193
*'P NMR, solvent effects 25
IR 196
PMR 47
3P NMR, solvent effects 24,25
Electronic spectra 166
Polarography 170
X-ray crystal structure 199
Electronic absorption spectra reflectance 10
Photometric analysis 7
IR 44
X-ray crystal structore 173
66
Thermal decomposition 142
X-ray electron spectroscopy 81
Raman spectra 159
Extraction constants, metal exchange reaction 116
66
66
200
200
Polarography 170
Photometric analysis 7
Conductivity, mol. wt. IR, NMR (‘'H, 'p) 56
Np NMR, solvent effects 25
Conductivity, mol, wt., IR, NMR ('H, *P) 56
IR, NMR ('H, *'P) 56
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TABLE 4 {(continued)
Senes Compound R R’ Method Melting
no. of point
prepara- {b.p..
tion °C mm " })
H,C- CH{CH,),CH,
2H;
CeH,,
CeH,,
i-CgH;5
41 [(s-C,H 0}, PS8,],AsCl  i-CgH 4 147(sticky)
42 (RO)ZPSZAS<0>R’ C,H, -CH,CH, - #
CyH, CH,-CH-CH,- *
C,H, (CHypmC-
CH,
|
CH,CH-
CH; (CH;),-C- :
I
(CH;),-C-
n-C,H; CH,- a
n-C;H, CH,-CH- B
&n,-
n-C;H, (CH,),C- 2
!
CH,-CH-
l'l-C3H-; (CH 3)2C-— a
I
(CH;),C-
Oy Hy CH,- @
-C3H, CH,CH- B
i-C3H, (CHy), C- :
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Physico-chemical and other reporied data

Ref.
Raman spectra 159
Distribution coefiicient, thermal stability 154
Mechanism of extraction by IR, UV 2
Thermal decomposition, search
for selection extractant 5
Conductivity, mol. wt., IR, NMR ('H, ¥'P) 56
Corductivity, mol. wt., 57
iR and NMR ('H, *'P)
Conductivity, mol. wt., 57
iR and NMR ('H, 1P
Conductivity, mol. wt., 57
iR and NMR (*H, *'P)
Conductivity, moi, wt,, 57
IR and NMR ('H, *'P)
Conductivity, mol. wt., 57
IR and NMR ('H, 'P)
Conductivity, mol. wt., 57
IR and NMR ('H, 'P)
Conductivity, mol. wt., 57
IR and NMR ('H, Y'P)
Conductivity, mol. wi., 57
iR and NMR ('H, *P)
Conductivity, mol. wt., 57
IR and NMR (*H, *'P)
Conductivity, mol. wt,, 57
IR and NMR ('H, 'P)
Conductivity, mol. wt,, 57

IR and NMR ('H, ¥'P)
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TABLE 4 (continued)
Series Compound R R’ Method Melting
no. of point
prepara-  {b.p.,
tion °C mm~'}
i-.C3H-,. {CH,),C- a
|
(CH,),C-
CH,CH, ~ a
b,
C.H; CH,- a
&u, -
C,H, {(CH,),C- a
!
CH,CH
s-CoHy (CH,3,C- *
|
{CH,),C-
43 [(RO),PS,),;Sb C,H;
C,H; 2 55
i-CyH, 2
-CyH, a
i-C3H, 79-80
n-C;H, b Liquid
at 0°C
1-C,H, b
C:H,, °
CHy, N
H,C- CH{CH,),CH, b
(I:2Hs
4  [(CH,0),PS,], Sb n=35
45 (RO}, PS,],5bCl C,H, a.b 100
i-C,H, ab 92
46 [(i-C,H,0), PS; |, SKWCH, Cy-1) ap 76
47 [(RO},PS,],Bi C,H, ab
ab
i-C;H, 2
67.8
CeHs
H.C- CH(CH,},CH,
2H5
48 [{RO),PS,],5e CH,
e 61-62

C;H;
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Physico-chemical and other reported data Ref.
Conductivity, mol. wt., 57
IR and NMR (*H, ¥'p}
Conductivity, mol. wt., 57
IR and NMR ('H, *'P)
Conductivity, mol. wt,, 57
IR and NMR ('H, ¥P)
Conductivity, mol. wt., 57
IR and NMR (*H, *'P)
Conductivity, mol. wt,, 57
IR and NMR ('H, *'P)
Raman specira 159
Conductivity, mol, wt,, IR, NMR (*H, *'P) 56
56
P NMR, solvent effects 25
204
204
204
204
204
204
Photometric analysis 7
Conductivity, mol. wt., IR, NMR (*H, *'P) 56
Conductivity, mol. wt., IR, NMR (‘H, *'P) 56
Conductivity, mol. wt., IR, NMR (*H, *'P) 56
IR 44
Polarography 170
Photometiic analysis 7
*1P NMR, solvent effects 25
Crystal structure (X-ray) 205
Gravimeiric extraction by spectrophotometry 3
Gravimetric extraction by spectrophotometry 3
Metal exchange reaction extraciion constants 116
IR 41
185
Photometric analysis 7
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TABLE 4 {continued}
Series Compound R R’ Method Melting
no. of point
prepara-  {b.p..
tion °C mm" ")
C,H; b
° 87-88
i-C;H, b
GH,
49 [(RO),PS,],Te CH,
=3
? 90.5-91.5
C,H; 2 65-66

# By reaction of organometal or metal halides with alkali metal dialkyldithiophosphates or
dialkyidithiophosphoric acid. ® By reaction of organometal or metal oxides, hydroxides,
alkoxides, acetates, nitrates and sulpbates with alkali metal dialkyldithiophosphates or

The X-ray structure of KS,P{OCH,), determined by Coppens et al. [67]
shows bond distances of 1.95, 1.65 and 1.60 A for the P-S, P-O and O-C
bonds respectively with a tetrahedral arrangement of the PS,0, species.
Potassium ions are present in an irregular 8-coordination sphere of dimethyl-
dithiophosphate ligands. The structure of KS,P{OCH ,C,H;}, is similar [68).

(ii} Alkaline earth metals (Mg, Ca and Ba)

Information on the above derivatives is rather scanty. The methods of
preparation [25,64,73-77] adopted for these compounds are similar to those
described above for derivatives of alkali metals.

Magnesium, caicium and barium dialkyldithiophosphates appear to be
more stable than their alkali analogues. They are generally white solids with
sharp melting points insoluble in common organic solvents as well as in
water. These are generally polymeric in the solid state and a number of
barium dialkyldithiophosphates {78] have been reported to form aggregates
of up-to ten unit molecules. Thermal stability of these derivatives has been
shown [79,80] to depend both upon the iength of the alkyl chain and the
nature of the metal.
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Physico-chemical and other reported data Ref.
207, 208

209

3P NMR, solvent effects 25

Reaction and extraction 4
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dialkyldithiophosphoric acids, © By metal-carbon bond cleavage by dialkyldithiophosphate
ligands. ¢ Special methods.

In the *'P NMR spectra [25] of M[S,P(OCH(CH,),),}, (M = Mg, Ca and
Ba), the appearance of two signals at 105-109 and 80 p.p.m. has been
interpreted by Glidewell [25] to indicate the presence of both monodentate
as well as bidentate dialkyldithiophosphate moieties in these derivatives.

A comparative siudy of the X-ray electronic spectra of M([S,P(OC,H,),],
(M =12Zn, Cd, Ba and Pb) and those of analogous dithiocarbamates and
monothiophosphates has shown [81] that the binding energy of the mner
level electrons of the metals in M{S,P{OC,H,},], and MIO(S)P(OC,H,),],
is higher than in M[S,CN(C,H,},], and the ionicity of the bond in
MjS,CN(C,H,),], is lower than in M([S,P{OC,H,),], and M[O(S}-
P(C,H,},], complexes.

(iii} Group 1IB metals (Zn, Cd and Hg)

Compared to the alkaline earth amalogues, dialkyidithiophosphates of
group 1B metals have received greater attention. Zinc(il), cadmium(iI) and
mercury{II) derivatives have been prepared [65,82-105] by the reactions of
oxides or chlorides of these metals with dialkyldithiophosphoric acids orf
their alkali metal salts in water or organic solvents. The acidity of the
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solution appears to play a significant role in these reactions. For example, in
slightly basic solutions, zinc{i} complexes of the type Zn [S,P(OR),],O are
obtained in place of the normal Zn[S,P(OR),], compounds obtained in
acidic solutions [106).

Dialkyldithiophosphates of these metals have been shown to be associ-
ated. In the solid state [107), zin¢c and cadmium complexes are dimeric
whereas the mercury complexes are polymeric. In benzene solution, the
complexes of zinc and mercury (and also lead) undergo monomer—dimer
equilibrium while the corresponding cadmium complex is dimeric [78,108].
The molecular association of Zn({lI) dialkyldithiophosphate compiexes in
benzene has been shown to be broken down in the presence of pyndine
[109].

Mercury(l) dialkyldithiophosphate complexes are unstable and undergo
disproportionation [65] yielding the mercury(1I} complexes.

Complexation studies {110] of derivatives of mercury(Il) with a number of
related ligands have shown that their stability constants in 40% ethanol
decrease in the order (C,H;),P(8)S™ > (C,H;0),P(S)S™ > (C,H,},(§)0~
> (C,H;0),P(SyO~. It has been observed that in the above solvent,
mercury(Il) forms HgL; and HgLl]™ type complexes with (RO},PS,H
(R=C,H;, n-C;H,, i-C;H,; and n-C,H,) ligands.

In view of the extensive applications of zinc{il) dialkyldithiophosphates as
o1l additives, their reactions with peroxides and hydroperoxides [111-121] as
well as with amines [109,122,123] have been investigated in detail under
varying conditions and free radical mechamsms [115,124] have been sug-
gested.

Purification of zinc(11) dialkyldithiophosphates by chromatographic meth-
ods has been the subject of several investigations [125-130]. Complex
formation studies have been carried out employing polarographic techniques
[131,132).

Thermal stabilities of dialkyldithiophosphate derivatives of main group
I1B metais {mainly zinc) have been investigated [133-158] in detail. Depend-
ing on the nature of the ligand, decomposition of these derivatives has been
shown to occur generally at high temperature (150-250°C) yielding volatile
olefins, mercaptans, hydrogen sulphide and non-volatile polymeric residue.
The mechanisms [133-143,157] of the formation of these products have also
been discussed.

The effect of the metals Zn(11), Cd(Il) and Hg(Il) and the nature of the
alkyl group on the rate of thermal decomposition of metal dial-
kyldithiophosphate were studied by Dickert and Rowe [142] at 155°C. In an
autocatalytic thermal reaction, the rate of decomposition increases with
increasing number of hydrogens on the 8-carbon atom in the alkyl groups
and with decreasing metal cation size. The effects of added reagents and
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Fig. 2. The mechanism of thermal decomposition of zine diisopropyldithiophosphate.

deuteration of the alkyl group on the thermal degradation process have also
been studied. The mechanism includes isomenzation followed by an in-
tramolecular (cis) elimination as key steps to the formation of olefins. The
mechanism of the thermal decomposition of ZnfS,P{O i-C;H,},], can be
represented by the scheme shown in Fig. 2.

The Raman spectra of (BuEtCH - CH,0),PS,H and its salts with Zn(II),
Cd(ID), Ti(I), In(iil), Sn(Il), Pb(il), As(Ill), Sb{liil) and Bi(lIl} etc. were
investigated [159]. Only in the spectra of the ligand and the salts of cations
with an external electronic structure of 18 + 2 {(Zn{I1) and Cd(II}), is a band
at 500-700 cm ™! observed which can be assigned to the (P:S) in the ligand
and asym({PSS) vibrations in the salts. The configuration of the external
electronic shell of the metal plays an essential role in the appearance of the
rasym{P8S) vibration.

The NMR speciral studies of the reactions of Zn[S,P(OR),], with tetra-
ethylenepentamine show [61] a higher reactivity of dialkyldithiophosphates
compared to diaryldithiophosphates. *'P NMR spectral data for diisopro-
pyldithiophosphates of zinc, cadmium and mercury in CDCl; show [25]
chemical shift values in the range 94-96 p.p.m. indicating covalent bidentate
behaviour of the ligand. Solvent effects on NMR spectral data have also
been studied. In a recent investigation, Bond et al. [160] have shown that
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dialkyldithiophosphate ligands attached to Cd and Hg are labile in soiution
at ambient temperature as indicated by *'P, '*Cd and ""Hg NMR spectral
data. A comparison with the corresponding dithiocarbamates showed stronger
bonding with these latter hgands.

X-ray crystaliographic studies of some zine(IT) [106,161}, Cd(lI) [108] and
Hg(il) [162-164] dialkyldithiophosphaies have been made. Substitution of
one R group for another may lead to a change in structure. Thus, the
diethyldithiophosphate complex of zinc is a polymer held by bridging
dithiophosphate moieties while the corresponding diisopropyl derivative
contains dimeric units.

The crystal and molecular structures of isomorphous zinc(ll) and
cadmium(I1) diisopropyldithiophosphates depict [108] both as binuclear
species in which each metal atom is coordinated with four sulphur atoms in a

Fig. 3. Selected bond lengths and bond angles in (a) Zn[S,P(O i-C,H,},}, and (b) Cd[S$, O
i-CyH ), 1, molecules,
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distorted tetrahedral environment. Associated with each metal atom are two
diisopropyldithiophosphate groups one of which funciions as an intrachelat-
ing group bound wholly t0 one metal atom and the other functions as a
bridging or interchelating group linking two monomeric molecules together
to form the dimer. The “cradle” type configurations of these zinc and
cadmium diisopropyldithiophosphates with selected bond lengths and bond
angles can be shown by the structure given in Fig. 3.

Basic salts of formula Zn ,[S,P(OR),},O (R = n-C,H,, i-C;H,} resemble
basic beryllium acetate in their structures {106].

In a recent crystal structure determination of [Me,N1Zn{S, P(OC,H ,-Me-
P), 1, the anion was found to be distorted tetrahedral having two unidentate
and one bidentate ligand moieties [161].

Structures of Hg[S,P(OR),], (R =i-C;H, [162] and C,H; {164]; have
been elucidated by X-ray techniques. The derivative Hg[S, O i-C;H,},],
has been shown to consist of helical chain polymers in which one di-
thiophosphate ligand behaves as bidentate and the other one is a bridging
species linking two mercury atoms together. Each mercury atom is sur-
rounded by five sulphur atoms: two at relatively short distances of 2.388 and

Fig. 4. Molecular structure of Hg{S,P(O i-C;H,),], with selected bond lengths and bond
angles.
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2.391 {\, two at intermediate distances of 2.748 A (the polymeric bridge) and
2.888 A and the remaining one making a van der Waals contact at 3.408 A.
The structure of this compound with selected bond distances and bond
angles is shown in Fig. 4.

{iv) Group I114 metals (Al, In and TI)

Except for a patent by Sudek [165] claiming the synthesis and oil additive
properties of mixed alkoxyaluminium(1l) diatkyldithiophosphate derivatives
[(RO),PS,], A OR");_, (R = C,H,, CgH;,, CoH,,CH,. CHy-c-CHyy; R
= CH,, i-C,H,; n=1-3), no work appears to have been published on
dialkyidithiophosphate dertvatives of aluminium.

Indium(111) [47,166], thallium{1} [45] and organothallium(III) [45,167-169]
dialkyldithiophosphates have been prepared by the reactions of nitrates and
chlorides of these metals with alkali-metal dialkyldithiophosphates or dial-
kyldithiophosphoric acids in benzene or alcoholic medium. For example,
organothallium dialkyldithiophosphates have been obtained by the foliowing
routes [168]

RTIX, + 2(R'0),PS,H — RTI[S,P(OR’},}, + 2 HX
R,T1 +(R’O),PS,H - R,TIS,P(OR’), + RH
(R =C,H,, C,H,; R’ = CH,, C,H; and X = halogen, O,CCH(CH,),)

Fig. 5. Selected bond lengths and bond angles in the In{S, P(OEL, ), molecule.
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The R,TIS,;PF{OR"}, compounds [45] are not ionic in the solid state, but
evidence for species like Me,T1* has been obtained in acetonitrile and
dimethylformamide solutions of Me, T1S, P{OR), derivatives. Spectral studies
indicate that dialkyithallium compounds are dimeric with D,, symmetry.

Polarographic determination of some metals such as zinc, cadmium,
thallium, lead, bismuth and arsenic by extraction with dialkyldithiophos-
phoric acids has also been carried out [170]. The electroreduction of these
metals appeared to be inhibited by products of the corresponding complexes
absorbed on the electrode.

On the basis of its P NMR chemical shift value (93 p.p.m.), thallium{I)

diisopropyldithiophosphate has been proposed to have >P{§>Tl type

bonding [25].

The crystal structure of only one compound of this class, In[S,P(OEt),],
has been investigated {171]. It has C,, symmetry and unequal P-S bond
lengths within each ligand. The average bond lengths of P-S (shorter), P-S
(longer), P-O, C-O and In-S are 1.9, 2.08, 1.60, 1.50 and 2.61 A respec-
tively and the structure is shown in Fig, 5.

{v) Group IVA metals (Si, Ge, Sn and Pb}

Compounds containing the grouping Si—S-P(S)}OR)}, were synthesized
(26,172-175] by different methods which can be represented by
{CH,},8iCl + {RO),PS,NH, — (CH, ),SiS, P(OR}, + NH,Cl
[{CH,),Si],NH + 3 (RO}),PS,H — 2 (CH;),SiS,P{OR), + (RO),PS,NH,
(CH,),SiNHR + 2 {RO),PS,H — {CH,},SiS,P(OR), + (RO},PS,NH,R
(CH,},SiNCS + 2 {RO),PS,H — (CH,),SiS, P(OR}), + (RO),PS,C{S)NH,

The Si-S bond in these esters is quite reactive as shown by their reactions
with bromine [176] and alkylene oxides [177].

Mehrotra and co-workers have recently synthesized [26] organosilicon and
organogermanium dialkyldithiophosphates R,_,M{S,P(OR",], (R = CH;,

C,H,, n-C,H,, CH,CH;, CHy; R = CH;, n-CH;, -CH,, CHg M =
SIV), Ge(IV) and n = 1,2) by the following route
R, _,MCl, + n (R’0),PS,Na - R,_,M[S,P(OR’),],, + »n NaCl|

Syntheses and biocidal character of organotin(lV) and tin(IV) dial-
kyldithiophosphates had been reported only in patent literature [178-192]
up to 1976. Recently, Mehrotra and co-workers [51,52,55] and Zuckerman
and co-workers [53,54] have described the synthesis of organotin(IV) dial-
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kyldithiophosphates by the following routes

R,_,SnCl, + n(R’O)zPszH — R,_,Sn[S,P(OR’},} , + nHCI 1
R,_,SnCl, + n(R'O},PS,M — R,_,Sn|S,P(OR"},] , + n MCi
R,_,Sn0,+ n (R'0),PS,H — R,_,Sn[S,P(OR"),} , + %HZO

(R =CH,, C,H,, n-C,H,, C,H,; R"=C,H;,, n-C;H,, -C;H,, C;Hs; M =
Na, NH,, Pb,; n=1-3) .

According to the latter workers [53], the synthesis of (C¢H;),SaS,P(O
i-C;H,}, by the sodium salt method was accompanied by the cleavage of the
phenyl-tin bond to produce the bis compound ie. (C,H,),Sn{S,PO 1-
C;H,},],. These workers have further shown that triphenyltin(1V) diisopro-
pyldithiophosphate can be obtained by a tin—carbon bond cleavage reaction

1,2-Bis{dimethyldithiophosphato)tetramethyldiiin was obtained from the
corresponding dichlorocompound by the sodium salt method [193).

Eremeeva and Vorsina [159) and Zuckerman and co-workers {194,195]
have described the synthesis of compounds of the type Sn[S, P(OR),], by the
following reactions

SnX, + 2 (RO),PS,H - SnfS,P(OR),}, + 2 HX
(R =C,H,, CH,CH(C,H,}(C,H,); X = Cl, OCH,)}

The reactions of [(1-C;H,0),PS,], with SnX, (X = Cl, Br) appear [196] to
yield 1:1 adducts, which undergo electron distribution to yield derivatives,
[(i-C;H,0),PS,],8nX,, in which the tin atom is in a hexacoordinated
tetravalent form.

Very similar methods have been used for the synthesis of lead(II)
[24,47,197-199] and organolead{IV) [200] dialkyldithiophosphates.

The properties of dialkyldithiophosphates of Group IVA elements show
gradation of the expected type. Organosilicon(I1V), organogermanium(IV}
and organotin{IV) dialkyldithiophosphates are all monomeric in nature.
Whereas the former two derivatives are generally liquids (at ambient temper-
atures) which can be volatilized under reduced pressure, some of the
organotin{iV} derivatives are powdery solids with sharp melting points.
Trialkyl- and dialkyitin{1V) derivatives can also be volatilized but the
monoalkyltin analogues appear to decompose when attempts are made to
volatilize these. Lead compounds are generally white powdery solids and
some of these show associated nature [78] in the solid state.

Electronic spectra [26,51,52,55] of organo-silicon(IV), -germanium(IV)
and -un(1V) dialkyldithiophosphates show a broad strong band at ca. 224
nm which has been assigned to intraligand 7—#* electronic transitions.
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Raman spectral studies of compounds M[S, P(OCH,CH(Et)Bu),], (M =
Sn(1l), As(1Il), Sb(III), Pb(Il)} and Bi(IIl}) have also been carried out [159].
The Raman spectra of As(III), Sb(Ill), Sn{Il}, Pb{il) and Bi(IIl) 2-ethyl-
hexyldithiophosphates formed a series in which the degree of depolarization
increased, integral and relative intensities of the band at 500-700 cm™!
decreased, and the first 1onization potential decreased from As to Bi.

The signals of the methyl protons bonded to tin in methyltin(1V) dial-
kyldithiophosphate derivatives in 'H NMR spectra appear [51,52,55] as a
sharp singlet at 0.9-1.8 p.p.m. with double satellite resonances due to "'’Sn
and '"’Sn isotopes. In the case of dimethyltin(IV) dialkyldithiophosphates
[52], the methyl signals are markedly shifted to the lower field at 1.9 p.p.m.
compared to the positions in the corresponding trimethyltin dial-
kyldithiophosphates (4 = 0.9 p.p.m.} [51]. This is due to the strong deshield-
ing effect of dithio ligands. On the basis of tin-proton coupling constants
the coordination number of the tin(IV} atom has also been established
[51,52,55]). For example, in tri-, di- and monomethyltin(1V) dial-
kyldithiophosphates, the coupling constants (**Sn—C-'H) fall in the range
of 58 Hz in the first case (four coordination) and 80 and 107 Hz in the latter
two cases {coordination number higher than four). In pyridine solution, the
coordination number of the central tin atom in trimethyltin(1V) diisopro-
pyldithhophosphate has been shown [53] to increase.

As mentioned earlier, Glidewell [25] and other workers {26,52,55] have
correlated the chemical shift values with the type of bonding. Accordingly,
the ditsopropyldithiophosphate moiety in M[S,P(O i-C;H;),], (M = Si(IV),
Ge(lV) or Sa{lV)) and POHIS,P(O i-C;H,),], have been given
monodentate—covalent and bidentate-covalent binding modes respectively
[25]- In the latter case, solvent effects on chemical shifts in deuterochloro-
form, benzonitrile, acetone, tetrahydrofuran and pyridine have also been
studied.

With the help of dipole moments, the geometries of organotin({IV) dial-
kyldithiophosphates have also been discussed [51,52,55]. The values fall in
the range 3.50-4.00 D except in the case of MeSnCl,S,P(OR}, for which 1t
was found to be ca. 7.90 D indicating cis positions of chlorine atoms [53).

Maossbauer spectral studies have been carried out for some organotin(IV)
dialkyldithiophosphates by Zuckerman and co-workers [53,54]. The values of
isomeric shifts (IS), quadrupole splittings (QS) and p(QS/1S} were used to
define the coordination number of the central tin atom. The Mossbauer data
and structural assignments of a few selected compounds are summarized in
Table 5.

Mass spectral studies showing the fragmentation pattern of organotin(1V})
dialkyldithiophosphates have also been discussed [53,54). The major pathway
for decomposition of trimethyltin(iV) diisopropyldithiophosphate appears to



246

TABLE 5
Mossbauer spectral parameters of a few organotin{IV} dialkyldithiophosphates
Serial Compound 15 Qs (QS/1S)  Structural
no. {mms~") (mms™ ") p  assignments
1 {CsH,):5nS, P(OR}, 1.27-1.31 207-2.32 1.63-1,77 Teirahedral with
R=CH,, C,H,,i-C;H,, four-coordinated
a-C,H.,i-C;H,, C,H;) tin
2 (e-CeHyy)5Sn8, (0 i-C,H,), Tetrahedral with
1.52 2.56 1.68 four coordinated
tin
3 (CH,),SnS, P(OR), 1.35-1.38 2.92-3.09 2.36-2.24 Trigonal bipyra-
{(R=C,H,, i-C;H;) midal with five
coordinated tin
4 (C,H,),Sn[S, P{OR}, ], 1.35-1.47 3.34-3.67 2.18-2.62 rrans-Diphenyitin
(R =CH,, C;H;, n-C,H,, configuration in
i-C,H,, i-CyH,, C,Hj) an octahedral

geometry with six
coordinated tin
4 (CH,),Sn[S,P(OR},1, 1.43-1.44 334-3.35 2.32-234 trans-Dimethyitin
(R =CH,, C,H;) in an octahedrai
geometry with six
coordinated tin

be by sequential loss of the alkene from the dithiophosphate group after
initial loss of CH, from tin. This pathway is also applicable to methyltin(1V)
diethyldithiophosphates. On the other hand, the methyltin(1V) dimethyldi-
thiophosphates cannot eliminate the alkene since it has no available B-hy-
drogen for abstraction. Therefore, the fragmentation of these particular
compounds appears to occur by loss of methyl radicals from tin and by loss
of the entire dithiophosphate group. Most of the high abundance fragments
are even-electron ions [53]. Odd-eleciron ions fragment to give high-abun-
dance even-electron ions by loss of radicals such as CH; or (RO}, PS;. The
cracking pattern of Me,SnS,P(OR}, (R =CH,, C,H,, i-C;H,) can be
shown by the scheme in Fig. 6.

The fragmentation of dimethyltin dialkyldithiophosphates [54] was also
observed to be of a similar type to that shown in Fig. 6.

The crystal structures of (C;H;},SnS, P(OC,Hy), [201), (C;Hs},Sn[S, P-
(OC,H;),l, [202], (C,H,),Sn[S,P(O i-CsH;),l, [203], Sn[S,P-
(OCHy),], (193], PbS,P(OC,H,),], [199] and PbHS,P(O i-CiH,),],
[197,198) have been determined by X-ray analysis.

In triphenyltin{IV) diethyldithuiophosphate, the molecule contains [201] a
four-coordinated tin atom with a monodentate dithiophosphate ligand; an
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Fig. 7. Molecular structure of triphenyltin(IV} diethyldithiophosphate.
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unusual example of a dithiophosphate moiety which is neither chelating nor
bridging in spite of the larger size of tin atom (cf. the monodentate
behaviour of these ligands in the case of silicon and germanium is ascribed
mainly to steric factors). The structure of the molecule with selected bond
distances and bond angles is given in Fig. 7.

Zuckerman and co-workers [53] have suggested a similar structure for the
corresponding isopropyl derivatives on the basis of the identity of their
Maossbauer spectra with those of the ethyl analogue.

The structure of diphenyltin{IV) diethyldithiophosphate [202] is oc-
tahedral with chelating, anisobidentate dithiophosphate ester ligands in
which two of the tin-sulphur distances are 2.48, 2.49 A and the other two
are 3.20, 3.23 A. The dipheny] system exhibits a C-Sn-C angle of 135°
about the six-coordinated tin atom, with the four sulphur atoms in equa-
torial plane. On the other hand, the crystal structure of diphenyltin(IV)
diisopropyldithiophosphate adopts [203] a trans octahedral polymeric config-
uration which is extremely symmetrical with tin—sulphur distances of 2.7 A
and an angie of 180° in the diphenyl system. The structure is given in Fig. 8.

Tin(Il) diphenyldithiophosphate [194] is a bicyclic dimer held together in
part by 1°-C,H; to tin(Il) lone-pair interactions. This dimer is unusual,
however, for two reasons. Firstly, this is the only example of an *-C,H;,
main group metal #-bond, and secondly, the only known example of such an
interaction contributing to the formation of dimer from the constituent

Fig. 8. Molecular structure of diphenyltin{1V) diisopropyldithiophosphate.
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Fig. 9. Molecular structure of tin{lI) diphenyldithiophosphate with selected bond fengths and
bond angles.

monomers. The structure with selected bond lengths and bond angles can be
represented by Fig. 9. '

The above structure (Fig. 9) is in contrast with that adopted by lead(Il)
diethyldithiophosphate in which [199] lead atoms are chelated in 2 mono-
meric derivative while in its diisopropyl analogue the metal atom is coordi-

Fig. 10. Molecular structure of lead(il) diisopropyldithiophosphate.
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pated by six sulphur atoms, two of which are bonded intermolecularly to
give a polymeric lattice.

The polymeric structure of fead(Il) dusopropyldithiophosphate [198] 1s
shown in Fig. 10. In this structure each lead atom is surrounded by six
sulphur atoms, iwo at relatively short distances of 2.766 A, two at inter-
mediate distances of 3.011 A and two at 3.20 A. There are fourteen electrons
(seven pairs) in the valence shell of lead, of which six pairs are bonding and
the last one is a stereochemitally active lone pair. The resulting configuration
closely approximates an irregular pentagonal bipyramid in which the lone
pair occupies an equatorial position.

(vi) Group VA metals (As, Sh and Bi)

The dialkyldithiophosphate derivatives of arsenic, antimony and bismuth
have been synthesized [56,57,204,205] by the reactions of ammonium or
alkali metal dialkyldithiophosphates or acids themselves with chlorides,
oxides or alkoxides of these metails, Recently, Mehrotra and co-workers
[56,57] have synthesized compounds of arsenic and antimony(IIl) by the
following routes and characterized them by conductance measurements,
molecutar weight determinations, IR, NMR ('H and *'P) and electronic
spectral studies.

M,0; + 6 (i-C,H,0),PS, H — 2[(i-C;H,0),PS, |, M + 3 H,0

MX, + 3 {(i-C;H,0),PS,H — [(i-C;H,0),PS,|,M + 3 HX

(M = As, Sb; X = 0 i-C,H,, Cl)

“MCl, + 3(RO),PS,M’ — [(RO},PS,],M + 3 M'C1|

(M = As, Sb; M’ =Na, NH,; R = C,H,, n-C;H,, i-C,H,, s-C,H,, C,H,)

3 - n(i-C,H,0},8b + »{(i-C,H,0),PS,},Sb - 3[(i-C,H,0),PS,| Sb(0i-C,H,),_,
(n=12)

G< 8 S ASCl+(RO),PS,M - G¢ 8 S AsS,P(OR), + MC1|

(G = -CH,CH,-, —(CH,)CHCH,~, —(CH,),CC(CH,),~, —(CH,),-
CCH,CH(CH,;)~, -CH,CH=CHCH,-; R=C,H,, n-C;H,, i-C;H,, s-C,H,;
M = Na, NH,, Pb,,)

Day et al. [206] have determined the X-ray crystal structure of
Sb{S,P(OEt), ], which may be described as a distorted capped octahedron
with a stereochemically active lone pair in the capping position.

The crystal structure of Bi(Ill) diisopropyldithiophosphate BiS,P-
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Fig, 11. Molecular structure of bismuth{I1I} diisopropy!dithiophosphate.

(O i-Pr),]; has been investigated by Lawton et al. [205] in which the bismuth
ion is coordinated to three ligands in a pseudotrigonally distorted octahedral
environment displaying C,, symmetry. Stretching and bending deformations
within the BiS, group are consistent with the apportioning of fourteen
electrons (seven pairs in the valence shell of bismuth, of which six pairs are
bonding and one is a stereochemically active lone pair. The three Bi—-S bonds
adjacent to the lone pair are longer (averaging 2.874 A) than the three
(averaging 2.702 A) most remote from the lone pair. Interligand angles
between the longer bonds are greater (at 99.9°) than those between the
shorter bonds (91.2°), whereas intraligand S—Bi-S angles average only 72.0°
as dictated by the ligand bite. The relatively small size of this bite (3.28 A),
which is markedly shorter than the 3.70 A van der Waals radius sum, leaves
enough interiigand room to allow the stereochemical activity of the lone pair
of electrons. The structure is given in Fig. 11.

(vii) Group VIA metals (Se and Te)

The compounds, M[S,P(OR),}, (M =Se or Te, R=CH,, C,H;) have
been  synthesized by the reduction of M(IV) oxides by NylII) diai-
kyldithiophosphates [207,208] or by adding [209] aqueous solutions of the
alkali dialkyldithiophosphates to hydrochloric acid solution of Te(IV) and



Fig. 12. Molecular structure of tellurium{II} dimethyldithiophosphate.

Se(1V) at room temperature
2 {{RO),PS,] ,Ni + H,MO, + 4 HCi —» M[S,P(OR),|, + 2 NiCl, + 3 H,0
+[(RO),PS; |,

4 {RO},PS;Na + H,MO, + 4HCl -~ M[S,P(OR),], + 4 NaCl + 3 H,0
+ [(RO),PS, |,

The dialkyldithiophosphate derivatives of Se(1I) and Te(il) are orange to
yellow solids with sharp melting points, soluble in common organic solvents.
Their physicochemical properties such as volatility, molecular association,
electronic, infrared and nuclear magnetic resonance spectral studies, to our
knowledge, have not yet been studied.

An X-ray crystal structure study [209,210] of Te[S,P(OCH,),], reveals a
square planar TeS, group in a polymeric system and the molecular structure
is shown in Fig. 12. The molecule contains a (CH,0), IP -5-Te-5-P(OCH,},

!
chain in the frans form, with a STeS/TeSP dlhedra% angle of 90.7°. Other
molecular dimensions are: Te-S = 2.44 A; P-S=1.92and 2.09 A; P-O =
1.57 and 1.59 A; S,- Te-S2 = 98.3°. The molecules are mounted together by
weak intermolecular Te - - - S bonds of length 3.31 A. Each tellurium atom
participates in two such bonds at 2 S-Te-S angle of 85.5°.
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