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COMPLEXING, REDOX AND EXTRACTIVE
PROPERTIES OF CYCLIC AND ACYCLIC
DERIVATIVES OF PHOSPHORUS
DITHIOACIDS

V. V. OVCHINNIKOV, V. F. TOROPOVA, A. R. GARIFZYANOY,
R. A. CHERKASOYV and A. N. PUDOVIK

Kazan State University, Kazan, 420008, USSR

(Received June 18, 1984; in final form October 4, 1984)

Various types of acyclic and cyclic derivatives of phosphorus dithioacids form stable chelate complexes
with nickel(I1), cobalt(II) and silver(I) ions. Stability constants of these complexes and redox potentials of
the systems disulfide /dithioacid have been determined. It has been shown that for each individual type of
complex with dithiophosphoric, dithiophosphonic or dithiophosphinic ligands stability depends on the
steric nature of the substituents at phosphorus. Correlations between the logarithm of stability constants
and the sum of steric constants of substituents exist in these series. It is true also with regard both to a
variation of redox potentials and reduction rate constants for copper(II) complexes.

Phosphorus dithioacids with cyclic substituents form less stable metal-ion complexes and can be used
as selective extraction reagents.

INTRODUCTION

Interest in transition metal complexes with sulfur-containing ligands is primarily
caused by the needs of industry, biochemistry and agriculture."> Moreover, the
process of complex formation is an interesting subject for theoretical research.

Among sulfur-containing ligands of great importance are the derivatives of
phosphorus dithioacids. Phosphorus dithioacid anions are typical “soft” bases and
form the most stable complexes with the metal ions belonging to the class of “soft”
Lewis-type acids.?

Metal-ion chelate complexes with different types of phosphorus dithioacid deriva-
tives have found extensive application and received widespread attention. Their
structure, ESR, IR and UV spectra are being studied and theoretical calculations
performed.*-%°

As a rule, all the complexes of dithiophosphates studied with metals have a chelate
structure with a pronounced delocalization of #-electron density in the chelate
center.7’8’12’18’19

Complex compounds of phosphorus dithioacids with the ions of some metals at a
high degree of oxidation are unstable owing to the markedly expressed reduction
properties of dithioacids. In such cases, redox reactions occur and the corresponding
disulfides are formed.?'-26

Analysis of data concerning the complexation of metal ions with phosphorus
dithioacids shows strong possibilities of using thiophosphorus derivatives as extrac-
tive reagents. It should be noted that for a number of specific problems of element
isolation and separation it is necessary to study a broad range of this class of
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compounds. In this respect phosphorus cyclic thioacids are of great interest. These
compounds are known to form less stable complexes with a number of metals!6-17-27
owing to a higher electron-acceptor capacity of the dioxyalkylenic substituent, in
comparison with alkoxy groups, at a phosphorus atom.?® Their use can be expected
to raise the selectivity of extraction and to produce new data for subsequent
theoretical generalization concerning the complexation processes.

In the present communication, we have summed up the results of our previous
investigations on the complexation of Ni(Il), Co(Il), Ag(I) and Cu(Il) ions with a
wide variety of acyclic and cyclic dithiophosphoric, dithiophosphonic and di-
thiophosphinic acids; their redox potentials are also presented.

All the acyclic and cyclic phosphorus dithioacids were synthesized as described
in.2-32 The procedures for spectrophotometric, potentiometric, calorimetric and
kinetic determinations are described in.7-33-3% The experimental values of stability
constants (log 8, + 0.07) of Ni(II), Co(II) and Ag(I) complexes, redox potentials of
the systems disulfide /dithioacid (E° + 0.005 V) and reduction rate constants for
Cu(II) complexes are given in Table 1.

TABLEI

Logarithms of stability constants (log B,) for Ni(IT), Co(II) and Ag(I) complexes, redox potentials
( E®), reduction rate constants for Cu(II) complexes (k2%®) and sums of the steric constants
of substituents at phosphorus ( E?) in the ligands

Substituents 1
at phosphorus og B, k3%,
No. R,RO, 0O—R—O Ni Co Ag E%vV L/(mol - sec) —=E°
1 2 3 4 5 6 7 8
Ligand R,PSS™
1 C,H;, 6.55 5.99 — 0.166 — 1.08
2 C;H, 6.84 6.37 — 0.157 2000 224
3 +Ho 7.02 6.40 — 0.150 1900 2.36
4 i-C,H, 7.88 7.05 — 0.130 320 452
5 CeHs 494 — — — 290 —
Ligand (RO)CH;PSS™
6 CH,0 6.08 5.02 15.60 0.198 — 0.54
7 C,H;0 6.60 5.50 — 0.188 — 1.12
8 C,H,0 671 5.8 — 0.183 — 118
9 i-CyH,0 7.49 6.05 16.47 0.159 36.0 2.26
10 C4H,0 6.79 5.55 — — 84.0 1.20
11 s-C4H,0 7.81 6.53 — —_ — 2.34
12 c-C¢H,,0 7.71 6.27 16.58 0.156 34.0 2.36
Ligand (RO), PSS~
13 CH,0 442 4.03 14.91 0271 14.9 1.08
14 C,H;0 5.53 4.55 15.41 0.241 7.37 224
15 C;H,0 5.68 4.70 15.60 0.233 6.50 2.36
16 i-C3H,0 722 5.73 15.90 0.209 1.52 4.52
17 C,H,0 5.94 478 15.72 0.228 4.59 2.40
18 i-C4Hy0 6.12 4.83 — 0.229 3.83 2.20
19 s-C,H,0 8.35 6.00 16.56 0.170 0.65 4.68
20 -C,H,0 10.22 8.06 16.65 0.136 013 7.76
21 «-C¢H;,0 7.35 5.83 16.02 0.195 1.77 472
22 C¢H;CH,0 454 — — 0.276 3.20 —
23 C,H;OC,H,O — — — 0.300 45.0 —

24 CiC,H,0 — — — 032 1000 —
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Substituents log B 208
at phosphorus e k3,
No. R, RO, O—R—O Ni Co Ag E%,V L/(mol - sec)
1 2 3 4 5 6 7
Ligand RC O~ pss-
ok B ENo~
25 0 <3 <3 — 0.325 57.0
0
Ph 0
26 ;( o <3 <3 — 0.330 230.0
0]
27 . 420 352 1484 0315 151.0
U
o
28 o 441 399 1524 0267 58.3
0
29 )( o 407 305 — 0347 —
0]
30 0 395 355 1502 0307 478
4
o}
31 o 440 375 — 0.274 446
32 0 389 364 — — —
o}
0
33 o 58 484 1566 0218 21.0
0
34 o 733 567 1585 0187 4.40
o]
35 614  4.80 — 0.202 12.0
o]
0
36 o 749 578 — 0.175 1.66
37 v 427 — — — —
e
"‘_C
38 622 460 1537 0271 0.05
-.l——-c
39 * o 702 532 — — —

<
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RESULTS AND DISCUSSION

Complexation of Ni(Il), Co(Il} and Ag(I) with Phosphorus Dithioacids

We have determined stability constants (log 8,) in the series of phosphorus dithio-
acid complexes M(SSPAB), (A and B = R,RO,0—R—0; M = Ni2* Co?*, Ag";
n=12).

These data are of great interest both for ascertaining the interrelation between the
structure of the organophosphorus ligand and the properties of the complex com-
pound and for predicting new analytical reagents.

Of interest in estimating the influence of substituents on stability constants in a
series of similar complexes is the use of linear free-energy relationships in terms of
the Hammett-Taft type equations that include o, 6%, E® and other constants of
substituents at the phosphorus atom.

The experimental data (Table I) indicate that the reaction series in question are
highly sensitive to the variation of substituents at the phosphorus atom. Comparison
of the logB, of Ni(II), Co(II) and Ag(I) complexes with Z¢® values for the
constants of substituents at phosphorus®® shows a marked tendency for the stability
of complexes to decrease with the insertion of more acceptor substituents into the
dithiophosphorus acid*-'7 (Eq. 1)

logB, = log 8§ + pZa® (1)

However, with the wide variety of available substituents (Table I), we do not
observe a good correlation dependence (r 0.56).

Recent investigations have shown that the ¢® constants for RO groups at the
phosphorus atom are complex, comprising the components of inductive, resonance
and steric effects.**~%* Each of these contributions can probably manifest itself in a
specific way in the formation of complex compounds of chelate structure. Attempts
at using sets of inductive (o) or resonance (o) constants of the substituents in
equation (1) failed to produce the desired result.%%

At the same time, in the series of nickel, cobalt and silver complexes with
phosphorus dithioacids, an obvious tendency for their stability to increase with the

L]

TABLE II

Parameters and characteristics of log 8, = log 85 + 8ZE? correlative dependences for ML, complexes

No. of Nos. of points
series L M log BY 8 r So in Table I*

1 (RO),PSS™ Ni(II) 3.81 + 027 —0.831 + 0.067 0.978 0388 13-21

2 (RO), PSS~ Co(Il) 333 +012 -0579+0031 099 0179 13-21

3 (RO), PSS~ Ag) 149 +02 —0003 + 0047 0904 0266 13-17,19-21

4 (RO)CH,PSS™ Ni(Il) 5.65+ 009 —0.8754+ 0051 0991 0.093 6-12

5 (ROYCH;PSS™ Co(Il) 471 + 014 —0.685 + 0.079 0968 0.143 6-12

6 R,PSS™ NiII) 606 + 0.11 —0.400 + 0.040 0991 0.09 1-4

7 R,PSS™ Co(Il) 567+ 002 -0301 +0.010 0.999 0.010 1-4

*In correlations are not included points Nos. 5, 22-24 having an electron-attracting groups at
phosphorus.
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size and the degree of branching of the hydrocarbon radical in the ligand has been
found.

Recent reports suggest that linear and branched alkyl groups differ but slightly in
their electronic effect.*+*> Stability variation in the above series (Table I) can be
assumed to result mainly from steric effects.

This is confirmed by correlation with equation (2):

log B, = log B; + 8ZE] ()

where § is the reaction constant characterizing the sensitivity of a given reaction
series to the steric effect of substituents in the ligand (ZE?). The SE? values for
RO groups were calculated on the isostericity principle;*** the parameters of
correlation equations are shown in Table II.

The fact that the dependences are different for Ni(II) and Co(1I) dithiophosphate,
dithiophosphonate and dithiophosphinate complexes in the log8, — ZE° coordi-
nates is associated with the difference between the electronic properties of alkyl and
alkoxy radicals at phosphorus.

Negative 8 values indicate that the stability of complexes increases with an
increase in the steric effect of substituents in the ligand. It is possible that the steric
factor can effectively manifest itself in the mutual repulsion of substituents in the
ligands situated in the inner coordination sphere of the complex. The energy of such
an interaction is primarily determined by geometric factors: the shape of the
coordination center, the size of the central ion and of the ligands.

In particular, with an increase in the atomic radius of the central ion, the mutual
repulsion of the ligands will decrease. This is in agreement with the decrease in the
absolute value of & in equation (2) as one passes from the Ni(I) (r ~ 1.24 A) and
Co(ID) (r ~ 1.30 A) series to the silver complexes (r ~ 1.44 A). At the same time, a
decrease in the correlation-constant value can be associated with the linear character
of the coordination of ligands in the negatively charged complexes (ABPSS-
Ag-SSPBA) ™, at which the substituents happen to be further away from the central
ion than in planar-square and tetrahedral chelate Ni(I) and Co(II) complexes

(ABP? g)M‘(g/)PBA).Z

An increase in complex stability following the introduction of a bulky substituent
into the ligands can also be a result of a lesser solvation of the complex by the
solvent molecules. A study of the thermodynamic parameters of Ni(II) complexa-
tion with phosphorus dithioacids has shown that it is an endothermic process
(AH = 36.8 — 54.5 kJ /mol) (Table III).

High positive AS values (269 to 317 J/mol - K) seem to be associated with the
destruction of the solvate shell in the NiZ} ion that enters a complexation reaction
with formation of a less solvated chelate complex.*’-*® Such positive entropic-factor
values in the complexation of some metal cations have been noted in ref. 50.

As it follows from the experimental data, the log 8, values for Ni(II), Co(II) and
Ag(I) complexes with cyclic dithiophosphorus ligands are, in general, smaller than
for the complexes of acyclic ligands containing the same number of carbon atoms in
the radicals. This is apparently associated with a lower steric effect of spatially fixed
cyclic dioxyalkylenic substituents at phosphorus. When, however, one examines the
stability of complexes with five-membered cyclic dithiophosphate ligands (Nos.
37-39, Table I), it is necessary to take into account, in addition to the screening
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TABLE III

Thermodynamic parameters of the formation of Ni(SSPBA), complexes*
(p = 0.01, propanol-water 9:1, T = 293 + 2 K)

AG + 1, AH + 0.6, AS + 7,
Aand B log B, kJ/mol kI /mol J/(mol - K)
C,H, 6.84 -38.4 54.5 317
i-C,H, 7.88 —442 472 312
CH, and C,H,0 6.60 -370 420 269
CH, and 5-C,H,0 7.81 —43.8 36.5 274
CH, and ¢-C4H,,0 771 —-433 39.4 282
i-C3H,0 7.22 —40.5 399 274
s-C,H 0 835 - 469 374 287
OC(CH,),CH,C(CH, XC,H;)O 7.49 -420 36.8 269
OC(CH,),CH,CH(i-C,H,)O 6.14 —345 496 287

*Refined data?43®

effect, a certain contribution of the ring-strain factor which is capable of imparting
higher electron-acceptor properties to this type of ligand.

The stability of metal complexes with six-membered cyclic substituents at phos-
phorus in the ligands is primarily controlled by the number of alkyl groups in
position 4 and 6 of the 1,3,2-dioxyphosphorinanic ring. Stability of complexes
increases in the following series of ligands:

Oupsg- 0 p3g- - Co é:o
O;P.m <CC>PJS << g>pss £ o> PssTL oessT

The most pronounced stability increase is noted upon the insertion of heme-dial-
kyl groups into the above-mentioned positions of the cycles. This is, possibly,
associated with a change in the conformational features of the six-membered cycle,

caused by the strong 1,3-repulsion arising between the alkyl substituents and the

S

coordinately bound sulfur atoms in the >P<S triad. In such cases, the so-called

“steric assistance” to the electron effect is brought about, classified for heterocyclic
systems as the stereoelectronic effect.!

Redox Processes in the Complexation of Phosphorus Dithioacids

Redox potential values are an important characteristic of substances and are of
interest in ascertaining the mutual effect of substituents in organic molecules, as well
as predicting their behavior in nucleophilic addition, complexation, substitution and
other reactions.

We have determined the redox potentials for a wide variety of systems (ABPSS),/2
ABPSS ™~ in aqueous propanol (9 : 1 PrOH to H,O, by volume) using potentiometric
titration of dithioacid salts with iodine.>> The E° values for all ABPSS ™ are given in
Table L

It can be seen that an increase in electron-acceptor properties of substituents A
and B in the ligands leads to a decrease in the reductive ability of phosphorus
dithioacids.
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Aand Bin ABPSS™  (CIC,H,0), (CH,0), CH,(i-C,H,0) (C,H,),

E°,V 0.325 0.233 0.159 0.150

However, the relationships between E° magnitudes and the sum of steric or
isosteric constant substituents at phosphorus in the series of dithiophosphinic (Eq. 3,
Nos. 1-4), dithiophosphonic (Eq. 4, Nos. 6-9, 12) and dithiophosphoric (Eq. 5, Nos.
13-21) derivatives also exist:

E° = (0.002 + 0.003) +(0.10 + 0.001)SE? (3)
r = 0.988, S, = 0.003, n=24

E°%=(0.212 + 0.002) +(0.023 + 0.001)SE} (4)
r=0.997, S, = 0.002, n=35

E° = (0.280 + 0.008) +(0.019 + 0.002)ZE? (5)

r=0.962, Sp = 0.012, n=09.

As already mentioned, the strong reductive properties of phosphorus dithioacids
determine the instability of their complexes with some metal ions. In particular, it is
known that copper(Il) dithiophosphate complexes are converted in polar media into
polynuclear copper(I) compounds.!”21-26

The kinetics of this redox reaction has been studied spectrophotometrically.’”
When the solutions of copper(II) nitrate(10~°-10"* mol/L) and of phosphorus
dithioacid salts (1072 mol/L) are mixed, Cu(SSPBA), complexes are formed
practically instantaneously; the electronic spectra of these compounds have a
charge-transfer band (¢ = 104, A = 420 nm) whose intensity diminishes with time in
the course of reaction (Eq. 6):

2 Cu(SSPBA), — Cu,(SSPBA), + (ABPSS), (6)

The investigation was performed in aqueous propanol (10 vol.% H,O at 288 to
318 K).

The reduction rate is described by a second-order kinetic equation; at a 100-fold
excess of the ligand, the reaction order (with respect to the complex) is equal to 2.

The experimental rate constants at 298 K are shown in Table I; activation
parameters of the reaction for some acyclic and cyclic phosphorus dithioacids are
given in Table IV,

The data presented in Table I reveal a parallelism in the variation of the
redox-process rate constants and the redox potentials of the dithiophosphate systems
(Nos. 13-28, 30-31, 33-36; in the correlation, points corresponding to phosphinic,
phosphonic and phospholanic derivatives are not included) (Eq. 7):

log k2% = (—2.86 + 0.44) +(16.52 + 1.73) E®
r=0906, S,=0451, n=2 (7)

‘l'aking into account this fact, as well as the fulfillment of Leffler’s criterion,*?
from the results presented in Table III (Eq. 8)

E, = (64.4 + 1.4) +(0.218 + 0.021)AS*
r=0969, S,=223, n=9 (8)
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TABLE IV

Rate constants and activation parameters for the reduction
reaction of CuL, complexes

k3%, E,, AS*,

L L/(mol - sec) kJ /mol J/(mol - K)
(C,H;0),PSS™ 7.37 52.6 -594
(C;H,0),PSS™ 6.50 523 -62.7
(i-C3H,0),PSS~ 1.52 48.9 —84.9
(C4H,0),PSS™ 4.59 439 —93.6
(i-C,H,0),PSS™ 3.83 40.1 -1074

O\ L=

o— P58 151.0 61.0 -71
;‘_———o

O> 357 21.0 48.9 —59.8

47.8 51.4 —48.1

it can be concluded that there exists a common associative mechanism (with the
participation of two complex species) for all the acyclic and cyclic compounds of the
reaction series studied.

At the same time, there is an obvious tendency for the reactivity of Cu(Il)
complexes with acyclic dithiophosphate ligands to decrease (Table III) with a
decrease in the activation energy of the process, and the reaction is mainly controlled
by the entropic factor. The latter fact determines the fulfiltment of the correlation
dependence between the values of log k2% and those of =E°—the constants (Table
I, Nos. 13-21) characterizing the steric effect of alkoxy substituents at the phos-
phorus atom in the ligand (Eq. 9)

log k3% = (1.441 + 0.109) +(0.298 + 0.027)SE°
r=0973, S,=015, n=29 (9)

It is significant that copper complexes with cyclic dithioacids in which the
phosphorus atom is included in the cycle are capable of even faster reduction.
However, insertion of bulky alkyl radicals into the ring exerts a considerable effect
upon the reaction rate.

In the course of the redox reaction, electrons are obviously transferred from the
ligand to the central ion (the possibility of a single-electron transfer is not confirmed
by the ESR data). That is why we are justified in the assumption that an increase in
the acceptor capacity of substituents will cause a decrease in the observed k2%
value. If, however, we examine the values of reduction rate constants for Cu(II)
complexes with ligands in which the substituents at phosphorus have a comparable
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steric influence but a different electronic effect, it can be stated that there is no
unambiguous interrelationship between the structural and the electronic effects upon
the overall rate of the process: with an increase in acceptivity the reaction rate at
first decreases and then increases:

L- (C4H,),PSS~ CH,(i — C,H,0)PSS~ (C,H,0),PSS~ (CIC,H,0),PSS~

k3%, 1900 36 6.50 1000
L /(mol - sec)

This is probably associated with the multistage nature of the reaction process, in
which the replacement of the limiting stage of the reaction is possible with the
variation in the electronic nature of the ligands. The following mechanism of the
reduction of Cu(SSPBA), complexes may be proposed (Eq. 10):

k k
2 Cu(SSPBA), 2 Cuz(SSPBA)4—2> Cu,(SSPBA), + (ABPSS), (10)
-1

At the first stage, there is a possibility for an intermediate dimeric Cu(II) complex
to be formed. Formation of similar binuclear Cu(II) complexes with carboxylic acids
is known from the literature,>® with the position of monomer 2 dimer equilibrium
being shifted towards the latter and accompanied by a decrease of the monomeric
complex stability.

Reactions proceeding in accordance with Eq. 10 are described by the second-order
kinetic equation (Eq. 11) in which
ky -k,
kobs_ k‘1 + k2 (11)
Taking into account the high lability of the complexes, i.e. k_, > k,, Eq. 11 can be
presented in the form (Eq. 12):

kops = ——2 = Ky - ks, (12)

where K., = ki /k_,.

Variations of the electronic and the steric nature of substituents can thus have a
two-way action on the observed k3%,

The activation parameters presented in Table IV are effective values, although
entropic control in the given reaction series is obviously preferable.

Extractive Properties of Cyclic Derivatives of Phosphorus Dithioacids

As already noted, cyclic dithiophosphoric acids, because of a lower steric and higher
electron-acceptor effect of dioxyalkylene substituents at phosphorus, form less stable
complexes with Ni(II), Co(II) and Ag(I) ions. The application of this class of
dithiophosphorus derivatives could be assumed to raise the selectivity of the extrac-
tive separation of metal ions.

It is known® that selective extraction of copper can be achieved with help of
dithiophosphoric acids, in particular, i-butyl 2-ethylhexyl dithiophosphoric acid
(IBEHDTPA) or its derivatives. However, a rather high stability of the copper ion
complex with this reagent hinders the re-extraction process, whereas its strong
reductive properties (E° = 0.2 V) cause partial formation of disulfides of this acid.
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A search for compounds having weaker reductive properties and that form less
stable complexes with copper ions has resulted the choice of isomeric cyclic 2,3- and
1,3-butylene dithiophosphoric acids (BDTPA)> as extractive reagents:

C 0
\"D" - ~ N o
Poan and Po5LH
S o~ o OoH

It was established® that copper(Il) is quantitatively (99.8%) extracted by these
acids in chloroform within a wide range of the aqueous solution acidity. In a study
of solutions of synthetic mixtures that contained Mn(II), Zn(II), Ni(II) and Fe(III)
ions, the extraction of these ions did not exceed 0.1-0.8%. An exception is Fe(III)
whose extraction amounted to 8-10%. Treating solutions of a similar composition
with IBEHDTPA has shown that, in comparison with BDTPA, acyclic di-
thiophosphate is a less selective reagent: the extraction of Fe(III) and Ni(Il)
amounted to 46 and 90%, respectively.

When the process of copper re-extraction was studied, it was also noted that cyclic
dithiophosphorus reagents are preferable to acyclic ones. Quantitative copper re-
extraction (99.9%) is achieved in the first case in 0.5-1.0 mol /L thiourea solution in
the presence of 2.5 mol/L H,SO,. Re-extraction of copper with acyclic reagent
requires a larger amount of thiourea under the same conditions.

CONCLUSIONS

The results of the investigation carried out thus make it possible to draw some
inferences regarding the interrelation between the structure of cyclic and acyclic
phosphorus dithioacids, their complexing, redox and extractive properties.

The stability of dithiophosphate, phosphonate and phosphinate Ni(II), Co(1I) and
Ag(I) complexes increases with an increase in the size of alkyl, alkoxyl and cyclic
dioxyalkylenic substituents at phosphorus in the ligand.

In our opinion, this can be associated both with a lower solvatibility of the
complex by an aqueous organic solvent, in comparison with the solvation of initial
metal salts and phosphorus dithioacids, and with a decrease in the coordination
number of the central ions in the course of complex formation.

A study of the redox potentials of disulfide/dithioacid anion systems, as well as
the reduction kinetics for the corresponding Cu(II) complexes, has shown that the
redox properties of dithioacids undergo appreciable changes depending on the
nature of substituents in the ABPSS ™ anion. The latter fact determines the complex
mechanism of redox processes taking place with the participation of type M(SSPBA),
complexes.

The regularities characterizing the interrelation between the structure of phos-
phorus dithioacids and the stability of metal complexes formed by them can in
future be used for a rational approach to the choice of organophosphorus extractive
analytical reagents. An instance of this are cyclic derivatives of phosphorus dithio-
acids that have a sufficiently high selectivity by virtue of the specific character of
dioxyalkylenic substituents at the phosphorus atom.
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