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f-Dikeiones have been used as chelating agents for many years and compounds of

these higand< .sith nearly all the metals and metalloids are known ! ™%, Replacement of
the acidic proton from the enol form by a metal cation will produce za six-membered
chelate ring with the two donor oxygen atoms.

Coord, Chem. Rev., 7 (1971} 2958
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This f-drfunctionat system provides an opportunity for companson of relative donor pro-
perties of atoms 1n that oxygen can be replaceqd by other atoms giving metal complexes
where the donors are, for example, nitrogen, sulphur, and selenium. In certain cases com-
plexes can be prepared although the free moromenc ligand is unknown 78,

. X=0, Y=NR f-ketoamine®
Ny X =0, Y=8§ monothio-g-diketone®
T o X=8§, Y=8 dithio#-diketone”
N — X=0, Y = 3e monoseleno{3-diketdne
n/ X =8a, Y =Se diseleno-g-diketone®
X=5, Y =NR f-aminothione®

‘The metal complexes using the ligands with oxygen—sulphur and sulphur—sulphur donor
atoms will be considered in this review and compared with complexes derived {rom the
parent f-diketone.

B. LIGAND SYNTHESIS

The reaction between hydrogen sulphide and acetylacetone in alcoholic solution in
the presence of hydrogen chloside as catalyst was first studied 1n 1906 '°_ The product,
isolated as a colourless solid, was the dithioacetylacetone dumer (Fig. 1).

By the reaction of ethyl acetoacetate with hydrogen sulphide, Mitra * snccessfully
prepared ethyl thioacetoacetate,

HCi/C;HsOH

CH5COCH;COC,Hs + HyS ~—— o~ CHyCSCH;CO,C,Hs

CH,

CH,

Fig_ 1. Structure of the dithioacetylacetona dimer.
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This compound had been previously prepared, 1n poor yield, by treating ethyl chloro-
crotonate with potassium hydrosulphide *2.

CH; C (Cl): CHCO3CaHs + KSH —+ CH3 C (SH): CHCO,C2H;

The related reaction of ethyl benzoylacetate with hydrogen sulphide gives ethyl thio-
benzoylacetats !> Monothioacetylacetone was first obtained by the base-catalysed reac-
tion of acetylacetone with hydrogen sulphide 4, and more recently the acid-catalysed
reactions of these two reagents has been extensively used by Livingstone and co-workers
to give a variety of substituted monothio-g-diketones %:15:16

The major obstacle in the prepaiation of thiof-diketones by the treatment of
g-diketonzs with hydrogen sulphide 1s the prevention of the formation of byproducts
similar to the dithioacetylacetone dimer shown above. These are readily formed from: the
thio-f-diketones in solution and to limit the replacement of both oxygen atoms by sulphur
and the consequent dimnerisation, diute solutions of the diketone must be used. In adds-
tron, the concentration of hydrogen chloride 1n the solution needed to provide reasonable
conversion to the thio derivative depends upon the enoct conczntration of the §-diketone
(Table 1) 5.

TABLE 1

Concentratton of hydrogen chloride required to convert the g-diketone to the monothio dertvative in
the presence of hydrogen sulphide

Compound Enof form i alcohol™ Concentration of hydrogen chloride
% required at —16°

CH,COCH,CO,C. H, i3 Very dilute

C,H;COCH,CO,C,H, 27 Very dilute

CH,COCH,COCH, &4 Dilute

C,H,COCH,COCH, 94 Concentrated

C,H,COCH,COC H, S0-100 Concetrated

C,H,SCOCH, COCF, 100 Supersaturated

* These values are based on Meyer's original determinations!?

The observation that the larger enol concentration requires a hipgher acid concentration
suggests that the hydrogen sulphide is reacting with the diketo tautomer.

The osder of preference i asymmetric f-diketones for the site of attack by hydrogen
sulphide appears to be®

CH3 > C6 Hs > OC: Hs and C4 H3 S>> CF3

This order of groups adjacent to the attacked carbonyl could indicate that the reaction is
not nucleophilic otherwise the site adjacent to the CFy group would be preferred In such
2 highly acidic solution the reactive species could be the H3S" ion *®. The other suggested
mechanism mvolves protonation of the §-diketone 9.

Coord, Chent Rev,, 7 {1571) 23—58
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Site preference in this case would be deterrmned by which carbonyl group is protonated.
This would be the one furthest away frora the most electron-withdrawing group, giving
rise {0 the order found above

In all cases investigated of the reaction with asymmetrical -diketones, R*"COCH, COR
only one ot the possible isomers 1s obtained To distinguish which isomers were formed
mass spectrometry was used ® . This limitation on the formation of 1somess is an obvious
disadvantage of this method of preparation. In addition, although the yields are generally
good, because the reactant solution must be dilnte a practical Irmitation 1s imposed

A second method of preparation involves the Claisen condensation of thiono- or
dithio-esters with ketones of the general formula CH; COR 20722

, Na NHQ
R'CSIC,Hs + CH3COR

TFLo R'CSCH, COR + C, H; OH (Na salts)
t,0

. Na NH;
R’CSSC,H; + CH;COR

———3 R'CSCH,COR + C; Hs SH (Na salts)
Et,0

The berter starting materials, thiono-esiers, can be easily synthesised from mtnles
, Et,O , H.S _,
R'CN + C,H;OH + HCl —— R'C(0C,H;)- NH.HCl F R'CSOC, Hs
This method enables any specific thho-f-diketone to be prepared. The hgands are yellow
or orange liquids and solids most of which have an unpleasant odour Table 2 contains a

list of thio-f-diketones prepared to date.

TABLE 2

Monothiofg-dikeiones, RICSCHz COR?2, prepared Lo date

R? Rr? Mp/bp C Ref

CH, OCH, Mot punified 49

CH, OC,H, 75-80/12 mm 11
75—80f9 mm &

CH, CH, 50—55/10 mm (6) 6.14,21,22

CH, CF, 50/20 mm 15

CH, C,H, 2526 (21), 28 (6) 6, 21, 22

CH, t+C H, 90—92/15 mm 2t

CH, | @ L 44-45 21

CH, 97-98 271

C,H, OC,H, 102/0 7 mm 6, 13
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TABLE 2 {continued)
R’ R Mp/bp °C} Ref
C.H, CH, 61-62 21,22
C,H, C,H, 82 (20) 6,20, 22,48
C,H, CF, 95/5 mm 39
C.H, 108-109 21
tC H, CH, 87—83/15 mm 77
+C,H, +C, H, 50—60/8 mm 6.17
71-73/0.7 mm 77
150-C,H, CH, 79-80/15 mm 21
50-C H, 34-36 21
p-CH,C . H, CF, Decompased 16
pCH,OC H, CF, Decomposed is
p-BrC, H, CF, 110/2 mm 16
[O] CH, 75-16 21
S
UO CF, 74 6
s
s
:Co): CF, 1021 mm i6
CH, 86 -87 21
C,H, 114115 21
CH3 C Q 80-83/0 5 mm 77
il
s Q
CH.C ‘Q 90-92/0 1 mm 21
: !
CH, C @ 110-112/0 8 mm 17
il
s =]
CH,.C —Q=O 69 2
u !

The nomenciature of these compounds can be based either on a systematic method
or by using a prefix cn the trivial name of the parent §-diketone. Because of the extensive
use of tnvial names for common S-diketones the latter system has already been used

Coord, Chem. Rev., T (1971) 2938
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widely The systematic nomenclature 1s made more difficult by the possible exisience of
three tautomenc forms The problems which arise m grving trivial names o unsymmetncal
thio-f-diketones can be overcome by placing the prefix thio before the relevant part of

the name. Thus CgHs CSCH, COCH; bezomes thiobenroylacetone and CgHs COCH, CSCH,
benzoylthioacetone In this review the trivial names wall be used as far as possible

C STRUCTURL OF THE LIGANDS

Like their oxygen analogues, mono-thto--diketones almost certamnly exist 1n tauto-
menc forms, the most probable structures being

R/ cH R A CH " R CH '
\\lC/ \I \ﬁ/ ‘%“lc/ \““C/ 2C/R
i I il
S\H_-O 5., ~C S [a]
H
cis throenod ors enol cis thioxo

As well as these tautomers, several trans forms are also posstble, for example

‘? H"""'-.C/H H""\.C/H
\\C/CH \C//’O SQ\\C/ \C¢o Sﬁ':;-}c/ \C/p

| i

L i' Fl# l ] o

Ferraro et al 3, using dipole moment measurements, concluded that mn ethyl thioaceto-
acetate the preferred orientation of the tautomers 1s trans. They suggest that the presence
of the sulphur atom leads to considerable steric hindrance in the cis forms

The remaining studies have centered on the distribution between the keto and enol
forms and 1n thas respect the conclusions reached by various workers are rather confusing
Most of the results have involved the interpretation of erther NMR or infrared spectra of
the compounds although some earlier data were obtained using a titnmetnc procedure fo
the estimation of the thicenol content 2324,

The NMR spectra indicate a predominance of the encl formn, there being no evidence
for any methylene proton signal *3:25728 and as only ore band is observed 1n the enol—
thicenol proton region there is a significant concentration of only one isomer 2225
Whether ttus proton 1s attached to the sulphur (thioenol) or oxygen {enol) atom is more
difficult to decide. The shift of the signal to higher 7 values ot comparison with the di-
oxygen analogues suggests the presence of the thioenol form 22:2* However, this is con-
tracdicted by an mtensive study of the isomeric bgands thiobenzoylacetone and benzoyl-
thicacetone 26 In both compounds the methyl resonance 1s split by interaction with the
vinyl proton [J ~ ¥ c¢/sec] but in the case of thiobenzoylacetone this was furthes split by
the enol—thioenol proton {J = 0.32 c/sec] Also, only 1n this compound did the enol—
thioeno] hydrogen resonance show unresolved sphtting presumably by the methyl group.
These 1interactions suggest that both compounds exist in the enol rather than the thioeno!
form,

The appearance of a broad band at 2450 cm™! 1n the infrared spectra of several
liquid thiof-diketones suggests the presence of an intramolecularly hydrogen bonded
throl group '322:2% The strong carbonyl absorption at 1675 em™! n ethy! thiobenzoyl-
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acetate has been assigned to the carbony! group of this thioenol tautomer while a weaker
band at 1740 cm™! was thought to arise from the presence of the thioxo 1somer '3

The electronic spectra support the concluston that [ittle of the thioxo tautomer 1s
present. This is based on the observed molar extinction coefficients (e ~ 100) of a band
in the range 420—500 nm arising from transttions in the mulitiple linkages of the furctional
groups *7_ In the thioxo form this band has a much lower extinction coefficient, for
example ethyl thiobenzoylacetate, e =146 13

The thio-diketones are stronger acids than the parent §-diketones 21-3%9732 and
these results together with the ease of oxidation to disulphides certainly indicate the pre-
sence of a small equilibrum amount of thioenol form, further work is required before the
structure of these compounds 1s fully understood.

D REACTIONS OF MONOTHIOS-DIKETONES WITH METAL COMPOUNDS

In favourable conditions, reaction of thio--diketones with metal salts (halides and
acetates have been commonly used), leads to the formation of complexes. Although
complexation occurs readily with nearly all metals, the reaction 15 accompanied, in the
majority of cases, by oxidation—reduction reactions of the metal — ligand system The
two reaction types may occur concurrently and the products depend very much on the
thio-f-diketone used, the metal, especially its oxidation state, and the reaction conditions.

The oxidation of thiols to disulphides is promoted by metal ions 2, 1n particular
by those having high oxidation states Thus, 1n general, attempts to prepare manganese
(I} complexes have resulted in complete oxidation of the ligand *4. In some cases, as
with ron(II), complexing occurs alongade oxidation. Increases in temperature favour
the oxidation reactions

Sometimes reaction with a metal in a low oxidation state causes reduction of some
of the lige 1d and formation of a metal complex of a higher oxidation state For example,
reactions of titanium(III) chlonide wath thiodibenzoylmethane produces a strong smell of
hydrogen sulphide and a titantum{IV) compound ?* Further examples of oxidation of
the metal are provided by the conversion of ron(Il} to ron(III) %, and that only one
ferrous complex, bis(thiodibenzoylmethanato)bispyridinesron(II) is known 5. Symlar
oxidation from cobalt(II) to (III) occurs readdy and the only reported cobaltous complex
1$ bis(thiodibenzoylmethanato)cobalt(Il) 35. ‘

The ease of ligand oxidation is also variable depending upon the tarminal groups R
and R’. Of the thio-f-diketones, thiodibenzoylmethane is one of the harder to oxidise
and forms particulasly stable compounds. So while trs(thiodibenzoylmethanatoron(III)
is easily prepared and quite stable, tris(tfuoacetylacetonatoyiron(III) can only be obtamnad
in low yield and the solid decomposes over a few weeks at room temperature in vacuo 2°.
This point is further emphasised by 1esults of thio-f-diketone complexes of copper. From
Table 3 it can be seen that the substituents play an important part in determining the oxi-
dation state of the product. This behaviour of the ligand may be attributed to varmation
of the electron density on the two donor atoms 3% The increase of electron density on
the sulphur atom facilitating the oxidation of the ligand

However, despite the complications introduced by ligand exidation reactions, metals

4

Cocrd, Chern. Rev,, 7(1971) 2958
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TABLE 2

Copper complexes of monothio-S-dtketones R* CSCH, COR?

R? R? Copper(f} Copper({l) Ref
pCH,C,H,- —CF, X b 4 16
p-CH,0C,H,— -CF, X X 16
pBrC H, — ~CF, X X 16
C,H,0— -CF, 0 b 4 16
C,H,~ —C4H, o X 34
CH,— —CH, X o} 34
CH,— —0OC, H, X o} 34
CH,— —~CF, X 0o 15

X = complex known, O = complex unknown

complex readily with monothio-g-drketones. Several types of bonding with inetal, parallel-
1ng the observed bonding in S-diketonates, can occur

(1) Chelation. involving bonding through both oxygen and sulphur a, an amon.

(1) Donation, through suiphur only as an anion.

(1i) Donatton, through oxygen only as an amon.

{1v) Donatior., through carbon as an anion.

(v) Addition, without loss of hydrogen, involving either chelatton or simple donation.
Of these five alternatives (1), (v) ¢ and (v) * occur for -diketones. With thio-g-diketones,
chelation of type (1) occurs readily, and of the other alternatives only type (u) has been
observed to date Since the thio-f-dikxetones are stronger acids than (-diketones and the
fatter do not form raany addition compounds, bonding of type (v) 1s unlikely.

Chelation is achieved with most metals by direct reaction of a metal halhide, or
aceiate, in a surtable solvent with the thio-S-diketone. Sometimes the presence of a base,
tnethylamtne, pynidine, etc., improves the reaction. The metal chelates are usually
deeply coloured compounds, insoluble in water, slightly soluble 1n alcohols and benzene
and easily soluble 1n chloroform and acetone

Table 4 hsts typical metal complexes prepared so far. Interest has centered mainly
on metals in the first transttion series but a few elements in the other series and the
lanthancens 37 have been studied. Although the range of ligands and metals on which
work has been published is extensive, information on structure and other physical pro-
perties 1s scant. Some metals, particularly mckel, palladium, platinum, and iron, have
received more detailed invest:gation.

E STEREOCHEMISTRY

Detalled stereochemistry of thio-8-diketone metal complexes has not received much
attention. However, the structure of bis(thiodibenzoylmethanato)palladinm(Ii) and the
corresponding platinum compound have been determined by X-ray crystallography s
These compounds have the ¢is square planar structure.
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TABLE 4

Typical thiog-diketone metal complexes

37

Element Complex Ref
Titanmum{IV}) Tu(PhCSCHCOPh}, Cl, 29
[Ty(PhCSCHCOPH}, 1* 29
Vanadium(IV} VO®PhCSCHCOPh), H, O 35, BR
V,0,(C, H,SCSCHCOCF,), 15
Vanadura(1} V(PhCSCHCOCH, }, 40
V(PhCSCHCOPh}, 29
Chromum{IIT} Ci(PhCSCHCOPh), 29
Manganese(Ti) Mn{r-BuCSCIICO-1-Bu), 34
Manganese (I} Mn(PhCSCHCOPh), {py). 35
Iron(III; Fe(PhCSCHCOPhAY, 34,35
Fe{CH,CSCHCOCH, ), 29,59
Others 15, 58, 59
Iron(II) FeyPhCSCHCOFhY, (py), 35
Cobalt(III) Co(PhCSCHCOFh), 24,46,48
Co{CH,CSCHCOCH,}, 22,34
Others 15,18, 22, A6
Cobalt 1) Co(PhCSCHCOPh), 35
MNickel(I1) Ni{PhCSCHCOPh), 6,34, 45,48
Ni((CH, CSCHCOCH, }, 8,34
Qthess 15, 16, 35,49, 86
Coppr(lly - Ca(PhCSCHCOPh}, 46, 48
Cu({CH, CSCHCOFh), 22
Others 16, 34
Capper(I) Cu(p-CH,C,H,CSCHCOCF,) 16
Others 15, 16, 34
Zinc(ID Zn(PhCSCHCOFh), 34,46,48
Qthers 15, 22,39
Ruthenmm(IV}) Ru(PhCSCHCOFh), 35
Rutheninm(III) Ru(PhCSCHCOPh}, 35
Rhodium{IIT} Rh(PhCSCHCOFh), 34, 46
Palladium{(II) Pa(PRCSCHCOFh), 34,46,48
Pd(CH,CSCHCOCH,), 22
Others 15, 35, 49
Silver(I) Ag(PhCSCHCOPO) 34,46
Cadmum(II) Cd(PhCSCHCOPh), 34,46
Others 15, 34
Cemumm(IV) Os(PhCSCHCOPh), 35
Osmum{111} Os{FhCSCHCQOFPh), 35

Coord Chem. Rev, 7 (1971) 29-58
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TABLE 4 (continued)
Element Complex Ref
Piatinum i) PH{PhCSCHCOPh), 34, 46
Othess 15,39
Mercuty{Il) Hg(PhCSCHCOPQ), 34
Crthers 15
Barylwm(Il} Be{PhCSCHCOPh), 55
Gallum(II1) Ga(PhCSCHCOPR}, 46
Indmum{IN} In{PhCSCHCOPh), 46
Thallium{I} TI{PhCSCHCOPh) 46
Ti(IV) Sn(PhCSCHCOPR), Cl, 46
TingIl} Sn{PhCSCHCCPh}, 46
1 ead(1l} Ph(PhCSCHCOPH), 46,48
Others 15
Bismuth{III) Bi{PhCSCHCOPh}, 46
CeHy, \c—s . . /ce He
WL ST T ﬁ\m
Nemmo gz
CeHy M\‘c‘,:.l—!._\I

where M = Pd, Pt In the palladium complex the Pd—S bond lengths are 2 26 and 2.22 &,
and the S—Pd—S§ angle 1s close to 90°.

All nickel(1]) chelates of thio-8-diketones are diamagnetic © and readiy add two mo-
lecules of an aromatic base to form adducts such as bis(thioacetyltnfluoroacetonato)-
bispyrnidinenickei{ii} *® which are paramagnetic [g. = 3.15 B.M ]| and presumably six-
coordinatc The nickel chelates are therefore also square planar, probably with a simdar
stnicture to the palladium and platinum compounds. In contrast, bis(acetylacetonato)
nickel(IT) is trimeric, each nickel atom being six-coordinate * and paramagnetic.

Studies of the NMR spectra of some iris six-coordinate metal chelates have revealed
their qualitative sterecchemistry *°. The vanadium(IIL) and cobalt(TII) chelates with
ligands of the type, CH; COCH, CSR, where R = CHy, C4Hs, fs0-CsH3, £-C3Hy, show only
one resonance attributable to the viny! and one for the methyl groups m their NMR spec-
tra This result 1s consistent with the compounds existing in the cis (facial) form, Fig. 2.

The labiity of the vanadium(III) compounds ensures an equilibrum ssomer distribu-
tron. Equilibrium constant determinations on the corresponding asymmetric g-diketone
complexes indicate preferential stability of the trass (meridinal) form *!. Existence of
the compounds as ¢is isomers in the case of thio-f-diketone complexes may anse from
aon-bonded S—S mnteractions

The structure and stereochermnistry of other common thio-8-diketone metal chelates
have not been studied to date. However, the ruthenium(IV) and osmium(IV}) chelates of
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K] X

s (focai} ci1s {fmeridinal }

Fig 2 Isomeric forms of crs-tris{thiof-diketone) complexes

thiodibenzoylmethane are considered to be eightcoordinate The diamagnetism of the
ruthenium compound mdicates it has a cubic structure *°,

F SPECTRAL STUDIES

Studies of the vibrational and electronic spectra of thiof-diketones and their metal
chelates have provided information on the structure and mode of bonding betwesn the
metal and ligand.

(i} Vibrational specira

Much of the work on mfrazed speciroscopy 1s based on analogy with f-diketone
complexes. Livingstone et al ® made the first tentative assignments of the bands in thio-
f-diketones following the work of Reyes and Silverstein on ethyl thiobenzoylacetate and
previous published assignments of §-diketones Uhlemann and Thomas 2! drew sunilar
conclusions for a number of thiofi-diketones. These correlations are given mn Table 5.

TABLE §

Infrared absorption bands of monothio-g-diketones

Group Absorpnon band
fem™'}

viC==0) 1670 - 1590

p(C ==C) 1638 — 1530

u{C ==35} 1270 — 1190

w(C—85)+

5 (CHz) 837 - 805

v(C=—20)

(keton:c) 1730 - 1720

Nickel(II) chelates were also investigated by Livingstone et al. ¢ who found that,
whereas the first strong band below 2000 cm™! in the free ligand occurs at 1670—1590

Coord Chem, Rev., 7{1971) 2958
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CH3 CH CH3 CHa
N e 3 Ne s o
=0 —_ = 5=
SN N el N =N
HiCs N:\ /CH HC\«‘\ /Nx\ /'CH
'\‘ . _—
&s” s==e ) 2z g s =
cﬁs CHy CH, CH,

Fig 3 Nickel{II) complexes with monothioacetylacetone and dithioacetylacetone

cm~! (¥ (C = 0)), the first strong band in the gpectra of the nickel chelate occurs shight-
tly lower, 1590 — 1540 ¢cm ™', In contrast to the free ligand assignments this band is
attributed to the C === C stretch. This was based on Nakamoto’s results on metal acetyi-
acstonates 2, However, the assignments by Nakamoto concerning the relative positions
of the C === 0 and C === C stretching vabrations 1n metal chelates have been shown to be
in error by 130 substitution in tris{acetylacetonato)chrominm(III} #3. In fact the highsr
frequenicy band being susceptible to *2O substitution confirms the earhier work on metal
acetylacetonates m assigning this band as a C === O stretch. This latter result 1s confimred
for thio-f-diketonates by the infrared spectra of the nickel chelates shown 1n Fig. 3{a) .1nd
b). In bis(dithuoace tylacetonato)mekel(II}, Fig. 3¢b), no frared absorption band, exclud-
ing C — H, appears above 1500 cm™! but the appearance of a strong band at 1550 cm ™!
1n {monothtoacetylacetonato) (dithicacetylacetonato} nickel(1l), Fig. 2{a), confirms the
assignment of the latter band as ¥(C = Q) %% _ Although quantitative calculations on
chelates of monothiof8-diketones have not been reported, some normal coordinate analyses
have been cartied out on a series of square planar chelates of divalent metais with dithio-
acetylacetone. These calculations !°**5 show that the C === § stretching frequency occurs
at 700 cm™!. By comparison the C === S stretching frequency in bis(monothioacetyl-
acetonato) nickel(II) 1s reassigned at 720 and 660 cmm™! In addition the Nt — S and

Ni — O stretching frequencies are also given. The revised assignmients for bis{monothio-
acetylacetone) mickel(Il) are m Table 6, A strong band at ~ 1260 ¢rn™! which s present
m all thiof-dikeionates is notably absent from these assignments. The reassignment of

the ¥{C — 8) m bis{monothicacetylacetonato) nickel(IT) makes Livingstone’s origmal
conclusion that the C === 8 vibration in thioacetylacetone and other compounds lhes in the
reglon of 1270 cm™! dubious.

The infrared spectra of other metal chelates with a vanety of thio-f-diketones have
been recorded with assignments followang those of Livingstone, Uhlemann and Thomas *¢
attnbuted the band at ~ 1540 cm™?! to the C === C stretching vibration of the chelate
ring and the band at ~ 1590 cm™! to (C == 0) in monothiodibenzaylmethane complexes
However, the band at ~ 1590 cm™! may be due to an in-plane skeletal vibration of the
phenyl rings and the 1540 cm~! band to the C === O vibration These suggestions are
consistent with the revised assignments on bis(monothioacetylzacetonato) nickel(II)

From a comparnson of the spectra of the ligands and their metal complexes it can be
seen that chelation causes a drop in frequency of the carbony! stretchung mode, Table 7.
In infrared studies with metal g-diketonates correlations have been drawn between the
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TABLE 6

Infrared assignments of bis(throacetylacetonato) nickel(IT}

Frequency Assignment
fem=1 )
1562 == 0 setch
14713 C === Csaetch
1415 CH, deformation
1370 CH, deformation
1360
1335 C —C swetch
13106 C — ¥ 1n plane bend
1292
1025 CH, rocking mode
210 C — H out of plane bed
T21 C — 8§ stretch
661 C — 8§ stretch
495 N1 — O atreteh
487
385 N1 — 8§ streteh

carbonyi stretching frequency, or the metal—oxygen stretching frequency, and the ther-
modynamic stability constants “*. No such correlations have yet been attempted with
thio-3-diketonates.

In contrast to the chelate compounds, the spectra of complexes of silver(l)
copper(1), cadmivm(II), and mercury(Il) are indicative of coordination to the metal
through sulphur only. These compounds show a strong carbonyl absorption above 16007 *
attributed to a non-coordmaied C === O group **:*¢ The spectra of thiodihenzoylmethane
complexes of silver, cadmiumn and mercury closely resemble that of S-methyl-1,3-diphenyl-
3-mercaptoprop-2-en-1-one **, I, which has a carbonyl absorption at 1640 cm™". These
observations indicate only weak bonding, if any, between the oxygen donot atom and
the metal

TABLE 7

Carbany! absorpion of monothioacetylacetane and 1ts metal chelates,

Compound == O frequency Ref
fem=*}

CH,CSCH,COCH, 1645 34

N1 (CH, CSCHCOCH, ), 1566 34

Ca {CH,CSCHCOCH, )}, 1580 34

[T1 (CH,CSCHCOCH ), 1 1525 29

Fe {Ck,CSCHCOCH, ), 1565 29

Coord. Chem. Rev, T (1971} 29-58



42 M. COX, I. DARKEN

Cehon =M \\c./CsHs

}

Q

n

4]

-~
CH,

I

Although copper forms only a copper(Il) chelate with thobenzoylmethane, copper(I}
complexes of other thio-f-diketones, for example, ethy! thioacetoacetate 3%, thicacetyl-
tnfluoroacetone '*, have been 1solated These compounds again exhibst a strong carbonyl
absorption above 1600 cm™! indicating non-coordinated C === 0. A comparnison of the
carbonyl vibrations in the siiver, mercury, and cadmium compounds is made in Table 8
To date no work on the Rarnan spectra of the ligands or their complexes has been

pubhshed.

TABLE 8

Infrared spectra of non-chelaied metal complexes of thiodibenzoylmethane

Compound C~== O frequency Ref
fem=1)

PhCSCH, COPh 1555 a4

PREC(SCH,} CHCOPh 1640 4

Ag(PhCSCHCOPh) 1615 34,46

Hg(FhCSCHCOPh), 1630, 1622 34,46

CA{PhCSCHCOPhR), 1605, 1595 34,46

Cu(PRCSCHCOPh), 1550* 34

* For compar:son, previcusly assigned asC —C.

(ii} Electronic spectra

Published work on the ultraviolet and visible spectra of metal complexes of thio-fi-
diketones has been largely centred on the nickel{(I1I} chelates, which have sinlar spectra to
other square planar nickel(11) complexes. Also, the conelusions reached on the bonding of
class B metals from the infrared spectra are supported by the electronic spectra of these
¢ompounds.

The elzctronic spectra of a large number of monothiof-diketones have been recorded
by Uhlemarin and Thomas 2! and Chaston and Livingstone *7_ High-intensity bands are
observed in two regions 290—400 nm and 350--460 nm which are associated with T n*
transitions of the ligand hydrogen-bonded chelate ring. The specirum of thiodibenzoyl-
methane 18 shown in Table O together with the assignments made by Chaston 97, Imtial
studies on thiodibenzoylmethane included the recording of absorption maxima of several
metal chelates as being in the range 410—415 nm *®. The assignment of ligand n~> *,
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TABLE 9

Electronic absorption specttum of thiobenzoylmethane

Chloroform solution Iooctane solution Assignmcnt
Wavelength £ Wavelength €

fnm) fmole™* I"*.em™*) fnm) fmole~t {**.em~*)

490 240 508 170

413 17,800 408 12,500 C==8
330 12,700 325 11,000 CcC==0
265 8,000 263 1,600

metal-ligand charge transfer and d—d transitions has been made for nickel(II) complexes
by Uhlemann and Thomas *!, Chaston et al. *7*?_ The posttion of the charge transfer
and m — n* transitions are, as expected, very much dependent npon the ring substituents
whereas the d—d bands are more constant. The assipnments of these bands are surmma-
rised 1n Table 10. The first m - #* transition 1 the nickel(II} chelates occurs at slightly

TABLE 10

Electronic spestra of nickel(I1) chelates of monothio-g-diketones

A € Assignntent

fam} fmole=*.I"' em~'}

680 — 630 < 100 d—-d

~ 500 < 100 d-d

570 — 400 < 5,000 d—Lox

480 — 380 < 7,000 Ad—Lox

500 — 300 < 10,000 L,—d

450 — 300 < 50,000 L o~ L.«

370 — 240 < 50,000 Ly —Lysotl, —-d

higher wavelength than in the free ligand consistent with chelation. From the positions
of the two d—d transitions in relation to these transitions in other nickels(i) chelates
with sulphur ligands the following spectrochemical order was constructed.
dtp < CH, OCH, ~ CgHs OC,Hg ~ CH, OC.:H: < C.H,S

<(.; ds C&Hs ~exan~CH3 CéHs ""“"quH) —tC;‘Hg <CH3 CH3 < dtc
R' — R* = R1CSCH, COR?, dtp = diethyl dithtophosphate, exan = ethyl xanthate and
dtc = diethyl dithiocarbamate.

Investigations of the electronic spectra of the class B metal complexes with thiodiben-

Coord. Chem, Rey., 7 (1971) 2958
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zoylmethane confirm bonding through sulphur cnly as indicated by infrared spectros-
copy 47, The lower wavelength of the m - * transition of the ligand in the siver(I) and
cadmuum{II} complexes compared to the free ligand and the zinc complex is indicative of
less delocalisation of the m-electron system, This concluston is consistent with bonding
through sulphur only In addition, the mercury(II) compound gave an electronic spectrum
closely resembling that of the S-methyl] derivative of thiodibenzoylmethane

{iit} Nuclear magr.efic resonance specitra

Little work has appeared conceming proton magnetic resonance data on metal
chelates of monothio-B-diketones These data together with the relevant resulis on the
free ligands are given 'n Table 11, Little variation can be seen in the chemical shifts on
chelation of the ligand. This 1s expected 1n the complexes studred to date, and is similar
to the results found in f-diketonates where no nng current can occur around the chelate
ring °°. Since the presence of a ring current in some S-diketonates of transition metals is
st1ll the subgect of much discussion, further studies on the proton magnetic resonance
spectra of monothio-§-diketonates of the earlier transition metals should prove fruitful.

The use of these spactra in the elucidation of the stereochemistry of complexes has
already been mentioned (section E) but because of several isomeric species, ansing from
the ligand asymmetry, 1n equiibria in solution the NMR spectra are often complex

TABLE 11

Proton magnetic resonance spectra of some -nonothio-g-diketone complexes

Compound Chemieal shuft in COCL, solution Ref
CH CH,CS CH,CO C,H,

C H,CSCH,COC H, 2.52 200,221 25
Znll complex 245 201,221 25
Colll complex 253 199,216 25
N1l compiex 254 204,233 25
CH,CSCH, COCH, 364 765 7.87 26
o complex 370 3 780 22
C H,CSCH,COCH, 329 7.78 26
Co¥! complex 342 765 40
) Magnetic z;uperties

The replacerment of an oxygen atom in a S-diketone by sulphur will obviously affect
the pliysical g roperties of the ligand and especially 1ts metal complexes introducing, as 1t
does, additior al steric and electronic factors The properties of the metal complex which
are most sens tive to these changes are the electronic spectra and magnetism Thus it has
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been shown above that the ligands can be grouped 1n the spectrochemscal series with
reiated sulphur donor ligands. Concerning the magnetic properties of the complexes, it
was observed that spin-pairing occurred more readily with these ligands than with the
corresponding B-diketones, for example nickel(II) 8. The factors which affect the magnetic
properties of complexes have been fully discussed elsewhere *3, and are beyond the scope
of this review, however, a brief discussion of those factors involved 1n spin-pairing 1s
worth consideration.

In a2 number of electronic configurations the ground state cannot 3¢ uniquely
defined as it is dependent upon the strength of the hgand field, the systemn changing from
a maxamurm value of the total spm quantum number to lower values as tne higand field
strength (A) increases QOctahedral configurations where this change of ¢ n state is pas-
sible are d*, 75, d® and d”. In these configurations spin-pairing occurs by the transfer of
one or two electrons from the higher e, orbitals to the lower 1,, orbitai.. The gain 1n
energy of the system resulting in this transfer of electron 1s, however, ¢ fset by the 1n-
creased Coulombic repulsion energy between tie electrons now in the 2, orbitals and
the loss of quantum mechanical exchange energy as a result of the spin-pairing process
This combination of Coulombic and exchange energy can be represented by m, the “mean
spin-pairing energy” of d electrons. These two energy terms A and 7 set the limits for
spin-pawring to occur, t e. A > 1, low spin, A <, lugh spin. Estimated values of 7 are
available for the first-row transttion metals based on Racah parameters for the free metal
ions 5%, However, as the interelectronic repulston 1n the metal ion 1s affected by higand
coordination (nephelauxetic effect) these free-ion values may be drastically reduced For
example, Fe3”, free 1on, 7= 30,000 cm™! [Fe(H,0)s] 3" 122,500 em™!,

[Fe(dtc); 13" # == 14,000 crr =% 55 Thus although the higand field strengih of water 1s
greater than that of diethyldithuocarbamate (dtc) the vartation in the magnitude of
allows the weaker ligand to cause spin pairing of the d electrons. In the case of the thio-
f-diketonates the sulphur atom, by its increased polansability and the participation of its
d otbitals in #-bonding with the metal, will reduce the value of 7 below that of the corres-
ponding B-diketonates and so enhance the possibility of spin-paired complexes

When the mean paming energy, 7, is of the same order as the ligand field parameter
A then the phenomenon of spin isomerism occurs. The magnetic properties of these sys-
temns show a substantial variation with temperature as the relative population of the high
and low-spin states vary. A full discussion of this topic 1n octahedral metal complexes has
been published *% and 1t was shown that 1n this “crossover” sttuation the mean patring
energy and the higand field parameter are related by

A (high spits < 1t << A (low spin)

It should also be noted that A is temperature dependent mcreasing as the temperature ts
reduced *¢. So as the temperature is decreased the equilibrium wull tend to shift towards
the low-spin state.

The complexes which have been most fully studied in this context are the ron{III)
dithrocarbamates *?, discovery of spin isomensm 1n the tns{thro-f-diketonate } wron(¥F)
chelates was made by Ho and Livingstone 3% and some of their results are shown in Fig 4
This work has been extended by Cox et al. 5% and their results agree closely with those of

Coord, Chem. Rev., 7(1971) 29-58
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Fig 4. Magnetic moments of wron{ilI} monothio-5-diketonates from Ho and Livingstone *%.a,
Fe(C,H,CSCHCOOC, H,},: b, Fe(C,H,SCSCHCOCF,};; ¢, Fe(C,H,CSCHCOC, Hy ), d,
Fe{C ,H,CSCHCOCF,},.

Ho, (Fig. 5 and Table 12) Several interesting vanations mn the properties of individual
complexes are noteworthy. Fistly, the ethyl thiobenzoylacetate complex 1s totally high-
spin and cbeys the Curre—Weiss law. Secondly, tris(monothicacetylacetonato) iron(11I)
shows a remarkably rapid change of spin state at ~ 140°K. This probably indicates the

1 i 1
100 200 300

Temparature (°K}
Fig. 5. Magnetic moments of wron(I11l) monothio-g-diketonates, Cox etal %, ¢,
Fe{C H,CRCHCOLC H,),. e, Fe(C ,H, CSCHCOCH,},; f, Fe(CH,CSCHCOCH, },; g.
Fe(CH,CSCHCOC, H, ), .
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TABLE 12

Magnetic data of iron{I’l} complexes Fe(R!' CSCHCOR?},

RI=R*=Ph R'=CH,,R*=Ph R'=Ph, R*=CH, R'=R*=CH,
T{°K) (BM) T (°K} (BM) T (°K) (BM) T °K) (BM)
300.1 5.50 300 4 435 300 5 5715 301.0 566
265.3 528 2654 . 403 265.4 568 265 5 566
229.5 4.88 229.7 31.69 2294 563 230.8 568
1934 4.35 193.8 316 193.0 5.60 194.0 560
157.4 364 157,2 259 157.0 5.38 157.5 558
1195 3.04 119.6 2.34 1188 5.17 1193 265
98 0 284 98 2 226 975 502 98 7 2.53
89.6 2.86 89.3 224 870 495 912 266

presence of a phase change although no independent evidence of thus has yet been ab-
tained. Thurdly, the chelates of the 1someric thio{benzoylacetonates) show complementary
behavicur. As m the case of the dithiocarbamates the terrminal alkyl groups slightly affect
the ligand field strength and thus the proportion of the spin-paired isomer, at equilibruin.
Ho and Livingstorne *® have supgested that electron-withdrawing groups in the terminal
positions of the Irgand increase the tendency towards spin-pairing.

TABLE 13
Mossbauer parameters for wwon(IIT) complexes Fe(R' CSCHCOR?),
Compound J00°K 80°K
High spm Zow spin High spin Low spin
ae? s7 AFE & aE & aAE 5
(mmjsec} fmmjsec) (mmjsec} (mm/fsec) (inmjsecy fmmfseci (mm/fsec) frm/sec)
R* =R*=Ph 0.61 065 093 0635 190 060
R!=R3=CH, 021 0173 1.93 064
R'=Ph, R*=CH, * 0 a0 Q85 168 0 58
R'=CH,,R*=Ph 0.56 060 1.47 057 1.91 061

T AF is the quadrupole splitting, & is the chemnieal isomene shift relative to disodium pentamtrosyl-
ferrate(II).
* Room-temperature specttum too weak (o measure,

The magnetic studies of Cox et al. * have been accompanied by an investigation of
the Mossbauer spectra of these compounds (Tabie {3, Fig. 6). For the first tune, individual
spin isomers have been observed for iton(IIf) at a single temperature. This indicates that

the relaxation time required to change from one spin state to the other is long compared to
the effective quadrupole period. This long relaxation period also allows the identification of

Coord. Chemt Rev., 7 (1971) 2958
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Fig 6. Mdssbauer spectra of trs{thiodibenzoylmethanato} wron(HI}

both spin states in the ESR spectrum 81, For the ron(HI) complexes shown in Table 13,
two distinct resonances were observed at g == 4 and g = 2, which could be associated with
the high-spin and low-spin states. Dafferent intensity—temperature relationships of

these two signals implies that two different species are involved, and the assignment of
the g = 2 signal to the low-spin form 1s supported by resclution of 3-fold anisotropy ex-
pected for an § = ¥ system The line at g = 4 is known to occur 1n high-spin complexes
(5= 5/2) of certain stereochemistry, one of which 1s the pseudo-octahedral rmer-MA 3B,
(Csv) 2 Thus tha ESR spectra strongly support the magnetic and Mossbauer evidence
for spm 1somensm in these won(IIl) thio-f-diketonates.

The magnetic properties of other metal chelates have to date been restricted to single
moment determmnations 33, However, it 1s interesting to note that the only reported com-
plex of manganese(I1), Mn(C4; Hs CSCHCQOC ¢ Hs )z py2, 15 high-spin (6.09 B.M ), and
tns(throdipvaloylmethanato)manganese(EII) 1s also reported as high-spin 4.

G STABILITY AND BONDING PREFERENCES
The a2c1d dissociation constants of many of the thio-f-diketones have been deter-
mned 21-30732,63,64 Thagse chow that the thio-g-diketones are stronger acids than the

parent g-diketones, Table 14

TABLE 14

pKp, Valnes for some thio-g-diketones

Compound Thic-p-diketone Paren-g-dikerone

{tn 75% aqueous droxan} fin 75% aqueous droxan}
C,H;C8CH,COC H, 11.40%, 11 14%,938% 13.75*¢ 10 9072
CH,CSCH,COCH, 10 20%°, 10 26* 12.759¢
C,H,CSCH, COCH, 10 45™ 12 85%°
C,H,COCH,CSCH, 10 40%, 10 43* 12.85%¢

Gthers 21
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The stepwise and overall stoichiometric stabdity constants of several bivalent metal
chelates with these ligands have been determined potenfiometrically 207 3%:63:94 The
results show that although thicf-diketones are stronger acids than analogous g-diketones,
some metals, particularly the late transition and class B metals form more stable complexes
with the thioderivatives. Thus for magnesium(I¥), beryllium(Il), manganese{IH}, copper(Il)
and the lanthanons 37 the §-diketone chelate is more stable than the thio-analogue. The
position Is reversed for the chelates of nickel(il), cadmmm(Il), zinc(II) and lead(l}. It
has been supgested 32 that this arises from 7-bonding between d orbitals of transiticn
metal 10ns and the vacant d orbitals on the sulphur atom. The order of stability of the
metal chelates of thiof-diketones is found to be Cu >Nt >> Zn > Pb > Cd and Cu > Ni
> Zn > Co. This is the same order as found for g-diketonates.

Magnetic studies of the iron chelates have shown thzt substituent groups wn the
chelate ring affect the ligand field strength, 1.e. the charge Jensity on the oxygen and
sulphur donor atoms. The effects of substituent groups are also reflected to some extent
in the preference for the formation of copper(l), class B, or copper(Il), class A, complexes.
Ligands containing the CF,—~COQ grouping easily form copper(I) denvatives whilst other
hgands prefer copper(Il) 4. However, 1t does not seem possible, at present, to make any
generalisations on the effects of the substituents.

The spectroscopic studies of the complexes of copper(l}, silver(f), cadmium(II}, and
mercury(Il) indicate that the ligand 1s bonded through only the sulfur atom. This may
involve the sulphur atoms bonding to more than one metal atom and the compounds
may exist as polymers. Certainly many of their physical properties are consistent with a
polymeric formulation Thus type of behaviour 1s expected for these strong class B accep-
tors. Other examples of bonding through suiphur only are found 1n the adducts of aro.aa-
tic bases and phosphines with some metal chelates (M = Nall, pdll_ psll| ZpHy 39,

H. REACTIONS OF THIO-8-DIKETONE CHELATES

Metal acetylacetonates are known to undergo a wide range of chemical reactions.
These include further addition of ligands %, exchange of -diketone res:dues from one
metal to another %, and electrophilic substitution in the chelate ring *? . Thio-fdiketones
also undergo reactions of these types

(i} Adduct formation

Livingstone and ¢o-workers have made extensive studies of the reactions of aromatic
bases and phosphrnes wath chelates of nickel(II} and other metals. They found that reac-
tion of pynidine with diamagnetic nickel chelates gave paramagnetic adducts such as bis-
(ethyl thioacetoacetato) bispyridinenickel(ll), p.p =3 0 B M. S Ths work was later ex-
tended to mclude other aromatic bases for example y-picoline, 1,10-phenanthroline, 2,2
dipyridyl and 2,2',2"-terpynidyl #®. Whereas the pyridine and picoline adducts easily lost
base on exposure to air and decomposed on heating, the adducts of the chelating bases
were quite stable. The struciure proposed for the pyrdine adduct was

Coord. Chem. Rev., 7 (1971) 2958
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The adducts of the bidentate or tndentate aromatie bases pose more ¢complicated questions
conceming their structure. Adducts of dipyridyl and phenanthroline may have one of the

following configurations, but for 2-methyl-1,1G-phenanthroline there 1s considerable
steric hindrance in these structures

( ~ | " ( ~ |/“ ( \1/
cis 00,0 55 crs OO, trans 55 trans O, cis 55

Adducts of terpyridyl could also have one of these structures wath one nitrogen un-
coordinated, providing one of the rings 15 no longer coplanar with the others. The loss of
resonance energy that restlts from this would make 1t very unlikely to occur The other
alternatives 1nvolve seven-coordinate nickel or one of the thio-f-diketone residues becom-
ing monaodentate. This 1s certamnty indrcated 1n bis{methylthioacetoacetato)terpyndyl-
nickel(I) which has a strong infrared absorption band attributed to uncoordinated
C === 0 at 1700 cm™! . In this case one ligand is bonded via sulphur only. However, in the
spectrum of the apparentily analogous compound bis{thioacetylacetonato)terpyridylnickel
(II) no such band s observed. This investigation has been extended to cover adducts of
nickel, palladium, platinum, zinc, cadmum, mercury and lead complexes with thio-fi-
diketones containing CF, CO— 2° In contrast to the adducts formed with non-fluort-
nated thiofi-diketonato—nickel complexes and monodentate bases, these new adducts
were stable up to their melting poircts, This extra stability 1s attributed to the electron-
withdrawing power of the tnfluoromethyl group

The presence of strong infrared bands above 1600 em™* in the spectra of bis(tri-
fluoroacetylthioacetonato)terpyridylnickel(IT} and bis(thiothenoyltrifinoroacetonatao)ter-
pyridylnickel(i1l) apain indicates bonding of one of the thiof-diketone residues through
sulphur only. Similar infrared bands are displayed by other adducts includmg ML, (PPhy),,
ML, (dipy), ML, (phen) where L = C4Hg CSCHCQOCF;, CH3CSCHCOCF,, or
C4;H33CSCHCOCF,, and M =Pt, Pd, and ML, (terpy), L = C,H;SCSCHCQOCF 3, M = Hg,
Zn. Afthough the infrared spectra indicate that in all of these chelates the metal—o .ygen
vond is very eastly droken the structure of the adducts is not revealed.

{ii) Lability of the metal chelates
Many metal §-diketonates react with metal halides undergoing an exchange process

where the -diketone residue moves from one metal atom to another. An example of thus
is the reaction of tris(acetylacetonato)iron(III} with titanium tetrachloride %4
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TiCl, + Fe(CH; COCHCOCH;); — [Ti(CH; COCHCOCH,)3] [FeCls

Thio-B-diketonates undergo exactly analogous reactions 2% .

Here it is perhaps relevant to discuss the possibulities of thiofi-diketones replacing
B-diketones or vice versa in metal chelates Chaston et al. *® have observed that acetyl-
acetone will not replace thioacetylacetone from square planar bis(thioacetylacetonato}-
nickel(21} but after addition of pyridine to give the octahedral complex replacement does
occur. The authors conclude that fourcoordinate nickel(11} has more B character than the
six-coordmnate species The reverse reaction of thioacetylacetone replacing acetylaceione

1s observed for managanese(Iil) and won(IfI} ?°. EeN
Ty
Mn(CH, COCHCOCH, }5 + 3 CeHs CSCH, COCs Hs ——— Mn(Co Hs CSCHCOCHg ), +

H,0
+ CH3;COCHCOCH, (Salt with Et;N)
H,0
Fe(CH; COCHCOCHS, ) +3 Na(Cg Hs CSCHCOC Hg )———> Fe(CgHs CSCHCOC, Hs ) +
+ Na(CH, COCHCOCH )

Though manganese(IIl) and iron(III) are both class A ions the thic-g-diketone replaces the
g-diketone. The reaction path, however, may be determined by the extreme insolubility of
the tric{throdibenzoylmethanato) metal products in water. The resulting crude manganese
(HI) complex cannot be recrystallised smce solutions decompose rapidly to the disulphude.
It seems probable, therefore, that the oxidation of the thio--diketones by metal ions in-
volves chelation. This exchange reaction may prove a useful method of prepanng thio-i-
diketonates -

{iii) Reaction of the chelate ring

Metal acetylacetonates und.rgo electrophilic substitution reactions whuch suggest
that the chelate nng has some aromatic character 7,

CHs Chy
< \C—O
o ——— o —
H—cl \M + M—7 —---X—C/l \M + H-——v
Ngmmmy” Ny
e
CHy CHy

where X =1, Br, Cl, SCN, NO,, CHO, etc , Y =R, H, etc. and M = Ctll | Colll ] Rh™E, Bell|
Cull, AIME Analogous reactions have now been reported for some thio-ff-diketonatas of
cobalt(IIT) 2, N-Bromosuccinimide has been used to bromnate tris(thioacetylacetonato)-
cobalt(11T) and tris(thiobenzoylacetylacetonato)cobalt(IIl) to gve the tribromo denvatives.

1. APPLICATIONS OF METAL CHELATES

Compared with the g-diketonates, few applications of the monothio-#-diketonates
have been published. The major field of application will probably be, like the oxygen
compcunds, in analytical chermistry where their properties of intense ¢ lour and solubility
in nonpolar solvents can be used to advantage. As mentioned earlier, significant differences
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between the physical propertizs of complexes of the sulphur and oxygen ligands will
ensure that for some purpose, the sulphur Yigands will be preferred For example, it has
been suggested that thiothenoyltrifluoracetone could be used as a colorimetric reagent for
lead, zire, and cadmium with which it forms coloured chelates, whereas the §-diketonates
of these elements are colourless '® Very little has been published on the quantitatve as-
pects of the use of these ligands, i e stability of colour, possible interferences, Beers law
dependence, but the techmque has been used for the quantitative estimation of cobalt %%,

The solubility of the metal chelates in nonpolar solvents together with the low
solubility of the ligands 1n aqueous solution allows the extraction of metal 1ons from an
aqueous to an organic phase The use of §-diketones 1n solvent extraction is a well-known
analyt-cal technique 2, Uhlemann and Mueller 5872892t have studied the extraction of
a few metals with thio-3-diketones and have shown that copper(Il), nickel{II) and cobalt
(I1) can easily be extracted into n-heptane or carbon tetrachloride from solutions of higher
actdity than with the corresponding f-diketone (Table 15)

TABLE 15

pH of 50% extraction of metals from aqueous solution

Compound pK Copper Cobalt  Nwickel  Lead Zme Ref
C,H,SC5CH,COCF, 4.10 05 37 91 45 4.7 g1
C,H,SCOCH,COCF, 623 40 3.8 32 69
C,H,CSCH,OC,H, 630 06 60 57 68
C,H,COCH,COC,H, 3.35 29 6.6 64 69
1s0-C,H,CSCH,COCH, 756 05 55 50 68

However, during the extraction of cobalt(II} oxidation occurs to cobalt(III). At
present difficnlties arisitng from oxidation of the higands Ismit the use of these reagents for
solvent extraction.

Gas chromatography is a branch of analytical chemistry for which §-diketones have
been tested over a number of years with only a limited success. The abihty to separate
metallic elements by means of gas chromatographic techniques is obviously of great im-
portance in analysis and for many years vanous -diketones have been tried. The main
problem is that the metal complexes tend to decompose on the column and quantitative
recovery is not achieved. To reduce this decomposition, complexes of flnorinated -
diketones having a lower volatilisation temperature have been used 7. A preliminary
commumcation has indicated that thio{i-diketones may be supenor to the oxygen anal-
ogues for this technique 72. Using thicacetylacetone complexes of cobalt(Il), nickel(H)
and palladium(II) symmetrical peak shapes were observed on the chromatographic trace.
Thas indicates Little decompoasition and thus provides a good prospect for quantitative
analysis. It 15 interesting that the elements chosen are ones which have not heen success-
fully chromatographed using f-diketoaes and the column temperature of 240°C shows
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that, under these conditions, the complexes are thermally stable. Similar thermal stability
has been found with chelates of thiothenoyltrifluoroacetone with thes= elements 18,

From these few published examples it can be seen that these ligands wnll provide a
useful addition to the range of reagents available to the analytical chernisi, supplementing
the already wide use of g-diketones in this field.

J. DITHIO-8-DIKETONES

Monomeric dith1o-{-diketories are unknown; atiempts to prepare them by the reac-
tron of hydrogen sulphide with a f-diketone in hydrogen chloride saturated alcohol results
in the formation of dimers of which the dithioacetylacetone dimer is an example, Fig. 1.
The isolation of this type of product shows that subshitution of both oxygen atoms of the
B-diketone is possibie and that the monomeric dithio-g-diketones may be formed imtially
1n sojution

By reacting hydrogen sulphude with acetylacetone in the usual rpanner and in the
presence of a metal chloride, Martin and Stewart ? successfully prepared dithioacetyl-
acetonates of cobalt(ll), meckel(I[}, palladum(II) and platinum(TF)

4 H,S + 2 CH3COCH, COCH; + M?* HQ , M(CH,CSCHCSCH,), + 2 H' +

EtOH
+4 H,0

The tris dithioacetylacatone complexes of won(III), ruthemum(tI) and osmium(III) have
also been prepared by a similar method ®%. These compounds are, like the monothio der:-
vatives, deeply coloured and readiy soluble in organic solvents. The mckel{II} compound

is diamagnetic and the cobalt(H) compound is also low-spin, g, = 2.3 BM. An X-ray
structural analysis of these two chelates has shown they are isostructural 7 and a detailed
structure of the cobalt{ll) complex is shown in Fig. 7 . Mixed chelates of the mono- and
dithioacetylacetone ligands have also been prepared, for example (monothioacetylacetonato)-
(dithioacetylacetonato)nickel(I1)**. Apphcation of the above reaction to rhodium(Iil)

and induum(II) compounds gives the crimson tns(dithioace tylacetonates) ™. The tris-
chelate of cobalt(Ill) is readuly prepared by the reaction of tris(dithioacetylacetonato)
cobalt{ll) with acetylacetone and hydrogen sulphide in the presence of air. A mixed ligand
intermediate, (monothioacetylacetonato)bis(drthioacetylacetcnato)cobalt(III) was also
prepared ™ The isolation of this complex and the mixed nickel(II) chelate indicates that
replacement of the second oxygen atom takes place by reaction of a monothioacetylacetone—

CHx CH3
na5 \Ey
"6(CY—s s ¢
~wms \ 2 NG
HC hass ?2{Co CH
C—5 33\5 _c/
c{a CH,

Fig. 7. X-1ay structure of bis{dithioacetylacetonatolcobalt(I}

Coord. Chem. Rev., 7 (1971) 2958
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metal chelate with hydrogen sulphide and that the monomeric dithicaceiylacetone is not
formed 1n solution *?. A very recent publication #7 of the X-ray structure of tris{dithio-
acetylacetonatoyron(I!I) has indicated a distorted octahedral arrangement of the six sul-
phur atoms round the iron, the authors also confirmed an earlier report 7* that the com-
pound 1s low-spin The low value of the magnetic moment at roem temperature o

=2 00 BM together with the ESR and Mosstauer spectra suggests that the site symmetry
is lower than octahedral although the Fe — & bend lengths are similar. In addition to the
complexes of dithioacetylacetone, mckel(II} and cobalt(II) chelates of other ligands such
as dithiobenzoylacetone, dithrodibenzoylmethane and dithio-1,1,1-tnfluoroacetylacetone
have bzen prepared 7. Dithioderivatives of the metal chelates of 1,1,1,5,5,5-hexafluoro-
acetylacetone and ethylacetoacetate were not obtained. However, the nickel(1I) complex
of methyldithioacetoacetate can be prepared by the autocondensation of methyl thiono-
acetate, CH3CS(OCHj;) 1n the presence of sodamide.

NaNH,
2 CH;CS(OCH;) — > (CH, CSCHCSCH,) Na + NH; + CH, OH

4 N2
Ni(CH3 CSCHCSCH 3 )4

Two independeni normal coordinate analyses of the vibrations of the divalent chelates
of dithioacetylacetone have been carried out '®*** The results obtained are substantially
in agreement. in both cases the C == § stretching frequencies are calculated as being close
to 700 cm™! and the M — S stretching f equencies are around 380 ¢~ It has been
concluded that the M — S bonds are weaker than those i other sulphur chelates *s

In addition to the simple chelates, the reaction of hydrogen sulphide with acetyl-
acetone 1n the presence of a hydrogen halide and metal tons gives another class of com-
pound with the empincal formula M(CsH7S,)CL, (M = Fell 75, MnI, Hgl! %) Analogous
bromo compounds have also been prepared for M = MnII, Fell, Coll, Cull, ZnI! and C4" 72,
These compounds have contrasting physical properties to the bis{dithicacetylacetonato)-
metal chelates. They are high-spin and relatively msoluble in organic solvents The violet
iron--chlonine compound, Fe(Cs H; 83 )Cl, dissolves readily in water, the resulting solu-
tion containing ferrous 1ons, chioride ions, and 3,5-dimethyldithiolium ions.

X-ray structural analyses 293! have shown that the won compound is di(3,5-dimethyldi-
thiolium) tetrachloroferrate(Il), [Cs H7S: 1, [FeCla1?~. The manganese(I) zinc(Il), and
cobalt(IT) compounds are isomorphous with this structure 2. The § - - - Cl distances 1n
the ron complex are shorter than the sum of the Van der Waals radn of these two atoms
This is consistent with the observed charge transfer transition from the tetrachloroferrate
anion to the dithichum cation at 20,000 cm™!, which gives nse to the deep violet colour
of the compound 33, Further confirmation of the structure comes from the Mossbauer
spectrum which is typical of the tetrachloroferrate(![) anion **
Compounds of this second type can also be prepared from the simple dithuochelates,
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for example, halogenation of a dithioacetylacetone chelate produces a dithiolium salt #2:%4,

cCl
Co(CHs CSCHCSCH3), + 2 Bra ——> (CsH3S2); CoBry
Ni(CH,CSCHCSCH,), + 2 Cty —> (CsH,8,)2NiCl,

Bromination of a bis(dithioacetylacetone) chelate may give compounds with six bromine
atoms per metal 84,
Ni(CHg CSCHCSCH3 )2 +3 Bfg — NI(Cs Hq S'z)z Brs

The structure of this type of complex 1s not known.
As expected, these salts can be prepared from the metal halide and a dithichum

salt E3,A%
H Ph
‘\Q“'C/
+ 1] MCt,
5 2

Y

— HCI
oy + MO, ——=

-
-

Fh, ?‘T\\c/ph Ph\“‘c
Lt {
s

~

where M = Coll, Cull, ¢qll.

a

-G - cone HC -
o+ \| [ale) + mcl, =20 MIC_HL 81 CE,

where M = Znl, MnT, Cull | These salts can be converted to the simple dithro8-diketone
chelates by reduction with sadium borohydride 34-3%

It is interesting at this stage to compare the chelates of dithio3-diketones wath thase
of dithro-w-diketones. The latter ligands may be regarded as coordinating erther as dithio-
a-diketones (a} or as 1,2-dithioethylene diantons (b). The chemistry of these metal com-

R’ R R! R
N 7 h—d
7N VAN

S =} S
(e} (0}

plexes has been recently reviewed elsewhere 27?8 and only the broad outlines will be m-

cluded here.

Both four- and six-coordinated neutral complexes of divalent 2 and trivalent metals
respectively have been prepared. The former are square planar whéreas the six-coordinate
species favour a trigonal prismatic coordination rather than an octahedral structure The
non-bonded S - - - § distances are canstant for a series of metals #¢ and 1t has been sug-
gested that these non-bonded interactions heln to stabilise the prismatic structure

The most interesting property of all these chelates is the ready participation 1n elec-
tron transfer reactions to gve ronic species 3795,

S

R x=2 Z=0,1,2
s—c x=3 Z=0,1,2,3
i N M =Ny, Co, Pd, etc.
\ R’, R =Ph, CHs, CF,, CN

R,

Coord. Chem Revy, 7(1571) 29-5R
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These reactions normally occur without change of geometry and allow the study of
similar complexes 1n a series of formal oxidation states although, Like the 2 2"-dipyndyt
complexes, traditional concepts of oxidation state are difficult to apply in these cases.
Thus it 1s constdered ®® i the case of maleonitrile dithiol (R’ == R == CN) that in the
dianionic complex [Ni(S, C,(CN),), ]2~ the ligands approach the dithiolate structure
(b).

Although chelates of dithiof-dil.etones have not been reduced to 1onic species they
are readily oxidised to compounds containing dithiolium cations These dithiollum com-
plexes and the neutral chelates, although they have different structures, are readily inter-
corvertible v1a redox processes, This phenomenon of ligand reduction 13 a property of the
n-system of the chelate ring as 1t occurs wath donor atoms other than sulphur %8, Thus, it
may be possible to oxidise chelates of monothio-g-diketone n this manner.

It 1s ;nteresting to note that the only tris(dithio-8-diketone} complex structure re-
corded so far Fe(SacSac); has a distorted octahedral configuration, perhaps the non-
bonded § - - - S interactions piay a part in determunng its structure?

K. SELENO-8-DIKETONES

Metal chelates of diselenoacetylacetone have been synthesised by the reaction of
hydrogen selenide with acetylacetone in the presence of metal 1ons Bis(diselenoacetyl-
acetonato) mickel(Il) is a diamagnetic, red crystalline solid ®. The infrared spectrum 1s
completely consistent with 2 structure analogous to that of bis(dithucacetylacetonato)
nuckel(ID) *°.

Compounds containing the 3,5-dimethyldiselenolmn ron are also known. Attempts
to prepare bis(diselenoacetylacetonato)cobalt(II) have so far resulted in the formation of
the diselenolum salt, (CsH,Se; )2 CoCly. The electronic absorption spectrum and the
magnetic moment of 4,6 BM provide evidence for the tetrachlorocobaltate(II) jon ®.
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