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A. INTRODUCTION 

@-Dlketones have been used as chelatmg agents for many years and compounds of 
these hgandc Ah nearly all the metals cind metalloids are known l-‘. Replacement of 
the acllc proton from the enol form by a metal catlon wdl produce a six-membered 
chelate ring with the two donor oxygen atoms. 

Coord. Chem. Rev., 7 (1971) 29-58 
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This Pdrfunctronal system provrdes an opportunity for comparison of relative donor pro- 
perties of atoms m that oxygen can be replaced by other atoms grvmg metal complexes 
where the donors are, for example, nitrogen, sulphur, and selemum. In certam cases com- 
plexes can be prepared although the free monomenc hgand is unknown 79. 

RL 

x=0, Y=NR &ketoamme’ 
x=0, Y=S monothro$drketone6 ’ 
x=s, Y=S dithio_Pdrketone5 
x=0, Y-Se monoseleno_P-drketbne 
x=se, Y=Se diseleno_P-drketone* 
x=s, Y=NR &3rmnothroneg 

The metal complexes using the hgands with oxygen-sulphur and sulphur-sulphur donor 
atoms wrll be considered in thrs review and compared with complexes derived from the 
parent 8-drketone. 

B. LIGAN,D SYNTHESIS 

The reaction between hydrogen sulphide and acetylacetone in alcoholic solution in 
the presence of hydrogen chloride as catalyst was first studied m 1906 lo _ The product, 
isolated as a colourless sohd, was the dithroacetylacetone duner (Fig. 1). 

By the reaction of ethyl acetoacetate with hydrogen sulphide, Mitra ’ r successfully 
prepared ethyl thioacetoacetate. 

HCl/C, Hs OH 
CHs COCHs CO& Hs + Hz S 

#C 
t CHaCSCH2C02C2Hs 

Pk. 1. Structure of the Qthioacetylacetone dimer. 
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This compound had been previously prepared, m poor yreld, by treatmg ethyl chloro- 
crotonate with potassium hydrosulphide ’ * _ 

CHa C (Cl): CHCOs C2 H5 + KSH -+ CHa C (SH): CHCOz C2 Hs 

The related reaction of ethyl benzoylacetate wrth hydrogen sulphide grves ethyl Theo- 
benzoylacetate . I3 Monothioacetylacetone was first obtamed by the basecatalysed reac- 
tron of acetylacetone wrth hydrogen sulphrde 14, and more recently the acidcatalysed 

reactrons of these two reagents has been extensively used by Lrvicgstone and co-workers 
to give a variety of substituted monotlno-fl-drketones 6715716. 

The major obstacle m the preparation of thro+diketones by the treatment of 
@drketon=s wrth hydrogen sulphide IS the prevention of the formatron of byproducts 
similar to the drthroacetylacetone dimer shown above. These are readrly fomred from the 
thio@iiketones in solution and to limit the replacement of both oxygen atoms by sulphur 
and the consequent drrnerisation, drlute solutions of the drketone must be used. In addr- 
tron, the concentratron of hydrogen chloride m the solutron needed to provrde reasonable 
conversion to the thio derivative depends upon the enol conczntratron of the p-drketone 
(Table 1) 6. 

TABLE 1 

Concentrahon of hy&ogen chlorrde required to convert the p&ketone to the monothro denvative in 
the presence of hhrdrogen sulphxde 

Compound Enol form m alcohol* 
% 

Concentratzon uf hydrogen chloride 
requued at -IO0 

CH,COCH,C0,C2H, 13 

C, H, COCH, CO,C, H, 27 

CH,COCH,COCH, 84 

C,H,COCH,COCH, 94 

C, H, COCH, COC, H, 90-100 

C, H, SCOCH,COCF, 100 

Very tiute 

Very dilute 

Dilute 

Concentrated 

Conce.ltrated 

Supersaturated 

* These values are based on Meyer’s origmal determinationsI 

The observation that the larger enol concentration requires a higher acid concentration 
suggests that the hydrogen sulplnde IS reacting with the drketo tautomer. 

The order of preference m asymmetric &drketones for the site of attack by hydrogen 
sulphrde appears to be6 

CH3 > C6HS > O&H5 and C4H3S> CF3 

This order of groups adJacent to the attacked carbonyl could indrcate that the reaction is 
not nucleophilic otherwise the site adjacent to the CFa group would be preferred In such 
a highly acidic solutron the reactive species could be the HaS’ ion la. The other suggested 
mechanism mvolves protonation of the Pdrketone lg. 

Coord. Chem. Rev., 7 (1971) 2948 
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,Ste preference in this case would be determmed by whrch carbonyl group is protonated. 
Thrs would be the one furthest away from the most electron-withdrawing group, giving 
nse to the order found above 

In all cases mvestigated of the reaction wrth asymmetrrcal fi-drketones, R’COCH2COR 
only one oi the possible isomers IS obtamed To distinguish which isomers were formed 
mass spectrometry was used 6 _ Thrs hmrtation on the formation of rsomers is an obvious 
hsadvantage of this method of preparation. In addrtion, although the yields are generally 
good, because the reactant solution must be drlute a practical hmrtation 1s imposed 

A second method of preparation involves the Clarsen condensatron of throne- or 
drthroesters wrth ketones of the general formula CHa COR 2o-22. 

Na NH2 
R’CSOC2 Hs + CHaCOR - 

Et2 0 
R’CSCH2 COR + C2 Hs OH (Na salts) 

R’CSSC2 Hs + CHs COR 
Na NH2 
Et R’CSCH2 COR + Cs Hs SH (Na salts) 

2 

The better starting materials, thiono-esters, can be easily synthesised from rutnles 

Et2 0 
R’CN + C2 Hs OH + HCl - R’C (OCa Hs)- NH.HCl 

HzS 
- R’CSOC2 Hs 
PY 

Tlus method enables any specific tluo$diketone to be prepared. The hgands are yellow 
or orange liquids and solids most of whrch have an unpleasant odour Table 2 contains a 
hst of thro_Pdrketones prepared to date. 

TABLE 2 

MonothioQ&ketones, R’CSCH,COR*, prepared to date 

R’ R2 M&w PC, Ref 

(J-h 

CH, 

CH, 

CH, 
CH, 

CH, 

CH, 

XH3 
O&H, 

CH, 

CF, 
C, H, 

tc, H, 

Not pursed 49 

7%SO/12 mm 11 
75-80/g mm 6 

SO-55/10 mm (61 6, 14,21,22 

SO/20 mm 15 

25-26 (21), 28 (6) 6,21,22 

90-92/ 15 mm 21 

44-45 21 

97-98 21 

=f,H, 102/O 7 mm 6,13 
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TABLE 2 (continued) 
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R’ R’ M_p.lb.p. PC) Ref. 

C,Hs 

C,H, 
C,H, 

‘A H, 

W-C, H, 

zso-C, H, 

P-C&C, H, 

I-J-CH, OC, H, 

PBS, H., 

0- 
S 

a S 

o- 
S 

o- 

c&l 

@a- 

CH3 C 

II 
S 

CH, .C 
II 
S 

CH, C 

II 
s 

CH, .C 

: 

3 
C, H, 
CF, 

m- 
CH, 

tG H, 

CH, 

aa- 
CF, 

CF, 

CF, 

CH, 

CF, 

OJ- S 

CF, 

CH, 86 -87 

C,H, 114-11s 

57 
0 

-i> 
0 

61-62 21,22 

82 (20) 6,20,22,48 

95/S mm 39 

108-109 21 

87--89/U mm 77 

so-60/8 mm 6,77 
71-73/O-7 mm 77 

79-80/U mm 21 

34-36 21 

Decomposed 16 

Decomposed 16 

110/2 mm 16 

75-76 21 

74 6 

86-86.5 21 

102,‘l mm 16 

80-8310 5 mm 

21 

21 

77 

21 

77 

21 

90-92/O 1 mm 

110-l 12/O 8 mm 

69 

The nomenclature of these compounds can be based either on a systematic methti 
or by using a prefer on the trivial name of the parent /3-diketone. Because of the extensive 
use of tnvial names for common &dketones the latter system has already been used 

Go& Chem. Rev.. 7 (1971) 29-58 
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widely The systematrc nomenclature IS made more difficult by the possrble existence of 
three tautomenc forms The problems whrch arise m grvmg trivial names to unsymmetrical 
thio-@lrketones can be overcome by placmg the prefm thro before the relevant part of 
the name. Thus C6H5 CSCHa COCHs becomes thiobemoylacetone and Ck Hs COCHa CSCHs 
benzoylthioacetone In thus revrew the trrvral names wrll be used as far as possrble 

C STRUCTURE OF THE LIGANDS 

Lrke therr oxygen analogues, mono-tluo$-drketones almost certamly exrst m tauto- 
merrc forms, the imost probable structures bemg 

“\,//CQR R\c,=H+c/R R 

I II II I 
\/‘P/ R' 

=YH_ -0 5. lHOO 
1: II 
S 0 

as thzoenol 0s en01 C/S thloxo 

As well as these tautomers, several zr~ns forms are also possrble, for example 

Ferraro et al 23, usmg dipole moment measurements, concluded that m ethyl throaceto- 
acetate the preferred orientatron of the tautomers 1s frans. They suggest that the presence 
of the sulphur atom leads to considerable steric hindrance in the cis forms 

The remaming studres have centered on the distribution between the keto and enol 
forms and m tlus respect the conclusrons reached by varrous workers are rather confusmg 
Most of the results have Involved the interpretatron of either NMR or infrared spectra of 
the compounds although some earlier data were obtamed using a trtrunetnc procedure for 
the estlmatron of the thloenol content 13***_ 

The NMR spectra indrcate a predominance of the encl form, there bemg no evidence 
for any methylene proton srgnal 13*26-28 and as only one band is observed m the enol- 
thioenol proton regron there is a sign&ant concentration of only one isomer 22-25 
Whether thrs proton 1s attached to the sulphur (thioenol) or oxygen (enol) atom is more 
difficult to decide. The shrft of the signal to higher P values on comparison with the dr- 
oxygen analogues suggests the presence of the thioenol form 22y25 However, thrs is con- 
tradicted by an mtensrve study of the isomeric hgands thiobenzoylacetone and benzoyl- 
tmoacetone 26 _ In both compounds the methyl resonance 1s split by mteraction with the 
vinyl proton [J - ?4 c/set] but in the case of thiobenzoylacetone this was further split by 
the enol-thloenol proton [J = 0.32 C/XX] Also, only III this compound drd the enol- 
thmenol hydrogen resonance show unresolved sphttmg presumably by the methyl group. 
These mteractions suggest that both compounds exist in the enol rather than the throenol 
form. 

The appearance of a broad band at 2450 cm-’ m the mfrared spectra of several 
liquid thioQ&ketones suggests the presence of an intramolecularly hydrogen bonded 
thlol group 13~22~2g. Th e s t rong carbonyl absorptron at 1675 cm-’ m ethyl thiobenzoyl- 
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acetate has been assigned to the carbonyl group of this thioenol tautomer whrle a weaker 
band at 1740 cm-’ was thought to arise from the presence of the thioxo Isomer l3 

The electronic spectra support the conclusron that little of the tluoxo tautomer IS 
present. This is based on the observed molar extmction coefficrents (e - 100) of a band 
in the range 420-500 nm arismg from transrtions in the multiple linkages of the functional 

47 groups . In the thioxo form this band has a much lower extmction coefficient, for 
example ethyl thiobenzoyiacetate, e = 1 6 r3 

The thiof3drketones are stronger acids than the parent parketones 21*30-3a and 
these results together with the ease of oxidation to disulphides certainly mdicate the pre- 
sence of a small equrhbrmm amount of throenol form, further work is required before the 
structure of these compounds 1s fully understood. 

D REACTIONS OF MONOTHIO$-DIKETONES WITH METAL COMPOUNDS 

In favourable condrtrons, reactron of thio$drketones with metal salrs (hahdes and 
acetates have been commonly used), leads to the formation of complexes_ Although 
complexation occurs readily with nearly all metals, the reaction 1s accompanied, m the 
maionty of cases, by oxidatton-reduction reactions of the metal - ligand system The 
two reaction types may occur concurrently and the products depend very much on the 
thio&hketone used, the metal, especially its oxrdatron state, and the reaction conditrons. 

The oxidation of throls to disulphides is promoted by metal ions “, m particular 
by those having htgh oxrdation states Thus, m general, attempts to prepare manganese 
(III) complexes have resulted m complete oxidation of the ligand 34 _ In some cases, as 
with uon(III), complexing occurs alongsrde oxtdation. Increases m temperature favour 
the oxidation reactrons 

Sometunes reactron wrth a metal in a low oxidation state causes reduction of some 
of the hga rd and formation of a metal complex of a hrgher oxrdation state For example, 
reactions af titanium(II1) chlorrde with thiodibenzoylmethane produces a strong smell of 
hydrogen sulphrde and a titamum(IV) compound *’ Further examples of oxidatron of 
the metal are provided by the conversron of non(R) to rron(III) 34, and that only one 
ferrous complex, brs(thiodibenzoyhnethanato)bispyridine~ron(II) is known 35 _ Sumlar 
oxidatron from cobalt(I1) to (III) occurs readrly and the only reported cobaltous complex 
1s brs(thiodrbenzoyhnethanato)cobalt(II) 35 _ 

The ease of ligand oxidation is also variable depending upon the terminal groups R 
and R’. Of the thio-@diketones, thiodrbenzoyhnethane is one of the harder to oxrdrse 
and forms particularly stable compounds. So whrle trrs(thiodrbenzoylmethanato)uon(III) 
is easrly prepared and quote stable, tris(t.?.?oacetylacetonato)uon(III) can only be obtamed 
in low yreld and the solid decomposes over a few weeks at room temperature in vacua 2g. 
This point is further emphasrsed by results of thioj3drketone complexes of copper. From 
Table 3 it can be seen that the substituents play an important part m determmmg the oxi- 
dation state of the product. This behaviottr of the ligand may be attributed to vartation 
of the electron density on the two donor atoms 34 The mcrease of electron den&y on 
the sulphur atom facihtating the oxrdatron of the ligand 

However, desprte the complicatrons mtroduced by hgand oxidatron metals 

Cbcrd. Chem. Rev., 7 (1971) 29-58 



36 M. COX, J. DARKEN 

TABLE 3 

Copper complexes of monothm$Aketones R’ CSCH, COR’ 

R’ P CoppeW coPPw--~ 

P-W G H, - -CF, X X 

pCH, OC, H, - -CF, X X 

pBrC, H, - -CF, X X 

C,H,O- -CF, 0 X 

C,H,- -C, H, 0 X 

CH, - -CH, X 0 

CH, - -OC, H, X 0 

CH,- -CF, X 0 

X = complex known, 0 = complex unknown 

Ref 

16 

16 

16 

16 

34 

34 

34 

15 

conplex readrly wrth monothro$drketones. Several types of bondmg wrth metal, parallel- 
mg the observed bonding in /3-drketonates, can occur 

(1) Chelation, involvmg bondmg througn both oxygen and sulphur a, an amon. 
(ii) Donation, through suiphur only as an anion. 
(iri) Donation, through oxygen only as an amon. 
(IV) Donation, through carbon as an anion. 
(v) Addition, without loss of hydrogen, mvolvmg erther chelatron or simple donatron. 

Of these five alternatives (L), (iv) 4 and (v) 36 occur for j3-diketones. With thio-&dtketones, 
cheIation of type (1) occurs readily, and of the other altematrves only type (11) has been 
observed to date Smce the thioQdrketones are stronger acids than Pdrketones and the 
latter do not form many addition compounds, bonding of type (v) is unlikely. 

Chelatron is achreved wr&th most metals by duect reactron of a metal hahde, or 
acetate, in a suitable solvent with the thio$drketone. Sometimes the presence of a base, 
tnethylamme, pyndine, etc., improves the reaction. The metal chelates are usually 
deeply coloured compounds, insoluble in water, slightly soluble m alcohols and benzene 
and easrly soluble m chloroform and acetone 

Table 4 hsts typical metal complexes prepared so far. Interest has centered mamly 
on metals m the first transrtron series but a few elements m the other series and the 
lanthancns 37 have been studied. Although the range of hgands and metals on which 
work has been pubhshed is extensive, information on structure and other physrcal pro- 
pertres rs scant. Some metals, partrcularly mckel, palladmm, platinum, and iron, have 
received more detailed mvestigation. 

E STEREOCHEMISTRY 

Detarled stereochemistry of thio_P-drketone metal complexes has not received much 
attention. However, the structure of bis(th;odrbenzoylmethanato)palladium(II) and the 
correspondmg platinum compound have been determmed by X-ray crystallography 38 _ 
These compounds have the cis square planar structure. 
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TABLE 4 

Typical thio+hketone metal complexes 

Element Complex Ref 

Trtamum(IV) 

Vanadmm(IV) 

Vanadmm(II1) 

Chrommn~(HI) 

Manganese(W) 

Manganese(H) 

Iron(IIIj 

Iron(H) 

Cobalt(II1) 

Cobalt\U) 

Nrckel(H) 

CoppX(H) = 

Copper(I) 

zinc(H) 

Ruthemum(IV) 

Ruthznium(II1) 

Rhodium(IH) 

Palladmm(H) 

Silver(I) 

Cadmmm(11) 

Csmmm(IV) 

Osmmm(II1) 

Tr(PhCSCHCOPh), Cl, 
[Ti(PhCSCHCOPh), ] * 

VO(PhCSCHCOPh), H, 0 
V, 0, (C, H, SCSCHCOCF& 

V(PhCSCHCOCH,), 
V(PhCSCHCOPh), 

Cr(PhCSCHCOPh), 

Mn(t-BuCSCHCO-t-Bu), 

Mn(PhCSCHCOPh), (py), 

Fe(PhCSCHCOPh), 
Fe(CH, CSCHCOCH, )a 
Others 

Fe(PhCSCHCOPh), (p~)~ 

Co(PhCSCHCOPh), 
Co(CHaCSCHCOCH,), 
Others 

Co(PhCSCHCOPh), 

Nr(PhCSCHCOPh), 
Nr(CHaCSCHCOCH,), 
Others 

Cu(l-‘hCSCHCOPh), 
Cu(CH, CSCHCOPh), 
Others 

Cu@CH,C,H4CSCHCOCF,) 
Others 

Zn(PhCSCHCOPh), 
Others 

Ru(PhCSCHCOPh), 

Ru(PhCSCHCOPh), 

Rh(PhCSCHCOPh), 

Pci(PhCSCHCOPh), 
Pd(CH,CSCHCOCH,), 
Others 

Ag(PhCSCHCOPh) 

Cd(PhCSCHCOPh), 
Others 

Os(PhCSCHCOPh), 

Os(PhCSCHCOPh), 

35,88 
15 

40 
29 

29 

34 

35 

34,35 
29,59 
15,58.59 

35 

24,46,48 
22,34 
15, 18,22, 86 

35 

6,34,46,48 
6,34 
15, 16,39,49, 86 

46,48 
22 
16,34 

16 
15, 16,34 

34,46,48 
15,22,39 

35 

35 

34,46 

34,46,48 
22 
15,39,49 

34,46 

34,46 
15,34 

35 

35 

Coord. CIIem Rev, 7 (1971) 29-58 
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Efement Complex Ref 

Piatmum(i1) 

Mercury(I1) 

Bzryllmm(II) 

Galhum(III) 

Indmm(III) 

Thalhum(1) 

Tm(IW 

Tin(H) 

Lead(U) 

B~smuth(III) 
-- 

Pt(FhCSCHCOPh), 34,46 
Others 15,39 

Hg(PhCSCHCOPh), 34 
Others 15 

Be(PhCSCHCOPh), 55 

Ga(PhCSCHCOPh), 46 

In(PhCSCHCOPh), 46 

Tl(PhCSCHCOPh) 46 

Sn(PhCSCHCOPh), Ci, 46 

Sn(FhCSCHCOPh), 46 

Pb(PhCSCHCOPh), 46,48 
Others 15 

Bl(PhCSCHCOPhj, 46 

wk, C6H5 

Hc&-~s\M,S_~~~ 

<F-.0/ \o-zz/=H 

G%-’ 
\ 

C6H5 

where IM = Pd, Pt In the palladnrm complex the Pd-S bond lengths are 2 26 and 2.22 A, 
and the S-Pd-S angle 1s close to 90°. 

AU nickel(I1) chelates of thro-&ddcetones are dramagnetic 6 and readrly add two mo- 
lecules of an aromatic base to form adducts such as bis(thioacetyltnfluoroacetonato)- 
hrspyrrdinemckeiiiii 3g which are paramagnetic [r_leE = 3.15 B.M ] and presumably srx- 
coordmatc The mckel chelates are therefore also square planar, probably with a similar 
structure to the pailadnrm and platinum compounds_ In contrast, bn(acetylacetonato) 
nickel(H) is tnmeric, each mckel atom bemg srx-coordinate 3 and paramagnetrc. 

Studres of the NMR spectra of some trrs srx-coordmate metal chelates have revealed 
their qualitative sterecchemistry 40. The vanadium(II1) and cobalt(II1) chelates with 
hgands of the type, CHa COCHs CSR, where R = CHa , c6 Hs , iso-& H7, t-C4 Hg , show only 
one resonance attnbutable to the vmyl and one for the methyl groups m their NMR spec- 
tra Thrs result IS consrstent wrth the compounds existmg in the cis cfaciac) form, Frg. 2. 

The lab&y of the vanadium(II1) compounds ensures an equrhbrrum Isomer drstrrbu- 
tron. Equihbrium constant determinations on the correspondmg asymmetnc P-drketone 
complexes mdrcate preferential stab&y of the WZ.GS (m&&d) form 4r. Exrstence of 
the compounds as cis isomers in the case of thio-fl-drketone complexes may arise from 
non-bonded S-S mteractrons 

The str;ucture and stereochemistry of other common thioQdrketone metal chelates 
have not been studied to date. However, the ruthenium(IV) and osmium(W) chelates of 
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/” 

S 47 / 0 

0 S S 

0 S A7 0 / 

S \I 0 

cfs lfacral I CIS Imertdmall 

Fig 2 Isomerrc forms of czs-tns(thlo-p-dlketone) complexes 

tluodrbenzoylmethane are considered to be erghtcoordmate The dramagnetrsm of the 
ruthenium compound mdicates it has a cubic structure 3s. 

F SPECTRAL STUDIES 

Studres of the vrbrational and electronic spectra of thiofl-diketones and therr metal 
chelates have provided mformatron on the structure and mode of bonding between the 
metal and ligand. 

(i) Vibrational spectra 

Much of the work on mfrared spectroscopy 1s based on analogy wrtb Sdrketone 
complexes_ Livingstone et al 6 made the first tentative assrgnments of the bands in thro- 
/idrketones following the work of Reyes and Srlverstein on ethyl thiobenzoylacetate and 
previous published assignments of fl-drketones Uhlemann and Thomas 21 drew snmlar 
conchrsrons for a number of thro-P_drketones. These correlatrons are grven m Table 5. 

TABLE 5 

infrared absorption bands of monothro+&ketones 

Group 

lJ(C -=oj 

IJ(C ---C) 

u(C -=S) 

A bsorptlon band 
(cm-‘) 

1670 - 1590 

1638 - 1530 

1270 - 1190 

- 

u(C -S) + 
6 W-I31 

837 - 80.5 

v(C =o) 
(ketomc) 

1730 - 1720 

Nrckel(I1) chelates were also mvestigated by Livingstone et al. 6 who found that, 
whereas the first strong band below 2000 cm-’ in the free ligand occurs at i 67@- 1590 

Coord. Chem Rev.. 7 (1971) 29-58 
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=H3 
\ 

C”3 CH3 
/ \ 

CH3 
/ 

CT0 

HC< - ‘N,’ 

s --rr.c 

“CH 

,-c__+ 

‘N,’ 

s z-c 
‘=\ 

CH 
\. 

c--s 
/ ys_&-/ Hc$x / ls =_e/ 

/ \ \ 

CH3 CH, 
/ 

=‘-‘3 C ‘-‘3 
cl 

b 

Fig 3 Nlckel(II) complexes with monothmacetylacetone and dlthroacetylacetone 

cm-’ (ZJ (C = 0)), the first strong band 111 the spectra of the nickel &elate occurs shght- 
tly lower, 1590 - 1540 cm-‘. In contrast to the free hgand assignments thrs band is 
attnbuted to the C = C stretch. Tlus was based on Nakamoto’s results on metal acetyl- 
acotonates 42 _ However, the assrgnments by Nakamoto concemmg the relative positions 
of the C --- 0 and C --- C stretchmg wbratrons m metal chelates have been shown to be 
m error by “0 substitution in trrs(acetylacetonato)chromium(III) 43. In fact the higher 
frequency band bemg susceptible to I80 substrtutron confirms the earlier work on meral 
acetylacetonates 111 assrgning this band as a C = 0 stretch. This latter result 1s confmed 
for thio+_liketonates by the mfrared spectra of the mckel chelates shown m Fig. 3(a) .md 
tb). In brs(drthroace?ylacetonato)mckel(II), Frg. 3(b), no mfrared absorptron band, exclud- 
ing C - H, appears above 1500 cm -r but the appearance of a strong band at 1550 cm-* 
m (monot_hroacetylacetonato) (drthioacetylacetonato) nrckel(II), Fig. 2(a), confirms the 
assrgnment of the latter band as v(C = 0) 1g*44. Although quantitative calculations on 
chelates of monoth.toQ-drketones have not been reported, some normal coordinate analyses 
have been carried out on a series of square planar chelates of divalent metals with drthro- 
acetylacetone. These calculations 1gy45 show that the C --- S stretching frequency occurs 
at 700 cm-‘. By comparison the C = S stretching frequency m bis(monothroacetyl- 
acetonato) mckel(I1) IS reassrgned at 720 and 660 cm-’ In addition the NI - S and 
Nl - 0 stretching frequencies are also gwen. The revised assrgnments for bis(monothro- 
acetjrlacetone) mckel(I1) are m Table 6. A strong band at - 1260 cm-’ which is present 
m all tluo$drketonates is notably absent from these assignments. The reassignment of 
the v(C = S) m brs(monothroacetylacetonato) mckel(I1) makes Lmmgstone’s origmal 
conclusron that the C -= S vrbration in throacetylacetone and other compounds hes m the 
region of 1270 cm-’ dubrous. 

The Infrared spectra of other metal chelates with a varrety of thro-p-drketones have 
been recorded wrth assignments followmg those of Lwingstone. Uhlemann and Thomas 46 
attnbuted the band at - 1543 cm-’ to the C = C stretching vibration of the chelate 
rmg and the band at - 1590 cm-’ to v(C = 0) m monothrodrbenzoylmethane complexes 
However, the band at - 1590 cm-’ may be due to an m-plane skeletal vrbratton of the 
phenyl rings and the 1540 cm-’ band to the C = 0 vibration These suggestrons are 
consistent with the revised assignments on bis(monothioacetylacetonato) nickel(H) 

From a comparrson of the spectra of the ligands and their metal complexes it can be 
seen that chelation causes a drop in frequency of the carbonyl stretchmg mode, Table 7. 
In mfrared studies wrth metal @-drketonates correlations have been drawn between the 
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TABLE 6 

Infrared assignments of bls(throacetylacetonato) nrckel(II) 

Frequency 
(cm-‘) 

Asszgnment 

1562 
1473 
1415 
1370 
1360 
133s 
1310 
1292 
1025 

810 
721 
661 
495 
487 
365 

C -= 0 stretch 
C -= C stretch 
CI-$ deformation 
CH, deformation 

C -C stretch 
C-Hmplanebend 

CH, rockmg mode 
C - H out of plane bed 
C - S stretch 
C -S stretch 
NI - 0 stretch 

Nl - S stretch 

carbonyl stretchmg frequency, or the metal-oxygen stretching frequency, and the ther- 
modynamic stabihty constants 42 _ No such correlatrons have yet been attempted wrth 
thro-&drketonates. 

In contrast to the chelate compounds, the spectra of complexes of srlver(I) 
copper(I), cadmium(II), and mercury(I1) are mdrcatrve of coordmation to the metal 
through sulphur only. These compounds show a strong carbonyl absorptron above 1600-’ 
attnbuted to a non-coordmated C -= 0 group 34*46 The spectra of thiodibenzoylmethane 
complexes of srlver, cadmium and mercury closely resemble that of S-methyl-l ,3-drphenyl- 
3-mercaptoprop-2-en-l-one 34 , 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 

Carbonyl absorp:ron of monothloacetylacetone and its metal chelates. 

Compound C-=== 0 frequency 
(cm-=) 

Ref 

CH,CSCH,COCH, 1645 34 

NI (CH,CSCHCOCHI), 1566 34 

Co (Cif,CSCHCOCH,), 1580 34 

[Tl (CN,CSCHCOCH,), ] + 1525 29 

Fe (Ctr,CSCHCOCH,), 1565 29 

Coord Chem Rev, 7 (1971) 29-58 
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Although copper forms only a copper(I1) chelate with throbenzoyhnethane, copper(I) 
complexes of other thio-J3-drketones, for example, ethyl throacetoacetate 34, throacetyl- 
tnfluoroacetone ’ 5 , have been rsoIated These compounds again exhrbrt a strong carbonyl 
absorptron above 1600 cm-’ mdicatmg non-coordmated C -= 0. A comparrson of the 
carbonyl vrbrations m the sliver, mercury, and cadmmm compounds is made m Table 8 

To date no work on the Raman spectra of the ligands or their complexes has been 
pubhshed. 

TABLE 8 

infrared spectra of non-chelated metal complexes of thxodkmzoylmethane 

Compound C-‘- 0 frequency 
(cm-‘) 

Ref 

PhCSCH, COPh 155.5 

PhC(SCH,) CHCOPh 1640 

AgG’hCSCHCOPh) 1615 

Hg(FhCSCHCOPh), 1630,1622 

Cd(PhCSCHCOPh), 1605,1595 

Cu(PhCSCHCOPh), 1550f 

* For comparwm, previously assigned as C =C. 

34 

34 

34.46 

34,46 

34,46 

34 

(iiJ Electronic spectra 

Published work on the ultraviolet and visible spectra of metal complexes of thio-/3- 
drketones has been largely centred on the nickel(B) chelates, which have simrlar spectra to 
other square planar nickel(B) complexes. Also, the conclusions reached on the bonding of 
class B metals from the infrared spectra are supported by the electronic spectra of these 
compounds. 

The electronic spectra of a large number of monothio-&diketones have been recorded 
by Uhlemarm and Thomas ” and Chaston and Livmgstone 47. High-intensity bands are 
observed in two regions 290400 nm and 350460 run which are assoctated with IT+ II* 
transitions of the @and hydrogen-bonded chelate ring. The spectrum of thiodrbenzoyl- 
methane 1s shown in Table 9 together with the assignments made by Chaston 47. Lmtral 
studies on thiodrbenzoyLmetha.ne included the recording of absorption maxima of several 
metal chelates as being in the range 410415 run 48 _ The assignment of I&and rr=+ n*, 
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TABLE 9 

_ Electronic absorptxon spectrum of thxobenzoyhnethane 

chZorofornl soIutlon Isooctane solution Assrgnment 

WaveZength Wavelength 

@ml ima- I-‘.cm-‘) (nmj 

490 240 505 170 

413 17,800 408 12,500 C---S 

330 12,700 325 11.000 C---o 

265 8,000 263 7,600 

metal--l&and charge transfer and d-d transitmns has been made for nrckel(I1) complexes 
by Uhlemann and Thomas 21, Chaston et al. ‘7*49 . The posrtion of the charge transfer 
and rr + rr* transitions are, as expected, very much dependent upon the ring substituents 
whereas the d-d bands are more constant. The assrgnments of these bands are summa- 
rised III Table 10. The first ‘II + rr* transition m the nickel(E) chelates occurs at sliehtly 

TABLE 10 

Electromc spectra of mckel(lI) chelates of monothio$dketones 

x 
@ml 

e 

(mole-‘.Z-’ cn~-~/ 
Asszgnment 

680 - 630 

- 500 

570 - 400 

480 - 380 

500 - 300 

450 - 300 

370 - 240 

< 100 

< 100 

< 5,000 

< 7,000 

< 10,000 

< 50,000 

< 50,000 

d-d 

d-d 

d-L=* 

d-L,* 

L,-d 

L, - L,+ 

L,-LL,*orL,-d 

higher wavelength than m the free l&and consistent with chelation. From the positions 
of the two d-d transitions in relation to these transitions in other nickels(I1) chelates 
with sulphur ligands the following spectrochemical order was constructed. 

dtp < CH3 - 0CH3 -CsH5 - 0C2HS - CH3 - O&H5 <C4H3S - CE, 
CC.;& -CsHS -exam-CH, -CsHs 
R’ 

--tC,H, - tC!,H, <CHa -CHs Cdtc 
-R* = Rr CSCHaCOR* , dtp = diethyl dithrophosphate, exan = ethyl xanthate and 

dtc = diethyl dithiocarbamate. 
Investigations of the electronic spectra of the class B metal complexes with thiodiien- 

Coord Chem Rev., 7 (1971) 29-58 
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zoylrnethane confii boning through sulphur only as mdrcated by mfrared spectros- 
copy 47. The lower wavelength of the n + rr* transitron of the ligand m the srlver(i) and 
cadnuum(I1) complexes compared to the free hgand and the zmc complex is mdrcatlve of 
less delocahsation of the n-electron system. This conclusron is consrstent with bonding 
through sulphur only In addrtton, the mercury(I1) compound gave an electronrc spectrum 
closely resembling that of the S-methyl derivative of throdtbenzoylmethane 

(iii) Nuclear magr,etic resonance spectra 

Little work has appeared concerning proton magnetic resonance data on metal 
chelates of monothro_P-drketones These data together wrth the relevant results on the 
free hgands are given XI Table Il. Lrttle variation can be seen m the chemical shifts on 
chelatton of the hgand. This IS expected m the complexes studred to date, and is smular 
to the results found in Pdrketonates where no rmg current can occur around the chelate 
ring so . Smce the presence of a ring current in some P-drketonates of transitron metals is 
stall the subject of much discussion, further studtes on the proton magnetic resonance 
spectra of monothio;B-dtketonates of the earher tranztron metals should prove fruitful. 

The use of these spectra m the elucidation of the stereochemistry of complexes has 
already been menttoned (section E) but because of several isomenc specres, ansing from 
the hgand asymmetry, m equrhbrra 111 solutron the NMR spectra are often complex 

TABLE 11 

Proton magnetrc resonance spectra of some Tonorhro-@dIketone complexes 

Ccmpound Chemlcai Aft m CDCI, solutron Ref 

C, H, CSCH, COC, H, 

ZxP complex 

Co!11 compiex 

Nlil complex 

CH,CSCH, COCH, 

COIII complex 

C, H, CSCH,COCH, 

Co’Il complex 

CH CH,CS CH,CO C, H5 

2.52 2 00,2 21 2.5 

2 45 2 01,2 21 25 

2 53 1 99,2 16 25 

2 54 204,233 25 

3 64 7 65 7.87 26 

3 70 7 7 80 22 

3 29 7.78 26 

342 7 65 40 

(IV) Magnehc ;;uperties 

The re,Aacement of an oxygen atom in a fl-dtketone by sulphur wtll obviously affect 
the physical k roper-ties of the hgand and especially its metal complexes introducmg, as It 
does, additror al stenc and electromc factors The properties of the metal complex which 
are most sens Zive to these changes are the electronic spectra and magnetism Thus rt has 
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been shown above that the ligands can be grouped m the spectrochemrcal series wrth 
related sulphur donor ligands. Coacernmg the magnetic properties of the complexes, it 
was observed that spin-paumg occurred more readily with these hgands than with the 
corresponding Pdrketones, for example nickel(I1) 6. The factors which affect the magnetic 
properties of complexes have been fully discussed elsewhere 53, and are beyond the scope 
of this review, however, a brref drscussion of those factors mvolved m spin-parrmg 1s 
worth consideratron. 

In a number of electromc configurations the ground state cannot 5e uniquely 
defied as it is dependent upon the strength of rhe hgand field, the system changmg from 
a maxlmum value of the total spm quantum number to lower values as rue hgand field 
strength (A) mcreases Octahedral configuratrons where this change of s~rn state is pos- 
sible are d4, d5, d6 and d'. In these configuratrons spur-pamng occurs by the transfer of 
one or two electrons from the higher eg orbitals to the lo&er fig orbitai ,. The gain in 
energy of the system resulting in this transfer of electron rs, however, cffset by the m- 
creased Coulombrc repulsion energy between the electrons now m the tzg orbrtals and 
the loss of quantum mechamcal exchange energy as a result of the spm-pairing process 
This combinatron of Coulombic and exchange energy can be represented by rr, the “mean 
spin-pairing energy” of d electrons. These two energy terms A and ‘IT set the limits for 
spin-pauing to occur, I e. A > 7r, low spin, A < rr, hrgh spin. Estrmated values of rr are 
avarlable for the first-row transrtion metals based on Racah parameters for the free metal 
ions 54 . However, as the mterelectronic repulsion 111 the metal ion 1s affected by hgand 
coordinatron (nephelauxetrc effect) these free-ion values may be drastrcally reduced For 
example, Fe3 *, free ran, rr = 30,000 cm-’ [Fe(HsO&] 3+ n N 22,530 cm-‘, 
[Fe(dtc),] 3i ‘IT ” 14,000 err- r 55 Thus although the hgand field strength of water LS 
greater than that of drethyldrthrocarbamate (dtc) the varratron m the magnitude of n 
allows the weaker ligand to cause spur parring of the d electrons. In the case of the thio- 
Pdrketonates the sulphur atom, by its mcreascd polansability and the participation of its 
d orbitals m a-bonding wrt the metal, wrll reduce the value of rr below that of the corres- 

5, ponding p-drketonates and enhance the possrbrhty of spin-paired complexes 
When the mean paumg energy, rr, is of the same order as the hgand field parameter 

A then the phenomenon of spm isomensm occurs. The magnetic properties of these sys- 
tems show a substantial varratron with temperature as the relative population of the hrgh 
and low-spm states vary. A full drscussron of tlus topic m octahedral metal complexes has 
been published ” and rt was shown that m thus “crossover” srtuatron the mean patring 
energy and the hgand field parameter are related by 

A (_hrgh sprnj < rr < A (low spin) 

It should also be noted that A 1s temperature dependent mcreasmg as the temperature 1s 
reduced S. So as the temperature is decreased the equrhbrrum wdl tend to sluft towards 
the low-spin state. 

The complexes which have been most fully studied in this context are the uon(II1) 
drthrocarbamates s ’ , drscovery of spur isomensm m the tns(thro_P-dlketonate) uon(II1) 
chelates was made by Ho and Lrvingstone 58 , and some of their results are shown in Frg 4 
Thus work has been extended by Cox et al. 5g and therr results agree closely with those of 

Chord. Chem. Rev.. 7 (1971) 29-58 
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Fig 4. Magnetxc moments of ~ron(iII) monotio-&diketonates from Ho and Livmgstone 5*. a, 
Fe(C, H, CSCHCOOC, Hs )% ; b, Fe(C, H, SCSCHCOCF, )I ; c, Fe(C, H, CSCHCOC, H, )3 ; d. 
Fe(C, H, CSCHCOCF,), _ 

Ho, (Fig. 5 and Table 12) Several mteresting variations 111 the properties of individual 
complexes are noteworthy. Arstly, the ethyl thiobenzoylacetate complex IS totally high- 
spin and obeys the Cune-Weiss law. Secondly, tris(monotioacetylacetonato) iron(II1) 
shows a remarkably rapld change of spm state at - 140°K. This probably mlcates the 
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Fig. 5. Magnetic moments of ~oq(II1) monothic+%ketonates, Cox et al W. c, 
Fe(C,H,CSCHCOC,H,), , e, Fe(C,H,CSCHCOCH,),; f, Fe(CH,CSCHCOCH,),; g, 

Fe(CH,CSCXKOC6 H, ), . 
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TABLE 12 

47 

Magnetx data of iron@%) complexes Fe(R’CSCHCOR’), 

R’=R&Ph R’=CH,,R==Ph R ’ =Ph. R ’ =Cff, 

TI”KI FW) T (OK) Wf’ T (“4 FW) 

- _ 

R’=R==CH, 

T (OK) (Blw 

300.1 
265.3 
229.5 
193.4 
157.4 

1195 

98 0 
89.6 

5.50 300 4 4 35 
5.28 265.4 _ 4 03 
4.88 229.7 3.69 
4.35 193.8 3.16 
3 64 157.2 2 59 

3.04 119.6 2.34 
2 84 98 2 2 26 
2.86 89.3 2 24 

JO0 5 

265.4 
229.4 

193.0 
157.0 

118 8 

97 5 
87 0 

5 75 

5 68 

5 63 
5.60 
5.38 
5.17 

5 02 
4 95 

301.0 
265 5 

230.5 
194.0 
157.5 

1193 

98 7 
912 

5 66 
5 66 
5 68 
5 60 
5 58 
265 
2.53 
266 

presence of a phase change although no mdependent evidence of tlus has yet been ob- 
tained. Thxdly, the chelates of the xsomeric thio(benzoylacetonates) show complementary 
behavlour. As m the case of the dltluocarbamates the tennmal alkyl groups shghtly affect 
the hgand field strength and thus the proportlon of the spm-paired isomer, at eqmhbnum. 
Ho and L,wmgstor,e 6o have suggested that electron-mthdrawmg groups in the terminal 
posltlons of the hgand increase the tendency towards spm-pring. 

TABLE 13 

Mossbauer parameters for uon(III) complexes Fe(R’CSCHCOR’), 

Compound 300°K 80°K 

High spm Low spiv Hugh spm Low ipm 

LlEf &f AE LIE 
(mm/set) (mmlsec) (mmlsec) Tmm/sec) (inmlseq Fmm/sec) Em/se=) Tmmisecj 

R’ CR’ =ph 0.6 1 0 65 0 93 065 190 060 

R’=R’=CH, 021 0 75 1.93 064 

R’=Ph, R’=CH, * 000 0 85 168 058 

R’ =CH, , R= =Ph 0.56 060 1.47 057 1.91 061 

f dE is the quadrupole splitting, 6 is the chemical isomenc sfuft relative to dlsodium pentanltrosyl- 
ferrate(iI). 

l Room-temperature spectrum too weak to measure. 

The magnetic stu&es of Cox et al. 5g have been accompanied by an investigation of 
the MBssbauer spectra of these compounds (Table 13, Fig. 6). For the first tune, individual 
spin isomers have been observed for iron(III) at a single temperature. This mdicates 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 Chem Rev., 7 (1971) 29-58 
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FIN 6. Mhbauer spectra of trls(thlodlbenzoylmethanato) ~on(liI) 

both spin states 111 the ESR spectrum 61 . For the rron(II1) complexes shown m Table 13, 
two drstmct resonances were observed at g = 4 and g = 2, which couid be assocrated with 
the high-spm and low-spm states. Different intensrty-temperature relatronshrps of 
these two signals imphes that two drfferent specres are mvolved, and the assignment of 
the g = 2 signal to the low-spin form IS supported by resolutron of 3-fold anisotropy ex- 
pected for an S = ?4 system The line at g = 4 is known to occur m high-spm complexes 
(S= S/2) of certam stereochemrstry, one of which 1s the pseudo-octahedral mer-MAa I& 

(Czv) 62 Thus the ESR spectra strongly support the magnetrc and Mossbauer evrdence 
for spm isomensm in these rron(II1) thio-&drketonates. 

The magnetrc propertres of other metal chelates have to date been restncted to smgle 
moment determmatrons 35. However, it 1s interestmg to note that the only reported com- 
plex of manganese(D), Mn(Ce I-Is CSCHCOCe Hs)s pys , IS high-spm (6.09 B.M ), and 
trrs(throdiprvaloylmethanato)manganese(III) 1s also reported as high-spin 34. 

G STABILITY AND BONDING PREFERENCES 

The acrd drssocratron constants of many of the thro-fl-drketones have been deter- 
rnmed 21~30-32P63P64 These show that the thio-@-drketones are stronger acrds than ‘he 
parent /3&ketones, Table 14 

TABLE 14 

pKD Values for some thio-B_lketones 

Compound Thm&drketone Parent-@dIketone 
(m 75% aqueous droxan) (VI 75% aqueous droxan) 

Co H; CSCH, COC, H, I1 - 4030 , 11 143’ 9 38= 13.759O,lO 9032 

CX,CSCH,COCH, 10 203”, 10 26=’ 12.7S90 

C, H,CSCH,COCH, 10 45” 12 two 

C,H,COCH,CSCH, 10 403O,lO 433’ 12.8S9” 

Gthers 11 
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The stepwrse and overall stoichiometrlc stability constants of several bivalent metal 
chelates with these ligands have been determined potentlometrlcally 30-32S63764 _ The 
results show that although thio+diketones are stronger acids than analogous p-dlketones, 
some metals, particularly the late transition and class B metals form more stabie complexes 
~th the thioderivatives. Thus for magnesium(H), beryllium(II), manganese@), copper(I1) 
and the lanthanons 37 the @Wetone chelate is more stable than the thio-analogue. The 
position is reversed for the chelates of mckel(II), cadmmm(II), zinc(I1) and lead(I1). It 
has been suggested 32 that this arises from r-bonding between d orbitals of transItion 
metal ions and the vacant d orbltals on the sulphur atom. The order of stabdity of the 
metal chelates of thio-&dlketones 1s found to be Cu > NI > Zn > Pb > Cd and Cu > N1 
> Zn > Co. This is the same order as found for @hketonates. 

Magnetic studies of the iron chelates have shown thEt substltuent groups m the 
chelate ring affect the hgand field strength, I.e. the charge density 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(I), class B, or copper( class A, complexes. 
Ligands containing the CF3 -CO grouping easdy form coFper(1) denvatives whilst other 
hgands prefer copper(I1) I6 _ However, it does not seem possible, at present, to make any 
generahsations on the effects of the substituents. 

The spectroscopic studies of the complexes of copper(I), silver(I), cadmium(H), and 
mercury(I1) mdlcate that the hgand IS bonded through only the sulfur atom. This may 
involve the sulphur atoms bondmg to more than one metal atom and the compounds 
may exist as polymers_ Certamly many of their physical properties are consistent with a 
polymeric formulation This type of behavlour 1s expected for these strong class B accep- 
tors. Other examples of bonding through sulphur only are found m the adducts of aro.lla- 
tic bases and phosphmes with some metal chelates (M = Nln, Pdn, Ptn, Z&) 39 _ 

H. REACTIONS OF THIOS-DIKETONE CHELATES 

Metal acetylacetonates are known to undergo a wde range of chemical reactlons. 
These include further addition of hgands 3, exchange of /3-dlketone residues from one 
metal to another 66, and electrophdic substitution in the chelate rmg 67 _ Ttio-pdlketones 
also undergo reactions of these types 

(i) Adduct formation 

Lavmgstone and co-workers have made extensive studies of the reactions of aromatic 
bases and phosphmes w&h chelates of nickel(I1) and other metals. They found that reac- 
tion of pyrldme with diamagnetic mckel chelates gave paramagnetlc adducts such as bis- 
(ethyl thioacetoacetato) blspyridinenickel(II), peff = 3 0 B M. 6. Ths work was later ex- 
tended to mclude other aromatic bases for example T-picolhe, 1 ,lO-phenanthroline, 2,2’- 
dipyndyl and 2,2’,2”-terpyndyl 4g Whereas the pyridme and plcbline adducts easdy lost . 
base ou exposure to air and decomposed on heating, the adducts of the chelatmg bases 
were quite stable. The structure proposed for the pyndme adduct was 

Coord. Chem. Rev.. 7 (1971) 29-58 
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The adducts of the brdentate or tndentate aromatrc bases pose more complicated questions 
concerning their structure. Adducts of dipyridyl and phenanthroline may have one of the 
following configuratrons, blrt for 2-methyl-l,lG-phenanthrolme there IS consrderable 
stenc hmdrance in these stru3ures 

N---Y 

( OAN,AN I 
NT N---l 

s’ ‘s I 
c VN,NN I 
‘0’ \s I ( OLN,AN I 

01 
5’ ‘0 

O? I 
S-l 

CIS 00, as 5s 0s 00, trans. SS tram 00,as SS 

Adducts of terpyndyl could also have one of these structures wrth one nitrogen un- 
coordmated, provrdmg one of the rmgs is no longer coplanar with the others_ The loss of 
resonance energy that results from this would make rt very unhkely to occur The other 
alternatives mvolve seven-coordinate nxckel or one of the thro&lrketone residues becom- 
mg monodentate. This IS certainly mdrcated m bis(methylthioacetoacetato)terpyndyl- 
nickel(II) wluch has a strong infrared absorption band attributed to uncoordinated 
C---Oat 1700cm- ‘. In thrs case one hgand is bonded via sulphur only. However, m the 
spectrum of the apparently analogous compound bis(th.toacetylacetonato)terpyridylmckel 
(II) no such band is observed. This mvestigation has been extended to cover adducts of 
nickel, palladrum, platinum, zmc, cadmmm, mercury and lead complexes with thro-fl- 
diketones contammg CFs CO- 3p In contrast to the adducts formed wrth non-fluon- 
nated thro&hketonato-nickel complexes and monodentate bases, these new adducts 
were stable up to their melting poiuts. Thrs extra stabrhty 1s attributed to the electron- 
withdrawmg power of the tnfluoromethyl group 

The presence of strong mfrared bands above 1600 cm-’ in the spectra of bis(tri- 
fluoroacetylthioacetonato)terpyridylnickel(II) and bis(thiothenoyltrifluoroacetonato)ter- 
pyridylnickel(I1) agam indicates bondmg of one of the thIo-&iiketone residues through 
sulphur only. Simrlar infrared bands are displayed by other adducts mcludmg ML,(PPh,)s, 
ML,(drpy), MLs(phen) where L = C6 Hs CSCHCOCF3, CH3 CSCHCOCF3, or 
C.+Hs SCSCHCOCFs , and M = Pt, Pd, and ML2 (terpy), L = C4Hs SCSCHCOCFs , M = Hg, 
Zn. Although the infrared spectra indicate that m all of these chelates the metal-o hygen 
bond is very easrly broken the structure of the adducts is not revealed. 

(ii) Lab&y of the metal chelates 

Many metal pdrketonates react with metal halides undergoing an exchange process 
where the @ketone residue moves from one metal atom to another. An example of thrs 
is the reaction of tris(acetylacetonato)iron(III) with titanium tetrachloride 66 



METAL COMPLEXES OF THIO+iXKETONES 51 

TiC14 f Fe(CHs COCHCOCHs)s + [Ti(CHsCOCHCOCHs)a] [E;eCl, ] 

ThioQ-diketonates undergo exactly analogous reactions 2g _ 
Here it is perhaps relevant to discuss the possibrhties of thio-@-diketones replacing 

@&ketones or vice versa in metal chelates Chaston et al_ 49 have observed that acetyl- 
acetone will not replace thioacetylacetone from square planar bis(thioacetylacetonato)- 
nickel(H) but after addition of pyridme to give the octahedral complex replacement does 
occur. The authors conclude that four-coordinate nickel(H) has more B character than the 
srx-coordmate species The reverse reactron of thioacetylacetone replacing acetylacetone 
is observed for managanese(H1) and uon(II1) *‘. 

Mn(CH, COCHCOCH,),- + 3 C, H5 CSCH* CO&H5 
EtsN 
- Mn(C6 Hs CSCHCOCs Hs)a + H 

2 

o 

+ CHsCOCHCOCHa (Salt wrth EtsN) 
H2O 

Fe(CHs COCHCOCHs)s + 3 Na(C6Hs CSCHCOCs Hs)---+ Fe(C6 Hs CSCHCOCs Hs)s + 

+ Na(CHs COCHCOCHs) 

Though manganese(III) and iron(II1) are both class A ions the thio_Pdrketone replaces the 
parketone. The reactron path, however, may be determmed by the extreme insolubrlity of 
the tri$throdrbenzoyhnethanato) metal products m water. The resulting crude manganese 
(III) complex cannot be recxystalhsed smce solutrons decompose rapidly to “Lhe chsulplnde. 
It seems probable, therefore, that the oxidation of the tluo-@-diketones by metal ions in- 
volves chelatron. This exchange reaction may prove a useful method of prepanng thio-/3- 
diketonates 

(iii) Reaction of the cheilzte nng 

Metal acetylacetonates undf,rgo electrophrhc substitutron reactions wluch suggest 
that the che!ate rmg has some aroma& character 67 _ 

-C-O -53 

H_-c4----- \ 
+L---o/M + x-y - x_,“, 
cc- 

\-&-o/M + “,-’ 

3 tic 3 

where X = I, Br, Cl, SCN, NOa, CHO, etc , Y = R, H, etc. and M = Cr*, Co”; Rhm, Ben, 
Cu”, Al* Analogous reactions have now been reported for some thio$-dketonates of 
cobalt(II1) **_ N-Bromosuccmimide has been used to brommate tris(thioacetylacetonato)- 
cobalt(III) and tris(thiobenzoylacetylacetonato)cobalt(III) to give the tribromo denvatrves. 

1. APPLICATIONS OF METAL CHELATES 

Compared wrth the fldiketonates, few applications of the monoth.ioP-dlketonates 
have been published. The major field of application wtll probably be, hke the oxygen 
compounds, in analytical chermstry where their properties of intense r.Itour and solubility 
in nonpolar solvents can be used to advantage. As mentioned earlier, significanr differences 

Chord. them Rev., 7 (1971) 29-58 



52 M. COX, J DARKEN 

between the physrcal properties of complexes of the sulphur and oxygen ligands will 
ensure thatfor some purpose, the sulphur ligands wrll be preferred For example, rt has 
been suggested that thiothenoyltrifluoracetone could be used as a colorimetrlc reagent for 
lead, zmc, and cadmium wrth which it forms coloured chelates, whereas the @hketonates 
of these elements are colourless r8 Very httle has been pubhshed on the quantitatrve as- 
pects of the use of these ligands, i e stability of colour, possrble interferences, Beers law 
dependence, but the techruque has been used for the quantrtative estunatron of cobalt 13~. 

The solubllity of the metal chelates m nonpolar solvents together with the 101% 
solubility of the hgands m aqueous solutton allows the extractron of metal Ions from an 
aqueous to an orgamc phase The use of P-drketones m solvent extraction is a well-known 
analyt~al technique sg _ Uhlemann and Mueller 68y70~89y91 have studred the extraction of 
a few metals with +ho-&hketones and have shown that copper( mckel(I1) and cobalt 
(II) can easily be extracted mto n-heptane or carbon tetrachlorrde from soluttons of higher 
acrdrty than wrth the correspondmg P-&ketone (Table 15) 

TABLE 15 

pH of 50% extraction of metals from aqueous solution 

Compound PK Copper Cobalt Nzckel Lead zmc Ref 

C, H, SCSCH, COCF, 4.10 05 3.7 41 45 4.7 91 

C, H, SCOCH, COCF, 6 23 40 3.8 32 69 

C, H, CSCH, COC, H, 630 06 60 57 68 

C, H, COCH,COC, H, 9.35 2 9 6.6 64 69 

z.wC, H,CSCH, COCH, 7 56 05 55 50 68 

However, during the extractton of cobalt(B) oxidation occurs to cobalt(III). At 
present drfficultres arismg from oxidation of the hgands bmit the use of these reagents for 
solvent extraction. 

Gas chromatography is a branch of analytical chemistry for which fl-diketones have 
been tested over a number of years with only a limrted success. The abhty to separate 
metallic elements by means of gas chromatographrc techmques is obviously of great un- 
portance in analysrs and for many years vanous /3-diketones have been trred. The main 
problem is that the metal complexes tend to decompose on the column and quantrtative 
recovery is not achieved. To reduce this decomposrtron, complexes of fluorinated P_ 
drketones having a lower volatrhsatron temperature have been used ‘r _ A preliminag 
commumcation has indicated that thioQ-diketones may be supenor to the oxygen anal- 
ogues for this technique ‘* . Usmg thictacetylacetone complexes of cobalt@), nickeI(I1) 
and palladium(I1) symmetrical peak shapes were observed on the chromatographic trace. 
Thrs mdicates lrttle decomposrtron and thus provrdes a good prospect for quantrtatrve 
analysis. It rs interesting that the elements chosen are ones which have not been success- 
fully chromatographed usmg &drketo,les and the column temperature of 240°C shows 
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that, under these condn?ions, the complexes are thermally stable. Shnilar thermal stability 
has been found with chelates of thiothenoyltrifluoroacetone wth thes? elements Is _ 

From these few published examples it can be seen that these &a-ids wrll provrde a 
useful addition to the range of reagents available to the analytical chemist, supplementing 
the already wide use of P&ketones m this field. 

J. DITHIO+-DKETONES 

Monomeric drthroQ-drketories are unknown; attempts to prepare them by the reac- 
tron of hydrogen sulphide with a Pdrketone in hydrogen chloride saturated alcohol results 
in the formation of dimers of which the &throacetylacetone tier is an example, Fig. 1. 
The isolation of this type of product shows that substitution of both oxygen atoms of the 
Sdiketone is possible and that the monomeric ditio-fi-diketones may be formed initially 
111 solution 

By reacting hydrogen sulphrde with acetylacetone m the usual manner and in the 
presence of a metal chloride, Martin and Stewart ’ successfully prepared dithroacetyl- 
acetonates of cobalt(II), mckel(II), palladmm(II) and platinum(II) 

HCI 
4 Hz S f 2 CH3 COCHz COCH3 + M*+ a M(CH3 CSCHCSCH3)2 + 2 H+ + 

+4Hz0 

The tris d&ioacetylacetone complexes of uon(III), ruthemum(II1) and osmmm(III) have 
also been prepared by a similar method 65 . These compounds are, hke the monotluo deri- 
vatrves, deeply coloured and readily soluble in organic solvents. The mckel(I1) compound 
is Qamagnetic and the cobalt(I1) compound is also low-spin, ,ueff = 2.3 BM. An X-ray 
structural analysis of these two chelates has shown they are isostructural 73 and a detarled 
structure of the cobalt(I1) complex is shown m Fig. 7 . Mixed chelates of the mono- and 
dithioacetylacetone ligands have also been prepared, for example (monothioacetylacetonato)- 
(dithioacety1acetonato)nicke1(11)** . Apphcation of the above reaction to rhodium(III) 
and irrdmm(III) compounds gives the crimson tns(&thioacetylacetonates) ‘* . The tris- 
chelate of cobalt(III) is readily prepared by the reaction of tris(drthroacetylacetonato) 
cobalt(II) with acetylacetone and hydrogen sulpmde in the presence of air. A mixed hgand 
intermediate, (monothioacetyiacetonato)b~~~oacety(III) was also 
prepared ‘* . The isolation of this complex and the mixed nickel@) chelate indicates that 
replacement of the second oxygen atom takes place by reactron of a monothioacetylacetone- 

Fig. 7. X-ray stmcture of bi$iWhioacetylacetonato)cobalt(II) 
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metal chelate with hydrogen sulphide and that the monomeric drthioacetylacetone is not 
formed 111 solution lg. A very recent pubhcation ” of the X-ray structure of tris(dithro- 
acetylacetonato)rron(III) has indicated a distorted octahedral arrangement of the six sul- 
phur atoms round the iron, the authors also confiied an earlier report 75 that the com- 
pound 1s low-spin The low value of the magnetrc moment at room temperature rzeff 
= 2 00 BM together with the ESR and Mosstauer spectra suggests that the site symmetry 
is Iower than octahedral although the Fe - S bend lengths are sinnlar. In additron to the 
complexes of ditluoacetylacetone, ruckel(I1) and cobalt(I1) chelates of other ligands such 
as dnhrobenzoylacetone, &throdrbenzoyhnethme and dithro-1 ,l,l-trrfluoroacetylacetone 
have been prepared ” _ Drthroderivatives of the metal chelates of I ,l,l ,S,S,S-hexafluoro- 
acetylacetone and ethylacetoacetate were not obtamed. However, the mckel(I1) complex 
of methyldrthioacetoacetate can be prepared by the autocondensatron of methyl thiono- 
acetate, CHsCS(OCHs) m the presence of sodamide. 

2 CHa CS(OCHa) 
NaNHa 
- (CH, CSCHCSCHs) Na + NH3 + CHa OH 

4 N?’ 

Nr(CH, CSCHCSCH& 

Two independent normal coordinate analyses of the vrbratrons of the drvalent chelates 
of dithioacetylacetone have been carried out 1g,45 The results obtamed are substantrally 
in agreement. In both cases the C = S stretching frequencies are calculated as being close 
to 700 cm-’ and the M - S stretching f_equenctes are around 380 cm-’ It has been 
concluded that the M - S bonds are weaker than those 111 other sulphur chelates ” 

In addrtron to the sample chelates, the rehctron of hydrogen sulphrde wrth acetyl- 
acetone m the presence of a hydrogen halide and metal Ions grves another class of com- 
pound with the empincal formula M(CsH7S,)CI, jM = Fen “, Mnn, Hgn “) Analogous 
bromo compounds have also been prepared for M = MnII, Fen, Con, C@, ZnU and CdU “. 
These compounds have contrasting physrcal properties to the brs(drthioacetylacetonato)- 
metal chelates. They are hrgh-spm and relatively msoluble m orgamc solvents The vrolet 
iron-chlorme compound, Fe(C5 H7 S.&J4 drssolves rea&ly in water, the resultmg solu- 
tion contammg ferrous Ions, chloride ions, and 3,5dimethyldithrohum Ions. 

CH /-=“3 

X-ray structural analyses 8o*81 have shown that the non compound is dr(3,5drmethyhh- 
thiolium) tetrachloroferrate(II), [C, H,Sa] a+[FeCl.+] *-. The manganese(I1) zmc(II), and 
cobalt(I1) compounds are isomorphous with this structure “. The S - - - Cl distances m 
the non complex are shorter than the sum of the Van der Waals radn of these two atoms 
Thrs is consistent with the observed charge transfer transition from the tetrachloroferrate 
anion to the drthiohum cation at 20,000 cm-‘, which gives nse to the deep violet colour 
of the compound 83 . Further confirmation of the structure comes from the Mossbauer 
spectrum which is typrcal of the tetrachloroferrate(I1) anion ” 

Compounds of tins second type can also be prepared from the simple hthtochelates, 
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for 

WC5 H, Sz )z Br6 

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

salt 83,8S 

where M = Con, Gun, Cdu. 

cio; + MCI, 
cone HCI - MI~fiH,,S2KIx 

where M = ZnLi, Mnn, Cup_ These salts can be converted to the srmple d&to-&dtketone 
chelates by reductton wrth sodium borohydrtde 84*8s 

It is interesting at this stage to compare the chelates of drthro$-drketones wrth those 
of dithtoiu-drketones. The latter ligands may be regarded as coordinating erther as dithto- 
cu-drketones (a) or as 1,Zdithroethylene diamons (b). The chemistry of these metal com- 

“; P 
8-x R&/R / 

S S S- ‘s- 
(a) (bl 

plexes has been recently reviewed elsewhere “*” and only the broad outlines will be m- 
eluded here. 

Both four- and six-coordinated neutral complexes of dtvalent ” and trivalent metals 
respectively have been prepared. The former are square planar whereas the stx-coordinate 
species favour a tngonal prismatic coordinatton rather than an octahedral structure The 
non-bonded S - - - S distances are canstant for a series of metals ” and rt has been sug- 
gested that these non-bonded interactions help to stabmse the prismatic structure 

The most interesting property of all these chelates is the ready participation 111 elec- 
tron transfer reacttons to give ionic species g3-g5. 

/R 
, z- 

x=2 z=o, 1,2 
s-c 

M 

e I 

I 

x = 3 Z=O, 1,2,3 

s-c M = Nr, Co, Pd, etc. 
\ 

a x 
R’, R = Ph, CH3, CFa , CN 
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-- These reactions normally occur without change of geometry and alIow the study of 

similar complexes 111 a series of formal oxidation states although, hke the 2,2’-dipyndyl 
complexes, traditional concepts of oxldatron state are dtificult to apply m these cases. 
Thus it IS considered ” m the case of maleomtnle drthiol (R’ = R = CN) that 111 the 
dianiomc complex [NI& C,(N),), J * - the ligands approach the dithlolate structure 

0). 
Although chelates of &thio_P-dll.etones have not been reduced to lomc species they 

are readily oxtdlsed to compounds contammg dltluolium cations These dithiohum com- 
plexes and the neutral chelates, although they have tiferent structures, are reatiy mter- 
corzvertrble vl;i redox processes. tis phenomenon of ligand reductron IS a property of the 
n-system of the chelate ring as It occurs w&h donor atoms other than sulphur g8. Thus, it 
may be possible to oxrdlse chelates of monothio-&chketone 111 this manner. 

It IS mterestmg to note that the only trls(drthlo&l&etone) complex structure re- 
corded so far Fe(SacSac)s has a distorted octahedral configuration, perhaps the non- 
bonded S - - - S mteractrons piay a part m determmmg its structure? 

K. SELENO++DIKETONES 

Metal chelates of diselenoacetylacetone have been syntheslsed by the reaction of 
hydrogen selemde with acewlacetone m the presence of metal Ions Bis(dnelenoacetyl- 
acetonato) mckel(I1) is a diamagnetic, red crystalhne solid ’ _ The infrared spectrum 1s 
completely consistent with a structure analogous to that of bls(drthloacetylacetonato) 
mclel(I1) lg. 

Compounds containmg the 3,5-dimethyi&selenohum Ion are also known. Attempts 
to prepare bls(dlselenoacetylacetonato)cobalt(II) have so far resulted m the formatlon of 
the diselenohum salt, (C, H7Se2)* CoC14. The electromc absorptron spectrum and the 
magnetic moment of 4.6 BM provide evidence for the tetrachlorocobaltate(I1) ion ‘. 

We would hke to thank the Hertfordshue County Council for the award of a Re- 
search Assistantship to one of us (J-D.) 
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