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A. INTRODUCTION 

The chelatmg abrhty of acetylacetone was fust reported by Werner ’ seventy years 
ago and metal complexes of acetylacetone and many other fi-drketones have been exten- 
sively studred 2--4 The first metal complexes of monothro-@rketones were reported by 
the author in 1964 ’ The replacement of one oxygen of the /3-drketone by sulphur grves 
nse to metal chelates having properties m many mstances considerably different from 
those of the complexes formed by the parent fl-drketone 

Monothlo$-drketones and their metal complexes have prevrously been briefly re- 
vrewed 6. However, these two reviews were not devoted entirely to thrs subject and 
furthermore, a consrderable body of work has appeared since their publication A review 

by Cox and Darken’ precedes this article in this Journal. 

B. PREPARATION OF MONOTHIO-fl-DIKETONES 

(1) By reamon of hydrogen SuIphide on fl-drketones 

The first recorded attempt to prepare thto derivatives of a P-drketone was made by 
Fromm and Zrersch who prepared the colourless &mer (I) from acetylacetone and 
hydrogen sulphrde 111 alcohol m the presence of hydrogen chloride * . Ethyl throaceto- 
acetate (II, R = Me; R’ = OEt) was prepared by Mrtra ’ by passing hydrogen sulphide for 
6 h mto a solutron of ethyl acetoacetate m alcohol, which had been saturated with hy- 

=“3 
I 

Ii II 
S 0 

drogen chlorrde at -10°C Ethyl throbenzoylacetate (III, R = Ph, R’ = OEt) was pre- 
pared by a modrficatron of Mdra’s method by Reyes and Srlverstem lo who reported that 
this compound, which 1s blue, rs decolorrzed on contact with air owmg to dissolutron of 
oxygen The decolorrzatron is not due to polymerrzatton, smce the infrared and NMR 
spectra of the blue and decolorlzed forms are identical. Reyes and Silverstem concluded 
that the compound exists solely m the intramolecular hydrogen-bonded thienol form (III). 
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The base-catalyzed reaction of hydrogen sulphrde on &&ketones has been investr- 
gated rr _ The monothio-derrvatrve of acetylacetone was obtamed m 24% yield by the 
treatment of a solutron of acetylacerone (0 5 mole) in methanol or dimethylsulphoxrde 
(100 ml) wrth morphohne (0.05 mole) followed by the raped passage of hydrogen sulphide 
through the rmxture for 7 h “. 

Monothro$-drketones can be prepared from @diketones by the action of hydrogen 
sulphide, a low concentration (2 5% m alcohol) is used to avord the formatron of polymers 
such as (I). Nevertheless, the condrtrons are rather cntrcal. For example, benzoylacetone 
and drbenzoylmethane are not converted to then monothlo derivatives by Mitra’s method 
However, d hydrogen sulphlde is passed for 30 mm into a solution of the p&ketone at 
-10°C followed by theipassage of hydrogen chloride for 5 min, the monothio-/3-dtketones 
are obtained On the other hand, thenoyltrifluoroacetone requires saturation of the 
alcohol solution with hydrogen sulphide and hydrogen chloride at -70°C ‘* _ 

At room temperature, @liketones and j3-keto-esters are m tautomenc equrhbrmm 
between the &keto form (IV) and the chelated hydrogen-bonded form (V) *‘*14 _ In polar 
solvents the concentratron of the drketo form 1s increased r3,15 

There appears to be a relation&p between the amount of enol form present m alcohol 
solution and the concentratron of hydrogen chlonde necessary to brmg about conversron 
to the thro derrvatme Thrs 1s summarrzed rn Table 1 of the preceding article ’ It was 
also suggested that reaction wrth hydrogen sulphrde occurs only wrth the drketo tautomer 
(IV) Consequently, higher concentratrons of hydrogen chloride are required for those 
p-diketones whrch exist predominantly m the enol form 111 order to provide the more 
polar conditions necessary to sluft the tautomerrc equrhbrium 111 favour of the drketo 
form ‘*_ 

The reaction can be represented as follows l6 - 

\ 
+ H” - \ C=& \+ 

CEO -H- C-O-H 
/ / / 

S-H 
\+ 

C-O-H + h2S - ‘c’ \ 
/ \+/” - 

C=S / / 
+ HP' 

O\H 

In the case of a fi-drketone (IV) when R # R’, rt has been shown that the nucleophrhc 
attack by hydrogen sulplude takes p!ace at the ketomc group attached to R. d the elec- 
tron-wrthdrawmg power of R is less than that of R’ 1X16_ Thus the monothro-@drketone 
(III) 1s obtained as the only isomer, as shown m Table 1 
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TABLE 1 

Monothm-p-&ketones whxh have been obtamed m only one lsomenc form RC(SH)=CHCOR’ by the 
actlon of hydrogen sulphlde on RCOCH2COR’ 

R R' Ref 

Me 

C4H3S, 

Me 

Ph 
p-BrC6Ha 
C4H30 

Ph 
Ph 
Ph 
pCIC&‘q 
@IC6H4 

Ph 
-3 

@3 

CF3 

CF3 

CF3 

fllC6H4 

pMeOCsH4 
C4H3S 

bMeOCsH4 ’ 
C4H3S 

12 
12 
17 
18 
19 
19 
16 
16 
16 
16 

= 

16 

Smce the experlmental condltlons for the preparation of monothloQ-ddcetones are 
rather cntlcal, they are gwen here The method which has been found to be most satu- 
factory 1s as follows G* Hydrogen sulplude is passed for 20 mm mto a solution of the 
/3-dlketone (5 g) m alcohol (200 ml) at -70°C followed by dry hydrogen chloride for 
10 mm The reactlon flask IS fitted with a calcmm chloride drymg tube and the contents 
are allowed to come to room temperature, then stood for 15 h If the product IS a sohd, 
the reaction mucture IS poured into Ice-water (500 ml) and the resulting red crystalhne 
product IS filtered off and recrystalhzed from light petroleum. If the product IS an oil, 
the reztion mixture, after standmg, IS extracted with light petroleum. The extract, after 
co&entratlon to small volume (100 ml), IS dissolved .m alcohol (150 ml), and then 

treated with a solution of lead acetate trlhydrate (3 g) m 80% alcohol (206 ‘ml) Water 
(200 ml) IS added to the mixture, which IS then warmed on the steam bath for 15 mm 

The lead complex IS filtered off, dned over phosphorus pentoxide, and suspended m 

bght petroleum (300 ml) while hydrogen sulphde is passed through for 15 mm The pre- 
cipitated lead sulphlde IS faltered off, and the red filtrate is dried, the solvent 1s removed 
under reduced pressure, and the crude product IS dlstdled under reduced pressure to gwe 
the pure monothio-@dIketone 

Punficatlon via the lead complex has the added advantage that any gem-dlthiol, which 
may also be formed m the reactlon between hydrogen sulphlde and the @dIketone, par- 

ticularly above -4O”C, IS removed, since, although the lead complex of the gera-dithlol 1s 

formed, rt IS unstable and decomposes to give the lead complex of the monotbo-@-d&e- 

tone and lead sul$ude *O. 
The monothio-&diketones whch have been reported are listed by Cox and Darken’ 

in their Table 2. 

(ii) By condensation of ketones with thionrc esters 

Monothio_P-tietones can reatiy be obtained in yields exceeding 50% by a Cllsen-type 
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condensation of ketones wrth thiomc esters, RC(S)OMe, or dithronic esters, RC(S)SMe. 
The ketone is added to a suspension of sodamrde in ether and, after 15 mm, an ethereal 
solution of the thionic ester IS added dropwrse. The mixture is allowed to stand 15 h and 
then the sodrum salt of the monothroQ&etone 1s extracted wrth water. Carbon droxrde 
1s passed mto the aqueous solution and the monothro$-ddcetone separates out *‘***. 

‘lhs method has the added advantage m that, where the two structural isomers (VI) 
and (VII) are possible, both rsomers can be prepared m good yield, whereas the reaction 
of hydrogen suiphrde on the P&ketone yields only one isomer (vrde supra). Uhlemann 
and his co-workers have synthesrzed a consrderable number of monothio_P-drketones by 
thrs method, many of them in both rsomenc forms (see Table 2, ref. 7) 

C. OTHER COMPOUNDS CONTAINING THE GROUPING -C(SH)=CHCO- 

Other compounds containing the grouping -C(SH)=CHCO- are hsted m Table 2 They 
can act as chelatmg agents and form metal complexes srmrlar to those formed by mono- 
thro-@iiketones. 

D a-SUBSTITUTED MONOTHIO-p-DIKETONES 

The a-c-methyl substituted monothro$-&ketones (VIII, R = Me, Ph) have been pre- 
pared by the actron of hydrogen sulphide on the correspondmg fl-drketones *’ The com- 
plexmg ability of these ligands appears to be much weBer than that of other monothro- 
P-drketones, thrs appears to be due to sterrc hmdrance caused by the methyl group at- 

tached to the central carbon atom. Where the termmal groups are phenyl, there IS severe 
interaction between the central methyl group and the benzene nngs. A slmiiar steric ef- 
fect obtams in 2-methyl-1.3~drphenylpropane-I &hone; however, the interactron can be 
reheved to some extent by a bendmg of the molecule, as shown in (IX), with a concomr- 
tant shortening of the oxygen-oxygen drstance *’ . With the thio derivative VIII (R = Ph), 
the larger size of the sulphur atom prevents any appreciable bending of the molecule za _ 
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TABLE 2 

Otfler compounds contomlng tflc poupmg - C(YH)=CHCO- 

Compound Formula Mp orbp Rcf 

Ethyl thloacetoacctate 
Ethyl thlobenzoylacetatc 
Ethyl 3.(4.nitrophenyl)-3-mcrcaptopropenoate 
Ethyl 3.(4.mcthoxyphenyl)-3-mercaptopropenoatc 
Ethyl o-mercaptobenzoatc 
ISO-Propyl o-mercaptobenzoate 
ao-Amy1 o-mercaptobeuzoate 
S-Ethyl o-mercaptotluobenzoate 
S-lso-Propyl o-mercaptothlobenzoate 
S-iso-Amy1 o-mercaptothlobenzoate 
S-Ethyl pmercaptothlocmnamate 
S-lso.Propyl p-mercaptotl~~ocinnamate 
S-Benzyl p-mercaptotntocmnamate 
N-Ethyl ~mercaptocmnamamlde 
N-Phenyl j+mercaptocmnamamldc 
N-Phenyl p-mercaptocmnamamldc 
2-Th~oacetylcyclopentanonc 

2.Tfuoacctylcycloheptanonc 

CH3C(SH)=CHCOOEt a 
Pl~C(SH)=CliCOOBt a 
p~IC~f1~C(SH)=Cl~COOEt 
p-N02C~H4C(SfI)=CHCOOEt 
p-MeOC6H&(SH)=CHCOOEt 
o-HSC6H4COOEt 
o-HSC6H4COOPr’ 
o-HSCGH&OOAml 
o-HS&jH&OSEt 
o-HSC6H4COSPr1 
o-HSC6H4COSAm’ 
PhC(SH)=CHCOSEt 
Pf:C(SfI)=CHCOSPr’ 
PhC(SH)=CHCOSCH2Ph 
PhC(SH)=CHCONHEt 
Pf~C(SH)=CHCONIlPf~ 
CH3C(SlI)=CCOCH2 a 

I I 
CH2 CI12 

CH3C(SH)=CCOCH2, a 
I /CM2 

CH2 CH2 

CH3C(SH)=CCOCH2CH2 a 
I I 

CHz CH2CH2 

75 -80/9 mm 
10210 7 mm 
130;4/5 mm 

b 
b 
b 
b 

14%7/7 mm 
125/4 mm 
148-5214 mm 
163 
127 
150 
136-7 
107-8 
80-310.5 mm 

90-2/O 1 mm 

110-2/O 8 mm 

9 
10 
23 
23 
23 
24 
24 
24 
24 
24 
24 
25 
25 
25 
26 
26 
27 

22 

21 

a Thloenol form b Not reported. 
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E. PHYSICAL MEASUREMENT’S ON MONOTHIOODIKETONES 

(f) Infrared spectra 

The infrared spectra of monothio-/3-drketones drsplay three charactenstrc bands whrch 
have been assigned as follows rzs2 1670-l 590 cm-’ v(CW), 1638-l 530 cm-’ 
v(CLIIc), and 1267-l 190 cm-r v(Cz S) The spectra oPcrystalIme monothro-fi-drke- 
tones show no absorptron m the range 1760-1700 cm-’ ,Cttnbutable to Y(C=O) 
(ketomc), indrcatmg that m the solid state, these compounds exist almost entirely m the 
throenol tautomenc form (III)_ The absence of a sharp SH absorptron at ca 2570 cm-’ 
Indicates strong chelatron of the throl proton r2 

(II) Elecb-onzc spectra 

Most monothro_iC-drketones are red, whereas the sodmm salt the drsulphrde (X), and 
the S-methyl derrvatrve (XI) of 3-mercapto-1,3-drphenylprop-2-en-l-one (III. R = R’ = Ph) 
are yellow. The red colour of (III, R = R’ = Ph) 1s due to a band at 505 nm (e, 170), thrs 
1s an R-band associated wrth the C-SH group of the hydrogen-bonded thioenoltautomer 
(III). T~s grouping IS absent m the sodmm salt, the drsulphrde (X), and the S-methyl 
derivative (XI). The spectrum of (III, R = R' = Ph) displays a strong band at 408 nm 
(E, 14500), thrs IS a K-band assocrated wrth the C=S chromophore, correspondmg to a 

R + nIT+ tranntron. There IS also another strong band at 325 nm (E, 11000) which occurs 
in the same regron and wrth half the mtensrty of the K-band m drbenzoylmethane It 1s 
considered to be due to the coniugated system associated wrth the C = 0 chromophore sa. 

The band at ca. 3 15 nm m the spectra of ethyl &mercaptothrocmnamate and N-phenyl- 
@-mercaptocmnamamide has been ascribed to the entluol form (XII; X = SEt or NHPh) 
The intensity of thrs band decreases wrth increasing solvent polanty as follows. 
CC14 > n-hexane > CHCls > 99% EtOH > 75% EtOH. Thus mdrcates that m the more 
polar solvents there 1s tautomerrsm between the thioenol form (XII) and the thioxo form 
(XIII) 3L. 

(in) Mass spectra 

The mass spectrum of (III; R = R’ = Ph) IS characterized by an mtense molecular ran 
at m/e 240 accompamed by an mtense M-l ran at m/e 239. TIus 1s due to the formatron 

Coord. ChemRev.,7 (1971)59-80 
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of a five-membered resonance-stabllzed cyclic ion (XIV) Other peaks 111 the spectrum 
which occur at m/e 122,105. and 77 are due to Ions formed by homolytic cleavage re- 
actlons, as shown m Scheme 5 I2 _ 

L u .I 

m/e 240 (67%) CXISZ ; m/e 2391 WXI %I 

m/e 240 (67%) 

Scheme I 

Ph--c+=s 

m/e 121 (11%) 

Ph-LO 

m/e 105 (37%) 

I -CO 
t 

Ph+ 

m/e 77 (63%) 

(Iv) D~_swciation constants 

Measurements on monothio&bketones m droxan-water solutions with varymg mole 
fraction (nz) of dloxan have shown that the values of the &ssociatlon constant (pKD) 
vary linearly wrth n2 over 2 range of n2 from 0.18 to 0.44 The monothioQ-tietones are 
stronger acrds than fi-dlketones, having pKD values 2 O-2.7 log units lower than their 
oxygen analogues 3w3 The values of pKD , in 74.5 vol.% of dioxan, obtamed for some 
/3&ketones and their silphur analogues are given m Table 3. 

F. METAL COMPLEXES OF MONOTHIO$-DIKETONE 

Metal ions known to form complexes \nth mono&o-/3-dlketones are hsted in Table 4. 
With the exceptlon of vanadmm (IV) and manganese (II), all the metal ions hsted form 
neutral complexes of the type ML,, (LI-I = monotluo@hketone; n = oxidation state of 
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TABLE 3 

Values of pKD for monothm&dlketones RC(SH)=CHCOR’ and their oxygen analogues m 74 5 ~01% 
&oxan at 30°C 

R R’ Monotho-@dIketone @-DIketone 

Ph 

Me 
Me 
Ph 

C4H3S 
Q 

C4H3S 

Me 

C4H3S 

Me 
But 
Me 

Gob 
Ph 

Gob 

Ph 

Ph 
Me 
Me 

CF3 

Me 

C4H3S 

C4H3S 

But 
Me 

C10H7 
b 

Me 

C10H7 

Ph 

11.14 3*=, 11 40 33 13 75 34 

;;:;; 1: ,104033 , 10 20 33 12 12.85 60 34 32 
10.45 33 

7 05 3* 8 64 36 
10.40 33 
10 00 33 12.35 34 
10.80 33 
10 65 33 
12.02 33 
1120 33 

:E; :z 

11.30 33 

a C4H3S = Zthlenyl b C10H7 = 2-naphthyl. 

the metal). Nickel complexes have been isolated wrth nearly all the monothroj3-drketones 
lrsted (Table 2, ref. 7) r2~r7-rg2* _ However, for most of the other metal ions, complexes 
are known only with 3-mercapto-1,3-drphenyl-prop-2-en-I-one (III, R = R’ = Ph) 37-3g _ 

The nickel complexes are brown, diamagnetic, square-planar, and msoluble in water 
but readdy soluble m most polar and non-polar organic solvents On the other hand, most 
nickel complexes of fi-drketones are green, paramagnetic, octahedral, and, at most, 
sparmgly soluble m organic solvents, although a few red, dramagnetic complexes of 
sterically hindered ligands have been prepared 3y4 _ It has been recently observed 4o that 

_ the replacement of oxygen by sulphur in bis-chelate complexes of cobah and nickel(H) 
has two rmportant structural consequences, VIZ. depolymenzatron and the stabrhzatron of 
the planar form. 

Attempts to prepare monothioQ-drketone complexes of vanadmm(III) and chromrum(II), 
even in the absence of au, result m the formation of complexes of vanadrum(IV) and 

3ap1 chromium(III) . When monothrodrbenzoylmethane (III; R = R’ = Ph) 1s treated with 
manganese(I1) acetate 111 alcohol, even in the presence of hypophosphorous acid, the 
disulphrde (X) 1s formed With manganese(II1) acetate the hgand 1s oxnhzed to the dnul- 
phrde so rapidly that the maganese(II1) complex cannot be isolated. However, the manga- 
nese(II1) complex of 5-mercapto-2,2,6,6-tetramethylhept-4-en-3-one (III; R = R’ = CMe3) 
has been obtained aa. 

If cobalt(H) salts are treated with monothro_P-drketones without precautrons to ex- 
clude an, the cobalt(II1) complexes are readdy formed. However, the cobalt(II) complexes 
of monothioacetylacetone, thiobenzoylacetone, and monothrodipivaloylmethane have 
been obtamed by the use of thoroughly dned and degassed solvents under rrgorously 
anaerobrc conditions 42. The cobalt(I1) complex of monothiodibenzoylmethane has been 
obtained from an aqueous alcohol solutron contammg piperuhne at 20°C “. 

Coord. Chem Rev ,7 (1971) 59-80 



TABLE 4 

Metal ions known to form neutral complexes with monoBq%dlketones 

~~ 

VA V!A VIIA VIII IB IIB IIIB IVB VB 

P(W) 

VW Cr(III) Mn(ll) Fe(H) 
Mn(II1) Fe(II1) 

Co(H) 
Co(II1) 

Nl(I1) WI) 
WII) 

Zn(I1) Ga(II1) As(II1) 

Mo(II1) Ru(II1) 
Ru(IV) 

Rh(lIl) Pd(Il) Ag(I) Cd(I1) In(II1) Sn(I1) 
Sn(IV) 

Sb(II1) 

Os(II1) 

WV) 

Pt(I1) WI) TI(I) Pb(I1) B1(111) 
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The Iron(R) complex of monotluodrprvaloylmethane has been obtained under anaerobrc 
conditxons 42. The non(R) and manganese@) complexes, FeLpy2 and Mr&py2 (LH = 
PhC(SH)=CHCOPh), have been obtained from pyndine solutron below 15°C; at hrgher 
temperatures oxidatron occurs 39 _ 

Both six- and five-coordmate complexes are known with vanadmm(IV). The compound 
VOLa (LH = C4 Hs SCSH=CHCOCFs) IS dunenc m mtrobenzene and Its mfrared spec- 
trum shows no v(V=O) absorptron m the region 900-1000 cm-‘, accordmgly, it was as- 
sumed to have the p-droxo-bndged structure (XV) r’ T’he compounds VOL, (LH = 
RCSH=CHCOR’, R = Ph, R’ = Ph, OEt; R = Me, R’ = Ph), wluch are monomerrc m ben- 
zene or methylene chloride, drsplay v(V=O) in the range 984-996 cm-’ and are con- 
sidered to have a square-pyramidal configuration “. 

The only molybdenum(II1) complexes which have been reported are those having the 
empmcal formulae MO* L.4 Cl2 (Hz O)3 (LH = RCSH=CHCOR’, R = Ph, R’ = Ph, OEt , 
R = 2-thienyl, R’ = CF3). They are conwderecl to ‘lave the trrs-g-throlo-brrdged structure 
(XVI) m which the molybdenum atoms are erghtcoordmate. All have anomalously low 
magnetic moments 44. 

Ruthemum and osmmm form complexes wrth monothrobenzoylmethane of the type 
ML3 and ML, (M = Ru, OS). In the ruthenmm(IV) and osmium(IV) complexes the metal 
atom is considered to be eight-coordinate 3g 

In the copper(I), srlver(I), and thalhum(1) complexes ML the monothioQ-drketone IS 
most hkely bound to the metal via the sulphur atom only The compounds are msoluble 
and probably polymenc wrth sulphur bndges 17s37,sa. 

Of interest are the trrs-ligand complexes of monothrodrbenzoy’methane wrth the 
Group VI3 elements, phosphorus, arsemc, antunony, and bismuth. Whereas the amtmony 
and bismuth complexes are readrly soluble m benzene, chloroform, and alcohol, the 
phosphorus and arsenic complexes are not. In the former the hgand 1s chelated through . 
both sulphur and oxygen but the mfrared data m&cate that the bgand is bound through 
sulphur only m the arsenic complex and through oxygen only in the phosphorus com- 
pound. This drfference in the mode of coordmatron 1s manifested m then reactron wrth 
water. The phosphorus compound is hydrolyzed within a few mmutes, whereas the arsemc 
complex 1s unaffected by long contact wrth boihng water 37 

Chord Chem Rev., 7 (1971) 59-80 
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G. PHYSICAL MEASWtEhIENTS ON METAL COhlPLEXES OF MONOTHIOQ-0IKETONES 

(1) Infrared spectra 

The mfrared spectra of the complexes MLn display five charactenstic bands whrch 
have been assrgned as hsted m Table 5 rz*37y38 There IS some doubt about the assignments 
of Y(C-=C) and v(C= 0) and rt IS possrble that these assrgnments should be interchanged 
There 1s also E band of medrum intensrty 111 the range 820-790 cm-‘, no smular band 
occurs 111 the spectra of P&ketone complexes Thrs band was tentatrvely assrgned as 
C=S stretching coupled with another mode, possible C-H deformatron rW7, but tlus 
assrgnment needs further con&matron 

TABLE 5 

Charactensuc infrared bands of metal complexes of monothro-p-drketones 

Band (cm-’ ) Abgnment 

1.590-1525 lJ(c=c) 
1.542-1458 v(C==O) 
1270-1220 v(C=S) 

499-437 v(M - 0) 
399-376 Gf-5) 

The copper(I), srIver(I), cadmrum(Ii), and mercury(B) complexes, hke the S-methyl 
derrvatrve (XI), display v(C = 0) at 1640-1605 cm-r but no absorptron in the 
Y(C~) and v(M - 0) regions. Thus mdrcates that m these complexes the hgand IS 
bound through sulphur only The srlver and mercury complexes are almost certainly two- 
coo&mate, however, the low solubrhty of the cadmium complexes indrcates that they 
are probably four-coordmate and polymenc with sulphur bridges lgJ8 

The spectrum of the arsenic(II1) complex of (III; R = R’ = Ph) displays v(C = 0) at 
1640 cm-‘, mdrcatmg that the rarbonyl group is not coordmated 37 _ 

(ii) Electronic spectra 

The electromc spectra of a considerable number of nickel(B) complexes of monothro- 
j3-drketones have been measured_ The band at 14400-15600 cm-’ (E, ca 203) and the 
shoulder at 19000-22800 cm-’ have been assigned as d - d transrtrons of square-planar 
coordinated mckel(II), whtle the five more intense bands occurring at hrgher frequencies 
are regarded as charge-transfer bands ‘Ksc The posrtron of the lowest energy band at ca. 
15000 cm-’ has been used to place the various monothro-fl-drketones among other sulphur 
hgands in the spectrochemrcal senes as follows 4s dtp < Me-OMe = Ph-OEt = Me-OEt 
< C4H3S-CF3 < Ph-Ph N- exan cy Me-Ph N But-But < Me-Me < dtc (dtp = diethyl- 
drthrophosphate; exan = ethyl xanthate; dtc =N,N’-drethyldrthiocarbamate). 

Whereas palladtum(i1) complexes are usuahy more deeply coloured than their 
platinum(I1) analogues, the platmum complexes of monothroWrketones are darker than 
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the correspondmg palladrum complexes The lowest frequency band of the palladrum 
complex of monothiodrbenzoylmethane occurs at 22400 cm-’ whrle the platinum com- 
plex drsplays a weak shoulder at 17000 and a maximum at 19600 cm-’ _ The M + L,* 
charge-transfer band of the ruckel complex occurs at 18000 cm-’ 30. The order of increas- 
ing frequency of the M + L,* band for maleomtrdedrtluol and cyanide complexes 1s. 
Nl N Pt < Pd 46B47 _ In thrs respect monothrojl-diketones resemble maleomtrrledtthrol and 
cyamde. 

The spectra of the green complexes VO(RCS=CHCOR’)a (R = Ph, R’ = Ph, OEt, 
R = Me, R’ = Ph) display two absorpttons below 18000 cm-’ , VIZ a shoulder at 
10500-12100 cm-’ and a band at 14700-17300 cm-‘, which have been assigned 
provlsronally as the dx,, + d,, , drz and the dx,, + dx2_,, 2 transrttons, respecttvely The 
two intense bands above 20000 cm-’ are considered to be charge-transfer bands 43 

The spectrum of the uon(I1) complex Fe(Mes CS=CHCOCMea)2 shows a maxrmum at 
10500 cm-’ , mdrcatrve of a tetrahedral configuratton 42 _ 

The spectra of the cobalt(H) complexes Co(MeCS=CHCOCMe)2 and 
Co(PhCS=CHCOCMe)2 m chloroform solutron display a maximum at 7300 cm-’ with a 
shoulder at ca. 9500 cm-‘, denotmg a tetrahedral configuratron. On the other hand, the 
solid-state spectrum of CJ(MeaCS=CHCOCMes)2 (Lax, 8300 cm-‘) is mdicatrve of a 
square-planar structure. Nevertheless, m toluene solutron the spectrum progressively 
changes towards a typical tetrahedral spectrum as the temperature 1s raised 42. 

(ni) Magnetrc moments 

The moments of the vanadmm(IV) complexes he wrthm the range 1.72-l. 78 B.M. 
and are consrstent with the expected value for a d’ ion 17~3 _ The complex 
Cr(PhC!+CHCOPh)a has a moment of 3.8 B M., usual for chrormum(III) 41 _ The 
manganese(II1) compound Mn(Mea CS=CHCOCMea)s IS spin-free as _ 

The cobalt(II1) and mckel(I1) complexes are dramagnetrc 151gzja. The cobalt(H) com- 
plex Co(MesCS=CHCOCMes), 1s spm-paued wrth a moment of 2.93 B M. but in chloro- 
form solution the moment ranges from 3.17 B M at 294°K to 3 65 B M. at 318OK. The 
compounds Co(MeCS=CHCOCMe)2 and Co(PhCS=CHCOCMe)a are spin-free with 
moments of 4 45 and 4 59 B-M., respectively, mdtcatmg a tetrahedral configuration 42 
Several copper complexes of the type CuL are known and their moments are normal, 
lying withm the range 1 84-l .93 B M. 17*19 

The rron(I1) complex Fe(MeaCS=CHCOCMes)2 has a moment of 5 18 B M in toluene, 
the moment was not measured m the solid state 42 _ 

The iron(II1) complexes &splay anomalous magnetic behavrour, theu room-temperature 
moments varying between 2 3 and 5.8 B M (see Table 6). The ethyl thiobenzoylacetate 
complex behaves as a normal paramagnetic and obeys the Cune-Weiss law with 8 = -8°K. 
The moments of the other complexes are temperature-dependent, due to a thermal 
equrhbnum between the nearly equr-energetic spm-patred (t&) and spin-free (t&e:) con- 
figurations of the iron atoms, resulting from the approxrmately equal magnitudes of the 
hgand field (A) and the pairmg energy (n) m these complexes The hgand field, and con- 
sequently the magnetic behavrour, are sensitive to the nature of R and R’ electron-wrth- 
drawmg groups appear to be the most effcctrve m mcreasing the populatron of the spm- 
paired configuratron @. 

Coord Chem Rev ,7 (1971) 59-80 
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TABLE 6 

Magnetic data on Fe(RCS=CHCOR’)3 complexes 

R R’ 

Ph CF3 2 31 W-373 186 - 3 65 
P-B%H4 CF3 3 10 80-378 206-445 
f1-MeCeH4 CF3 3 45 80-378 211-506 
p-MeOC6H4 CF3 3 44 80-375 270-465 
2-Thenyl -3 549 133-368 413-558 
ZFuryl -3 5 61 80-373 407-570 
Ph Ph 5 50 SO-403 2 18 - 5 77 
P!l OEt 5 82 93-293 567-582 

Some measurements have been made m complexes of metals of the second and thrrd 
transrtron senes The molybdenum(II1) complexes MO* L4 Cla (Ha O), (LH = monothro$- 
drketone), wluch are considered to have the throlo-bndged structure (XVI), have 
anomalously low moments rangmg from 0 3 to 1 .l B M Most octahedral complexes of 
molybdenum(I1I), for whrch magnetrc measurements have been made, have moments 
lymg between 3 66 and 3 88 B M , as expected for the d3 configuratron wrth no orbrtal 
contrrbutron to the moment The low moments of the monothro$-drketone complexes 
and of some other throlo-brrdged molybdenum(II1) complexes are consrdered to be due 
to metal-metal mteractron either directly or vra the bndgmg atoms 44 

0sL3 (IA = PnCS=CHCOPh) has a moment of 1 66 B M., mdrcatmg a spm-paired 
(t&) octahedral complex, osmrum(II1) complexes normally have moments wrthm the 
range 1 6-l -95 B M ESR measurements on the corresponding ruthemum(II1) complex 

mdrcate the presence of one unparred electron (1 e the t& configuratron) 3g 
The moment of OsL, 1s 1 89 B M , whde RuL4 1s diamagnetic The diamagnetism of 

the ruthenium complex may mdrcate a cubic environment and the moment of the osmium 

complex mdrcates the presence of two unparred electrons 3g Octahedral osmrum(IV) 

complexes, whrch presumably have the t& conflguratron, have room-temperature mo- 
ments wrthm the range 1 2-i 7 B.M., far below the spin-only value of 2 84 B M 

Osmrum(iV) has a hrgh spin-orbit couplrng constant A; thrs means that kT/X IS quite 

small at room temperature, leading to a magnetic moment winch 1s low at ordinary tem- 

peratures and strongly temperature-dependent 4g Little 1s known about the magnetism . 
of eight-coorchnate osmmm(IV) 

(rv) Mossbauer spectra 

Mossbauer spectra have been obtamed at 300 and 80” K for the complexes 
Fe(RC!+CHCOR’)3 (R = Ph, Me, R’ = Ph, Me), whrch drsplay a thermal equrhbrmm 

between the 6A 1 (f&e:) and the * T2 (t&) spm isomers Both spm isomers were de- 
tected 111 all four compounds, although not always at both temperatures. Thrs 1s m con- 

trast to trrs-(N,N-dralkyldrthrocarbamato)rron(III) compiexes for which unfavourable 
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relaxation times prevent the detection of the isomers by Mossbauer spectroscopy. The 
Mossbauer parameters So for the monothio&hketone complexes are given by Cox and 
Darken ’ tn Table 13. It can be seen from the Table that the low-spm (2 7’2) isomers have 
much larger quadrupole sphttings (Al?) than the high-spur (6A r ) isomers at the same tem- 
perature. 

(v) NMR spectra 

Data obtained from the NMR spectra of acetylacetonate, /I-ketolmme, and monothio- 
acetylacetonate complexes of mckel(II) m pyridme solution show that the cont,rct shtfts 
are a sensitive function of the heteroatom and that the extent of o-delocahzation m- 
creases as N < 0 < S, while the n-delocahzatron decreases as N > 0 > S The observed 
increase m o-spur delocahzation parallels m reverse order the relative positrons of the 
hgands m the spectrochemical series v1z fl-ketolmme > acetylacetone > monothroacetyl- 
acetone ” 

The NMR spectra are further discussed below (Section H) 

(vi) ESR specm 

ESR measurements have been made on three vanadnm.(lV) complexes of the type 
VO(RCS=CHCOR’)2 The spectra are similar to those of other V02+ complexes. The go 
values are somewhat higher (-0.005) than those found for S-drketone complexes, consis- 
tent with a greater electron delocahzation in the monothio-@dIketone complexes relative 

to /3-diketone complexes 43 
The values of the isotropic hyperfine sphttmgsAo for vanadium(W) complexes de- 

crease m the order. @diketone (- 11 OG) > monothio-@diketone (-95G) > N,N-dialkyl- 
ditluocarbamate (-90G) > maieomtrdedithlolate (-70G) This sequence is consistent 
v.lth the greater degree of covalency of(b) class (sulphur) compared to (a) class (oxygen) 
donors 43 _ 

(vu) X-ray srncctrtrai analyses 

A prehmmary structural mvestigatron on Ni(MesCS=CHCOCHs)s mdrcated that the 

compound probably has a tram arrangement 52 
Although it was earlier reported that a prehmmary X-ray structural determmation on 

the rsomorphous palladrum and platinum complexes M(PhCS=CHCOPh)2 (M = Pd. Pt) 

showed that these compounds had a rram-configuration 45, this was m error. Both com- 
plexes are CIS square-planar. the Pd-S distances are 2 26 and 2 22A s3. 

The crystal structure of monot~od~benzoy~ethanato-~-methylallylpalladmrn(II), 
(rr-C4H7)Pd(PhCS=CHCOPh), ha s b een determined by d three-dunenstonai X-ray crys- 
tallographic analysis The Pd-0 and Pd-S distances are 2 067 and 2 291 A, respectively 
The Pd-C distances are 2 08,2 15, and 2 21 .& to the three carbon atoms of the methyl- 
ally1 backbone The long Pd-C bond length of 2 21 A is opposite the sulphur atom and 
may be ascribed to a tram effect 54 

The Pd-S bond length m cu-Pd(PhCS=CHCOPh)l (2 26 A) and m the ally1 complex 

Coord Chem. Rev ,7 (1971) 59-80 
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(2 29 A) is much shorter than the value of 2 49 A calculated from the observed Pd-0 
drstance and the drfference between the sulphur and the oxygen covalent radh. This 
pronounced shortenmg IS mdrcatrve of consrderable Pd-S rr-bondmg The difference 
between the geometry of the monothro-&drketone chelate rmg and that obtammg m the 
fl-drketone analogues reflects the asymmetry induced rn the former by the presence of 
the large sulphur atom 54 

[vilij Dpole moments 

The dipole moments of the mckel(II), palladmm(II), and platmum(I1) complexes of 
monothiobenzoylmethane (LH), obtained from static polarization measurements m 
benzene solutron, were found to be as follows. NrLZ, 2.45D, PdLa, 3 63D, PtL2, 2 97D 
Drelectnc relaxatron measurements m benzene solutron gave the followmg values for the 
drpole moments N&, 1 2 5 O-ID, PdLa, 1 3 +- 0 lD, Ptl$, 1.2 + 0 ID. The apprecrably 
higher values obtained from static polarrzatron measurements are consrdered to be due to 
abnormally hrgh atomic polarrzatron m these complexes ” Srmrlar htgh atomic polariza- 
tron has been found for many fl-drketone complexes 56 _ 

Smce the X-ray structure determmatron has shown the palladrum and platmum ccm- 
plexes to have the crs-configuratron m the crystalhne state 53, the non-zero values for the 
dipole moments can be taken as evidence for the exrstence of the czs-form m solutron In 
an attempt to ascertam rf both rsomers were present m solutron, the NMR spectra were 
measured but, due to msufficrent solubrhty, the signal due to the vmyl protons could not 
be detected with certainty It appears that only one isomer 1s present m solution, smce 
attempts to separate the us-tram rsomers by &m-layer chromatography were unsuccess- 
ful It 1s considered that the complexes exist m solutron solely m the &-form, smce only 
a small dipole moment would be expected for the cu-isomer and the electronegatrvrty 
difference between the oxygen and sulphur atoms would not be great because these atoms 
form part of a pseudo aromatrc rmg m the complex The relatrvely hrgh value of the drelec- 
tnc relaxation times (ca SO X IO-‘* set) 1s mdrcatrve oi” a non-planar arrangement of the 
phznyl groups 55, thts 1s m keeping wrth the results obtamed from the X-ray structure de- 
termination 53 

(ix) Stability constants 

Stepwrse formation constants (k, and k,) and overall stabrhty constants (p,) have 
been measured for eight brvalent metal complexes of monothiobenzoyhnethane and for 
five metal complexes of benzoylthioacetone and for the zmc complexes of another eleven 
monoth.ro@lrketones. The measurements were made at 30°C m 74.5 vol.% dioxan-water 
wrth perchlorate, nitrare, or chlorrde salts of the metals. These results, together with the 
values of log Pa for the correspomhng @ketone complexes, are given in Table 7. 

Lrvmgstone and Sulhvan ss deterrruned the storcherometnc stabrhty constants wrth 
chlonde and with perchlorate as supportmg electrolyte (figures for the latter are listed in 
Table 7). Storcheiometrrc stabhty constants are thermodynamic stability constants which 
are valid for a standard state, defined by the composrtion of the solution “. Therrno- 
dynamic stabrhty constants may be obtamed from the stoicheiometric constants by the 
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TABLE 7 

StabIty constants of metal complexes of monothm$-diketones and @iketones in 74.5 ~01% &oxan 
at 30°C 

R R’ Metai Monotho-HIketone complex 0-Diketone 
IOll complex 

lwki log k2 log P2 MP2 

Ph Ph 

Ph Ph 

Ph 

Ph 

Ph 

Me 

Me 

Me 

Ph 

Ph 

Ph 

Ph 

Ph 

Ph 

CloH7 a Me 

Me C4H3S 
b 

C4H3S Me 

Ph Cd47 

$xoH7 Ph 

Me t-Bu 

t-Bu Me 

Me Me 

C4H3S C&S 

Me 

Me 

Ph 

Me 

Ph 

Ph 

Me 

C10H7 u 

Ph 

Ph 

Ph 

Ph 

Ph 

Ph 

N](H) 

Zn(I1) 

Pb(iI) 

Cd(H) 

Be(I1) 

Mn(I1) 

uo;+ 

(XII) 

Nl(II) 

Zn(I1) 

Pb(I1) 

Cd(I1) 

Zn(I1) 

Zn(I1) 

Zn(I1) 

Zn(I1) 

Zn(I1) 

Zn(iI) 

Zn(I1) 

Zn(II) 

Zn(I1) 

Zn(I1) 

Zn(II) 

99035 11.22 3s 

9 95 3s 10.80 35 

8 84 35 9 08 35 
10 23 33 10 06 33 

10 1133 96133 

9 04 3s 8 65 3s 
10 40 33 10.08 33 

9 38 33 7 97 33 

7 43 33 7 3133 

10 43 3s 9 47 33 

10 22 3s 10 00 s5 

9.73 3s 9 67 35 

8.23 35 8 27 35 
948 33 9 29 33 

8 26 35 7 16 35 

8 23 35 7 80 35 

95733 9.45 33 

10 28 33 96833 

98833 9 53 33 

9 19 33 9 03 33 

9.46 33 9.24 33 

10.47 33 10.10 33 

10 37 33 10 12 33 

9.61 33 9.53 33 

10 36 33 10.24 33 

9 33 33 9 29 33 

9.76 33 95133 

22 15 32 
21 12js 
22 6 33 

21.65 32 

1; i2 3: 

17 92 3s 
20 29 33 

17 4 3s 
19 72 33 

17.70 3s 
20 48 33 

17 35 33 

14 74 33 

19 81 33 

20 22 3s 

19 40 35 

16 50 35 
18 77 33 

15.42 3s 

16 04 3s 

19 02 33 

19 96 33 

19 4133 

18 22 33 

18 70 33 

20 57 33 

20 49 33 

19.14 33 

20 60 33 

18 62 33 

19.27 33 

25 0032 
25.10 34 

20 18 34 

19.64 34 

18 79 a4 

16 63 ss 

26 03 34 

17 79 34 

23 01 32 

18 00 32 

16.35 3z 

14 54 5s 

u C10H7 = Znaphthyl. b C4H3S = 2-menyl. 
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use of the approprrate actrvrty coefficrents but there can be some uncertamty in the actual 
values assrgned Irvmgstone and Sulhvan found that the thermodynamrc stability con- 
stants are 1 6-1 8 log umts greater than the storcherometric values under the condrtions 
they used. The values quoted by Uhlemann et al 33 for the zmc, lead, and cadmmm com- 
plexes are appreciably lugher than those reported by Lwmgstone and Sulhvan but Uhle- 
mann’s values are the thermodynamrc stab&y constants. Srmrlarly, the stability constants 

of the /3-drketone complexes, determmed by Van Urtert et al. 34 and quoted for com- 
parrson m Table 7, are thermodynamrc constants 

From the stab&y data, certain generahzatrons can be made With sodmm perchlorate 

as the supporting electrolyte the stabrhty order IS Cu > NI > Zn > Cd > Pb This sequence 
drffers from the Mellor-Maley serres ” , Cu > NI > Pb > Zn > Cd, whrch has been found 

to hold almost universally for oxygen and mtrogen hgands Class (a) metal Ions, by defi- 

muon, form stronger complexes wrth oxygen than with sulphur donors, whereas the re- 

verse IS true for (b) class metal rons 626o. The (a) class metal rons berylhum(I1) and 
manganese(H) form stronger complexes wrth P-drketones than with therr monothro 
analogues. However, 111 vrew of the ready oxrdatron of manganese(I1) in the presence of 
monothroji-drketones (vrde supra), the values for manganese(I1) must be accepted wrth 
reserve The metal ions, mckel(II), zmc(II), cadmmm(II), and lead(I1) form stronger 
complexes wrth monothro$?-drketones, showmg their (b) class character The srtuatron 
wrth copper(II) IS mterestmg m that log f12 rs greater for fl-drketones than for therr mono- 

tluo denvatrves Tlus mdrcates that copper(I1) IS definitely (a) class wrth respect to these 
hgands On the other hand, copper(I) IS class (b) m that rt readrly forms complexes wrth 

sulphur, phosphorus, and arsemc hgands 
Thp copper(I1) and mckel(I1) complexes are unusual, smce the values for log K, are 

greater than pK, for the hgand Thrs srtuatron 1s rare. 
The data obtamed by Uhlemann et al. 33 for the zmc complexes show that the greater 

the value of pKD, the greater the value of log p2. 
Stabrhty measurements have been made for nine rare earth complexes of benzoyltluo- 

acetone (see Table 8) The measurements were made on the perchlorates at 0.1 A4 ~omc 
strength 1113 1 acetone-water solutron at 30°C 61 _ As for other rare earth complexes, 

TABLE 8 

Stablty constants of rare earth metal complexes of 3-mercapto-I-phenylbut-Zen-l-one 
MeC(SH)=CHCOPh 1113 1 (v/v) acetone--water at 30°C 

Metal eon hkl log kz 

Ea?+ 

Pr3’ 
Nd”+ 
Sm3+ 
Gd”+ 

g+ 

Yb”’ 

3 85 3 42 3 18 
3 42 2 98 270 
371 3 34 2 97 
3 80 3 41 3 16 
4 03 3 55 3 11 
3 92 3 38 3 02 
4.00 3 57 3 28 
4 18 3 70 3 45 
4 33 3 82 3 55 

log 03 

10 45 
9 10 

10 02 
10 37 . 

10 69 
10 32 
10 85 
11.33 
1170 
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TABLE 9 

Contact shifts for Nl(MeCX=CHCOR)2py2 

X R Contact Aft.9 (ppm) 

crCH3 &CH rCH3 

0 Me -2.95 +18 50 -2 95 

0 Ph +19 28 -3 36 
S Me -3 00 +I4 54 -25.90 

S Ph +15 05 -27 33 

acetone undergo electropluhc substrtutlon at the central carbon atom of the hgand, m- 
dlcatmg the aromatic nature of the chelate rmg 62* . The cobalt(II1) complexes of thro- 
acetylacetone and monothiodrbenzoylmethane react with N-bromosuccmmude to yreld 
the trlbromo denvatlves Co(RCS=CBrCOR)3 (R = Me, Ph) The NMR spectrum of 
CO(CH~C!+CHCOCH~)~ has a signal at 6.26 ppm, attrrbutable to the vinyhc proton 
Tlus signal was not observed m the spectrum of the brommatron product. The attempted 
brommatlon of comp!exes of some other metals was unsuccessful 67 _ 

Attempts to effect halogen substrtution at the central atom of the hgand m the 
nickel(U), cobalt(III), copper(H), and palladmm(I1) complexes of monothobenzoyl- 
methane by reaction wlthN-chloro-, N-bromo-, and N-lodo-succmunldes under a variety 
of condrtlons led to oxldatron of the hgand and the isoiation of indefinite products 68 _ 

J ANALYTiCAL APPLXATIONS 

A radio-isotope drlutlon method, mvolvmg the use of monothio&benzoylmethane, 
has been developed for the determmatlon of mercury m quantltles above OS pg. A known 
amount of 2mHg-labelled standard mercuric chloride solution 1s added to the unknown 
mercury sample solutroa at pH - 4. A sub-storcheiometnc amount of monothlodrbenzoyl- 
methane is added and the mercury complex is extracted with chloroform. The standard 
2caHg solution is treated m the same manner and from the measured actlvitles of both 
solutions the amount of mercury in the unknown solution can be calculated Other 
metals do not mterfere 6g. 

Cobalt, ruckel, lead, and zinc can be extracted wrth loo3 M thlothenyltrifluoroacetone 
in toluene from weakly acid solutions. Copper can be srmrlarly extracted from strongly 
acid solutions ‘O. 

The extraction of copper, nickel, and cobaIt wth ttioisobutyrylacetone, 
P&SH=CHCOMe, m toluene has been studied over a range of pH. Copper is quantita- 
tively extracted at pH 2.5, whereas no nickel or cobalt 1s extracted below pH 3.5. How- 
ever, the reagent 1s not suitable for analytical apphcatlon because it 1s easdy oxidrzed 71. 

A method has been described for the extraction and photometric determmatron of 
cobalt with monothodrbenzoylmethane. Interfering metals can be separated by re-extrac- 
tion with sodium hydroxide/sodium cyanide, except. in the case of copper. In the presence 
of thiourea, copper and manganese do not interfere in up to ten-fold amounts. Zinc can 
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be kept m solutron by means of ammonia and ammomum throcyanate but non must be 
separated by ether extractron R. 

The gas chromatography of the metal complexes M(MeCS=CHCOCMe)e (M 7 Co,Nr,Pd) 
has been effected. The symmetrical peaks obtamed mdrcate that gas chromatography of 
these compounds could have analytical applicatrons. The general chromatographrc 
characterrstrcs were found to be superior to those of most volatrle metal trrs@-ketonates) “a. 
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