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SUhlMARY 

The reaction between salts of transition metal sandwich cations and j#- 
diketones (HCh) has been investigated using allyl, cyclopentadienyl and arene deriva- 
tives of Fe, Pd, Cr, Ti as sandwich components, and with acetylacetone (HA), di- 
benzoylmethane (HD), thenoyltrifluoroacetone (HT), ferrocenoyltrifluoroketone 
(H$) as chelating components. The sequence of bond stabilities in bis-aromatic iron 
complexes has been established as Ch-Fe >Cp-Fe >Arene-Fe whilst in ally1 com- 
plexes the corresponding sequence has been shown to be Ch-Fe =-All-Fe > CO-Fe. 
Disproportionation products of mixed sandwich chelate complexes containing one 
hydrocarbon l&and have been isolated. The corresponding influence of hydrocarbon 
ligands and of the chelate in mixed complexes as indicated by IR and electronic 
spectra are discussed as are the possible changes in bond character which occur in 
these complexes. \ 

INTRDDUCTION 

The formation of chelate salts by sandwich cations (for example, ferricenium 
carboxylates’, (Cp2TiCh)+Ane2, allyl-Pd-Ch3, where Ch represents &diketonate) 
has been previously described. In this paper the reaction of chelate salts of some 
sandwich cations with different /3-diketones, L,Mm+Ch; is described with particular 
emphasis on their stabilities and on the formation of products containing a smaller 
number of sandwich ligands from them. The structure, properties, stability and bond 
nature of the latter have been investigated. 

In studying the stability of the chelate salts described in this paper special 
attention has been paid to the influence of (a) the covalent nature of the metal-ligand 
bond and (b) the electron shell structure of central metal atom upon the stability. 

The degree of metal-ligand bond covalence is determined both by the initial 
chelated metal atom and the anion stability of the entering ligand (or alternatively 
by the base strength of the ligand anion). Ultimately, the covalent nature of the metal- 

* This work was partly reported at the Symposium on Coordination Chemistry of Transition Elements, 
September, 1969, Jena, D_DR 
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ligand bond depends upon the effective charge produced on the metal atom by the 
initial ligands present in the complex and .by the effect of this charge on the oxygen 
atoms of*-he entering ligand, the latter being regulated by the nature of the substituents 
in the /?&ketone. 

When the electronic structure of the central metal atom in the sandwich 
complex is filled through the utilization of the four electron;of the oxygen atoms of 
*he chelating ligands and when the number of electrons in the outer shell exceeds 18 
or 16 (the most characteristic number for some sandwhich complexes), then conditions 
leading to instability of the complex arise. Depending on the stability of the bonds 
associated with the initial ligands or the incoming ligand, either a variation in the 
degree of ligand bonding will occur or some of the ligands will be eliminated with the 
simultaneous formation of more stable complexes. 

To investigate such processes the reactions of sandwich cations of the type 
(Cp,Fe)*= (CpFeCsH6)+, [AllFe(CO),]+, (Arene&r)+ (Arene=ethylbenzene, bi- 
phenyl), (CpZTi)‘+, and (AllPd)+, ( usually as their saits or hydroxides) have been 
studied with the anions of @liketones as the free diketone or sodium enolate chosen 
from the following acetylacetone (HA), dibenzoylmethane (HD), tbenoyltrifluoro- 
acetone (HT), ferrocenoyltrifluoroacetone (H@). 

EXPERIMENTAL 

Reactions between ferricenium salts and /I-diketones 
Bis(acetyZacetonato)cycZopentadienyZiron. Ethanol solutions containing 0.02 

mole of HA and 0.01 mole of the ferricenium salt (prepared by the oxidation of ferro- 
cene by chloroanil in the presence of HNOs) were heated at 60” for 34 h.with constant 
stirring. On removing the solvent, the residue which contained CpFeA, and .FeA,, 
was washed with hot cyclohexane to remove ferrocene and chromatographed in 
benzene on deactivated A1203. Red crystals of CpFeA, were isolated by this process; 
yield 4045%, m.p. 186-1870 (decompn.) (Found: C, 56.46; H, 6.28; Fe, 17.45. 
CpFeA2 calcd. : C, 56.42 ; H, 5.95 ; Fe, 17.57 %.) 

The IR-spectrum of this compound exhibited the following bands: 420,49 9 
580,595,665,695,780,795,945,1025-1033,1200,1280,1300,1379,1425, 1530,159O 
cm-‘. Bromination of CpFeA, in Ccl, yielded (Cp,Fe)*(FeBr,)- (I) and then 
C,H,Br,. Compound (I) contained : Fe, 20.8 ; Br, 56.9 % and its electronic spectrum 
exhibited maxima at 250 and 618 rnp. 

Bis(dibenzoylmethanato)cyclopentadienyliron (CpFeD,) and bis(thenoyltri- 
fluoroacetonato)cyclopentadienyliron (CpFeT,) were prepared in a similar manner 
from HD and FIT as fine dark-red crystalline powders, m-p. CpFeD, 265-27@ 
(decompn.). (Found: C, 75.25 ; H, 5.31; Fe, 8.80 ; molwt. using Rast’s method, 549. 
CpFeD2 calcd.: C, 75.00; H, 4.82; Fe, 8.88%; molwt., 567.) The m-p. of CpFeT, was 
143-1450 (decompn.). (Found: C, 45.00; H, 2.74; Fe, 10.32. CpFeT, calcd.: C, 44.92; 
H, 2.31; Fe, 9.98 %_) 

The yield of CpFeCh2 decreased and that of FeCh, increased when prolonged 
reaction times and/or elevated temperatures (>80”) were used during reactions of 
Cp,Fe+ with HCh. Cyclopentadiene was detected by means of a gas chromatographic 
technique amongst the products of the thermal decomposition of CpFeChz in sealed 
tubes at 250-3w. 
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Reaction between benzenecyclopentadienyZiron(II) cation and /I-diketones 
Reaction with acefylacetone. An aqueous solution (40 ml) of (CPF~C,H,)~ 

(0.022 mole) and excess of HA (10 ml) were stirred for 3 h at 2@, the excess of HA 
extracted with hexane and the residue further extracted with benzene when CpFeA, 
was isolated, yield 49 %, m.p. 187” (decompn.); CpFeAz is readily soluble in acetone, 
only sparingly soluble in hexane, and insoluble in water. 

Reaction with dibenzoylmethane. On stirring a mixture consisting of 20 ml 
0.022 lkf of an aqueous solution of (CpFeC,H,)* and an acetone solution of 0.187 g 
of HD for 34 h at 20°, CpFeD2 was precipitated as a crystalline powder, yield 23 %, 
m.p. 269 (decompn.). CpFeD, is moderately soluble in acetone and CHCIJ, sparingly 
soluble in ethanol and benzene and insoluble in water. 

Reaction with thenoyZtrifluoroaceton&~ On shaking an aqueous solution of the 
cation (CpFeCsHs)+ with a hexane solution containing an equimolar quantity of 
HT a blue solid was formed at the phase boundary and the hexane layer was coloured 
bright red. The blue complex was very unstable, especially in solution, and converted 
readily to red CpFeT1. 

Hydrogen peroxide caused the instantaneous transformation of the blue com- 
plex into CpFeT, and (CpFeC6Hs)*OH-. CpFeT, was also isolated from the red- 
coloured hexane layer mentioned above. 

Reactions of aZZyZtricarbonyZiron iodide with /3-diketones 
The reactions of AlIFe(CO),I with HCh in benzene solution in the presence of 

diethylamine, in ethanol solution and with the sodium enolate of /3-diketones at 60” 
were followed by CO evolution and by formation of AllFeChl (the yield of CO was 
found to be about three moles per mole of AllFeCha formed)_ 

Bis(acetyZacetonato)aZZyZiron. E-20% yield, red crystals, decomposed at 162”, 
readily soluble in alcohols, CHC13, CC14, and CsH,. (Found: C, 52.64; H, 6.70; Fe, 
18.04; mol.wt using Rast’s method in cyclohexanol, 312. AIIFeA? calcd.: C, 52.88; 
H, 6.40; Fe, 18.96%; mol.wt., 295.) 

Bis(dibenzoyZmethanato)aZZyZiron. 25 % yield, red crystalline powder, m-p. 256” 
(decompn.), readily soluble in benzene, moderately soluble in alcohols. (Found: C, 
73.94; H, 5.21; Fe, 9.81; mol.wt. using Rast’s method, 545. AllFeD, calcd. : C, 73.34; 
H, 4.98 ; Fe, 10.32 %; mol.wt., 567.) 

Bis(thenoyZtrijZuoroacetonato)aZZyZiron. 10 % yield, m.p. 140-142° (decompn.). 
(Found: C, 41.62; H, 2.78; Fe, 9.90. AllFeTz calcd.: C, 41.81; H, 2.76; Fe, 10.20x.) 

The IR spectrum of AllFeCh, exhibited bands corresponding to the Ch cycle, 
its substituents and to the All group : 1470 cm- 1 v&J-C); 1030-1040 cm- ’ v&Z<); 
490-500 cm- ’ S(C-C-C). The chelate bands were found to be shifted slightly towards 
larger wave numbers in comparison with the spectrum of FeCh,. 

Thermal decomposition of AllFeCh, in sealed tubes yielded bi-allyl, metallic 
Fe (1 g-atom per mole of AllFeCh,) and non-identifiable liquid products. 

Reactions of aZZyZpaIZadium chloride with sodium j3-diketonates 
The acetylacetonate and dibenzoylmethanate of allylpalladium were obtained 

as colourless crystals through the interaction ofAllPdCI and NaA or NaD in alcoholic 
solution_ 

Recrystallization of these materials from petroleum ether yie!ded crystals 
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which spontaneously decomposed in air, in vacuum and in an argon atmosphere at 
20” after storage for 3-4 h. Metallic Pd was deposited from hexane solution on storage. 
Spectroscopic analysis indicated that PdCh, was one of the products of this decom- 
position. 

(FerrocenoyItrifluoroacetonato)allylpalla~i~m. 0.70 g (AIlPdC1)2 and 0.40 g 
(Na4) were reacted in ethanol at 40” for 2 h. Chromatography on Al,03 led to the 
isolation of AlIPd4 (0.25 g) in the form of red-brown crystals, m.p. 137-1400, yield 
26%. (Found: C, 43.91; H, 3.71; Pd, 22.52. AllPd4 calcd.: C, 43.31; H, 3.18; Pd, 
22.41%) Thermal decomposition of AllPd+ at 250-300” yielded metallic palladium 
and biallyl. 

Bis(biphenyi)chromium(l) dibenzoyZmethanate.A solution consisting of 5 mmole 
of(Ph,),Cr’ in 1.50 ml of benzene was treated with a solution containing 5 rnmole of 
HD in 30 ml of benzene with constant stirring and venting of OZ. (Ph&rD was 
gradually deposited as a yellow powder, 70% yield, m-p. 88” (decompn.). (Found: 
C, 76.00; H, 5.53; Cr, 8.60. (Ph,),CrD - 1.5 H,O calcd.: C, 76.70; H, 5.57; Cr, 8.52%) 

It was found that bis(biphenyl)chromium(I) acetylacetonate and /l-diketonates 
of bis(arene)chromium(I) cations derived from ethyIbenzene exist as oils which were 
diflicult to crystallize. These compounds decomposed to arene and C&h, crystals. 

AlI bis(arene)chromium(I) /I-diketonates were readily soluble in CHCI, and 
alcohols, sparingly soluble in benzene and acetone, and insoluble in hexane and 
ether. 

The II% and UV spectra of these complexes were identical with the super- 
imposed spectra of the initial cation and anion. 
Disproportionation of bis(biphenyl)chromium(I) dibenzoylmethanate 

3 (Ph&CrD - 2 (Ph,),Cr’+ CrD, + 2 Phz 

An ethanol solution of (Ph,),CrD was heated in a sealed tube at 9s” for 12 h. 
Orange-goiden crystals of (Ph,),CrO (yield 63 % according to the above equation) 
and a red-brown crystalline powder of CrD, (yield 34 %) were precipitated on cooling. 
After removal of the ethanol under reduced pressure biphenyl was extracted by 
treatment with ether followed by sublimation in vacuum (yield 65%). 

Reaction of Cp,TiCl, with p-diketonates 
Acetyfacetonate and dibenzoylmethanate anions on reaction witbCp,TiCl, 

form (Cp,TiCh)+An-2. Sodium ferrocenoyltrifluoroacetonate causes extensive de- 
composition of Cp,TiCl,, which is accompanied by the generation of an intense red- 
violet colouration of the system. Chromatographic separation of the reaction products 
on A1203 yielded dark-violet coloured materials whose composition corresponded 
to CpTi&Cl; m-p_ 140°. (Fount’ : C, 49.20; H, 3.23 ; Cl+F, 17.90. CpTi&Cl calcd.: 
C, 49.70; H, 3.15 ; Cl+ F, 18.50 %.) The product was found to be very unstable both 
in solution and in the solid state. 

DISCUSSION 

It has been found that in most cases during the formation of chelate salts of 
sandwich cations compounds corresponding to the displacement of arene or hydro- 
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carbon radicals by the chelate cycle, as well as reduction products are formed.Thus, 
in the reaction of a ferricenium cation and a p-diketonate anion bis(&di&eienato)- 
cyclopentadienyliron and ferrocene are formed ; bis(biphenyl)chromium(I) dibenzoyl- 
methanate gives bis(biphenyl)chromium(O), tris(dibenzoylmethanato)chromium(III) 
and biphenyl on heating in ethanol, and metal palladium, biallyl and bis(@-diketona- 
to)palladium are formed during the spontaneous decomposition of @-diketonato)- 
allylpalladium. 

The formation of these reaction products confirms the suggestion that chelate 
salts of sandwich cations undergo disporportionation reactions. Similar reactions 
occur with transition metal carbonyls’. In alkaline medium disproportionation reac- 
tions have been used for the synthesis of uncharged bis(arene)metal(O) complexes6, 
and bis(arene)chromium hydroxide, iodide and acetate have been described as 
disproportionating to bis(arene)chromium(O)‘. The ferricenium cation disproportion- 
ates in alkaline medium to yield ferrocene and Fe(OH)28, and the disproportionation 
of (acetylacetonato)allylnickel has been quoted as an example of the behaviour of 
&diketonatesg. 

The reactions of the sandwich cations with /I-diketonate anions described in 
the experimental section of this paper may be represented by the following dispro- 
portionation schemes : 

2 (CpzFe)+Ch- - CpFeCh? +Cp,Fe+* CroHro (1) 

2 (CpFeArene)+Ch- - CpFeCh, + CpFe’Arene +Arene 2 (CpFeArene)+OH- (2) 

2 [AllFe(CO),] ‘Ch- - AllFeChz + 3 CO +f [AllF~~~O)& (3) 
2 AllPdCh - ChzPd+Al12Pd - Pd+All, (4) 
2 (CprTiCl)+Ch- - CpTiCh&l+Cp,TiCl+i CroHlo (5) 
2 Arene,Cr’Ch - Arene,CrO + AreneCr”Ch, +Arene (6) 
AreneCrr’Ch, +Arene,Cr’Ch - Arene,Cr’ + Cr’“Ch, +Arene (7) 

3 Arene,CrrCh - 2 Arene,Cr’ + Cr’**Ch3 + 2 Arene (8) 

The formation of mixed sandwich chelate compounds of zirconium and haf- 
nium has been described by Brainina”*“, and the synthesis of CpCrABr has been 
reported by Thomas”. 

The disproportionation of chelate salts of sandwich cations is enhanced if the 
possibility of intermediate dimer formation occurs in the system, i.e., 

Kp2Wi WXJ - (CpFeX& (ref. 13) or 

LQWC0M~ - Cp,Fe+Fe+4 CO (ref.14) 

The position of the reaction equilibrium may be displaced towards the final 
disproportionation products through the removal of one of the products by oxidation 
or decomposition. For example, reaction (2) listed above is fac&tatefl by the presence 
of hydrogen peroxide when it proceeds at room Zmperature; dispropcrtionation of 
[AllFe(C0)3]+Ch- is facilitated by the evolution of CO, that of Arene,CrCh by the 
loss of arene and that of AllPdCh through the decomposition of All,Pd. 
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TABLE 1 

EJ_.ECTRONiC SPECTRA OF SANDWICH-C~TE COhlPLEXB 

Compound Il.(nm) EX 10-3 t.(nm) E x 10-3 I.(nm) E x 10-3 

A,Fe 275 
A,FeCp 288 
A,FeAlI 278 
A,Pd 290 
APdAll 303 
D,Fe 257 

D,FeCp 255 
D,Pd 
DPdAll 
T,Fe 
T,FeCp 
T,F&l 

&Pd 
&PdA!l 
&TiCpCl 

253 
275 
280 
264 

245 15.0 

32.6 354 3.46 438 3.36 
24.0 350 3.20 430 030 
22.7 354 2.04 440 1.92 

10.7 
45.0 
43.0 

20.6 
20.6 
33.5 

335 
345 
340 
353 
347 
347 
335 
320 
334 
317 

60.0 415 14.0 
90.0 410 6.30 

66.0 
50.0 
35.7 
185 
10.9 

385 
430 
390 
510 
505 
507 

510 

22.9 
2.4 

3.7 
2.0 

Products containing one hydrocarbon ligand LMCh,, which may be formed 
in disproportionation reactions of cheIate salts of sandwich cations, are aIso capable 
of entering into the disproportionation reactions if the systems are stored for long 
periods of time or heated. From such reactions metal chelates from which hydrocar- 
bon ligands are absent are isolated. For example, in the present work FeCh, was 
obtained from all of the sandwich chelate compounds of iron investigated (CrCh, 
from Arene,CrCh) : 

2 CpFeChz - Cp,FeCh + FeCh, 

2 AreneC!r”Ch, + Arene,Cr’Ch + Cr”‘Ch, 

Experimental evidence shows that the ease with which bis(aromate) chelate 
complexes enter into disproportionation reactions depend upon the nature of the 
/&diketone. Disproportionation products are most readily produced by ferrocenoyi- 
trifluoroacetonates and dibenzoylmethanates followed by acetylacetonates and then 
by thenoyltrifluoroacetonates. This order is identical to the order in which the pK,- 
values of the corresponding @-diketones decrease15*_ As the p&-values for the /I- 
diketones decrease an increase in the stability of the corresponding fi-diketone anion 
occurs, resulting in an increase in the ionic character of the metal-ligand bond in 
the resulting chelate. 

From this it is possible to deduce that disproportionation of the bis(aromate) 
chelate compiexes, (Cp2Fe)+, (CpFeArene)+, (Cp2TiC1)c, and (Arene,Cr)+, is facili- 
tated by the formation of more covalent, or Iesser ionic, bonds between the metal 
and the JSdiketonate. 

With AllPd+, however, the dependence of the stability of the complex towards 
disproportionation on the nature of the /3-dikerone was exactly the reverse of that 

l A pK, value of 10.0 for (PH was kindry determined by M.I. Gryasnova using au extraction method. 
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described above. Furthermore, ferrocenoyltrilluoroacetonates of allylpalladium dis- 
proportionate only after storage in light for at least a year or on thermal decomposi- 
tion, while dibenzoyhnethanate, and especially the acetylacetonate, of allylpalladium 
yield metallic Pd within hours of preparation_ 

These peculiarities regarding the stability of mixed sandwich chelate com- 
pounds are intelligible if it is assumed that the electron shell of central metal atom 
used in the donor-acceptor bonding of the complex accommodates four electrons 
from the two oxygen atoms of the /3-diketonate anion. 

For such a complex to be stable the number of electrons in the electronic shell 
of the metal atom should not exceed 18, and for metals which form 16-electron sand- 
wich complexes this number should not exceed 16. If the electron shell involved in 
complex formation contains more than 18 or 16 electrons, then the stability of the 
sandwhich chelate will decrease through an increase in the covalent character of the 
metal-chelating agent bond as occurs for example in the series : T >A > D > 4. 

The following order of bond stability has been observed in the disproportiona- 
tion reaction of bis(aromate) iron-containing sandwich cations : benzene < cyclo- 
pentadienyl -K &diketonate. For ally&iron complexes the following order was ob- 
served : CO -E All < Ch. 

The peculiar behaviour of mixed ally1 and cyclopentadienyl /kliketonate 
complexes of the transition metals is due to the interaction of the ligands not directly 
bound to each other being transmitted via the metal atom and thus being dependent 
on the nature of the metal-ligand bond. This mutual interaction of the ligands is 
exhibited in the UV and IR absorption spectra of these complexes. 

Substitution of one chelate cycle in FeCh, by a Cp-group leads to a batho- 
chromic shift of the long-wave absorption band of the chelate cycle in the UV spectrum 
by IO-13 nm. A small hypsochromic shift of the absorption band due to a transition 
in the iron atom is also observed, and the intensity of this band decreases considerably 
(2-10 times) in comparison with that of FeCh,. The analogous band in the ferrocene 
spectrum at 440 nm has an insignificant intensity (m 80 mole- ’ - cm- ‘). 

The decreasing intensity of the absorption band due to the metal and some 
shifts in the absorption band of the chelate to long wavelengths in the UV spectra 
indicate that some mutual interaction occurs between the ligands in AllFeCh, com- 
pounds. 

A significant bathochromic shift of the chelate absorption band (by a value of 
13-14 nm) occurs in AllPdCh in comparison with PdChz, an effect which is probably 
due to the influence of the donor ally1 ligand. Distortion of the Ic-electron delocaliza- 
tion of the ally1 ligand does not occur during the formation of allylpalladium &iiketo- 
nate from bis(allyIpalladium chloride), the former being merely a rr-ally1 chelate of 
palladium. The characteristic shift of bands corresponding to the rc-ally1 ligand to a 
lower frequence region of the spectrum is observed in the IR spectra of allylpalladium 
ferrocenoyltrifluoroacetonate. This may be attributed to ally1 stabilization brought 
about by the redistribution of the electron density of the palladium atom through 
the influence of the more polar /?-diketonate ligand. 

No signiticant shift of the characteristic bands of the rr-ally1 ligand occurs in 
either the IR spectrum of AllFeCh, or that of AllFe(C0)3I which indicates that the 
nature of the ally1 bonds must be the same in both compounds_ 

The difference in the spectral behaviour of Cp- and All-groups bound to a 
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transition metal ~atom-in a chelate complex may probably be attributed to the dif- 
krences in electron cofigurations attained in the two types of compound formed, 
Cp witfr fur example Fe Forming either the disadvantageous Selectron complex or 
a 17-electron complex tivolvlng ally&type distortion of the electron defocalkation. 
The ally1 ligand does not cause such distortions of the electron shell of the metal, and 
for this reason “allyl” CpFeCh, and AllFeCh, have a 17-electron configuration similar 
to that in tris(chelato)iron(III), FeCh,. 
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