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1. RLVIEW 

Settineri and McKeever presented a review entitled Electrolytic 

Synthesis and Reactions of Organometallic Compounds. The revieu 

contained a section on electrochenscal reactions and preparation 

of organo-transition metal compounds[l]. The chemistry of cyclo- 

butadiene compl&es of transition metals has been surveyed by 

Rybin [2]. The Moessbauer spectroscopy of metal sandwich compounds 

has been surveyed in a short review by Good, Buttone and Foyt [3]. 

The chemistry of mono-q-cyclopentadienyl complexes of transition 

metals has been discussed at ieng&h by Nikitina [4]. 

Perevalova and Nikitina have surveyed extensively the chemistry 

of bis(q-cyclopentadienyl) transition metal compounds [s]. Bochvar 

and GamNqpn have discussed bonding in (q-cgclopentadienyl)- 

transition metal and related compounds 163. Watts has surveyed 

the literature for 1973 covering I-cyclopentadienyl, T-arbne &d 
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related complexes [7]. Silverthorn has reviewed arene transition 

metal chemistry. The article covered all complexes in Which a 

transition metal was-v-bonded to a six-membered aromatic 

hydrocarbon ring. The literature coverage was through December, 

1973 [8-j. Klabunde has presented a review entitled the Reactions 

of Metal Atoms with Fluorocarbons. The review included a section 

on the formation of bis(q-arene) complexes [IS]. 

The chemistry of (7- acetylene) transition metal complexes 

has been reviewed exhaustively by Yur'eva [lo]. The chemistry 

of transition metal carbongls and related organometallic compounds 

'has been surveyed by Cross [ll]. Baker, Halstead and Raymond 

have reviewed briefly the structure and bonding of .$.f and 5f 

T-sandwich organometallic compounds 1121. The pal-ymerization of 

olefins in the presence of bis(y -benzene)chromjum was reviewed 

by Hagihara [I 31. At the symposium on metal carbongl chemistry, 

dedicated to Professor Walter Hieber, Werner discussed ths 

substitution of metal carbonyl complexes of c‘nromium, molybdenum 

and tungsten. 'q-B enzene)tricarbonylchromium complexes were 

included [I&]- Anisimov and Valueva have reviewed extensively 

the chemistry of cymantrene [15]. 

The toxicology of methylcymantrene emitted from internal 

combustion engines has been surveyed. Related antiknock compounds 

are also discussed [16]. The X-ray diffraction studies carried 

out on manganese, technetium and rhenium complexes and organo- 

metallic compounds were reviewed [17]- Deganello and co-workers 

have reviewed the chemistry of the cyclic polyolefin-carbonyl 

derivatives of iron, ruthenium and osmium_ The review concentrated 

on derivatives of cyclic polyolefins containing more than six 
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carbon 

double 

Pettit 

in the 

atoms in the ring with at least three carbon-carbon 

bonds [18]_ In the one hundredth volume of this journal 

discussed the role of. tricarbonyl(y-cyclobutadiene)iron 

cyclobutadiene problem. The discovery and the chemistry 

of this molecule was described [19]. The use of iron-cyclo- 

butadiene complexes in synthesis has been discussed in a review 

by Pettit [20]. Cotton and Frenz have discussed the structures 

and conformations of compounds containing cyclobutane rings 

including iron carbonyl complexes [21]. 

Also in the one hundredth volume of this journal Hilkinson 

recalled the early days of ferrocene chemistry in 2n article 

entitled *The Iron Sandwich. A Recolfection of the First Four 

Konths.' In this article he also describes the first preparations 

of ruthenocene, ruthenicinium salts and cobalticinium ion 14 - 
The X-ray diffraction studies caz-ried out on iron, ruthenium 

and osmium complexes and organometallic compounds were revie-ded [23]- 

The X-ray diffraction studies carried out on cobalt, rhodium and 

iridium complexes and organometallic compounds were reviewed 1243. 

As part of Gmelinls Handbook of Inorganic Chemistry a supple- 

mentary work was produced entitled Organonickel Compounds [25]. 

2. GRNERAL RESULTS 

The metal-ligand bonding interactions in several q-diene and 

T-dienyl manganese complexes including cymantrene have been 

studied by MO calculations checked by reference to photoelectron 

spectra. Deviatidns from Koopmans theorem Were reasonably constant 

in these complexes and the photoelectron spectra were adequately 

assigned by the results of the calculations. It was concluded 
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that t'ne principal bondin, s interaction between the organic 

ligand and the metal arose from the interaction of the penta- 

dienyl a*(e,lt) 1 eve1 with the metal d orbital and this was- xz 
more i?rtant than the a"(ein)-dyz interaction [2(;]_ 

Johnson has calculated core electron binding energies for 

a number of "solid" ligand molecules together with ESCA the.mica1 

shifts I'or the formation of transition metal complexes I'rom 

these ligands, Benchrotrene, qymantrene and metallocenes were 

included among the complexes discussed. The results -.ie?e xiseci 

to compare tb_e electronegativities of tfie ligar_ds ar_d the bonding 

in the complexes [27 j. Elian and HoE_marn have discussed in 

detail the bonding capabilities of transition metal carbonyl 

fragments. The valence molecular orbitals for several geometrical 

configurations of the M(CO)_, 
5 

X(C0) 
4 

and BI(CO) 5 fragments have 

been considered in terms of the orderrng of energy levels, 

symmetry. and spatial distribution and extent. Among the character- 

istics analgsed -were: stabilization of fragments towards umbrella 

distortion, the difference between >I(CO)n r"ragments and ML, 

fragments where L 2s a lT-donor ligand and why Cr(CO) 
4 

interacts 

preferentially with unconjugated dienes rihilst FetCOjj prefers 

to be coordinated with conjugated dienes [28]. 

The CND0/2 method wLth Gaussian type AO*s was used to 

calculate the electronic structures of six ~organometallic com- 

plexes of chromium_ The results indicated that the chromium- 

ligand bond had high T-character and negligible slcharacter. 

Charge transfer was almost exclusively from ligand to metal in 

sandwich compounds while in half-sandwich compounds ligand to 

metal charge transfer was greater than metal to ligand transfer [29]. 
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Self-consistent charge and configuration molecular orbital 

calculations have been performed on the isoelectronic series 

of complexes: (?-C6H'6)Cr(CO)3, (~-cSH5)fi(C0)3, (q-C4Hk)Fe(~0i3, 

~~-C3Hs~c~(CO)3 and the hypothetical complex (r(-C,H&Ni(C0)3. 

The calculated decrease in the M-C(O) overlap population and in 

theK4 population followed the increase in the atomic number of 

the metal atom and indicated progressive weakening of the metal- 

carbonyl bond across the series which in turn suggested an 

increasing tendency for an SN2 mechanism to be favoured at the 

expense of SNl for carbonyl substitution ia these complexes [30]_ 

Koehler has measured the Fourier transform '3C NMR and the 

continuous wave 'H NMR spectra of bis(l-t-butylcyclopentadienyl)- 

vanadium. The dipolar and contact contributions to the observed 

line width were separated and the electron-spin relaxation time 

uas calculated, The author concluded that the 13 C NMR speCtra 

of paramagnetic metallocenes should be observed easily with the 

exception of the cgclopentadienyl ring carbon atoms of nickel- 

ocene [3l]. Kohler has reported and interpreted the 13C Fourier 

transform NMR spectra of several substituted metallocenes (2.1; 

M = V, Cr, Co, Ni; R' = Ph Et- R2 = H, Fn, Et). * ) Attention was 

R2 

Q- 

R' 

M 

@ 
.R' 

R2 

(2.1) 

_ 
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given to the resolution of multiplets by selective proton 

decoupling and by selective off-resonance experiments [32]. The 

infrared spectra (400-3100 cm-'; at'oo? and 77OK) of crystalline 

nickelocene and cobaltoaene, together with the Ranan spectrum of 

nickelocene were recorded. The bands in the spectra were assigned 

133 I- He(I) photoelectron spectra of the compounds (y-C5H5)- 

M(q-C7H7) (M = Zr, Nb, MO) were recorded and the results were 

compared with-those for the corresponding 3d transition metal 

compounds. It was concluded: (2) that there was a stronger inter- 

action betsJeen the metal orbitals and the E, orbitals of tine 

r\-C;H~ring in the 4d than in the 3d compounds; (ii) that in the 

compounds '(y-C5ii5)M(7-C7H7) (M = zr, Nb, MO) both metal and 

ligand contribute substantially to the molecular orbitals of 

.&symmetry and (iii) that for the aI, orbital there is a smaller 

pairing energy of the electrons in the 4d transition metals than 

in the 3d series [3&]-. 

Analysis of the ESR spectra at liquid helium temperatures 

and the anisotropic Zeeman effects of the orbitall-y degenerate 

low spin complexes (q-CSHS)L+, (q-CSHS)2Fe+ and*(r\-C5HS)2Co 

(q-C5H5)2Ni+ indicated that the Jahn-Teller distortions were _ 

dynamic, Covalent delocalisation of singly occupied degenerate 

3d.metal orbital over the cyclopentadienyl rings uas correlated 

with the Jahn-Teller distortions and increased in the order: 

(r\-C~H~)2Fec<(~-C5H~)~~<(~-C5H~)~Co< (T-C5H5)$i+ [35]. 

The mass spectra pf tricarbony1(7-cyclopentadienyl)manganese and 

(y-benzene)tricarbonylchromium were compared. The decompositions 

of these two molecules in the mass spectrometer were analogous. 

The potentials for the appearance of the main ions were given 
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and these uere used 

In the mass spectra 

binuclear secondary 

to calculate dissociation energies [36]. 

of therkoqlexes (7-C5ES)Cr (q-C6H6j, 

(I-C+yy- 7 7 c H 1 and $-c~H~)c~(T\-c~H~) _ 

ions appeared, for example: 

Also a large nurtzber of ion-molecule reactions occurred betxeen 

the molecular or fragment ions of the ?T-cgm@exes and neutrel 

6- or-(r-donors in the ion source of the mass spectrometer [37], 

for examples 

C5H5CrC6H6+ + 0=C(CH3)2 - C5H5CrOC(CH& + C6H6 

_C6H6 
C5H5CrC6H6C - C+-$r 

+ O=C(CH I2 
' s C5H5CrOC(CH3)2+ 

Nnthalpies of combustion for c'nromocene, manganocene, ferro- 

cene, cobaltocene and nickelocene were measured by a calortietric 

method and the standard enthalpies of formation together with 

the dissociation energies were calculated for these five metal- 

locenes [38]- 3osrell and Henderson have determined the quantum 

gields for photodecomposition of bis(r\-benzane)ctiotium, ferrocene, 

ruthenocene, cobaltocene, nickelocene and their corresponding 

cations. In general, the compounds with noble gas configurations 

showed good photo-stability while the remainder, with unpaired 

electrons, were photo-labile. The results were interpreted on the 

basis of the electronic structures of the compounds and cations [39]. 

The polymerization of butadiene and isoprene in the presence 

of ax-organometallic compound -and an organic halide has been 

studied by -Kubota and Atsu. Nickelocene, ferrocene and 

. 

_ : 
. 

.--: . . : _ .__“; 
:: 
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bis(l-benzene)chromium were used in addition to ?-cyclopenta- 

dienyl halides of titanium and zirconium. Co-versions of up 

to 96% with a trans-7.4 content of 38% were obtained with 

nickelocene and an orga&c iodide [40]. T?e unsaturated OF~CU-IO- 

metallic compounds (2.2, 2. 3 and 2.4) and related co.mpouzmis were 

incorporated into organic copol-ymsrs ard linseed oil films. 

Films contairium the benchrotrene moiety (2.3) gave c~h~omZ.u~m 

oxide on exposure to light [&l]. 

w 0 ’ w 0’ 
1.h Fe 

CCOi 
3 

(CO)3 

* 
0 

(Z-2) 12.3) (2.4) 

Tne copyrolysis of dZsopropylnickelocene with bis(q- 

dietbylbenzene)chromium was extined and fouud to obey first 

order kinetics in the temperature range 320-360° i&2]_ Cymmntrene 

was converted by photolysis to the TRF co_mplex (2.5; L = THF) 

and this was treated with carbon diselenide in the presence of 

triphen.ylphosphine to give the selenocarbonyl manganese complex 

(2.5; L = CSe). The selenocarbonyl analogue of benchrotrene 

(2.6) was prepared in t'ne same way. The IR frequencies of the 

coordinated groups were in order of decreasing energy CO > 

cs >CSe. &US spectrometric results indicated a strong Mn-CSe 

bond in the manganese complex [43]. Cobaltocene and cbromocene 

readily formed intercalation complexes with the layered transition 

Ekr- p_ 33s 
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Q 0 u 0 C02Me 

Hn 

WO)2L 

Cr 

(C0J2CSe 

(2-5) (2.6) 

2, Z'S2, Ei-ts 2' NM% 2' 
!FaS 

2 
and also witn 

sns2. X-ray studies showed complete intercalation, with the 

five-membered rings of the metallocene situated perpendicular 

to the sheets of the host [&I_ Whitesides and BudnTk have 

prepared the v-cgclohexadiene (2.7; m = 2, n = 1; m = 1, n = 2) 

and the T\-cycloheptadiene (2.8; m = 2, n = 1; m = 1, n = 2) iron 

complexes together with the corresponding ruthenium complexes. 

metal aerivetives TiS 

Q \/ 
Fe 

i so m!3PTB)n 

(2.7) 

0 \/ 
Fe 

(co l,(ti;P~B), 

(2.8) (2.9) 

EPTB = 

e-- 
, 

I Q \ 
.__ 

P 
p\z A 

(CO)m(zP~~) n 

(2.10) 
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The analogous T-cgclohexadiengl ad l-cycloheptadienyl complexes 

of manganese (2.9; m = 2, n = 1; m = 1, n = 2 and 2.10; m = 2, 

n = 1; m = 1, n = 2) were also characterized along with the 

rhenium, iron 
+ + 

and ruthenium complexes. 31 P fMFi studies at 

several temperatures indicated that most of the co_mpounds existed 

as mixtures of ligand isomers which underwent rapid interconversion 

at room temperature. Kinetic parameters for the interconversions 

were determined and rates were dependant principally on the metal 

a-d decreased in the order: fi- Re>Fe+>R-& 
+ 

fo,_ dLeny1 com- 

pounds and Fe7Bx for diene compounds [45]. 

3. (q-C,H6)Cr(CO)3, (i) Formation 

Six fsomeric dinaphtiiofurans were treated, in turn, with 

chromium hexacarbonyl in dibutyl ether at the reflux temperature. 

The usual product -was the chromium tricarbo‘nyl complex although 

in two cases the bis(chromium tricarbonyl) compound was obtained. 

Thus dinaphtho 2,7-b:7', 2'-d furan gave the complexes (3.1 and 

3.2) [46]. King and von Stetten have prepared chromium tri- 

carbonyl complexes of some nitrogen mustard anti-leukaemia agents 

in order to evaluate the effects of the metal carbonyl residue 

ER OOQ 
Q 

(OC13Cr Cr(CO)3 

(3.1) (3.2) 
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011 their pharmacological activity. Tne N,M-b&(2-chloroethyl)- 

arliline complexes (3.3; R = ii, Ke) were formed from cbxomium 

hexacarbonyl and the ligand while the benzaldehyde etiiylene 

acetal compleses (3-k; R = Ii, He) were obtained from 

fat-(N&N) Cr(C0) 
7 3 3 

and the 2.igar.d ifi boiling TEF. Tne complexes 

dfd not er&Abit significmt ar.tileukaemZa activity. c471- 
3 R 

B(GH2GH2Gl)2 Hm2Cii2C1~2 

Seven y-bisamLnobenzene complexes of c:hromLum 

have been prepared by treatment of the appropriate 

tricarbonyl 

p‘henylene- 

diamZne with c:hromium hexacarbonyl isl decaEn acd digl-jme. A 

typical product was t'ne 2,4-bisanCcotoluene complex (3.5) [48]_ 

TheLz-_-adiation of hexacarbonylcttro?lLum with dibenzo-18-crown-6 

gav.e the mono- acd bis-(tricarbonylchromium) compounds (3.6 and 

3-7)- ee ether complexes (3.6 md 3.7) exhibited a decreased 

ability to extract alkali metal salts into organic solvents which 

(3-6) (3-7) 
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was attributed to electron withdrawal from the oxygen crown 

by the Cr(CO)3 substbtuents [ii9]. 

.Pittman, Patterson and McManus have prepared polytetramethyl- 

p-silphenylenesiloxane and polyme thj;lpi?e~_ylsiloxane and convtrted 

these to the chromium tricarbonyl complexes by ‘heating with 

chromium hexacarbonyl in glyme. Chain scission and decomposition 

of the organometailic groups were in competition with the complexa 

tion process to give lower molecular weights for the complexed 

polymers [so]. Chromium hexacarbony? was heated with swollen i2 

divinylbenzene cross-linked polystyrene to give a polymer with 

chromium tr%carbonyl groups bonded to ';ti_e pb_enyl rings. Tl?iS 

heterogenized catalyst was active in the selective conversion of 

methyl sorbate to (Z)-methyr 3-hexenoate (97%) at i6Oo and SO0 Psi 

of hydrogen [sl, 521. 

(ii) Spectrosconic and Physico-chemical Studres 

The crystal and molecular structure of dicarbonyl 

(l-methylbenzoate)(triphenylphosphine)chrotium was determLned by 

X-ray diffractlon. The Cr(C0)2PPh, 
> 

fragment was in an eclipsed 

orientation relative to the q-methylbenzoate ligand and the bond 

lengths and angles were those usually found in this type of 

molecule [53]. IIR broad line measurements were made on crystal- 

line benzenetrZcarbonylchomium at various temperatures and two 

narrowings of the proton absorption line width -were observed at 

-165 and -45OC. The corresponding activation energres were 

5 = 3.4 and E: 2 = 7.2 kcal mol-'. The lower temperature narrowing 

for which a more accurate activation energy (4.2 kcal mol -'I wss 

obtained from the spin-lattice relaxation time, was attributed to 

lid- p_ 936 



rotation of the arene group. It was thought that most of the 

rotational hio&ence was due to the crystal environment rather 

than to intramolecular forces [54]. 

The 'H NMR spectra of the I-(F-tolyljethyl- and di-(g-tolyl 

methyl-tricarhonylchromium cations -were recorded in HSO P 
3 

at 

-5oO. These spectra were compared with those of the free ligand 

ions and the parent alcohols. In the cations charge migration 

towards the metal occurred es shown by a downfield shift of all 

the signals on passing from the parent alcohols to the l-(2- 

tolyl)ethyl- and di@-tolyl)methyl-tricarbonylchronrium cations. 

It wes concluded that the chromium atom participated directly in 

the stabilization of the cations [55]. 

13C Ic%iR spectra were recorded for a series of (q-arene)- 

tricarbonylcbro&u derivatives_ The spectra were interpreted 

in terms of electronic effects of the substituent together with 

effects arising from conformational preferences of the tricarbonyl- 

chromium group. The t-butyl derivatives (3.8) and (3.9) were 

irepared but there was no evidence from the 13C NMR spectra of 

restricted rotation of the q-arene groups[S6]. The "F IiMR 

chemical shifts obtained for free fluoroarenes were correlated 

But But 

(3.8) (3.9) (3-10) 



with the Swain-Lupton field and resonance parameters, Comparison 

of these data with those from the corresponding tricarbongl- 

chromium complexes showed little change in the transmission of 

mesomerfc effects by para-substituents. Meta-substisuents which 

interected primarily by a field effect had iictie or no influence 

on the fluorine chemical shift in the chrotium complexes suggest- 

Ing that the G-framework of the rirg interacted &th the chromium 

The ESR spectrum oi’ the benchrotrene radical anion (3.10) 

was compared with that of the ligazid radical anion. The spectrum 

of the ligand sho-wed an increased extension span and two additional 

ring-nroton hyperfine splittings relative to the spectriun of the 

complex [58]. The IR and Raman spectra of the (y-arene) complexes 

(3.11; R = H, Me; M = Cr, MO, W) have been measured in the solid 

phase and in solution. The ligand and skeletal vibrations were 

assigned and some force constants calculated. The arene-metal 

bond force constanks for the complexes (3.11; R = H; M = Cr, MO, 

W) decreased in the crder W>Cr>Mo whilst the carbonyl-metal 

bond force constants were in the- order W>Mo >Cr. T‘ne linear 

correlation between the carbonyl frequencres and the Farameter 

o was used as evidence for the inductive transmission of sub- 
Gp 

stituent effects through the metal atom. The complexes (3.11; 

R = H; M = MO, W) underwent reversible protonation at t6e metal 

atom in trifluoroacetic acid solution whAle benchrotrene was not 

protonated in this way [_59]. 

The infrared spectra of the complexes [(q-R-RC6Hk)Cr(CO)3]2Hg 

(R = H, F, Me, MeO, C02Et, MeRN) were recorded and correlated 

with the Hammett substituent constants. The chromium-carbon 
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13-i;! 

-D 0 

&, 

(3.121 

(Ts 0 

(EF, 
3 

(3.13) 

vibrations were less affected 5g the changes in the iigand than 

the C-O vibrations. !tbe deformational S-W-CO vibration igas 

independent of the substituent attached to the y-arene group [60]- 

Single-crystal Raman studies of the vibration of the chrorlllm 

tricarbonyl group in the iso_morpt~~~s compounds ( -hexamethyl- 
7 

benzene)- and (q-pantameth;ylbenzene)_chromium tricarbonyl (3.12, 

3.13) suggested that while the absorption at 2000 cm-' was best 

disc-ussed by a vibrational factor-group approach, several features 

revealed by the study remained unexplained by it [61]. 

The infrared and Raman spectra of (T-benzenejtricarbonyl- 

chromium as a crystalline solid, as a solid solution in 

zt0i-i - Et20 - Me2CHEt at 8s°K and as a vapour at SOOOK were recorded 1 

and the C-O force constants were calculated [42]. Adams and co- 
i 
1 

workers presented an approximate vibrational anaiysis of the 

complete (I-benzene)tricarbonylcbrotiu molecule and its deuter- j 

ated analogue. It was found that in most cases kinematic coupling 

effects were insufficient to explain the frequency shifts which 

were observed on coordination of the benzene moiety to the 

tricarbonylchromium group. The effects of ligation on the force 

constants of the benzene ring were evaluated [63]. 

_- 
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The following standard enthalpfes of formation of some 

(T-arene)tricarbonylchromium complexes were determined by thermo- 

chemical techniques AH f0[(p-Cba~~~e)CrtCO)3,c] = -714 +_ 1.5 kcal 

In01 
-1 , AI!f"r(~-1,3,5-C6H3Me3)Cr(C0)3,c]= -136.5 z -3 kcalmol-I 

AHf"[(S\-Cg"5"1jCr(CO)j=C]= -111-5 r S &al mol-I_ A mkro- 

calorimetric vacuum sublimation tech&ique was used to obtain the 

enthalpies of sublimation for l~-C61i6)Cr(CO)3, (q-C6HqMe)Cr(CO) 
/ 3’ . 

(T-1 ,3,5-C,H3”e3)C’(C~)3, (q-Cs!e6)Cr(CO)3, (T-C6H,Cl)Cr(CO), 
/ _zJ 

and tq-cycle-C7Hg)Cr(CO),. Valrres were obtained for arene-Cr 
ZJ 

bond er,thalpg contributions in (~-arene)Cr(CO)j molecules in the 

gas phase: these decreased along the series [~~~C6Me6)-Cr]>> 

I(~-C6S~%Iej)-Cr] >[~~-C6E5Me)-Cr]~[~~-C6i13)-Cr]>[(~-C6HgCil -Cr] 

> [(IJ -cycle-C7ii8 1 -Cr ] [64]. 

The electrochemical reduction of a series of ! 
7 
-arene)- 

tricarbonylchromiu complexes uas examined using a dropping mercury 

electrode in dicrethylformamide solution, benchzzotrene had a 

reversible two electron redtiction.and the reduction took place 

stepuise with the intermediate formation of an anion-radical [65-J 

A variety of l?-arene)tr_ icarbonylchromium complexes were studied 

electrochemically in nonaqueous media. The polarographic constants 

for pulse polarography were measured and it was found that the 

complexes underwent reduction by a transfer of two electrons to 

give stable @arene)tricarbonylchromir(-II) dianions [66]_ 

Correlations were established between the substituent par- 

ameters 61, 6p, GR p spO , andGRo and the carbongl stretching force 

constant, k(CO), for a series of mono- and polg-substituted 

tricarbonylchromium-complexed arene compounds. A poor correlation 

was obtained with ~1 but a much better correlation was apparent 

Fcef- p_ 336 
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for6F. It was concluded that the overall electronic substltuent 

effect transmitted to the carbonyl groups involved both meso- 

merh and inductive mechanisms. The results also supported 

appreciable participation of the ring carbon 6-framework-in metal- 

ring bond formation [67]. Caro and Jaouen have investigated the 

er?ect of increasing sfze of substit-uent on the borotgct-ide 

reciuction of the exo- (3.14) and e-isomer (3.15) of $-alkyd- 

indenone complexes_ The eni;‘nalpy and entropy of the reduction of 

the isomer (3.14; R = Xe, Et, Pri) decreased with increasing size 

Of the alkyl group uh%le the same parameters were virtually 

unaltered in the same reaction of the endo-isomer (3.15; R = Me, 

Et, Fri). The mechanism of the reaction was discussed in terms 

of transition state changes with substitution 168-J. 

;3_141 (3.15) 

The rate of reduction of the indanone (3.16) to the &- 

alcohol (3.17) with sodium borohydride was dependent on the 

nature of the substituent R. The rate decreased in the order of 

increasing size of substituent: R = exo-Me>endo-hle>endo-Et> 

endo-CHHe*. Thermodynamic parameters were determ%ned in each 

case and the mechanistic implications of the results were 

discussed 1693. The ionization constants of the benchrotrene 

. 
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(3.16) (3.17) 

compounds (3.18; R = OH, Ni-i2) and of 4-hydroxy- and &-amino- 

diphenyl have been determined. Tb_e hgdroxy corripound (3.18; 

R = OR) was a stronger acid than &-hydroxydipihenyl and phenol 

while the amino compound (3.18; R = Ei,) was a weaker base than 

4-aminodiphenyl and aniline. The G- R and6R constants were deter- 

tined for tbe (y-C$s)Cr(CO)3 group and demonstrated weak 

conjugation between the group and electron releasing s-ubstituents 

PI- The vapour phase molecular s',ructure of (+\-benzene)- 

tricarbonylchromium was studied by electron diffraction. On the 

basis of these results and of auxiliary vibrational calculations 

it was concluded that in the vap-our phase the molecule was nearly 

an unhindered internal rotor. In the vapour phase it consisted 

of a mixture of several conformations which differed from each 

other by the rotational rrrrsngement of the benzene ring with - 

respect to the carbonyl groups, In the solid state the molecrule 

was in the staggered form. The C-C bond distance of the benzene 

ring was slightly larger than that in free benzene. It was 

thought that the bond elongation was probably due to the donation 

of electrons from the metal d-orbitale into the benzeneTri'- 

antibonding orbitals [71]. 

ad-o.936 
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Kechsnisrrxs hztve been considered for the stabilizatior? of 

cti-romium-arene fragment ioos fcrmed during the mzss spectrometric 

breakdown of bis(q-arene)c?zomiu~ arid (y-arene);ricarbonylckromium 

complexes_ 'Phe first mechanism requires distrijuzion of excess 

energy Set-xeen the co-talent bonds of the frzgment ion, the second 

irxvolves stabilization by structural distortion of tile fragment 

!%e X-ray photoelectron spectra for fifty molybdefium compo~;llds 

including tricarbonylq-mesitylene)molybdenum, trkar5onyl- 

tq-cycloheptatriene)molybderuzn md the correspor_ding tropylim 

ior_ -were rerorted. Stror?g G-donor ligands were effective in 

increasing the electron density around the metnl.atom [73]. 

(iii) Geceral ChemZstry 

i%rcuratiorr of teochrotrene asd t_ e 5 benchrotrene azaiogue 

( 3.20; R = H) XXth mercury(I1) acetete 2nd tZlen calcium c'cloride 

i;ave the mer&richlorides (3.19; R = HgCl arrd 3.20; R = BgCl) 

respectively. Tricarbonyl(T\-toluene)chromium (3.;9; R = Me) was 

not mercurated u-?der the same conditions [74]. 

(3-19) (3,201 



(y-Areneolefin !tricarbongichromium complexes c3.21; 

X = CF '2' OCH ;i' Wfi212, (ChgL > 
(Ch. 1 ];rere prepared from 2 4 

parent oiefin and chromium hexacarbonyl. Irradiation of 

-the 

these 

complexes in petroleum ether gave the corresponding dicarbonyl- 

c~hro_miun complexes r3.22; X = CH,, OCH,, (CH2)2, (Ch ) 
i 2 3' (ch;-2)jJ 

1W. 

(3.2:) (3.22) 

The reactions between (q-benzene)c:hromium tricarbonyl and 

its derivatives with butyllithium in THF have been examined. At 

temperatures below -20° efi'icrent ring metallation was observed 

wit?? the parent comgound and in the presence of xetkyI and flUor 

substituents. 'Tricarbonyl$-mesityiene)chrorkun underwent 

or-metallation. At temperatures above 0 o the principal product 

was n-butylbenzene [76]. A quantitative study was made of the 

photosubstitution of carbon monoxide in'tricarbonyl(r\-nesitylene)- 

chrotium by N-dodecglmaleimide in bensene. In benzene the reaction 

was clear and a quantum yield of 0.90 2 0.09 at 373 run was 

obtained. An attempt was made to study the same reaction in 

cyclohexane but some decomposition of the reagents occurred li'?]- 

.The catalytic activity of tricarbonylchromium complexes of 

phenanthrene, naphthalene and anthracene in the hydrogenation of 

aefacncap. 336 
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dienes was studied. 'Ene solvent elect on the hydrogenation 

kinetics of methyl sorbate in the presence of (q-phenant:hrene)- 

end (I-naphthalene)tricarbonylchromium indicated that the longest 

Cr-C (arene) uas displaced by the incoming dicne ligand; the 

longer the Cr-C (arene) bond the easier t‘ne displacement. The 

‘hydrogenation of 2,4-hexadiene, I,&-cyclohexadiene, dimethyl- 

muconate end l,&-diphenyl-Z, 3-butadiene was studied also [78]. 

Enantiomeric chromium complexes with chiralitg based on an 

asymmetric metal centre have been formed from drsubstituted 

benclrrotrene compounds. The optically pure benchrotrene methyl- 

ester (3.23) was converted to the pair of internal diastereo- 

isozxers (3.a and 3.25; R = CO2H) by the stepuise replacement of 

two carbonyl ligands with thiocarbonyl and triphenyl phosphite. 

Tne diastereoisomers were separated by TLC on silica gel and the 

ester group on each uas removed by reduction with lithium aluminium 

hydride and aluminium chloride to leave the pair of enantiomeric 

complexes (3-a and 3-25; -R = HI [79]. 

(y-Eknzgl acrylate)tricarbonylchromZum (3.26) was prepared 

From (7-benzyl alcohol)tricarbonylchroxnium and acryloyl chloride. 

Eomopolymerization of the acrylate (3-26) gave polymers of 

OC~cr'P(oPh) 
I 3 

g,CHCrl P(OPh) 
1 3 

SS CO 

(3-23) (3.24) (3.25) 
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molecnlar weig‘nt 7,700-60,000. The acrylate (3.26) was 

copolymerized with methylacrylate and styrene bl. The treatment 

of diphenylmercurybis(?_cirronium tricarbonyl) ?with Co2(CO)g gave 

benzophenonebis(q-chromium tricarbonyl) and the reduction of this 

ketone produced. t‘ne alcohol (3.27; R = OH). The carbonium ion 

salt (3.281, a royal-blue solid was obtained by the reaction of 

P 0 
CH202CCH=CH2 

(3.26) 

the alcohol 

salt (3.28) 

(3.2'7; R = OH) with hexafluorophosphoric acid. The 

was found to alkylate ethanol.diethylamine, and 

pyrrole to give the-derivatives (3.27; R = OEt, NEt2 and C4H3Nii) 

respectively [81]. The reduction of 1,2-diacetylbenchmtrene 

and the treatment of I,2-diformylbenchrotrene with methylmagnesium 

iodide gave three stereoisomeric glycols; the racemic mixture 

(3.29) and two meso (pseudoasymmetric) forms (3.30 and 3.31). 

(COj3 

Cr 

(3-27) (3.28) 
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The irradiation of these glycols gave the corresponding benzene 

g~yco~s [82]_ The structure of the glycol (3.31) was detertined 

by X-ray diffraction [83]_ 

Jaouen and Dabard have reduced tricarbony1(7-indanonel- 

chrom,ium compounds (3.32) substituted in either the p- or x- 

positions of tine cyclopentenone ring with an a- or s-methyl 

group or substituted in the benzene residue with a methoxy group. 

Heductlon with potassium boroh-ydride or lithium aluminium hydride 

gave only the &-alcohol (3-33) [84]. Optically pure l-indanone- 

znd tetralone-' ~ricarbonylc'hromium (3-s and 3.35) Were obtained 

via oxidation of I-endo-indanoltricarbonylchromium and l-endo- 

tetraloLtrica.rbonylchromium respectively. These complexes were 

used as precursors to c'tiral arene compounds difficult to prepare 

by other routes, The tricarbonylcbromium moiety was removed from 
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!3.32) (3.33) 

(3.34) (3-35) 

the arene ligands by exposure of' eLher solutions of the chrorr5uzn _ 

complexes to sunlight [s.s]. 

Tertiary alcohols derived from q-benzene-tricarbonylchromium 

(for example complexes 3.36 and 3.37) were used as a source of 

the tricarbonylchromium group in the direct preparation oft\-arene- 

tricarbonylchrotiu derivatives bearing cyano, nitro or ;ry4roformyl 

groups. Little reaction occurred with arenes having only electron- 

withdrawing groups (nzethylbenzoate) but in the preserxe of electron 

donating groups (2-methoxy aniline, 3-aminotoluene, i+-smino- 

benzonitrile) satisfactory yields of the y-arene derivatives were 

obtained [86]. 

The tricarbonylchromium group was exchanged from 7-arene 

ligands which were part of a tertiary alcohol group to new arene 



Fn 
CH=CH2 

13.36) (3.37) (3.381 

ligands in the presence of 2-methyl-X,3-cyclopentzdione which 

behaved as a proton donor, For example, the alco‘nol (3.38) urder- 

-dent reactiorr -&th 1,2-dimethylbenzene to give the c-hromium 

complex (3.39) [S?]. Stanger has investigated the iigand dis- 

placement reactions of several chromium and molybdenum tricarbonyl 

complexes includi_ng i\-arene complexes_ The ligands were classified 

03 the basis ofx-acceptor ability while the metal carbonyl 

derivatives, s-L3M(C0J3, were classified by lability_ It was 

found that chromium exhibited a preference for arene and olefin 

ligands while molybdenum preferred-l*n"-type donor ligands. The 

solution IR spectra of metal tricarbonyl compounds Giere only 

-slightly dependent on the solvent [98]. 

The reaction of tetracyanoquinodimethan (TCNQ) ‘(3.40) with 

tricarbonyl(q-toluene)chzomium in acetonitrile gave toluene, 

carbon monoxide and Cr(MeCN)2(TCNQ)2. Magnetic susceptibility 

measurements indicated the presence of chromium~II1) in this 

complex showing that the TCNQhad behaved as an oxidizing agent 

@ql- ~-4renetricarbonylchromium compounds formed charge-transfer 

complexes with 1,3,_%trZnitrobenzene (TNB) but these complexes 

were not formed by r\-arenetricarbonyl -molybdenum and -tungsten 
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Cr 
(CO)j 

(3.39) 13.40) (3.41) 

derivatives. iiowever I-arenetricarbonyl-cbro_mium, -molybdenum 

and -tungsten all formed charge-transfer complexes .dith tetra- 

cganoethylene (TCWE). With TNB, complex formation with the 

molybdenum and tungsten compounds occurred via the coordinated 

arene and this was inhibited by the reduced electron density on 

the coordinated arene due to intramolecular charge transfer. In 

the case of TCXE the complex was formed by an inner-sphere charga- 

transfer interaction uith the metal atom. Therefore the stability 

Ol‘ the TCNE charge-transfer complexes was dependant on the charge 

density on the metal atom and not the cocrdinated arene [90]. 

The benchrotrene derivatives (3.41; R = NH2, NKe2, OMe) xere 

obtained irl the exchaz:ge reactions betwee? bencbzotrene and the 

appropriate $-substituted iso-propylbenzene [9~]. Bencbrotrene 

derivatives such as (7-C6R5NRe2)Cr(C0)3 gave 1:l sud 1:2 complexes 

of mercury(i1) chloride by treatment of the orgsnometallic 

compound with mercury(II) acetate ard then calcium chloride [92]. 

Blectron acceptors, such as mercury(II) chloride and maleic 

anhydride, formed complexes with benchrotrece &nd its derivatives 

Thus benchrotrene combined with two or three moles of mercury(Ii) 

chloride to form the complexes (3.42; n = 2, 3) while the 

BckrspeaP.ss6 

_.. .-... ._ . . 
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Q 0 nF;gCl* Q 0 R&i 20 

&, c 

QJ 
0 \ / 

Cr IO 

CC01 3 0 

(3.42) (3-43) (3_44i 

complex (3.43) was obtaked -with maleic arkydride acd l?-an%linei- 

tricsrb3nylcl3ro~~um [93]_ Uranyl ccmplexes were prepared wit'? 

fq-benzcic acid)tricarbo~ylciomLum and (T-benzoylacetone)- 

tricarbonylchrotium as the ligands. The infrared spectra iudfcsted 

that all the cc-lplexes had a pentagonal bzpyramidal conl"igoration 

are-und the uran5um atom. All the complexes were less stable 21 

so3utioa than the correspozfing Egands [94]. 

Ikxxx&ic compounds such as benzene, aaphtnalene and Z-methyl- 

naphthalene uere hydroxylated by molecular oxygen in acetonitrile 

and in the presence of molybdenum hexacarbonyl. The reactions 

involved (T-arene)Ho!CO)3 intermediates [95]_ Selective reduction 

of the propellane derivative (3.44) has been achieved by using 

hydrogen and a ( 
7 
-arene )tricarbonylc-hromium catalyst. Reduction 

occurred by I,&-addition of hydrogen to the ether-bridge side of 

each cyclohexadrene ring [96]_ 

Stille and Nelb have incorporated the chromium tricarbonyl 

group into removable arene complexes in order to improve the 

solubility during polymerization of monomers to poly(p-phenglene) 

c971- ?-Arenetrrcarbonyl-chromium, -molybdenum and -tungsten were 

shows to be active homogeneous catalysts in the linear 
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polymerization of acetylenes to relatively high molecular 

weight polymers. WZth the molybdenum catalysts the reactions 

were very fast and often quantrtative but with the less active 

chromi-um and tungsten catalysts the inteL-mebiates of the polynxef- 

izations were isolated. These intermediates were shown to be 

ladder compounds composed of fused cyclobutane rings [SE]. 

(iv) Analogues 

Kinetics of hydrogen-deuterrum exchange of (q-Ph-Pn)Cr(C0)3 

and (q-in-Ph)Cr(CO),PPh3 were detertined in acid media. The 

reactivity or' the coordfr_ated and -uncoordins-ted pher_yl rings was 

approximately the same [99]_ The Cr(C0)2L unit L = CO, CS, PPh 
3' 

i=(O?h) 
3 

was used to.Zncrease reactivity, enhance select%vZty and 

protect the substituents of complexed arene rings with respect 

to alkylation, For example (q-PhCOMe)Cr(C0)3 was rapidly converter 

into (q-PhCOPri)Cr(CO)3 in dimethylformamide wit‘? methyl iodide 

and sodium hydrrde. F'ree~PhCH2C02Me was inert to methyl iodide 

and sodium iodide but the complex (q-PhCH2C02Ma)Cr(CO)3 rapidly 

gave [y-PhCWe Cd Me)Cr(CO) 
2 2 

when treated with these reagents. 
3 - 

The activating power of the carbonylchrotium group was modified 

by photochemical replacement of one of the carbonyl groups. 

Polarographic and p_Ka data indicated the following order of activat- 

ing power of the Cr(C0)2 units: Cr(C0)2CS>Cr(C0)3>Cr(C0)2P(OPh)3 

>Cr(CO12PPh3 boo]. 

The benchrotrene compound (3.45; L = CO) was converted to 

the q-benzonorbornadiene compound (3.46) by photolysis in ether 

at room temperature. This compound was attacked by effective a- 

-acceptor ligands at the metal-norbornadiene bond to give the 

-p_366 _ 
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benchrotrene analogues c3.45; L = RX, Ph3P, (MeO)3P, PF3, 

(~e~)$s] but it was inert towards ligands such as pyridine, THF 

and acetonitrile -which are good &donor& blut weak ~-acceptors. 

The IR spectra of the benzonorbornadiene com_~ounds (3.46) 

suggested that c'hromium-carbonylr-bonding was stronger than in 

the benchrotrene com?ounds(3.45) [loll. 

(3.45) ( 3.46 1 (3.47) 

A series of (~8-alkenylbenzene)dicarbonylchromium complexes 

was prepared via irradfation of the Corresponding; tricarbonyl- 

cb~?otium derivative. For example, the irradiation of the 

benzonorbornaadiene complex (3.47) gave (r\8-bPnzonorbornadiene)- 

dicarbonylchromium (3.46) in 49% yield. The lH RMR spectra of 

the dicarbonylchromium complexes suggested that the carbon-carbon 

cfouble bond was parallel to the benzene ring [ZOZ]. 

The photochemical formation of the r(-arene complexes (3.48; 

R' = R2 = R3 = H, Me).from the corresponding chromium tricarbonrl 

complexes was investigated. The quautum 
. 

reaction was independent of the pyridine 

range 0.0~8-0~17~. The (fi-arene)C+(CO13 

excited benzil at a diffusion controlled 

was accompanied 

efficiency of this 

concentration in the 

complexes quenched triplet 

rate and the quenching 

by reaction of the chromium complex. The triplet 



(z.48) 

sensitized reaction only occurred with a quantum efficiency of 

0.55 as compared to the high substitution efficiencg of 0.72 

upon direct irradiation of (q-arene) Cr(C0) j [1033- 

(q-C6HSC03Me)Cr(CO)3 was irradiated in the presence of 

?(OEt)j and then irradiated with P(OMe) 3 to give the chromium 

complex (3.4.9). The complex [~-C,Rk(C0214e)2]Cr(CO)(CS)[F(CPh~3] 

was prepared similarly and it was separated into the diastereo- 

isomers (3.50 and 3.51) by thin layer chromatography [IO&]. The 

31P NKR spectra of the complexes (7-C6H5X)Cr('CO)2PPh3, ( X = R, 

Me, OMe, XMe 
2’ 

COOMe I ; (p-R-C6HkX2)Cr(CO)2PPhj, (X = COOMe) and 

(T-C6R3X3)Cr(C0)2PPhj, (X = Me) were recorded in neutral and 

acidic media. All the compounds showed a narrow singlet in the 

31 P- 'H spectra in carbon disulphide suggesting that fast internal 

3 
P(OPh13 

(3.51) 



rotation about the An-Cm-bond .&as taking place. In the 

presence of trifluoroacetic acid some of the complexes were 

protonated at the metal u-hich resulted in the upr'ield shielding 

of the 3'P- Iii signal. Temperature-dependence of the 31 P- Ii3 

HE!R spectra was investigated and t'ne degree of protonation was 

found to increase with decreasing temperature [I 051. 

T?e complexes (7-C Me )Cr(CO)PL where L = PFn 
6 6 3 

, PMe?hZ, 

PKe2Ph, P(OPh)3 and PIOMe)3, ynihen treated uith nitrosyl hexafluoro- 

phosphate gave the salts [(,-CgMe6)Cr(CO)L(r'IO)]PFt, arrd [(y-C6EXe6)- 

Cr(C0)2(HO)]PF6. Treatment of the same complexes with benzene- 

diazonium hexafluorophosphate gave the paramagnetic derivatives 

[(q-C614e6)Cr(C0)PL]PF6 where L = PPh3, PMePh2 and PMe2Ph or 

[(q-C6Me6)Cr(CO)L(N2Ph)]PF6 and [(1-C6Me6)Cr(C0)2("~~n)]PF6 :Ghere 

L = P(OMe)3 and P(OPh)j. .Cyclic voltammetric studies showed that 

the oxidation of the complex (I-C6Me6)Cr(C0)2L to [(I-C6Me6)- 

CELL]+ was a reversible one electron process [106]. 

The crystal and molecular structure of dicarbonyl(T-methyl- 

benzoate)thiocarbonylcbromium was determined by a single-crystal 

X-ray study. The Cr(C0)2CS group had C s symmetry with a Cr-C(S) 

bond length of 7.792 2 and a Cr-C(0) mean bond length of 1.849 4 

[3073- Caillet and Jaouen have reported detailed assignments of 

the infrared and Reman spectra of the benc'hrotrene analogue (3.52; 

L = CS). Comparisons with the spectra of methyl benzoate and the 

benchrotrene complex (3.52; L = CO) were made [108-J. 

_ The IR and Raman spectra of tricarbonyl(q-thiophen)chromium 

(3.53) were recorded for solid and solution samples. The 

vibrational modes were assigned and compared with the corresponding 

_absorptions for benchrotrene DOS]. 

_. 
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(3.52) i3.53) (3.54) 

Tri- and penta-methylpyridine gave then-complexes (3-54; 

R = X, Me) rather than 

A series of previously 

complexes was.prepared 

tricarbonyl with boron_ 

the arer_e l&and. 

(P~13Mo(C0)3 f arene + 

the alternative 6-nikrogen complexes [110]. 

u&nowrr (q-arene) tricarbonyl.molYbdenum 

bY the reaction of trhpyridLnemolybdenum 

trifluoride etherate in the presence of 

Et,0 
3BF3 J 

2oo 
(q-arene)Mo(CO) 

3 
+ 3pYBE3 

Tiiis method of preparation -was shown to be superior to the 

direct synthesis in that-it gave higher Yields, a shorter reaction 

time was required and the reaction could he carried out at room 

temperature. An attempt was made to extend the method to the 

synthesis of (l-arenejtungsten tricarbonyl complexes but only low 

yields of product were obtained [II?]. The crystal structure of 

trimethylenemethanechromiumtricarbonyltriphenY~phosphine was 

determined by conventional Patterson and Fourier methods_ Carbon- 

carbon bond distances in the trtiethylenemethane ligand, as well 

as metal-ligandT-bonding distances, were equivalent with mean 

values of 7.42 Z and 2.23 E respectively. The trimethylenemethane 

ligand was not quite planar with the central atom displaced 0.26 g 

frcan the plane of the other three carbon atoms [112]_ 

Izefaalcup.336 

. 
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Halogenated arenes were cocondensed with chromium vapour 

to yield bisi?-arenejchromiu compounds such as bis(y- 

benzotrifluoride)cbromZum (4.1). When two trifluoromethyl groups 

were present in the arene ligand then products with good air and 

temperature stability were obtarned. Xouever I,9 spectroscopy 

indicated that the metal-arene bonding ras weaker in such complexes 

than in bis(T-benzenejcbsomium [113]- 

CF 
3 

COHe 

Cr 

0 0 
CHO 

Cr 

0 0 

(4.1) (4.2) (4.3) 

Chromium underwent reaction with excess ethylbenzoate at 

-l96O, in vacua, to give bis~ethylbenzoateJchromium. This complex 

was oxidized in air in the presence of water to give Cr(PhC02EtJ20H 

and decomposed thermally at 260° to form~c'hromium(IIIJ compounds 

C?143- Bisiq-benzeneJchrom%um was metallated with n-butyllithium 

in tetramethylethylenediamine and the lithio intermediate was 

treated with dimethylformamide to give the symmetrical dialdehyde 

(L-2) in 65% yield, The acetyl derivative (4.3) was prepared in 

the same way [lls]. Symmetry coordinates of the molecular 

vibrations of trigonal XYb prism (D3hJ and antiprism (D3dJ models 

of organometallic compounds, for example dikl-benzene)chromium, 

were calculated [116]. A complete harmonic force field was 

constructed for di(y-benzene)chromium uith symmetry coordinates <; 
5 S 
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that preserved the ligand identity and the molecular vibrations 

were analyzed by treating the whole, eclipsed a6 , molecule. 

The calculated mean amplitudes agreed witn those obtained from 

electron diffractdon studies Ifl?]. 

The thermal decomposition of bis(q-benzene)chromium, 

bisi?-ethylbenzene)chromium and bis(?-ethylbenzene)vanadium were 

studied. The activation energies of the decompositions were 

approximately 22.5 kcal mol 
-1 

_ Tne change of metal from vanadium 

to chrdmium increased the rate of decomposition approximately ten 

times [tlS]. Second order rate constants and activation parameters 

were obtained for the reaction of oxygen with bis(T-benzene)-, 

bis(q-ethylbenzene)-, bis(T-cumenej- and bis(T-E-xylene)-chromium 

and other -?-benzene complexes of chromium and molybdenum [I 193. 

The thermal decomposition of several ethyl derivatives of 

bis(l-benzenejchromium was investigated by statistical and by flow 

techniques- The reactions were heterogeneous and adsorption of 

the compound on the reaction surface was followed by decomposition. 

The two techniques used gave similar results [120]. Highly 

active catalysts for low pressure ethylene polymerization were 

formed when bis(l-benzene)-, bis(T-cumenej-chromium or bis(r\- 

cyclopentadienyl)chromium were deposited on high surface area 

silica or silica-alumina supports. The (I\-arene)chromium complexes 

required an acidic support (silica-alumina) or thermal aging with 

silica to form a highly active catalyst [321]. The catioGic 

bis(q-benzene)chromium compound (4.4) was labile to SOlVOlytiC 

cleavage of the C-(l-Ar)-P bond while the same bond in the iso- 

electronic vanadium compound (k.5) was inert 17223. The helium(I) 

and helium(I1) photoelectron spectra of benchrotrene and 



PPh2 

0 0 

Cr- 

0 0 

0 -Q 0 

Cr 
(CO) 

1 

(4-4) (4.5) (4.6) 

bis(q-benzene)chromium have been measured and rationalized in 

terms of all electron ab initio SCF MO calculations. The -- 
_ 

ionization potentials were interpreted with the aid of iioopmans 

theorem which permitted effects arising 

orbitals to be included b23]. 

from the ligand molecular 

The reaction of (q-C6H6)2CrOi3 with (q-C6BjOH)Cr(CO)3 at 

room temperature gave good yield of the binuclear complex (4.6). 

Thermolysis of this complex in a sealed tube gave chromium carbonyl, 

di(s\-benzene)chromium, chromium(II) phenoxide and benzene [124]. 

Cosolubility of (q-PhH)2CrI, (T-PhEef2CrI, bis(s\-mesity1ene)Cr-I 

and (q-C6Z$ Ne2)2CrI in water was investigated between lo-40°, under 

these Conditions the ratios of t'oe solubilities were virtually 

constant [125]. A mixture of bis(T-arene)chromium iodides was 

resolved by thin layer chromatography on silica gel containing 

gypsum (13%). The developirg solvent was a mixture of acetone, 

benzene and water [126]. Mass-spectrometric analysis of trace 

amounts of bis(q-arene)ch.romium.(I) iodide was carried out by field 

ionization_ By using tungsten emitters in weak fields in the 

range 25200° spectral lines corresponding to [(y-arene)2Crlf were 

obtained. In a strong electric field, simultaneous ionization 
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and dissociation of the bis(q-arene)chromium(I) iodide took 

place on the e_m.itter surface [?27]. 

The redox behaviour of bis(q-biphenyl)chromium(I) iodide 

in -water was studied by polarography, cyclic voltamrcetrg, large 

scale electrolysis and pulse voltammetric met1:od.s. The volt- 

ammetric behaviour was complicated by adsorption phenomena of 

both the oxidized and reduced forms. Th.e redox potential obtained 

was regarded as the surface redox potential of the two adsorbed 

forms [328]_ 

5. [(s-c,a,)Cr(CO)3]t, tC7Hn)Cr(C0)3 

A kinetic study was made of the addition of acetylacetone 

ar_d methoxide ior, to the catLons [(C7H7jM(COf3]+ @I = Cr, MO, W) 

under pseudo first order conditions using a large excess of 

nucleophile. The rate of addition of both nucleophifes was almost 

independent of the nature of the central metal decreasing slightly 

in the order W>MoZCr. This data sunported a mechanism involving 

direct nucleophilic attack at the tropylium ring [129]. The 

?-cycloheptatrienyl complex (5.1) was attacked by trialkyl- and 

triaryl-phosphines to form the derivatives (_5.2). 'H RGIR 

spectroscopy indicated that the phosphonium group occupied an 

I- 

O 0 

&, 
I 

+ 
I 1 BF - 

4 

?R 
13 
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I 
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E- position relative to the chromium atom [1303. The 

decomposition of tricarbonyl(7-cgcloheptatrTene)c~hromium has 

been studied by the chemical vapour deposition technique. !Lhe 

complex decomposed above 300° to give deposits containing 

pr%hcipally c‘hromium snd carbon. Labelling experiments with '3c 

confirmed the cycloheptatriene group as the major source of the 

carbon p3i]. 

The 13C NHR spectra of some tricarbonyl(r\6-cyclopo3.yene) 

complexes of Cr, Ho and W (cyclopofyene = I,j,!%cycloheptatriene, 

i,3,5 -cyclooctatriene and 1,3,5,7-cyclooctatetraene) were recorded. 

Hindered rotation of the cyclopolgene ligands around the prolonged 

3-fold axis of the tricarbonyknetal groups was detected and the 

1,3,S-cgclooctatriene ligand.in C8H,oCr(C0)3 was frozen at -120°C 

into a chrral conformation 11321. 

Irradiation of a boiling solution of [2_2]paracyclophane 

and cirromium-, molybdenum-, or tungsten-hexacarbonyl gave the 

corresponding complexes~tricarbonyl(~-[2_2]paracyclophane)metal. 

The molybdenum complex decomposed to the starting materials and 

free molybdenum by a first order reaction [133]- Ligand displace- 

ment reactions of (T-cycloheptatrienyl)molybdenum complexes have 

been used as a convenient route to other (T-cycloheptatrienyl)- 

molybdenum compouzlds [la] as previously described [135$ 

An X-ray crystal structure and molecular structure determina- 

tion on the q-cycloheptatrienyl compound (5.3; X = SnCl 
3 
) confirmed 

discrete molecules with a molybdenum-tin covalent bond and a 

planar cgcloheptatrienyl ring [136], The structures of the 

analogous COmpOu-?ds (5.3; X = Cl, Br) were determined in the same 

uay. The molybdenum-bromine bond was shorter than the 

.- -_ 

_ I:--= :1 -_;. - :. 
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molybdenum-chlorine bond because of stronger dr - dT interaction 

between molybdenum and the heavier halogen [137]. The crystal 

and molecular structure of the (y-t-butglcgcloheptatrrene)- 

molybdenum complex (5.4) was confirmed by single crystal X-ray 

methods [138]. 

But 

Q 0 0 I \ - 
.----- Q ---!___ 

,%,, 

(5.5) 

+ 

MO 

(co)2x &, 

(5.3) (S-4) 

7 1 
CompOWldS of the type (~-C.&)MO(CO)~~~ (M = Ge, Sn, R = Ph) 

*rere prepared by treatment of the anion [~-G7H7Mo(C0)2]- with 

c1m3 1139 3. Trichlorotin and trichlorogermanium derivatives 

were prepared by the insertion of SnC12 or GeC12, as in the 

following reaction: 

(?-C7H7)M~(C0)2C1 + ~~ecl~- (q-C7H7)Mo(C0)2GeC1 
3 

* HCl 

Salzer and Werner have studied the addition of electrophilic 

reagents to the hydrocarbon ligand in tricarbonyl(+(-cyclohepta- 

triene)molybdenum. The acids R13F4 and HC1 were effective in 

protonating the ring to form the I-cycloheptadienyl complex 

cation (5.5). Treatment of this cation with triphenylphosphine 

gave nucleophilic addition to the seven-membered ring and break- 

down of the complex [l&01. 

Et!?- p. 536 
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. 
o. (~-C535)Mn(CO)3 (i) Formation 

The reaction of diazotetrachlorocyclopentadiene with 

pentacarbonylchloromanganese gave ('\-C5C15)Rn(CO)3 and the 

6-bonded complex (6.1) [141]. Wiles has examined the effects 

of nuclear recoil in organometallic compounds b-y using the 

5.6Fe(g, P)%i_ 'I reaction with bis(q-cyclopentadienyl)diiron tetra- 

carbozyl es the target. A very low yield of cymantrene- %@n 

and tine manganese pentacarbonyl- %n rad* lcal was obtained 

iodicatillg t-hat recoil u.L not znportant in the formetro__ n of 

organometallic species in nuclear reactions [142]. 

Cl Cl 

Q / \ 
Cl Cl 

El Cl 
(CO) 

5 

(ii) Spectroscopic and Physico-chemical Studies 

The crystal and molecular structure of acetylcymantrene (6.2; 

'-i = En) and its rhenium analogue (6.2; # = Re) have been deter-mined 

my X-ray crystallography- Acetylcymantrene shows the same 

orientation of carbonyl groups to the cyclopentadianyl ring as 

symantrene itself_ Rouever the rhenium compound (6.2; 14 = Re) 

Ls less symmetrical th= tricarbonyl(q-cyclopentadiengl)rhenium 

[143]- 55Mn, la5Re, 18?Re and 12?I &R spectra of tricarbonyl- 

(I-cyclopentadienyl)~manganese and -rhenium derivatives were 

recorded. The spectra were more affected by the conjugation 
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characteristics of the substituents thar, t:?e inductive effects. 

From the spectra it was concluded that t‘ne (CO)3ReC5H4 group was 

a stronger electron acceptor than the (CO)31K~CSH4 group [l&J+] . 

Good agreement was obtained between the hyperfine constants 

determined by ESR spectroscopy and calculated by the extended 

Huckel molecular orbital method for the radical anion of the 

cymantrene derivative (6.3). Extensive electron delocalization 

over the molecule was indicated with most of the spin density on 

the manganese atom, the ketone group and the phengl ring [1453. 

The rate of isotopic exchange of hydrogen atoms of cyman- 

trenylferrocene and ferrocene in CF3COOD-(CH2C112 was determined 

by mass spectrometry, NMR and EPR analysis [146]. The mass spectra 

of the manganese complexes (~-RC5H4)Mn(CO)2CX (X = S, 0: R = H, Me! 

were recorded and the appearance potentials of most of the 

metallic fragment ions determined. The manganese to carbongl 

and thiocarbonyl ionic bond dissociation energies were estimated 

and it was concluded that the &I-CS bond was stronger than the 

Mn-CO bond. It was suggested that the thiocarbonyl group was 

primarily a 6-donor ligand [147J Cymantrene was included with 

ferrocene into a clathrate compound with thiourea and the 
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incorporation 

degradation. 

taken up into 

of cymantrene was confirmed by photochemical 

&en ferrocene was absent then cymantrene was not 

the clathrate [148]_ 

The first order kinetics for the thermal decomposition of 

tricarbonyl(I\-cgo,tipentadienyl)manganese were determined at 

410-460°. The products of thermal decomposition were manganese, 

carbon monoxide and cyclopentadiene [149]. 

(iii) General GhemLstry 

Tricarbonyl(I-cgclopentadienylhnsnganese, nickelocene and 

ferrocene formed adducts with thiourea- This reaction was used 

to separate tricarbonyl(\-cgclopentadienylhnanganese from 

(r\-acetylcyclopentadienyl)tricarbonylmanganese [ISO]. Treatment 

of cymantrene with phosphorus trichloride and alumirLum(III) 

chloride in isopentane gave the phosphorus bridged binuclear 

complex (5.4). The same reactron in the absence of solvent and 

at a high temperature gave the phosphine oxide derivatives (6.5 

and 6-6) in lou yields [157]. 

Irradiation of tricaroonyl(T-cgclopentadienyl)manganese in 

the presence of cgcloheptatrienes gave the neutral diamagnetic 

complexes (6.7; R = H, ?-He, 1-#e, 7-Ph, 7-&-I%). Preatment of 

Q (CO) 
0 MI13 
Mn\ Cc.01 

-0 
2 PC+ 0 

(6.41 (6.5) (6.6) 

7.: _. 

. 
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the complex (6.7; R = H! with triphenylmethyl salts gave the 

cation (6.8) which was reduced by lithium aluminium hydride to 

give the neutral complex (6.7; R = HI. (q-Cyclooctatriene)- 

and (1-6-~-cyclooctatetraene)-~5\-cgclopentadienyl~m~g~ese were 

prepared similarly but they were much less stable thar- their 

cgcloheptatriene analogues [152& 

R 

% 

0 ’ I/ 
I 

EIn 

0 0 

(6.7) (6.8) 

&ii 

.o 0 - 

t 

Q OR 

E,, 

(6.9) 

The ultraviolet irradiation of an eouimolar mixture of 

cyznantrene and Ph2PCH2CH2PPh2 gave the bidentate complex 

(q-C5Y5)Mn(CO)(Ph2PC"2CH2PPh2)_ The reaction was thought to 

proceed stepwise and this was supported by the isolation of the 

monodentate complex (r\-C5H5)Mn(CO)2 Ph2PCH2CH2P(0)Ph2 [153] 

The reaction of lithiated cymantrene (6.9; R = Li) with chloro- 

silanes gave the corresponding methylsilanes (6.9; R = SiRMe2, 

SiEMePh) [Is&$ Lithiocymantrene was dinerized in the presence 

of copper(I) bromide at -loo to 100° [I%]. 

'I!ricarbonyllithiocyclopentadienylmanganese X&S condensed _ 

with biferrocenyltin(IV) chloride to give the organo-tin derivative 

(6-.-101, Reaction of this latter compound.with mercury(I1) chloride 

gave cymantrenyl- and ferrocenyl-mercury(I1) chlorides [156]. 

Cymantrenylferrocene was acetglated by acetic anhydride and 

l&f-p. 936 

: 
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(6.10) (6.11) (6.12) 

phosphoric acid in the uasubstituted cyclopentadiexyl ring to 

form the acetylferrccene (6.11). Metallation of cymantren~l- 

ferrocene with butyllithium afforded the intermediate (5.12; 

R = Li) which was converted to the boroni'c acid f6.12; R = ES(OR)~] 

with tri-n-butylborate. The boronic acid was converted into the 

bromocymantrene (6.12; R = Sr) an d the mercurichloride (6.12; 

R = HgCl) -with copper(I1) bromide and mercury(I1) chloride 

respectively [?57]. 

Methylcymantrene was treated with enamines, such as PhCH=NPh 

to give the corresponding vinylcymantrene COmFOunds, such as the 

trans-olefin (6.13) [lsS]. l%e benzylcymantrene (6.14) was 

prepared from the corresponding Senzoylcymantrene by ezkerifica- 

tion, lactonization and reduction. This intermediate was then 

(6-14) (6.13) (6.15) 

.: 

: 
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cyclized, tne ketone group was reduced to the hydroxyl group 

and the alcohol was dehydrated to give the c-ymantro naphthalene 

16.15) - Xn isomer, with the mathyl group in the alternative 

position of the cyclopentadienyl ring, was prepared in the same 

way [159]. A series of cymantrene derivatives (6.16; X = H, Me, 

OMe, Cl; Y = H, Me) was prepared by Friedel-Crafts benzoylation 

of tricarbonyl(q-cyclopentadien-yl)manganese_ These compounds 

were used to prepare 

These compounds we?e 

[I 601. 

@COCH2@jx 

(6.16) (6.17) (6.18) 

The addition of 0.01-l% trimethylsilylcymantrene (6.19) to 

the cymantrene derivatives (6.17) and (6.16j. 

studied by UV. IR and 'Ii Ni4R spectroscopy 

organosilicon elastomers was effective in increasing their t‘nermo- 

oxidative stability [161]. Petroleum reforting which led to high 

octane gasolines also gave enhanced concentrations of polynuclear 

aromatic hydrocarbons including benzo[a]pyrene. The concentration 

of this last compound in the exhaust emissions from such gasolines 

&as reduced by 30% when cyman&ene was added [162]. 

Rats were dosed orally and intravenously with '%n labelled 

methylcymantrene and the whole-body retention, tissue distribution 

and excretion of manganese was followed. Initial rapid excretion 
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Q 0 
SiHe3 

(6.19) 

of most of the manganese was observed. The methylcymantrene 

was metabolized in the liver, lung and kidney and excreted in 

inorganic form, Leigh levels of '%%I were found in the urine and 

this atypical behaviour was explained by bioconversion of methyl- 

cymantrene in the kidney [163]. 

(iv) Analogues 

The absolute integrated IR intensities of the carbonyl and 

thiocarbonyl groups in the cymantrene analogue (6.20) have been 

compared and confirm that the thiocarbonyl group is a better 

Ti--acceptor than the carbonyl group [164$ The (q-cyclopentadienyl)- 

manganese salts (6-22; R = li, Me; X = SbF6-, PF6-) were formed by 

treatment of the neutral complexes (6.21; R = If, Me) with NO+SbF6- 

and N02+PF6-. The remaining carbonyl group in each of the salts 

Q 0" 

(6.20) (6,211 (6.22) 
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I Q 
0" 

Mn 
CS.NO.1 

L 

(6.23) 

Q 
0" 

0 

(6.24) (6.25) 

(6.22) was displaced with Lewis bases to give the products (6.23; 

R = H, Me; L = PPh 
3' 

AsPh 3, SbPh3) [165). The structure of 

dicarbonyl(~-cyclopentadienyl)(benzoylphenylcarbene)manganese 

was determined by X-ray methods. The Mn-C distance of 1.00 II 

was-the shortest Mn-carbene distance recorded_ T'ne data obtained 

indicated that there was noT-interaction between either the phenyl 

or benzogl groups and the carbene carbon atom [166]. 

The cgmantrene analogues (6.24; R' = H, Me; R2=H, Ph), 

(6.25; R = H, Me) have been synthesized by photolysis of qymantrene 

or methylcymantrene klth the appropriate =,p-unsaturated ketone 

b 67 1. Dicarbonyl(~-cyclopentadienyl~tetrametho~ethylenem~g~ese 

(6.26) was prepared by the irradiation of cymantrene in the 

-presence of tetramethoxyethylene. The lH NMR spectrum of the . 

tetramethoxyethylene derivative (6.26) showed a definite temperature 

dependence. The NMR data was explained on the basis of two mutually 

independent ligand movements. One being a hindered rotation of 

the olefin ligand around the metal-ligand bond @Gfs4v 9.8 kcal/ 

mol) and the other a hindered movement of the four methoxg groups 

(A$63 - 13.8 kcal/mol) [168] The crystal and molecular structure 

of the cymantrene analogue (6;27) has been determined bv X-ray 
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(,,;_~(OMe)2 

C(OMe12 O/i"?& 
oc 

(6.26) (6.27) 

methods, The methylvinyl ketone ligand was bound to manganese 

through the olefinic double bond. The bonding between the 

manganese atom and the (T-cyclopentadienyl) and carbonyl groups 

was similar to that in the parent cymantrene [169]. The revers-5ble 

equilibrium of (q-C5HS)Mn(CO)2N2 and tetrahydrofuran (THF) with 

(T\-C~H~)M~(CO)~THF and nitrogen was investigated [170]. 

Cymantrene was converted to the reactive etherate (6.28; 

R = THF) by irradiation in THF and this intermediate was treated 

with the organometallic acetylenes Ph3MCrCPh, where M = Si, Ge, 

Sn, to give the cymantrene analogues (6.28; R = Ph3MCZCPh). The 

tin-containing product decomposed under the reaction conditions 

used to give the organic cymantrene derivatives (6.29 and 6.30)[171] 

The tetrahydrofuran complexes (6.31; R = H, Me) behaved as carbene 

Q 0 

(%)2Fz 

(6.28) (6.29) (6.30) 

2 . 
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trapping reagents when treated with diazomethane. When the 

reactions were carried out at low temperatures the dimeric 

complexes (6.32 and 6.33; R = Ii, Me) were isolated together with 

the olefin complex (?-Rc~R~)~~~(c~)~(~-c~H~), [172]. 

The complexes LMII(CO)~THF (L = q-CgH,--, T\--i*ieC5H4) were treated 

with aliphatic diazo compounds. Substitution of the THF ligand 

occurred to give the corresponding olefin, ketimine or carbene 

complex. In the reaction with 3-diazo-2-butanone or 3-diazo- 

camphor the -TiiF was replaced by 2-butenone or 3-iminocamphor 

respectively whilst diaryldiazomethanes gave the corresponding 

carbenes [373-j- 

Tne organosulphide complexes (?-C,3X5)14n(C0)2(SR2) (R = Me, Et, 

n-Pr, n-au, Fh, CH2qh) and (T-C~R~)M~(CO)~C~H~S were prepared 

photochemically from cymantrene and the appropriate ligand. The 

Q 0" 
PR 

Mn 2'Mn 

(C0J2.TBF 'co 
\ 

OG co 

(6.31) (6.32) 

oc-& 

/ 
OC 

(6.33) (6.3&I 

BdsrrncaP.336. 
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f 

kinetics for the reaction of the sulphide complexes with tertiary f 

phosphines artd phosphites were studied, The reaction rates were j 

first order in substrate and independent of both the nature and 

concentration of the phosphorus ligand, and increased with changes 

in the organosulphide ligand in the order SMe2<C H SKSEt 
4 8. 2 

S(n-Bu)2<S(n-Pr)2<S(CH2Ph)2<<SPh2- An SNI dissociative mechanism 

was proposed with cleavage of the manganese-sulphur bond as the 

rate determining step [17&l- 

'H NMR spectroscopy was used to follow the deuteration of 

tricarbonyl(q-pyrrolyl)manganese with MeC02D-CF3C02D in ethylene 

dichloride. Deuteration occurred initially on the manganese atom 

[-i75]. Several.diazirine complexes have been prepared including 

the cymantrene complex (6.34) [176]. The reaction of (?-C5H5)- 

M(CO)2:I0 (M = MO, W) uith nitrosgl hexafluorophosphate afforded 

the ionic compounds [(q-~5~5)~(~~)2~~]~~6 (M = MO, W) in good 

yields. These compounds underwent facile carbonyl substitution 

uith neutral ligands [L = PPh3, AsPh3, SbPh3, P(OMeJ3, P(OPh)j] 

and anions (X = Cl-, Br-, I-) to give [(~-c~H~)M(NO)~L]PF~ and 

and (IJ-C$I~)M(NO)~X respectively. !l'he carbonyl group in the 

complexes [(~-c~H~IM(N~I~CO]+ was replaced rapidly by coordinatiq 

solvents such as methyl cyanide and acetone [177). 

The'optically active cymantrene analogue (6.35) was attacked 

by methyllithium, phenyllithium and E-substituted phenyllithiums 

to give mixtures of the q-cgclopentadiene complexes (6.36; R =.Me, 

Ph, g-XC6H4) and the acyl complexes (6.37; R = Me, Ph, E-XC~H~). 

The q-cyclopentadiene cqlexes (6,361 were optically stable but 

the acyl complexes racemized in solution. Electron releasing 

s*bstituents X in the acyl group COC H X of the complex increased 64 
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the rate of the first-order racemization while electron with- 

drawing groups decreased it. The reaction was Znterpreted in 

terms of initial loss of triphenylphosphine followed by inversion 

of configuration at manganese 

phosphine [178]. 

PPh 
3 

(6.35) 

and recombination w%th triphenyl- 

+ 

R 

4 

H 

/ 
_!- 

RLi 
* + 

O/ ON/ 

The racemization of the 

manganese complex (6.38) was 

reaction was first order and 

PPh 
3 

PPh AL 
3 

(6.36) (6.37) 

optically active (y-CyclopentadienylI- 

followed in toluene at 20". The 

was retarded by the addition of 

triphenylphosphine. A dissociative mechanism was proposed involv- 

ing loss of the triphenglphosphine ligand [179]. 

At the symposium on Metal Carbonyl Chemistry, dedicated tb 

Professor Walter Hieber, Brunner presented a paper on manganese 

esters of the tgpe (1\-Cgfi5)~~(COOR)(NO)(P?h3) and (?-C5H5)Mn- 

(CO-p-C,HkX)!iiO)(PPh3). The possible mechanism for the racemisation 

Q 0 

Ml 
N0.COPh.PPh3 

(6-38) 
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of these optically active complexes was discussed [180]. The 

half-wave potentials of the 'cymantrene analogues (6.39; 

Is1 = L2 = PPh3; L', L2 = diphos.; L1 = PPh 
3’ 

L2 = CO) were 

determined by cyclic voltammetry and indicated that these compounds 

should undergo easy oxidation. ThTs was found to be the case with 

the complex (6.39; L', L2 = diphos.) whjch was oxklized with 

silver hexafluorophosphate to the paramagnetic salt (6.401. The 

complex (6-39; Ii’ = L2 = PPh3) was oxidized in the same way with 

nitrosyl hexafluorophosphate to the salt (6.41) [181]. 

Q 0 + 

- 1 (EJdiphos 

PF6- 

L 2 

. 

+ 
1 . PF6- 

(6.391 (6.40) (6.41) 

Pure cis- and trans-(5\-C5H5)K(C0)20Ph3)X (M 2 MO, X = I or 

Br; M = W, X = I) were separated by chromatography on alumina. 

The zis/trans isomer ratio was a function of the halogen and the 

method of preparation [182-j. 

(6.42) 

Pin Ph _ 

Mn-P-P-MR 

(6.43) 
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The delithiation of the dilit'~~ophenylphosphane (6.42) 

gave tris[dicarbonyl(l-cyclopentadienyl)mangaese]tripbenylcyclo- 

triphosphane (6.43) which on thermo_lysis gave the phosphindene 

complex (6-L&). The phosphindene complex (6.4J+) was claimed to 

be the first compound in which phosphorus(I) had a trigonal planar 

coordination which was stabilized by metal-d'X-phosphorus-pBbonds 

[183, 1841. 

Ph 
I 

Q 0" 

XI1 ~ 
(co)2 PPMiLi "q'PPhLi (CO)2 2 

(6.44) (6.45) (6.46) 

The phosphine complexes, (T-C5R$)(CO)2MnPPhH2 and (q-MeC5s)- 

(C0)2HnFFhH2 were treated with n-i3uLi to give the corresponding 

lithio-phosphines (6.&s and. 6.46; R = H, Me) [185]. The crystal 

and molecular structure of the stereochemically crowded cymantrene 

analogue (6.47) has been determined by X-ray crystallography. A 

terminal Mn-C-O group was distorted to a bond angle of_160° by 

steric interactions [186]. 

Q 0 Q 0. 0 
Q 

Me A,/ 

wcw2 

’ 
2 

---el(CO)4~ Br co CO I3r 

, 
(6.47) (6.48) (6.49) 
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The diagonal (6.48) and lateral (6.49) isomers of dibromo- 

(q-cgclopentadienyl)dicarbonylrhenium were separated by chrom- 

atography on a Florisil column in dichloromethane. The isomers 

i6.48 and 6.49) were stable in the solid state at room temperature 

but the lateral isomer (6.49) readily isorrierized to the diagonal 

isomer (6.48) when heated in chloroform bg7]. Ruttner and 

Gartzke have determined the crystal and molecular structure of 

the 

the 

was 

cymantrene axalogue (t;.50). The carbon-carbon distances in 

ligand indicated cyclic conjugation although :he phenyl groun 

tristed 14O out of the ligand plane [lag]. 

c 0 B-Ph 

Mn 
fCO13 

101 ROX 

I 

t 
&, 1 

(6.50) (6.51) 

Tricarbonyl(q-methoxg-) and tricarbonyl(q-halogeno-benzenej- 

manganese salts were prepared by the reaction of the appropriate 

6l X 

Y 

G,, 

(6.52) 

arene with bromopentacarbonylmanganese in the presence of aluminium 

chloride_ Nucleophilic substitution of the chlorine atom in the 

cation (6.51: R = 3, X = Cl) proceeded readily wit'? a variety of 

nucleophiles (methoxide, phenoxide, benzenethiolate and tizide) to 

give the expected substitution products (6.5'1; R = II, X = MeO, 

PhO, PhS and R3). It xas established for arene complexes with 

the same halogen (X) that there was a sharp increase in reactivity 

in the order (6.52)<(6.~3)<(6.~1)_, The high reactivity of the 
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manganese complexes uas utilized in the pneparation of other 

functionally substituted arehe complexes by reaction with tines 

[189]- The reaction or the manganese salts (6.51; R = Me, X = Cl; 

HMe2) and (6.51; R = H, X = OMe) with lithium aluminium hydride, 

methyllithium and phenyllithium gave the corresponding cyclo- 

hexadienyl complexes (6.54; Y = H, Me, Ph) and (6.55; Y = ii, Me, 

._ 
iiz? 
(CO) 

3 

(6.53) (5.54) (6.55) 

The mass spectra of the seven coordinate rhenium 

Ph) [190]. 

complexes, 

(q-RC5H4)Re(C0)2m (R = H, Me, C02Ie; X, Y = H, Me, CO14e, Hrz I, 

RgCl), have been recorded and interpreted. 'Phe main fragmentation 

paths were a successive expulsion of the carbonyl groups together 

with the parallel elimination of the s-ubstituents X and Y from 

the 

7. 

molecular ion of t‘ne complex [191]. 

IAcyclic-n-diene)Fe(CO)3 and (7\-trimethylenemethane)Fe(CO)3 
, 

complexes 

Amine oxides, preferably tSmethylamine oxide; induced a 

fast reaction between iron pentacarbonyl and various dicnes to 

give tricarbonyl(q-dlenejiron complexes in good yields according 

to the equation: 

L + Fe(CO)S + Me3N0 - LFe(co)3 + Me N + 
3. 

CO 
2 

+ CO 
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HOH2C CH2OH 

(7.1) (7.2) (7.3) 

Practically icstantanaous comelexation was achieved -%ith some 

ligands at low temperatures [192]. cis- and trans-2,3-bis- 

(hydroxymethyl)methylenecyclopropanes (7.1) underwent ring opening 

with diiron nonacarboIq1 to yield the 3-methylene-4-vLnyldihydro- 

furan complex (7.2) which was characterized hy X-ray crystal- 

lography. A mechanistic pathway for the reaction was proposed 

Cl 93-j. The synthesis of cyclopentenones from tricarbonyl- 

(q-1,3-dienejiron complexes has been studied. Tire qu2nodimethane 

compound (7.3) was treated with aluminiun chloride in benzene at 

room temperature t;o give 2-indanone (?.I+). A reaction between the 

fsoindene complex (7.5) and aluminium chloride did not give the 

expected bicyclic ketone but gave the iron tricarbonyl complex 

(1.6). A mixture of 2- and 3-cgclopentenone was obtained in low 

# 

0 

/ \ 
- 

Fe 
(CO13 

(7-4) (7.5) (7.6) 

: 
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gjl i SpRe Fe(C0) 
__---__ 3 

(7.7) 

--___-- 
i_Fe(CO)3 

P i -Fe(CO13 
__---__ 

(7.8) (7.91 

--__>_-- 
'Fe(C0) x 3 

,JLtCOI, 
.--P., 

(CO13 

Fe 

(EZ I3 
Fe 

(CW3 
Fe 

(CO) 
3 

(1.10) (7.11) 

yield from tricarbonyl(q-butadier:e)iron under the same conditions 

[I945 The reaction of 2,3-bis(bromomethyl)-1,3-butadiene with 

diiron nonacarbonyl gave two isomeric trimethylene methane 

complexes (7.7 wd 7.8; together with the ally1 complex (7.9i. 

Treatment of (7.7) with sulphuric acid gave a i/l mixture of the 

bis-diene complexes (7.10 and 7.11) [195]. 

hrhitesidcs and Neilan have studied the acid-catalyzed cis- 

trans isomerization of substituted (T-b;ltadiene)iron tricarbonyl 

complexes. Trifluoroscetic acid catalyzed the reaction which 

proceeded by rate determining protonation of the iron atom in the 

cis-complex (7,121 followed by hydrogen transfer to carbon-4 and 

formation of an T-ally1 intermediate.' This intermediate rearranged 

to the trans form which then transferred hydrogen from the ligand 



CF3C02” 
z- 

Ph 

Fe 
(CO) 

3 

q-l 
PI-l 

(E, 
3 

(7.12) (7.13) 

to the metal to reform the protonated T-butadiene com@ex and 

thence the tram-boner (7.13). The isotope effect in the initial 

protonation xas unusually large b96]. Tne protonation of 

tricarbonyl( $-dienejiron complexes by strong acids has been re- 

examzned by Whitesides and Arhart. The phenylbutadiene complex 

(7.14) was treated ;rith fluoroboric acid in trifluoroscetic acid 

to rorm an equilibrium mixture of the ally1 cations (7.15 and 7-16) 

which decomposed slosrly to the iron tetracarbonyl complex (7.17) 

Busch and Clark have prepared ten methyl substituted tri- 

carbonyl(T-butadLene)iron complexes by photochemical reaction of 

the appropriate diene with iron Fentacarbonyl or by thermal reaction 

with diiron r.onacarbonyl; Carbonyl stretching force constants 

-were determined from the IR spectra of the-complexes and were 

fou-?d to vary in an additive manner with the number and position_ 

or‘ the methyl groups on the q-butadiene ligand. On irradiation i 

uith phosphorus trifluoride several of the complexes were converted 

to the mono: or di-phosphorus trifluoride derivatives (7.18 and 

?.19)- The IR spectra of these derivatives uere compared with the 

spectra of the parent tricarbonyl(r\-butadienejiron compounds [198]- 



-A Ph /\ 
I 

(7.74) 

n 
I 

(EJ2PF3 

(7.18) 

(7.15) 

n 
I 

Fe 
CO:PF& 

(7.19) 

-7 
Fe+ 

(CO14 x- 

(7.17) 

It was shown that the phosphorx trifluoride lizand preferred 

the apical position over either of the two basal sites and this 

was confirmed by 19F NMR spectroscopy; A second phosphorus 

trifluoride group preferred the basal position trans to the methyl 

group in asymmetric diene complexes. The examination of N&R 

spectra recorded at several temperatures gave information on the 

general nature of the nonrigid process [1?9]_ 

The iron tricarbonyl comploxes.of butadiene and methylbutadienes 

including penta-l,+diene, isoprene and 2,3-dimetihglbuta-l,j-diene 

combined with tstrafluoroethylene on W irradiation to yield 

(T-allyl)iron(II) complexes with a C2F4 bridge between the ligand 

and iron. It was suggested that the reaction involved e-attack 

by tetrafluoroethylene on a coordinated double bond in a cisoid 
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$,2-q-bonded species (7.21) formed by irradiation, The iron 

tricarbonyl group t-hen migrated to stabilize the charge formed. 

Thus the (I-isoprene) complex (1.201 was converted to the bridged 

(r\-allyl) complex (7.22) through the intermediate (7.21). Attack 

by tetraffuoroethylene took place prel'eretitiallg at the least- 

substituted end of the eomplexed diene. Related reactions with 

C2Fb 
D 

B h- ,.--- 

I 
H > 

+ 
CF2-CF2_ 

Fe 

f7.2CJ (7.21) f7.22) 

cyclic diene, cinnamaldehyde, and styryldiphenylphospiine complexes 

were also examined f200]. The reaction of 2,3-dichiorobutadiene 

with ri:iron nonacarbonyl gave the diene complexes (7.23) and (7.2.4) 

together with some f?-butatriene)hexacarbonyldiiron[O}. MO complex 

of the reactant diene was isolated. However reaction of the same 

diene nfth Fej(COI,R gave the dichlorobutadLLene complex (7.25). 

These results Mere discussed in terms of accepted bonding models 

for coordinated alkenes and 1 ,j-dienes [201]. 

Cl 

/+-T I,\ 
0 Cl 

cy2-’ /\ 

I 
Cl Cl 

X /\ 

I 

(7.23) (7-24) (7.251 

._- ._ : 
: 

.: ._ 

_ 
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Friedei-Crafts acetylation of the t.ricarbonyl(q-butadiene)- 

iron complex (7.26) in t-he presence of alLr?inium chloride gave 

exclusively the anti-form of the complex (7.27; ,9 = MeCO). On 

reduction of this co_mplex with lithium alumicium 'hydride-aluminium 

chloride an cquimolar mixture of the q-n- and anti-forms of the 

complex (7.27; R = Et) was obtained. Other acylation reactions 

of the (q-butadienejiron complex (7.28) and related complexes ?&ere 

I 

Fe 
(CO) 

3 

(7.25) 

described [202]. 

Fe I-. Na+ 

(CO1 
3 L rCOJ2C1i 

(7.27) (7.28) 

Iron(II1) chloride complexed with the dienes L (L = butadiene, 

isoprene, 1,3-pentadienej-and carbon monoxide to give the compounds 

L2Fe(CO). Tlx.s compound bis(?-b utadienejcarbonyliron was a good 

catalyst for tie polymerization of butadiene [203]. Acyclic and 

cyclic (l-diene)iron complexes were treated with sodium bis- 

(trimethylsilgl)amide tc form anionic cyanide complexes. ThGS 

(T-butadiene)tridarbonyliron gave the complex (7.28) [2-341. 

The reaction of bis(q.-gyclooctatetraeneJiron 7,3-butadiene 

and carbon monoxide gave. (+IiZ=~~CH=~~2)(~-~8H8)Fe(~O). :%e 

latter complex was a good catalyst for tha polymerization of buta- 

diane to give 4-vinylcyclohexene and l,+cgclooctadiana [205]. 

The reaction of bis(y-butadiene)carbonyliron with (Ph2PCH2)2 gave 

a 4/l mixture of two isomers of the phosphine complex (7.29 and 



(7.291 (7.30) 

7-301 as shown by 31 P NMR spectroscopy [206]. Irradiation of the 

iron complex (7-31) in the presence of 2,3_dimethylbutadiene gave 

the diene complex (7.32) [207]. El-Awady has calculated the 

relative stabilities of the isomeric iron tricarbonyl complexes 

which may be formed with 9-methyl-2.4,6,8-nonatetraenal. A 

Ph2PEt 

(7.31) (7.32) 

semiempirical extended Hueckel AVE charge SCF MO method was used 

and the isomers were placed inthe order of stability: 

2,3,4,5->4,5,6,7->6,7,8,9-tetrahapto_ 

where the iron triceroonyl group was bound to a bcltadiene residue 

in each case, !l!he susceptibility of the complexes to substitution 

was related to the electron densities calculated for the atoms 

of the complexes 1208). The electric dipole moments of the 

complexes 1\-LFe(G0)3 (L = trans-PhCH=CHCHO, trans-PhCH=CHCOMe, 

. .’ 

: -- 

-: _ .: 

_ 
_. 
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trans-PhCH=CHCOPh, trans -3 trans-PhCH=CH-CH=CHPh and CIi2XXCiiO 

Were measured. A vectorial analysis of the results led to the 

conclusion that the ligands were bound to the iron via the olefinic 

and carbonylic bonds as shown for (s(-PhCH=CRCOR)~e(CO)~ (7..33) 

and that the lone pairs on the oxygen of the carbonyl group were 

not involved. It uas also concluded that the metal to ligand 

back-bonding was stronger in the aldehyde 2nd ketone complexes 

than in the butadiene complexes [209]. 

Ph 

(i.33) 

Ph 

:7.31t1 

Treatment of the (q-allyl)tricarbonyliron anion with-benzoyl 

chloride gave the (I\-diene)iron complex (7.34) 22 a minor product 

c210-J. Cardaci and Concetti have investigated the reaction 

between the olefin-iron tricarbonyl complexes (7.35; R = ii, Me, 

Pin) and the Group V ligands MPh3, where M = P, As, Sb. Tine first 

formed products were the complexes (7.36; R = _Y, Me, Ph; M ='P, 

As, Sb) obtained through. an associative mechau$n. The second 

stage of the reaction gave the iron tricarbonyl complexes 

5'e(CO)3(MPh3)2 where M = Pin, As, Sb and the olefin compounds (7.37; 

R = H, Me, Ph; M = P, As, Sb). The kinetic results indicated 

that three different pathways were involved in this step [211]. 

The reaction of 4-vinylcgclohexene with diiron nonacafbonyl or 

triirondodecacsrbonyl in benzene gave 3:l mixtures of tricarbonyl 
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Fe 
(CO)3.YTh3 

(7-35) (7-36) (7.37) 

I- and 2-ethylcgclohexadieneiron. The l-ethyl isomer was converted 

to the 2-ethyl isomer by treatment with concentrated sulphuric 

acid [212]. 

Tie iron cqmplex (7.38; R = H) rearrariged sloirly in refluxing 

ether to give the dlene complex (7.39; R = H). The corresponding 

deuterated complex (7.38; R = D) rearranged to the complex (7.39; 

(7.38) (7.39) (7.40) 

o$$R _ 
CR2H 

c-7.41 1 (t7.42) 
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R = D) with no deuterium scrambling. The optically active complex 

(7.38; R = H) therefore rearranged regiospecifically, but with 

extensive racemisation_ In contrast the complex (7-40; R = H) 

rearranged rapidly to give a mixture of the diene complexes (7.bl; 

R = H) and (7.42; R = H). The corresponding deuterated complex 

(7.40; R = D) rearranged with no deuterium-scrazzbling. This 

rearrangement occurred regiospecifically without qxtensive race- 

m_isation. Possible mechanis-ms for these rearrangements were 

proposed [213]. 

King and Harmon have described the formation of iron carbonyl 

complexes of tetra-t-butglhexapentaene (7.43) by dZrect reaction 

of the ligand with diiron nonacarbonyl or triiron dodecacarbor-yl. 

The yellow monoolefin complex (7.4rt) was obtained together -with 

the red butatriene complex (7.45). In each case, 13C I?i%R spectroscony * 

was used to demonstrate that the centre double bonds of tine 

pentaene were bonded to the iron carbonyl residues in tine complexes, 

suggesting that the bulky t-butyl groups prevented access of the 

metal to the outer olefinic double bonds. A tetremetnylhexa- 

pentaene diironhexacarbonyl complex was obtained from 2,7-dichlsro- 

2,7-dimethyl-3,5-octadiyne and triiron dodecacarbonyl in the 

presence of zinc dust, this product-was not a simple -inalogue of 

But2C=C=C=C=C=CBut2 

(7.45) 
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the tetra-t-butyl complex (7.45) [2l!+]. King and Harmon have 

described the intramolecular transanrnular cyclization of the 

macrocyclic tiallenes (7.46; n = 2, 5) with triiron dodeca- 

carbonyl to form the bicyclic tetramethyleneethane diiron hexa- 

carbonyl complexes (7.47; n = 2, 5). Degradation of the complex 

c7.47; 3 = 2) with ceriu.m(IV) gave 1,2,3,4-tetrahydronapthalene 

-- 

f---1 
(cIf2)n @fi2L 

L I -- -- 

.- 
! 

t 

. 

(OCI 3Ge -F-e(cO)3 

(7.46) (7.47) 

An an-pproxinate valence force field was calculated for 

tricarbonyl(trZmethylenemethane)iron and it satisfactorily repro- 

duced the observed wavenumbers. Many of the observed wavenumbers 
:_ 

were shown to be due to complex normal modes which involved 

several different types of internal coordinate [216]. 

The trimethylenemethane complex (7.48)- was formed in low yield 

from diiron nonacarbonyl and z-bromobenzylbromide at &so in hexane 

[217]- 

Br 



8. (?-cL,rh(co)3 

The palladium chloride complex of the L"used cgclobutadiene 

(8.1) when treated with iron pentacarbonyl gave the iron tricarbonyi 

complex of (8.1). In the latter complex the iron atom was displaced 

from a central position above the cyclobutadiene ring due to 

interactions between carbonyl carbon atoms-and the cyclobutadiene 

ring atoms and between carbonyl and methyl groups. The four- 

membered ring had-a trapezoidal shape witn C-C double bond lengths 

of 1.&s and 11485 5: and C-C single bond lengths of 1.479 g [218] 

Me Me Me Me 

(8-1) (6-2) (8-3) 

Tricarbonyl(q-cgclobtadiene)iron was treated with a sulshuric 

acid-acetic anhydride mixture to give the sulphonic ac%d (8.2) 

which was isolated as the R-toluidine salt. Tricarbonyl(q-ethyl- 

cyclobutadiene)iron (6.3) was treated similarly to give a mixture 

with the sulphonic acid group in the 2- and 3- positions of the 

ethylcyclobutadiene ring [219]_ The (q-cyclobutadienesulphonic 

acid) iron complex (8.2) was converted to the chlorosulphonate 

(8.4) with phosphorus pentachloride and this intermediate was 

treated with butylamine to give the aminoalkyl derivative (6.5) 

[220]. 

Biehl and Reeves have used the Wittig reagent of tricarbonyl- 

(r\-formylcgclobutadiene)iron to form the tricarbonyl(q-vinyl 
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R' 

Q 

SO*Cl 

0 
Q 

NRBu" 

0 6’ 0 - R2 

(%, Fe 
(COJ3, cE%, 

(8.4) (8.5) (8.6) 

cyclobutadiene)iron derivatives (6.6; RI, R2 = II, Me, Ph, CO Et) 
2 

[221]. The 1,2- disubstituted cyclobutadiene complex (8.7) was 

prepared from the tetrahalocyclobutane (6.8) by treatment with 

sodium tetracarbonylferrate(-II) (Scheme 8.1‘). T??e structure of 

the complex (8.7) was established by chemical correlation with 

the known tricarbonyl(T-1,2-dimethylcyclobutadiene)iron. The 

bisiacid chloride) (8.9; was prepared and this was used as the 

f 

Cl 

+ I 
(1.) hv 

Cl 
(2) E130+ 

(3) CH2N2 

(8.8) 

Scheme 8.1 - 

I 
Na2Fe(CO) 

4 

C02Me 

C02Me 

(8.9) (8.7) 



starting material for the preparation of a series of 1,2- 

disubstituted tricarbonyl(?-cyclobutadiene)iron complexes [222]. 

Berens has prepared several fricarbonyl(i\-cyclobutadiene) 

iron complexes with vicinal substituents (8.10). T?l~ I complex 

(8.10; RI = RHe2, R2 = CR) with adjacent electron releasing and 

withdrawing groups was oxidized in attempts to form the free 

butadiene complex which was not obtained. The di-t-butyl complex 

(8.10; R1 = R2 = 

butyl derivative 

[223-j. 

But) was prepared and converted to the tri-t- 

but t‘ne tetra-t-butyl compound could not be formed 

R' - 

[TI 0 
R2 

Fe 
(CO13 

(8.10) (8.11) _ 

The synthesis of tricarbonyl(q-pheny- -Jcyclobutadiene)iron has 

been-reported by Devon. The reactions of trieneiron tricarbonyl 

compounds with olefins, acetylenes and l,2- snd l,3-dipolar species 

Were studied [224]. The reaction of)+cc-azo)hexacarbonyldiiron 

complexes of the type '(8.11) with diphenylacesylene gave tricarbonyl 

tetraphenylcyclobctadieneiron. The mechanism of this reaction 

_ gas discussed [225]. The (q-cyclobutadiene)iron complexes (8.12; 

R = Me, Et) were oxidized with cerium(IV) ammonium nitrate in the 

presence of dimethyl maleate to give the corresponding bicyclo- 

[2.2..O]hexanes (8.13; R = Me, Et). Similar adducts were formed in 



i8.12) 

C02Me 

C02Ne 

(8.13) 

R' X 

# 
I 

R2 X 

the presence of dimethyl-Warate and maleic anhydride. The 

oxidation of the resolved complex (8.12; R = Et) gave recemic 

adducts which indicated the intermediac-y of free cyclobutadienes 

[226-J. In a separate paper Scbtidt described the o_xidation of 

the (y-cyclobutadiene)iron complexes, (6,lCl; R7 = R2 = H; R1 = Me, 

R2=HeandR1=Me,R2= Et) wi+.h.cerium(IV) ammonium nitrate, 

bromine or iodine, when the oxidation products of the corresponding 

cyclobutadienes (8.74; X = 0iI02, Sr, I) were obtained. The forma- 

tion of optically active cyclobutenes from chiral (6.10; R' = Me, 

R2 = Et) showed that this process involved reaction ‘of cgclo- 

butadiene still attached to iron in contrast to the Diels-Alder 

reaction which involved liberated cyclobutadiene [227]. 

Tne se(I), He(I1) and X-ray photoelectron spektra of 

tricarbonyl(l-cyclobutadiene)iron were recorded. It was necessary 

to take into account deviations from Koopman's theorem'in order 

to interpret the low energy spectra. All electron ab initio SCF 

MO calculations were made using Gaussian-type functions and a 

large negative charge on the cgclobutadiene ring was indicated 

[22a]. The He(I) and He(I1) photoelectron spectra of tricarbonyl- 

(y-cyclobutadiene)iron were recorded and interpreted-with‘ the aid 



297 

of ab initio SCF’XO calculatZons_ Tne calculated charge dis- -- 

tribution in the complex was similar to that found for (r\-butadienel- 

tricarbonyliron with a net negative charge on the q-Cqff4 ligand 

which was the result of metal to ligand pi-electron donation 

into the le g molecular orbitals. The application of Koopmanls 

theorem to the interpretation of the bands arising from the metal 

molecular orbitals was found to lead to inaccuracies [229]. 

The crystal and molecular structure of a I:2 tricarbonyl- 

:q-cgclobutadiene)iron tricarbonyl-dimethyl maleate photoadduct, 

C,6H,,OgPe(CO)3 (8.151, wax determined by single-crystal X-ray 

diffraction techniques [230]_ 

.CO_Me 

C02Me 

C02Me 

(8.15) y, (8.161 

The 'ii MI* spectrum of tricarbonyl(q-cyclobutadiene)iron 

5x1 nematic solution has been measured in order to determine the 

s?ffect of vibrational averaging on the geometry of the molecule. 

I normal coordinate analysis was made and the ratio of dipolar 

coupling constants for a square structure corrected for harmonic 

vibrations was obtained. The cyclobutadiene ring had lower than 

Dkk sgm?netry [231]- Efraty, Huang and Weston have investigated 

the mass spectral fragmentation of the benzocgclobutadiene complexes 

(8.16; L = CO, PPh3, AsPh3, SbPh3) at 80eV. The complexes undergo 

sequential unimolecular loss of carbon monoxide and elimination 

%fa’enca p_ 336 .- 
:; _._ .._ 



298 

of NPh3 (M = P, As, Sb), the benzocyclobutadiene snd benzyne 

cations we&also formed. Detailed fragmentation path-days Mere 

proposed [232]. 

The interesting binuclear(q-cgclobutadlene)iron compound 

(8.17) was obtained by irradiation of tricarbonyl(l-cyclobutadienej- 

iron in TEir' at -40° and under nitrogen_ The product was converted 

back to tricarbonyl(-r\-cyclobutadiene)iron by treatment with carbon 

monoxide, while with trimethyl phosphite it gave t:oe d&rivatLves 

(&_l!! and 6,191 [233]_ 

Q,, @ 
=Fe 

OC/ Y 
'CO 

0 

(8.17) 1E.18) (8.19) 

9. (Cyclic-q-diene)Fe(CO)3 Complexes. (i) PormatTon 

The tricarbonyl(T-cyclohexad%enyl)irpn cation has been use'd 

as an electrophile to attack the organomerallic aryls ArRXe 
3 

(Ar = PII, &-MeOC6H4, 4-Me2NC6R4, 2-~Zrryl, 2-thienyf; M = Si, Sn) 

and lorm the tricarbongl(q-cyclohexadLene)iron derivatives (9.1; 

Ar = Ph, 4-ReOC6E4, 4-Me2MC6H4, 2-furyl, 2-thienyl) by cleavage 

of the Ar-M bond. The order of reactivity of the are~~e substrates 

was Ar = Ph<4-MeOC H 
64 

<l+Me XC H 
2 64 

and the aryltin compounds were 

more reactive than the arylsilanes [234.]. Reaction of tricarbonyl- 

(q-cgclohexadienyl)iron tetrafluoroborate (9.2) with trimethyl- 

phosphite gave the phosphonate diester (9.3). The tricarbonyliron 

-. 
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o- ‘, Ar 

I- 
RF - 

4 

I 
Fe 

m)j 

(9.1) (9.2) (9.3) 

group was removed readily from the diester (9.3) by aqueous 

methanolic iron(III) chloride to give the phosphonate (9.4)- 

Treatment of the complex (9.2) with sodium hydrogen carbonate 

and sodium sulphide gave the dialers (9.5; X = 0 and S) respectively 

[235].- 
0 

!(OMe)2 

(9.4) (9.5) 

The cationic complexes (9.6; R = H, Me, OMe) were alkylated 

by organo-zinc and -cadmium reagents. For example the complex 

(9.6; R = Me) when treated with Zn(CHRCH=CH2)R gave the diene 

complex (9.7). Alkylation occurred on the opposite side of the 

ping to the Fe(CO)3 group [236]. The q-cyclohexadienone complexes 

(9.8; R = H, Me) have been used as arylating agents for amines. 

such as aniline. Thus the complex (9.8) 'was converted to the 

Eef- p. s.96 

: 
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Me 

(9.6) (9.7) 

intermediate q-cyclohexadienyl cation (9.9) wizich attacked aniline 

to form the secondary amine (9.10) [237]_ A solution of the 

cgclohexadienyliron cation (9.2) in methanol was heated to give, 

R 

R 

R 

/ 
I 

0 

R 

(9-8) 

as the initial product, 

which isomerized slowly 

(9.9) (9.lQ) 

the exomethoxycyclohexadiene complex (9.11) 

to the endomethoxy complex (9.12). The 

reaction was extended to give the corresponding 

endo-malononitrile compounds [238]. Y 

2-Chloro-1,3-cgclohexadiene was partially isomerized to the 

1-chloro compound on heating with triiron dodeca&rbonyl in 

boiling benzene and the complexes (9.*3 and 9.14) were formed at 

tbe same time [E39]. The substituted tricarbonyl(q-cgclohexadiene)- 

iron compounds (9.15; M = Si, Se, Sn) were formed by treatment 

of the tricarbonyl(\-cyclohexadienyl)iron cation with the 

-. 
_ :_- 

_. .-.. 
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/ c)- OMe Heat / 
- w 
: 

Q 

----OHe 
- 

Fe 
ico13 

ie 
ico13 

(9.11) (9.12) 

c1 \I/ . -0 

1 I 

(9.13) (9.141 (9.15) 

triethylammonium salts, EtBNHZMC13- (M = Si, Ge, Sn) [2&O]. The 

treatment of bis-5,8-trimethylsilyl-1,3,6cyclooctatriene with 

diiron nonacarbonyl and triiron dodecacarbongl gave the tri- 

carbonyliron complexes (9.16) and (9.17). Fltional behaviour 

was not observed with either of these complexes t2J4 The reactron 

of phenyl- and carbomethoxy-cyclooctatetraenes with eoutiolar 

(9.16) (9.17) 
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a_~~ounts of diiron nonacarbonyl gave the-complexes (9-18; -9 = Pi) 

and (9.18; R = COOCFIg) respectrvely. The reaction of these 

complexes and similar compounds with tetracyanoethylene was 

investigated. The cycloaddition of tetracyenoethylene occurred 

via an unusual I,3 bonding process with the formation of products 

in which the iron atom was both 6- and T-bonded, for example the 

addition product (9.19) was obtained [&2]. 

(9.18) (9.19) 

The reaction of the complex cation (9.20) with methoxide ion 

gave the cgclooctadienyl-complex (9.21) and the irontricarbonyl 

complexes (9.22; R'__= R; R2 = Me0 and R' = MeO, R2 = =I [243]- 

The (q-cyclooctatktraene)iron complexes (9.23; M = Si, Ge, Sn) 

were formed from the appropriately substituted cyclooctatetraene 

and diiron nonacarbonyl, in two cases the diiron complexes (9.24; 

(9.20) -(9.21) (9.22) 
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0 1 \ MMe3 

\r/ 
I 

Fe 
(COf3 

(9.2;) (9.24) (9.25) 

I-1 .= Si, Sn) were also obtained. Treatment ol' the siiicon and 

germani- derivatives (9.23; M = Si, Ge) with triphe?ylmethyl- 

tetrafluoroborate gave tetrafluoroborate salts which wePe hydrolysed 

to neutral complexes containing the disubstituted CyClOOCtatetraene 

lrgands (9.25; H = Si, Gel [2&)- The reaction of bis(l-cyclo- 

octatetraene)iron with Lewis bases L, where L = FjP, (IreO)3P, 

Fe(CO15 

hu 

Fe 

(9.26) (9.27) (9.28) 

Fe 

(9.30) (9.29) 
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(EtO)3P, (C3H70)3P under mild conditions produced complexes of 

the type Fe(CgBg)L3 [245$ 

Irradiation of the bicyclononatriene (9.26) with iron penta- 

carbonyl gave initially the ferralactone (9.27) which was rapidly 

transformed into the bicyclononatriene irontricarbonyl complex 

(9.28) and then the diironheptacarbonyl complex (9.29). Degrada- 

tion of this prcduct (9.29) with trimethylamine oxide in ether 

formed the novel bicgclononatriene (9.30) [246]. 

Photolysis Of bullvalene (9.31) and iron pentacarbonyl in 

moist benzene gave the iron tricarbonyl derivatives (9.32) and 

(9.33). The treatment of the complex (9.32) with Fe2(CO)q gave 

the complex (9.34) which underwent valence isomerism to give the 

compound (9.35) [2&T_]- The irontricarbonyl derivatives (9.37 and 

9.38) of the propellane methylimide (9.36) were prepared and their 

reactions with cerium(IV) and a dienophile were investigated [&a]. 

(9.31) 

Fe(CO)3 



(9.36) (9.37) (9.38) 

The reaction between dichloroacetylene and diiron nonacarbonyl 

gave the cyclopentadier?one complex (9.39) [2&9]. The silacyclo- 

hexadiene (9.40; R = Ph) was isomerized in the presence of iron 

0 

Cl -M- Cl 

\I/ 

Cl I Cl 

(9.39) (9.40) (9.41) 

pentacarbonyl to give the diene (9.41) whereas the diene (9.40: 

R = H) formed the complex (9.42) [250]. Tiie tricarbonyl ciiazepine 

iron complexes (9.43; R = COMe, C02Et) were prepared and their 



(9.43) 

Scheme 9-l 

reactions with sodium borohydride and acetic anhydride were 

investigated (Scheme 9-q) 12.51 J. The reaction of cyclooctatetraene 

with the hydride-carbonylruthenium cluster ~Ii,Ru,(CO)I2] gave the 

ruthenium complex (9.4.4)_ The ruthenium tricarbonyl group was 

removed from the complex (9.44) with cerium(IV) to give the dimer 

of cyclooctatetraene [252-j. 

(9.44) (9.45) 

The tricarbonylruthenium complex (9.45) was prepared by the 

reaction of l,l-dimethyl-2,5-diphenyl-l-silacyclopentadiene with 

dodecacarbonyltriruthenium in toluene. The crystal structure 

of the complex (9.45) was determined by X-ray analysis. In the 

uncomplexed ligand the bond lengths within the cgclopentadiene 

ring were consistent with complete localization of the double 

. .- 
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bonds. The butadiene unit was planar with the silicon atom 

displaced from this plane by 0.08 2. In the presence of the 

metal considerable perturbation of tne bond lengths in the silole 

ring occurred and the silicon atom was displaced from the plane 

of the butadiene unit by 0.72 2. [253]. Cycloheotatriene was 

heated with triruthenium dodecacarbonyl in hexane to give a cluster 

compound Ru3(C0)6(~-C7H7)(~-C?Hg) as the principal product together 

with low yields of the y -c y cloheptatriene (9.46 and 9.47) and 

r\-cycloheptadiene (9.48) complexes. These three complexes (9.46 - 

9.48) were analogous to well known iron complexes. Several alkyl 

and halogen0 derivatives were characterized [254). 

0 / \ 
-‘\ 0 5 < 

/ =- -’ \ 0 \I/ 

& (:uc)J &3 
I 

RU 
3 (CO)3 

(9.46, (9.471 (9.48) 

(ii) Spectroscopic and Physico-chemical Studies 

The crystal and molecular structure of tine complex 

(C5R4CsH6CO)Fe2(C0)5, (9.49) prepared by the reaction of diiron 

nonacarbonyl with spiro(2,&-cyclopentadiene-1,7'-norcara-2',&'- 

diene). (9.50) [255], was determined by X-ray crystallography. 

The structural analysis showed that the-original spironorcaradiene 

(9.50) had undergone 1,6 t bond scission with the incorporation of 

a -C(=O)- moiety at the 6'- position [256]. Chiang has carried 

out X-ray crystallographic studies on the iron tricarbonyl 

complexes of bullvalene and barbaralone, in each case r-allyl-C-O 
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(9.49, (9.50) (9.51) 
_- 

type bonding was observed [257]. The molecular structure and 

conformetion of the tricsrbonyl(T-cyclohexadiene)iron complex 

(9-51) has been determined by single crystal X-ray diffractometry- 

The preferred conformations of the two cycloalkane rings are 

mutually incompatible which has resulted in a compromise with the 

cgclobutene folded by ls" along its diagonal end tb.e cyclohexane 

having a conformation intermediate between planarity and a chair 

[258]. 

The crystal and molecular structure of the q-bicyclooctadiene 

complex (9152) has been determined by single crystal X-ray analysis. 

The molecuTe is strained due to intramolecular repulsion between 

the endo-bromine atom end the cgcloheptadiene ring. The complex 

(9.52) was debrominated by methyllithium in ether end rearranged 

oc co 
‘Fe’ O 

d I -- ---• , 
e-e- 
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to the y-cyclohexadienyl compound (9.53) through a sp~rocyclo- 

propene intermediate [ass]- 

The :H and l3 C NMR spectra of tricarbonyl(l-methoxy-l,~- 

cyclohexadiene)iron have been reinvestigated. The magnitude of 

the 
1 
J(CH) coupling constants at C-2, C-3 and C-4 indicated 

trigonal hybridization at these centres. The energy barrier for 

basal-apical exchange of the carbonyl ligand wasAGc = 7.3 kcal 

-1 
.mol . Electronic charge densities were discussed and compared 

with values obtained previously by INDO calculations [260]. 

Thermal and photochemical conversion of tricarbonyl- 

(l-cyclopentadiene)iron to dicarbonyl(T-cyclopentadienyl)iron 

dimer has been investigated by a 'R XMR analysis of the deuter- 

ated reactant. Stereospecific free radical chain abstraction of 

the deuterium by an Fe(I) species was proposed for the thermal 

Heat ~ 
- 

I 
Reaction A CL 

--. 
\ / 

Fe(C0) --0 \ 7, 
3 FeiCO)3H 

Fe 
(co)3. 

ho Reaction B 

I 

0 \I/ ct 0 &l i 
0 \J 

I 
Fe 

lF?” I - 
:co1 

2 OC' 'C' 
&, 1: ‘0, 0 Ii 

Scheme 9.2 

Eef-p. 3x 
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process (Reaction A, Scheme 9.2). The photochemical reaction, 

by contrast, appeared to proceed by intramolecular hydrogen 

transfer following loss of carbon monoxide (Reaction i3) [261]. 

The 2-substituted troponeiron tricarbonyls (9.54; R = He, 

_ Cl, Ph) were extracted into concentrated sulphuric acid and the 

.‘JJ !.34i? spectra uere recorded. Spectrgof the completely isomer- 

ized ions (9.55; R = Me, Cl, Ph) were observed. Tne isomerisation 

was shown to take place tbrough a cation of the type (9.56) [2&l. 

R 

0= 

,; 0 -L 

/- 
I Fe I 

0 

(9.54) - [9.56) (9.55) 

The infrared andRaman spectra of norbornadiene complexes 

of Fe, Rh, Pd and Pt were recorded. The normal modes were assigned 

and the ligand-vibrations in the complexes were compared with 

those for uncomplexed norbornadiene [263]. 

(iii) General Chemistry 

Acylation of the tricarbonyliron complex (9.57) with acetgl 

chloride in the presence of aluminium chloride gave the ace'tyl 

derivative (9.58) and the cation (9.591, formed by hydride 

abstraction. Similarly acglation of the complex (9.60) gave the 

tricarbonyliron derivatives- (9.61 and 9.62) [2&]. The thermo- 

chemistry of tricarbonyl (trans m-l&diphenyl-1,3- -= 
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(9.60) (9.611 (9.62) 

pentadieneliron was studied. '?&en this complex was heated in 

solution an irreversible first-order conversion o-c*urred to give 

tricarbonyl(trans, trans-1,5-diphenyl-1,3-pentadiene)lron, The 

t'nermolyses of a variety of tricarbonyl cyclohexadieneiron 

complexes were studied and they were shown to undergo isomeriza- 

tions resulting from overall [l,S]bydrogen tigrations [265]. 

Hexafluoropropene attacked the iron triqarbonyl complexes 

of butadiene, isoprene, 2,3~dimet?nylbutadiene, and cyclohexa-l,j- 

diene on W irradiation to give I:1 complexes. The X-ray crystal 

and molecular structure of the isoprene adduct (9.63) was deter- 

mined in order to establish the direction of addition of the 

fluoroolefin which was found to link the iron atom to the 

-Eef-p-.a36 
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(9-63) (9.64) (9.65) 

hydrocarbon ligand. However, the cyclohexadiene adduct (9.64) 

contained only a singly bound fluorocarbon residue. Addition of 

a further molecule of hexafluoropropene gave the bridged I:2 

adduct (9.65). Several similar reactions were reported and 

discussed [266]. 

Tne reaction betideen tricarbonyl(y-cycloheptatriene)iron 

and diphenylacetylene gave tricarbonyl(l-tetraphenylferrole)iron 

the structure of which has been confirmed by X-ray crystallography 

[267]- Reaction of the anion [(r(-C7H_,,)Fe(CC)j]- with ally1 

halides gave the ditropglium complex (9.66; M = Fe) whilst reaction 

uith [~~-c~H~)M(co~~~- (M = CP, MO, W) gave the mixed metal 

carbonyl derivatives (9.66; M = Cr, MO, W)[268]. The reaction 

of triphenylmethylium tetrafluoroborate with the cyclooctatetraene 

tco1j 

Fe 

ipQ I 

_ M 
(co)3 

(9-661 
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I 

derivative 

1 CF3C02H in CD2Cl2 

L 
Fe 
(CO) 

3 

+ 
CPh3 

Scheme 9.3 

(9.67) followed by a base gave the complex (9.66). 

The reactions of the complex were investigated (Scheme 9.3). 

The l3 C and 'H -NMH spectra of the new compounds were reported 

C2691-_ _ 

The reaction of the tricarbonyl(q-cgclooctatetraene)iron 

(9.69) with aluminium chloride in benzene at IO0 gave t‘na 

bicyclononadienyl complex (9.70) wb-ch had been obttined previously 

by treatment of barbaralone' with diiron nonacarbonyl, The complex 

(9.70) liberated barbaralone (9.71) (95%) with carbon monoxide 

at 100 atmospheres pressure and 120°. The reaction was extended 

to the formation of other cyclic ketones [270]. 

The reaction of.triaarbonyl(~4-l,2,3,&-cyclooctatetraene)- 

iron with diiodomethane in the.presence of a zinc/cppper couple 

Ear-p.ssa .- 
., 

: 

: : .r_ : 
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(9-69) (9.70) (9.71) 

and a trace of iodine gave the irontricarbonyl complex (9.72) 

[27?]_ The cycloheptatrienone complex (9-73) with R2CN2 (R = H, 

Mel in diethyl ether gave the I-pyrazolines (9.74; R = H, Me) 

in good yields. The iron tricarbonyl moiety behaved as a protecting 

group for the tropone diene unit while the other double bond 

(9.72) (9.73) (9.74) 

underwent regiospecific cycloaddition [272]. The (I\-oxepinejiron 

complex (9.75) underwent a multistage valence isomerism to give 

the ketocarbene complejr (9.76) which was characterized by X-ray 

crystallography [273]. 

The reaction of N-carbomethoxg-l,Z- and -1,4_dihydropyridines 

(9.77 and 9.78; R = Me, Et) with diiron nonacarbonyl gave the 

N-carbomethoxy-1.2~dibydropyrid5ne complexes (9-79; R = Me, Et). 

The iron tricarbonyl fragment uas easily removed from these- 

2 



(9.75) (9.76) 

complexes in the presence of trimetknylatine oxide to give She 

1,2_dihydropyridines (9.77; R = Me, Rt) [274]. The reaction of 

tricarbonyl(l-cgclooc ta-1,5-diene)ruthenium with olefin (olefin = 

cyclohexa-i,3-diene, cycle-octatetraene, cycle-octa-1,3,6-triene, 

cyclohepta-2,4,6-triene-l-one, cgclohepta-1,3-diena or cyclo- 

heptatrienef in benzene gave the appropriate [(olef%n_)Ru(CO)3] 

co R 
I 2 

co R 
I 2 

(9.77) (9.78) (9.79) 

complex in good yield. Many of these complexes were inaccessible 

or obtained in low yields by the usual route of direct reaction 

of diene with triruthenium dodecacarbonyl [2?51. 

10. (Y++)F&-C,H,) 
/ 

The (r\-benzene)iron cation (10.1; R = H) was acetylated and 

benzoylated with the appropriate acyl chiori.de and aluminium 

acraraap.336 
: 

. : :. 
._ 
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p-0’ 
I Fe 

I* 0 
L 

1 s Fe Fe 

* 
0 I 
+ 

(10.1) (10.2) (10.3) 

chloride in nitromethane to form the cations (10.1; R = COMe; 

COPh) [276-j. Reaction of (q-benzene){?-cycfopentadienyl)iron 

tetrafluoroborate with ethyllithium at O" and -25O in ether 

and 2Oo in tetrahydrofuran gave (+\-C6H6)Fe(+\-CSHS). the m- 

substituted derivative (10.2; Ft = Et) and ferrocene respectively. 

Reaction with benzylmagnesium chloride and cyclopentadienylsodium 

gave the exo-benzyl and s-cyclopentadienyl derivatives (10.2; 

R = CH2Ph and CSHS) respectively [277]. 

The oxidation of exo- -. substituted (T-cyclohexadienyl)- 

(r\-cyclopentadienyl)iron compounds (10.2) by triphenylmethyl 

tetrafluoroborate has been studied. In the presence of a methyl 

group (10.2; R = Me) only the (+\-cyclopentadienyl)(r\-toluene)iron 

cation (10.3; R = Me) was obtained but in the presence of larger 

groups (10.2: -R =-Et, Bz, CSHS) elimination of a carbanion 

competed I with hydride ion el5.zmLn~tion to give a mixture of 

benzene substituted cations (10.3: R = Et, Bz, CsHs) respectively 

and the parent cation (10.3; R = H) [i78]. 

Paramagnetic (I\-benzene-l-cgclopentadienyl)iron gave the 

binuclear q -c y clohexadienyl complex (10.4) after 15 h in pentane 

at room-temperature. Oxidation of this complex irith N-bromoy 

. 

_- _ . . _- _ __ . . __;.- _i- . ._ . ._- 
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Q-Q 
-Fe Fe 

@@ . 

G 0 

Fe 

OS 00 

(10.4) (10.51 

succinimide or oxygen gave the (q-benzene)(r\-cyclo?entadienyl)- 

iron cation, which was isolated as th_e tetrapherLylborate, while 

oxidation with iodine gave the correspondir_g iodide, [k&H& 

('\-C5?i5) Fe]1 [279]. 

Treichel and Johnson have protonated bXs(l\-indenyljiron in 

the five-membered ring with hydrogen chloride or trifluoroacetic 

acid in benzene to give the cation (iO.5). EVidencewas offered 

in support of n-Butyllithium was effective 

in deprotonating the cation to the initial neutral complex [ZOO]. 

The reaction of ferrocene -&th anthracene in the presence 

of A&Cl 
3 
-Al gave the mono- and di-cations (10.6 and 10.7) 

respectively which were identical with those derived from 

-9.1 O-dihydrosnthracene- A similar reaction with naphthalene in 

tetralin gave both the tetralin complex (!0.81 and the naphthalene 

complex (10.9). The 'H and '3C DIR spectra-of the complexes 

wers discussed. [261]. 

Seven (r(-arene)bis(q-cyclopentadiengl)diiron dkations 

including the r\-biphenyl (lOtlO) and the l-chenanthrene !lO.ll) - 

cations have been prepared and compared with the corresponding 

.‘T\-- arenB)(T-cyclopentadienyl)iron cations. The UV spectra of. 

WP-336 

‘.-. 
: 
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GP 0 I 0 
I 

1 

Fe 

* 
0 

(10.61 

al 0 I 
I 

I 

Fe 

0 0 

(10.6) (10.9) 

i- 

1 
+ 

tiO.7) 

fhe dications showed d-d transitions analogous to ferroce_?e 

wi-.iLe the ST Fe Moessbauer results*were sLmilar to those fOP 

f 
-7 
-arene)i 

7 
-cyclopentadienyl)iro2 cations [2a2]. Polarographic 

results*indicated in?portant differences between the two Lr? that 

tbn dications exhibited two f~on reductior? waves which were 

represented by the processes: 

-@-@ 

_?i *_ 
0 Pi 

FerfFelI & Fe IIFeI e--, FeIFeI 

!i 

L 

tlo.10) 

-Q-p- 
0 

-6 *_ 0 Pi 

!+ 

(10.11) 

._ 



ruthecium complex (lC.12; R = 3) by treatment of Ru(y-C5R5)- 

(PPh3)2C1 with sodium tetraphenylborate in methanol. The methyl 

derivative (39.;2; R = Me I x&s fcrmed in the saxe t-i&y [zB~]. 

11. (n -C+12& 

Mono- and di-substituted ruthen - ocenes labelled ~5th radro- 

active 
iO3 Ru were orepared by treatment of the corresponding 

ferrocene -&it-h '03RuCl 
3- 

Yields were in the rar.ge 5'-7C%;. Labelled 

osmocenes were obtained in 15 yield b> r;sizg 
:9-l 

osc1, - 
4 

Thil-lElge,_ 

chromatography was used to separate the lakelled ms tallocenes [264]. 

Complexes containing ruthenium-mercury bonds were synthesised 

by treating ruthenocene with mercury(I1) salts. lhese compounds 

were studied with electronic, infrared, Raman and Nb'ssbauer 

spectroscopy and it was concluded that the metal-metal bonds were 

relatively weak [265]. 

The protonation of ruthenocene and ferrocene was investigated 

in media of varying acid strengths using 
1 
H INR spectroscopy. 

Protonation of the metal atom in ruthenocene only occvurred in the 

most strongly protonating media, H 
24 32 
SO -CF CO H and BF3,H20-CFBC02H, 

and the cation was characterised by an absorption strongly upfield 

from THS. Hydrogen-deuterium exchange was studied for ruthenocene 
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under conditions where metal protonation was incomplete, As 

the acid concentration was increased the rate of exchange 

decreased. From these results it was argued that the reaction 

mechanism of this process was similar to that of electrophilic 

substitution in benzenoid systems [~86]. The solution Raman 

spectra of ferrocene, ruthenocene and'osmocene have been re- 

investigated. The band at 1186 cm-' in the ferrocene spectrum 

has been reassigned and the skeletal modes for osmocene have 

been assigned. Metal-I\-cyclopentadienyl ring bond force constants 

have been calculated and increase in the order (7-C5HS)2Pe< 

(9-C5H5)2Ru<(~-CSH5)20s [28?]. 

The W snectrum of ruthenocene in halocarbon solvents showed 

a band at 285 rm characteristic of electron transfer-to-solvent 

and indicating formation of charge-transfer complexes -with the 

solvents. Irradiation of the charge-transfer complex gave the 

ruthenicinium cation [288]. Ruthenocene forms charge-transfer 

complexes with halocarbon solvents and the equilibrium constant 

uas determined for the solution in carbon tetrachloride. W 

irradiation of the carbon tetrachloride at the charge-transfer 

absorption frequency gave the ruthenicinium cation which decomposed 

to ruthenium trichloride and ruthenocene and then formed the 

complex (~-C5E5)2R~.RuC1~ [289]- 

Borrell and Benderson have investigated the photolysis and 

the naphthalene-photosensitized reaction of the ruthenocene-carbon 

tetrachloride charge-transfer complex, The ruthenicinium cation 

uas formed in the primary photochemical process. The naphthalene- 

photosensitized oxidation proceeded through a triplec state and _ 

it was inhibited at high concentrations-by competitive quenching 

of the naphthalene singlet state by ruthenocene. The authors 

: 

_ : 
- .’ 

.- 
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Q 0 

CO 

(12.1) (12.2) 

(12.1) was obtained in addition to T-cyclopentadienone complexes 

and polynuclear complexes [292]. 

In the reaction 'between i,5-hexadiyne and bis(trimetbylsilyl)- 

acetylene, in the presence of catalytic.amounts of dicarbonyl- 

(T-cyclopentadienyl)cobalt, the cyclobutadiene complex (12.2) 

was isolated [293]. The (r\-cyclopentadienone)cobalt complexes 

(12.3; R = Me, Fb) uere obtained by treatment of ( T-cyclopenta- 

dienyl)cobalt dicarbonyl with 2,h-hexadiyne and .t,&-diphenyl- 

butadiyne respectively [294]. 

(12-3) (12.4) (12.5) 
The (y-cgclopentadienyl)cobalt complexes (12.4) were converted 

Me02C C02Me 

-a- / \ 
Ph s Ph 

to 5- or 6-membered heterocycles by heating with sLLphur or 

n%trogen compounds. Thus the complex- (12.4; Rt = Ph R2 = .S C02He) 

was heated with sulphuP and benzene in a sealed tube at l5Oo 

. . 
_- :.. ._- . 

-_. . . . . . -- 
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to give the substituted thiophen (12.5) t29s-J. The effect of 

the lanthanrde shift reagents Eu(fod)3 and Pr(fodJ3 on the '8 
c 

NH!? spectra of some (q-cyclopentadienone)(r\-cyclopentadCenyl)- 

cobalt complexes was investigated. T‘ne shift reagents complexed 

with the lone pairs of the carbonyl group. Pseudo contact shifts 

were observed for the hydrogen atoms ol' each ring and also for 

the hydrogen atoms in the substituents on the ayclopentadienone 

ring 

13. 

[296]. 

$-C5J1512Co and [(q -Cg5 1 -,Col+ 
The cobaltocene derivatives t 13.1; R = CC1 3, CEizCN, Cii(CII)Me, 

C@I)=CH2, CXPh] were obtained by treating cobaltocene with 

the alkyl compounds RR in the presence of oxygen [297]. 

Q 0" 

CO 

0 0 

(13.1) 

X-say crystallography has been used to ootain details of 

the crystal and molecular structure of cobaltocene. The 

r\-cgclopentadiengl rings were parallel and staggered with respect 

to one another [298]. The molecular structure of gaseous 

cobaltocene was investigated by electron diffraction. The 

gaseous molecule had a sendwich structure and the data showed 

that any distortion from Dsh or Q-d molecular symmetry was small- 

It was concluded that the barrier to internal rotation was small 

-. 

. . 

. . -1: -_.. 
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enough to allow large amplitude torsional mot5on and that the 

minimum energy conformation of the rings could not be distinguished, 

The metal-carbon bond length in cobaltocene was 0.05 P longer 

than that in ferrocene and 0.08 2 shorter than that in nickelocene. 

The weakening of the metal-cyclopentadienyl bond in cobaltocene 

relative to that in ferrocene was due to the antibonding effects 

Of e1g 
orbitals nhich were singly occupied in cobaltocene but 

empty in ferrocene [299]. 

The enthalpies and entropies of phase transitions at temper- 

atures below 200° were determined for several sandwich compounds 

including cobaltocene and nickelocene. Heat capacities CC,), 

free energy functions and other thermodynamic functions were 

given for these compounds in the temperature range 5-298.15OK 

[3GO]. -Wide-line ' H KMR spectra of the intercalation complex 

TaS2(cobaltocene)z were recorded and interpreted. It was concluded 
4 

that the C s symmetry axis of the cobaltocene molecule was parallel 

to the TaS2 layers. The spectra also revealed changes in the 

dynamics of the guest species as the temperature was lowered 

.and they suggested a possible rearrangement of the molecrrles within 

the layers [301]_ 

The bssicities of three aminocobalticinium cations have been 

determined, all were muc'n less basic than the corresponding 

ferrocenyl- and phenyl-amines. Thus the aminocobalticinium cation 

had pK+ = 15.6. By contrast, alkylcobalticinium ions were strongly 

acidic and the methyl hydrogen atoms in 1,l *-dimethylcobalticinium 

ion exchanged with 1.02 W NaGD at 80Oc to give a half-life of 

18 min and Ea = 25.4 kcal mc5-l 1302). The rate of decomposition 

of the cobalticinium ion in water has been determined as a functional 
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pH and temperature. It was dependent oh the concentration of 

undissociated [($-C5H5)2Co]0H while the orde- p of reaction varied 

with the pR and the twperature [303]_ 

Electrolysis of the cobalticihium ion in the presence of 

an alkyl halide gave the corresponding alkylated derivative 

(13.2; R = CH2Ph, CHClPh, CC1 
3’ 

CH2Br) in good yield. The 

cobaltocehe anion (13.3) generated electrochemically, in the 

presence of lithium chloride, when treated with carbon dioxide 

gave the salt (13.4) . . The -salt Was converted to the corresponding 

methyl ester (13.5) which gave the cobalticihium derivative 

(13-4) on reactiofr with triphenylmethane tetrafluoroborate [304]. 

The reaction of l,l'-bis(carboxy)cobalticinium he_xafluoro- 

phosphate with R2SnC12 (Ii = Ph, Bu, Et, octyl, benzyl a?d we) 

gave the tin poly(cobalticinium esters) (13.7). The yields of 

R 

d 
H 

- 
1 

(13.2) 

0 0 
I 

+ 
DMF(-l.SV)_ 

CO 
LiCl 

* 0 

Q 0 
C02Me 

co+ 

0 0 

Q 0' 

Q Li 
Li+ 

(13.3) 

I 
co2 

co2- 

d- 
R 

- 
L 

Co Li* 

0 0 

(13.4) (13.5) (13.4) 

Jze?eeAP_- 
-. 

: ~ ~.._. : _ :_ L .~:-., 
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n 

(13.7) 

the polyesters (13.7) varied uith R in the series Ph>Ru> 

Et>octyl=benzyl>#e [305]. Bis(q-cyclopentadienyl)titanLum 

bis(hexafluorophosphate):qas copolymerhzed with cobalt bis- 

(r\-cgclopentadienylcarboxylate) hexafluoropbosphate to give 

poly(cobalticinium) esters containing titanium. The polymers 

were characterized by spectroscopy, molecular ;leight measurements 

and thermograrimetric analysis [306]. 

In the polymerization of alkyl or acyl derivatives of 

cobalticinium salts they were treated with benzene derivatives, 

such as p-dichlorobenzene or acetophenone in the presence of a 

catalyst, to increase the yfeld of the pal-ymer [307]. The 

infrared spectra of the tetraaryl- or tetraalkyl-cyclopentadienone 

complexes (13.8: X = Co, R = Me or Ph) and (13.8; M = Co or Rb, 

R = C F ) showed az absorption characteristic of a C=O group 
65 

between 1570-1620 cm-'. On treatment with concentrated hydro- 

chloric or fluoroboric acid this absorption disappeared and a new 

peak appeared in.the region 1439-1485 cm-' together with an OH 

stretch ti the region 3500-2500 cm-l. In acid conditions the 

hydroxg cobalticinium and rhodicinium ions (13.9; M = Co, Rh) 

%ere formed. The acidity constants of these hydroxymetallocinium 

: 
.. . - : 

. . . . -~ -.. 

._ ._ -. 
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(13.81 

R 

R08 
* 
R H+ P 

0 0 

R 

('13.9) 

salts (13.9; M = co, Rh) were deter_mCned spectrop~otornetricallg 

i3G6-j. Parallel chazges in the electronic spectra of ferrocene 

and cobeltici=irr? chloroplztfnate were obser-ied on the introduction 

of an ethyl substituent into each metallocene L309]_ 

Treatment of the ?-borabenzene complex (13: 10) wit21 iron(Ii1) 

chloride gave the correspcn.ding cation. This cation gave the 

tixed T- y 1 _ _t dl c c ones a .enyl-q-borebenzene complex in the nresence 

of methanol [313 J- 

3[Co(C5H5BPh),]E'F6 c 2MeOEI--r2CofC5H5BPh)2 + 

c 0 B-P-n 

co 

cy/ 0 B-Ph 

'(13,lO) 

The treatment of the borabenzene complex (13.10) with 

potassium cyanide gave the salt K[C51i5BPh) [311]. The electron 

r&f-p.336 . 
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spin resonance spectrum of bis(l-phenylborabenzene)cobalt(II) 

(13-10) was recorded and interpreted, l?rom the results.it wa: 

concluded that the bonding in this molecule (13.10) was very. 

similar to that in ferrocene and the cobalticinium cation. 

Liigand electrons were donated into metal d.s2, dxs and d 
Ys 

orbitals with the populations in ds2 and dxs only slightly 

greater than those in ferrocene. Considerable back'bonding 

occurred from filled metal dx2_y2 and d 
xY 

orbitals to the ligands, 

approximately 0.6 electrons back bonded to each borabenzene ring, 

This value was only slightly less than that for ferrocene [312]. 

The crystal and molecular structure of 2-methyl-I,?-bis- 

(7-cyclogentadienyl)-l,7,2,4-dicobaltdicarb~eptaborane(7) has 

been determined by X-ra-j diffraction_ This compound was shown 

to be a triple-decker sandwich containing a central planar ring 

formally designated in t'ne parent molecule as C B H .4.- 
235 

, iso- 

electronic smith 7-C5HS-. All three rings were planar and nearly 

parallel, the cyclopentadienyl rings were tilted by approximately 

3.2O with respect to the central ring [313]. 

F'riedel-Crafts acetylation of (q-cyclopentadienyl)[T-(3)- 

1.2-dicarbaundecaborane(ll)]cobalt [(8-CgW5)C~~?-(3)-l,2-BsC~1,1] 

with aluminium chloride in carbon disulphide gave [(7-C5H5)Co- 

19,-(3)-1,2-B C E 9 2 ,OCll], [(~-C5Hs)Co{~-(3)-l_,2-i39C2Hlo(8-OCOMe~~], 

E(~-C5H5)Co~~-(3 )-1,2-BgC2H,0(8-~Ii)j] and [(r\-CsH~)Co~~-(3)-I,)i- 

BqC2H,0(8-COMe)3]. The complexes were characterized by infrared, 

1 
H EiMR mass spectrometry and X-ray ana&ysis. F!rom these results 

it was concluded that theT-electrons of the ?-C5H5 group in 

[(~-CgHS)CoI~-(3)-1,2-BgC28,,3]_ were transferred to some extent 
. - 

to the cobalt rendering the- "\-CSH5 group less susceptible to 

electrophilic substitution [314). 

. . 
.- .,-- -’ -.. 

_. -- : -. -. _-. 
: ._ _:._--. -... 
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14. Cobalt-carbon Cluster Compounds 

Reaction between fluoroalkyltetracarbonylcobalt derivatives 

[(RCF~)COCCO)~] and either sodium tetracarbonylcobaltate(-1) or 

octacarbongldicobalt gave the cluster compounds [RCCO~(CO)~] 

(R = F, CHF2, CF3, C2F5). An effort was made to extend the scope 

of the reaction between fluoroalkylcobalt carbonyls and Na[Co(CO)4] 

the reaction between this salt or Na[Co(C0)3(PPh3)] and 

[(cF~)co(co)~(PP~~) J was investigated but no evidence for cluster 

formation was obtained [315]. 

Direct reaction between the tricobalt carbon cluster and 

the dienes bicyclo[2_2_l]hepta-2,5-dZene (Wnd) and cyclobexa- 

1,3-diene afCorded the dark green complexes [YCCoj(C0)7(diene)] 

(Y = alkyl, aryl, F). No comparable derivatives were formed in 

reactions with cycle-octadienes, cycloheptadiene and butadiene 

md the coordinated bhd was r.ot replaced by any of these dienes. 

An X-ray analysis of [Rt3CCo3(C0)7(bhd)] showed that the chelating 

bhd coordinated to one cobalt atom in the basal triangle with the 

ring in a cis-cis (cis with respect --- to the apical substituent) 

orientation [316]. 

(T-Arene)nonacarbonyltetracobalt complexes (14.1; ArH = mono-, 

di-, and tri-alkylbensene, anTsole., biphenyl, fluorene, phenan- 

threne; L = CO) -were treated with phosphites to give the 

_ corresponding derivatives [14-l; L = P(OR)3]. Displacement of 

the arene ligand took place with carbon monotide, phosphines and 

acetylenes to form known derivatives of dicobalt octacarbonyl 

and tetracobalt dodecacarbonyl [317]. 

The benzylidynetricobalt nonacarbonyl cluster compounds (14.2; 

R' = g-, E-Me; g-, I+X;' R2 = H) were acetylated wLth acetyl 
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chloride in the presence of aluminium chloride to give the 

a-derivatives (14.2; R' = g-, Z-Me; g-, m-Cl; R 2 = COMe). 

The benzgl group was inL -educed in the same way although the 

chlorine-substituted cluster compounds were inert to benzoyl 

chloride- Formylation of t'ne benzylidyne cluster compound (14.2; 

R 
'1 = R2 = H) was achieved with MeOCHC12. and alumi~ium chloride. 

In comaetitive acetylation experiments, benzylidynetricobalt 

R2 

hri3 

I 
co 

. 

0 

(74.1) (74.2) 

aonacarbor+yl was of comparable reactivity to ferrocene and 

dimethylaniline and much more reactive than anisole. The reactions 

were rationalized in terms of the stable [(OC)9C03Cl+ cluster [318]. 

Palyi and Varadi have prepared eight acrglate derivatives 

of methrlidinetricobalt nonacarbor,gl (14-3; R' = II, R2 = H, Me, 

Pr", H, Me, Pm, Ph). hll of the -compounds 

showed splitting of some terminal carbongl stretching frea_uencies 
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in the IR and these were interpreted ic terms of' direct hter- 

action between the ester carbonyl group and cobalt (l&.4) [319]. 

Substitution of tertiary phosphine for carbonyl in the methyl- 

idynetricobalt nonacarbonyl cluster compounds (14.5; Y = H, Me, 

Ph, F) has been studied in detail by Cartner, Cunninghame and 

Robinson. Rates of reaction and activation parameters were 
- 

determined, the activation energies increased in the order of 

substituents: F<Ph<H<Me. A simple dissoci 
"t 
tive mechanism 

was indicated with loss of a molecule of carb& monoxide before 

attack by the phosphine [320]. 

Boron and aluminium substituted methylidinetricobalt 

nonacarbonyl compolunds (14.6) have been described. The boron 

difluoride derivative (14.6; M = 5, X = F) was obtained by 

fluorination of the corresponding bromine cimpound (14.6; M = B, 

X = Br) with silver tetrafluoroborate. Tine boron diiodide 

derivative (14.6; I-1 = B, X = I) and the aluminium dichloride 

derivative (14.6; M = Al, X = Cl) were formed by treatment of 

dicobalt octacarbonyl with BI .YEt 
3- 3 

and AK1 
3 
,NEt 3 respectively 

13211_ 

Apical cluster 13 C BMR resommces ir_ some neutral complexes 

RCCO~(CO)~ [R = CSHIq, C,CH21, n-CqHlqCR(OH), Me3Si(R)C=CH, 

Y 
I 
C 

i-nX2-“Et3 \ ‘\/ \ , comu3 ‘\ ,co (CO) 

(OC)3Co’ 
/ 

3 

\ 
co(co)3 

(oG)3col\co (co) 

3 

(14.5). (14.6) 
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n-C6~lpO), C9HJqC(0), C2H50C(0), ~I-C,~H~~OC(O)] were observed 

in the region b(C) 25$3lO ppm by using either neat samples .or 

very concentrated solutions iD- kDCl3. The 13C chemical shifts 

were f21‘ dounfield from those of most carbon atoms in the organic 

and organometallic compounds except for those of alkgl substituted 

carbenium ions and some trans ition metal-carbene complexes. The 

13 C Xi9 spectra of some cobalt cluster substituted carbenium 

ions were recorded in concentrated sulphuric acid. It was concluded 

that the positive charge in these carbenium ions resided mainly 

on the cobalt atom [322]. 

Xatheson and Robinson have investigated t‘ne ea_uilibria 

between bridged and non-bridged forms of methinyltricobaltnona- 

carbonyl compounds by measuring IR and 'H, 13C and "P NMFk 

spectra at several temperatures. The complexes [14.7; L = 

T(C H 
6 ?I )3' 3 

PB-a ] each exist as a mixture of bridged and non-bridged 

fo_rms at room temperature in the solid state and in solution. 

The proportion or' the non-bridged complex [14_7; L = P(C6H,,)3] 

at 295Oti was 66% and the equilibrium shifted towards tl?e bridged 

isomer [14.8; L = P(C6Hl,)3] as the temperature was lowered. At 

?9s°K the proportion of the non-bridged isomer was 12%. The 

activation parameters determined for the reaction were 

Me 
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AH = -8.0 kJ mol-',AS = 23 J mol-' k-l. Alternative mechanisms 

for the interconversion were discussed [323]. 

A solution calorimetric method was used to deter.tine the 

standard enthalpies of formation of the crystalline complexes 

[Co3(CBr)(SO)q], [C0~(CCl1(~0)q]and [co2(CO)gf9 the values 

were -284.3, -283.5 and -298.9 kcal 1~01~' _ respectively. The 

entbalpies of sublimation of the same compounds rcere deter-mined 

by effusion manometry as 23.8, 28.1 and 15.6 kcal mol-' respoct- 

ively. Bond energies were derived from the gas phase enthalpies 

and for the bromo- cluster it was concluded that the metal-carbon 

bond energy was probably greater than the metal-carbon mono-tide 

bond energy [324]. 

IS. (q,-C5H&Ni -- 

The second volume of the book, 'iie Organic Chenistry of 

liickel, entitled Organic Synthesis has been pubiishec [325]. 

Nickelocene was prepared directly from finely divided nickel 

metal, produced by an electric arc, and cyclopentadiene [326-j. 

The separation of organo-nickel derivatives obtained In the 

preparation of bis(T-isopropy1cyclopentadTenyl)nickel iras studied 

by adsorption-partition chromatography [327]. 

Treatment of a solution of the nido-borate anion, BqH,2-, 

and nickelocene in acetonitfile with sodium amalgam gave the 

two isomeric close- metalloboranes [(l-C5H;)-2-Ni(7-BqHg)~ and 

[ri-CsHs)-~-Ni(r\-BgHg)]-. The former cornpound, in which the 

nickel atom was coordinated to five boron atoms, was converted 

quantitatively on heating to the latter compound, in which the 

nickel atom has coordinated to four boron atoms [X8]. 

IW&cc&333_ 

I__ -_-: ---1.. .: 
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Protonation of nickelocene.occurred in trifluoroacetic acid 

to give [(1-C~~~)~Iii(7-CgR6)]* (15.1). Deuteration experiments 

shoved that the entering proton (iI>:) occupied-the e-methylone 

position, and that attack of the'efectrophile occurred at one 

of the ring ligands and not at the metal [329]. 

E 
_=_ 

d- Ii - 
I Q 0 

Eli + RC1 - 

* 
0 

Q 0 

fli 

_* 
0 I 
+ + Cl- + R- 

(15-l ) (15.2) (15.3) 

Traverso and Rossi have reassigned th e absorption at 307 om 

in the UV spectrum of nickelocene. This band uas.attributed 

previously to intramolecular-charge transfer but is now regarded 

as a nickelocinium band. Nickelocene (15.2) in haloalkme 

solvents underuent dissociative charge transfer to the cation 

(15.3) Twhich fr_ turn formed the triple-decker sandwich complex 

115.4) by a secondary thermal process [330]. 

The hydrogenation of hydrochloric acid lignin of wood and 

its model compounds was carried out in the-presence of nickelocene. 

Q 0‘ 

a ;; 
Ni 

.O, 
0 

(15.4) 

t 

Q 0 

S=PMe 
2 

? 
0 
Iii- 

/\ 
I 

PR3 

(15.5) (15.6) 
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A semimicro method was used to investigate the effect of time, 

temperature and pressure on the output of phenols' in this 

system [331, 3321. Triphenylphosphine was converted to tri- 

phenylphosphine oxide by stirring with nickelocene in benzene 

in the presence of oxygen. Trialkylphosphines and tri-alkyl 

and -arylphosphates *were oxidized in t-he sarr_e way [333]. 

Fathey has reported the attack by alkyl and aryl phosphine 

sulphides such as the compound (15.5) on nickelocene iz the 

presence of metnyl or ally1 iodrde to form the (l-cyclopenta- 

dienyljnickel complexes (is.61 in yields of up to 70% [334]. 

The structure of gaseous (y-cyclopen* ,adienyl)nitrosylnickel was 

determined by electron diffraction. The hydrogen acorns uere in 

the plane of the 7-cyclopentadienyl ring, the IJi-N-O moiety was 

linear, 
0 

ard the Mi4 and Xi-X bond distances uere 2.126 and ?.58 A 

respectively [335]. 

76. Uranocene 

Streitwieser has reviewed the chemistry of uranocene [336]. 

Bis(1,3,5,7-tetraphenylcyclooctatetraerle)uranium was prepared 

by the reaction.of potassium 1,3,5,7-' betraphenylcyclooctatetraene 

with uranium(W) chloride. The uranocene derivative was air 

stable and it -&as sublimed unchanged. The unusual stability of 

this compound was attributed to steric blocking of the central 

uranium by the phenyl substituents [337]. 

.The magnetic susceptibility of uranocene was measured 

between 1.25 and 298'K and these results irere correlated with 

a systematic study of the crystal field splitting [338]. 

ad-p_ 336 
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