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The Proceedings of the China-Japan-United States Trilateral 

Seminar On Organometallic Chemistry held in Peking have been 

published. Details of the twenty-eight plenary lectures and the 

poster sessions were given. Many of the articles contained 

material relevant to this annual survey [I 3. 

Rybinskaya and Krivgkh have reviewed new organometallic 

chelates with ?-arene and y-cyclopentadienyl ligands [2]. 
Organometallic intramolecular-coordination compounds 

containing a diene donor ligand have been the subject of an 

extensive review by Omae [33,* 
The application to organic synthesis of transition metal 

diene complexes has been reviewed [4]. Kerber has reviewed the 

interaction of organometallic moieties with carbanions and other 

electron-rich centres. Literature data was cited that suggested 

organometallic groups provided effective stabilization of 

p-carbanions by interactions of the type: 

LnM-$-$- u LnM-$=# CQ 

Mono- and di-nuclear complexes analogous to cymantrene 

have been included in a more general review of methylene-bridged 

organometallic complexes C6J* 
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Watts has discussed the effect of metalT-complexation 

on the properties of organic molecules and ions [71* 

2. General Results 

Several decamethylmetallocenes (2.1; M = Mg, V, Cr, Co, Ni) 

have been synthesized. Spectroscopic, magnetic susceptibility 

and X-ray crystallographic evidence indicated that the metal- 

locenes (2.1) were DSd or DSh species with low spin electronic 

configurations. Decamethylmanganocene was inert to ring loss 

and hydrolysis but underwent one-electron oxidation and reduction 

to give isolable low spin I6 and 18 electron complexes 

[(q-Me5C5)2Mn]PFg and Na[(y-Me5C5)2Mn] respectively. The dicat- 

ionic nickelocene (2.2) was also prepared [8]. 

* 

0 
M 

+ 

0 

2.1 

72 0 

Ni 

2.2 

2+ 

2PF6- 

Intercalates of MPS3 (M = Zn, 

$;,";"$2;,"J 

Cd, Mn, Fe, Co, Ni) with 

and [(q-C6H6)2Cr]+ have been studied by ultra- 

, infrared and Raman spectroscopy. The vibrational 

spectra of MPS 
3 

were interpreted in terms of normal modes of flat 

PS3 pyramids weakly coupled through P-P interactions., and in terms 

of translations of metallic ions in distorted octahedral environ- 

ments bl* 
Transition metal chlorides in THF have been reduced by 

condensing potassium atoms into the solution at -llO°C. The 

reduced transition metal species combined with benzene, naphthalene 

and their methyl derivatives to form bis(t\-arene) complexes of 

titanium, vanadium, chromium and molybdenum. Typical products 

were the (y-naphthalene)chromium complexes (2.3; R = H, Me) [IO]. 

References p. 466 
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The ligands s\5-pentamethylcyclopentadienyl and BqC2HI12- 

exhibit similar electronic and steric properties in the formation 

of transition metal complexes [111. 
Solid phase synthesis has been used to prepare enkephalin 

substance P (EP) and bradykinin (BN) analogues in which ferro- 

cenylalanine, tricarbonyl(s\-cyclobutadiene-alanineliron and 

cymantrenylalanine were substituted for phenylalanine. The 

metallocenyl group in the ferrocenyl substituted peptides did 

not interact with the aryl receptors of EP and BN. The cyman- 

trenyl substituted peptide was the only one of the three that 

was hydrolyzed by chymotrypsin [=I* 
Cyclic trimeric phosphazenes have been used as models for 

poly(aryloxyphosphazines) in a study of phosphine-transition 

metal complex interaction. Complexes such as cymantrene and 

Fe 

(COj3 

2.4 
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the (r\-enone)iron complex (2.4) combined with phosphazenes such 

as [NP(OPh)2]3 to give species resembling triphenglphosphine- 

metal complexes without interference from skeletal nitrogen atoms 
_ _ 
[‘31* 

The triple-decker sandwich complex (2.5) has been prepared 

by reaction of (q-C5H5)V(y-C3H5)2 with an excess of 1,3-cyclo- 

hexadiene. The complex (2.5) underwent arene ligand exchange 

with toluene or mesitylene and the triple-decker sandwich 

structure 

Q 0 
V 

0 

0 
V 

t, 
0 

2.5 

was retained b/4]. 

Q 0 

cc V 

0 

A 
H H 

\/ 
V 

6 0 

2.6 

In related work, Jonas and co-workers prepared the binuclear 

hydridovanadium complex (2.6). The two 5\-C5H5-V units were 

bridged by a nonplanar benzene ring as well as two hydrogen atoms. 

When this complex was treated with carbon monoxide tetracarbonyl- 

(l-cyclopentadienyl)vanadium was produced ps]. 

The synthesis, structure and properties of several homo- 

nuclear and heteronuclear triple-decker sandwich complexes have 

been studied. Methyltetraethyl and dimethyldiethyl derivatives 

of the A 4 -1,3-diborolene ligand (2.7; R' = Et, R2 = Me; R' = Me, 

R2 = H) have been used to prepare the complexes (2.8; M' = Fe, 

M2 = co, "FeCo"; M' = M2 = Co, "CoCo"; M' = Co, M2 = Ni, "CoNi"; 

M' = M2 = Ni , "NiNi II ; R' = Et, R2 = Me; R' = Me, R2 = H). The 

crystal and molecular structures of the FeCo, NiCo and NiNi 
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complexes were determined by X-ray crystallography and found to 

be isomorphous, with each complex having a planar p-1,3- 

diborolenyl ligand. Chemical or electrochemical oxidation or 

reduction of the complexes (2.8) gave the corresponding charged 

species. The FeCo, CoCo+ and NiNi- complexes were diamagnetic 

while the FeCo +, coca, NiCo+ and NiNi species were paramagnetic 

with one unpaired electron. The NiCo and NiNi+ species had two 

unpaired electrons. 'The electronic structures of the complexes 

(2.8) were determined by employing semiempirical IiJDO NO 

calculations and the results obtained compared with some of the 

experimantal observations. I4oessbauer measurements on the FeCo 

and FeCo 
+ 

species indicated parallels with the f'errocene- 

ferrocenium couple. Polarography, cyclic voltsmmetry and 

controlled potential coulometry were used to show that each of 

the complexes (2.8) was oxidized or reduced in more than one 

reversible electron-transfer process. The CoCo complex underwent 

three reversible electron-transfer reactions (2+/+/C/-) and one 

irreversible reaction (-/2-j. Several carbonyl-bridged complexes 

were derived from the complexes (2.8) and the NiNi species Was 

converted into a quadruple-decker complex [16]. 

The structure of the triple-decker sandwich molecule 

[Ni,(r\-C&)31 4 BF has been determined by X-ray analysis. The 

three n\-C5Hs g roups were coplanar to within 3.97’ [17]. 

Q 0 

Ml 
Et Et 

X 
R&-R--R1 

Y Et 
R2 

R2 

Et 

2.7 2.8 
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A neutron scattering study has been carried out on the 

reorientational motions in (lj-benzene)tricarbonylchromium and 

tricarbonyl(y-cyclopentadienyl)manganese. The aromatic rings 

were involved in a reorientational process characterized by an 

activation energy of approximately 16 kJ mol -1 and correlation 

times of 2 x 10 -11 s and 5 x 10 -"sat 300 K for the q-CsH6 and 

r\-CSHS ligands respectively. The M(C0)3 groups were fixed during 

the reorientational process PI. 
Several metallocenes and half-sandwich complexes including 

ferrocene, nickelocene, benchrotrene and cymantrene have been 

examined as crystalline solids by vibrational spectroscopy, 

quasielastic neutron scattering and calorimetry in order to 

classify the order-disorder phase transitions. The three 

techniques were synergistic in elucidating activation energies, 

residence times and geometries for reorientational motion Of 

the hydrocarbon ligands [19]. 

Electron transmission spectroscopy has been used to 

determine the energies of low-lying, unstable negative ion states 

for the metallocenes, vanadocene, ChrOmOCene, manganocene, 

ferrocene, cobaltocene and nickelocene. Calculations for 

ferrocene, cobaltocene and nickelocene using the multiple 

scattering &,_ procedure have allowed the observed states to be 

assigned to electron capture into metal 3G, .!&e 
Ig 

orbitals or 

into cyclopentadienyl Test orbitals [20]. 

Mass spectrometric fragmentation patterns have been 

recorded and interpreted for the complexes (2.9; L = CO, CS, CSe) 

and (2.10; N = Mn, Re, L = CO, CS, CSe) [21]. 

P 0 0 9 
Cr 

(co)2L 

w 

(co)2L 

2.9 2.10 

R.efe.rencesp.466 
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The intercalation compounds formed between ZnpS3 and the 

cobaltocenium ion and the bis(?-benzene)chromim cation have 

been examined by IR and Raman spectroscopy, The spectra were 

assigned and the guest metallocene species were intercalated 

as the cations. Interactions between them and the host lattice 

were weak and the guest cations showed dynemic disorder at room 

temperature [22]. 

Qualitative molecular orbital theory, based upon Extended 

Rueckel calculations has been used in a study of the coordin- 

atively unsaturated sixteen-electron fragments d 
a 

(1\-C5H )PiL 

with respect to their geometric and electronic features 23 . 1 3 
'The electronic structures of benchrotrene, cymantrene, 

tricarbonyl(l-cyclobutadiene)iron, (y-butadiene)tricarbonyliron 

and tricarbonyl(r\-trirnethylenemethane)iron in the ground state 

and in the cationic hole states have been the subject of a 

semiempirical IIJDO Pi0 study based on the Green's function 

formalism. The sequence of ionization potentials calculated 

for the chromium and manganese complexes corresponded to the 

energy levels of the ground state molecular orbitals. However, 

the HOMO's for the three iron complexes had principally ligand 

character while the ionization potentials were associated with 

molecular orbitals of mainly metal 3G character [24J. 
Brookhart and Green have collected together and discussed 

evidence that carbon-hydrogen bonds may act as ligands to 

transition metal centres to form covalent C-H--PI systems in 

which, formally, the C-H group donates two electrons to the 

metal. They have used the term "agostic" to discuss the Various 

manifestations of covalent interactions of this type in organo- 

metallic compounds. The agostic C-H-1 interaction may be 

represented by the complex (2.11) where # = titanium, tantalum, 

molybdenum, tungsten, manganese, iron, ruthenium, osmium and 

palladium. Crystal structure, NPIR and IR results were important 

in providing evidence for the interaction proposed [25J- 

J”\ /R 
M-c\, 

2.11 
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3. (q-C5H5)V(C0)4 and related compounds 

Pentamethglcyclopentadiene has been treated with hexa- 

carbonylvanadium to form the (r\-pentamethylcyclopentadienyl)- 

vanadium complex (3.1) which underwent photolysis to give a 

binuclear complex (q-C5Me5)2V2(CO)S [26]. 

ti 

0 

if 

(CO)& 

Q 0 

V 

X2(PR3)* 

9 0 

V 

(co 1 pt3 

3.1 3.2 3.3 

Reaction of VX3(PR3)2, (R = Me, Et; X = Cl, Br) with 

CgHsM [M = Na, Tl, (n-Bu)3Sn, 1/2Mg] produced the corresponding 

q-cyclopentadienyl-vanadium complexes (3.2). Reduction of the 

chloro complex (3.2; R = Et, X = Cl) with zinc or aluminium 

in an atmosphere of carbon monoxide produced the tricarbonyl 

compoun;e(;j3) 1271. 

Nb and " V NMR spectra of the tetracarbonylmetal 

complexes (3.4; M = Nb, V) have been recorded in nematic liquid 

crystal matrixes and in the polycrystalline state. The quad- 

rupole coupling constants for the two complexes were approximately 

the same [28]. 

The reactions of (T -C H ) V (CO)5 and (T-C~H~)V(CO)~ with 5 S 2 2 

alkynes have been investigated. Photolgsis of the dimer with 

large electron-poor alkynes, for example diphenylacetylene, 

produced the corresponding r\-cyclobutadiene complexes (3.5). 

Smaller, more basic alkynes RCWR (R = H, Me) produced simple 

monomeric adducts (3.6; R = H, Me). The adducts (3.6; R = H, 

Me, Ph) were formed on photolysis of (\-C5H5)V(C0)4 with the 

corresponding alkynes [29]. 

The binuclear vanadium complex (3.7) has been obtained 

as a brown diamagnetic solid by treatment of VC12.2THF with 

Referenced p. 466 
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Q 0 

M 

3.k 3.5 3.6 

sodium cyclopentadienide and K2CBHB. The crystal and molecular 

structure of the complex (3.7) has been determined by X-ray 

analysis. The y-C8H8 ligand consisted of two planar moieties 

inclined at an angle of 124'. The complex may be regarded as 

two semiopen vanadocene sandwich complexes which share the 

two terminal carbon atoms of their pentadienyl ligsnds [30]. 

3.7 

4. (q-C6~)Cr(CO)3 

(i) Formation 

Treatment of the methylcyanide complexes (MeCN)3M(C0)3, 

where M = Cr, MO, W, with the thiabenzene oxides (4.1; RI, 
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R2 
0 )Me 

4.1 4.2 

R2 = Ph, Ne; We, Me,; Ph, Me3C; We3C, I'ie3C) produced the 
corresponding tricarbonylmetal complexes (4.2). The chromium 

complex (4.2; RI, R2 =CMe M= 
3' 

Cr) was obtained only as the 

anti- isomer while the corresponding molybdenum and tungsten 

compounds were produced in both the s-and anti- forms [31]. 

Removal of the oxygen atom from the anti-thiabenzene 

oxide complexes (4.2; R', R2 = Ph, Me and Ph, CMe N = Cr; 

R', R2 = CMe3, M = MO, W) 

3, 

with I~a[(NeOCH2CH20)2A1H2] produced 

the corresponding thiabenzene complexes. It was concluded 

that the thiabenzene ligands were stronger electron donors than 

the thiabenzene oxides [32]. 

The reaction of tricarbonyl(T\-cyclooctatetraene)chromiu 

(4.3) with acetylchloride and aluminium chloride at 0 'C lead 
to a product derived by ring contraction (4.4) [33]. 

The endo,exo- (4.5) and s,exo-bis(tricarbonylchromium) 

complexes together with the corresponding tricarbonylchromium 

Q q-+0 
CP Cr 

w3 (co+ 

4.3 4.4 

References p. 466 
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2 Cr(co)3 

S 

QJ"d 

Si 
I 

Cr Me2 
(CO j3 

4.5 4.6 

complex have been obtained by heating the free ligand with 

hexacarbonylchromium [34]. 

The tricarbonylchromium complex (4.6) has been prepared 

by the reaction of 2-phenylindolizine with hexacarbonylchromium 

Tricarbonylchromium groups have been introduced into 

siloxane oligomers containing methyl and phenyl groups to form 

organometallic catalysts for the hydrogenation of dienes to 

alkenes [36]. 
A series of q6-biphenyl complexes (4.7; X = H, mpF, E-F, 

L = CO, PPh3, AsPh3) has been prepared and the spectral and 

physical properties recorded. The Taft substituent constants 

were calculated and discussed [37]. 

4.7 



OMe 
Cr 

w3 

4.8 4.9 

Pentacarbonyl(methoxyphenylcarbene)chromium (4.8) combined 

with alkynes to give tricarbonyl(l-4-methoxy-l-naphthol)- 

chromium complexes (4.9; R' = H, alkyl, Ph; R2 = H, alkyl, Ph). 

Aliphatic n-I-alkynes gave 2-alkylnaphthol complexes regio- 

specifically while 2-alkynes gave mixtures of 2,+dialkyl- 

naphthol complexes. The reaction with diarylalkynes showed 

very little selectivity [383. 

Treatment of the pentacarbonyl[alkenyl(methoxy)carbene]- 

chromium complexes (4.10; R' = H, tie, R2 = H, Me, Ph) with 

the alkynes R3-CZC-R4 (R3 = Me, Pr, Ph; R4 = H, Me, Pr, Ph) 

produced the corresponding tricarbonylchromium complexes (4.11) 

1391 l 

R' R2 

'OMe 

R' R2 

Me0 OH 

4.10 4.11 

References p. 456 
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(co)3 

4.12 

R v R 
Cr 

(COQ 

4.13 

Tricarbonylchromium complexes of some benzylferrocene 

derivatives have been prepared [40]. 

The reaction of Na[C5HSBCH3] with Cr(C0) (iiH ) provided 

a good route to derivatives of the anion (4.12: (4:]3 

Thirteen 6,6_disubstituted f'ulvene complexes, including 

the complexes (4.13; R = H, Me, MeS, Et, Ph; RR = SCH2CH2S, 

SCH=CHS) have been prepared by treating the appropriate fulvene 

with (MeCN)jCr(C0)3 in THF. The crystal and molecular structures 

of four complexes (4.13; R = Ivies, cyclopropyl; RR = SCH2CH2S, 

SCH=CHS) were determined by X-ray crystallography [42]. 

The reaction of o-RCB,OH,OCLi (R = Ph, Me) with tricarbonyl- 

(y-chlorobenzene)chromium gave (~-~-RCB,oH,oCPh)Cr(CO)3 in good 

yield [43]. 

000 T Cr 

0 (W3 

Cr 

(CO) 
3 

4.14 4.15 
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The tricarbonylchromium group in 9-phenylanthracene 

migrated.between two sites under the appropriate conditions. 

Thus 9-phenylanthracene was heated with hexacarbonylchromium 

in di-n-butyl ether to give a purple solution which on low 

temperature chromatography yielded the purple (4.14) and yellow 

(4.15) complexes as well as a binuclear complex. A dioxan 

solution of the freshly prepared complex was purple but turned 

yellow on standing overnight and gave the solid product (4.15). 

A dioxan solution of the complex (4.15) turned dark brown on 

heating and presumably contained a mixture of the isomers 

(4.14 and 4.15) C&J. 
The first stable r\6-pyridine complexes of molybdenum (4.16; 

R = H, Me) have been prepared by keeping solutions of the 

corresponding dinitrogen complexes (4.17; R = H, Me) under 

vacuum when nitrogen was evolved and a 6toT rearrangement of 

the pyridine ligand occurred [45]. 

N 

? 

0 
R 

MO 

(PMePh2)2 

4.16 

N- 

R 

4.17 

4. (ii) Spectroscopic and Physico-chemical Studies 

The crystal and molecular structure of the benchrotrene 

complex, [(\-C6H )Cr(CC13J2Hg, has been determined by X-ray 

crystallography 461. 1 
The structure of tricarbonyl(q-N-methylindole)chromium 

(4.18) has been determined by X-ray analysis. The projection 

of the chromium atom on the N-methylindole plane did not 

coincide with the centre of symmetry of the benzene ring. The 

carbonyl group tripod was distorted and the overall conformation 

of the complex was gauche. These results were used to explain 

References p. 466 
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(4) 

q 

I 0 
i (7) 
Me Cr 

NOI 
3% 0 

Cr 

(CO),CS 

4.18 4.19 

why nUCleOphilic attack occurred at carbon atoms 4 and 7 in 
the complex (4.18) [47]. 

The X-ray crystal structure and low temperature %MR 
spectroscopy for the benchrotrene complex (4.19) indicated Cs 

symmetry and provided evidence for the cessation of tripodal 

rotation at low temperatures C481 l 
The negative-ion chemical-ionization mass spectra of 

several benchrotren e complexes including the ketones (4.20; 

R= Me, Et, Pr, t-Bu) have been measured using methane and 

ammonia as the reagent gases. The complexes (4.20) showed 

abundant[H J’ i ens while complexes without the PhCO group showed 

[M-H J- as the base peak. The results confirmed the electron 

withdrawing character of the tricarbonylchromium group [491- 

P 0 
COR 

Cr 

cm3 

9-Q 0 0 
(C0)2Cr Cr(C0 

\ / 

4.20 4.21 
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(R 
1 

The%donor ability of the arylacetylenes Q-R'C H C~CR' 

= H, Me, OMe, Br, Cl; X2 = 
64 

H, Me, Ph) with tetracyanoethylene 

and a series of (r\-arene)tricarbonylchromium complexes have 

been studied by an electron spectroscopic method. In the 

molecular complexes formed with diphenylacetylene the chromium 

complexes behaved as electron acceptors [SO]. 

Ultraviolet irradiation of (y-biphenyl)bis(tricarbonyl- 

chromium) in the presence of bis(diphenylphosphido)methane or 

bis(diphenylarsino)methane produced the corresponding dicarbonyl- 

chromium complexes (4.21; PI = P,As). Addition of strong acid 

to these dinuclear compounds caused a rapid evolution of 

hydrogen gas and the decomposition of the oxidized chromium 

complexes. It was suggested that both metal centres were 

protonated in an oxidative addition step and this was followed 

by reductive elimination of dihydrogen from the two metal 

centres kJl* 
The mechanism of the electrochemical reduction of the 

tricarbonylchromium complex (4.22) in dimethyl sulphoxide has 

been investigated. On changing the reduction potential and 

the protonating power of the medium the number of electrons 

transferred varied together with the nature of the products. 

It was suggested that an intermediate sulphonium ylid was formed 

by a two electron process and this was followed by an acid-base 

reaction CN* 
cyclic voltammetry and coulometry have been used to 

investigate the electrochemistry of several (T-arene)bis- 

(tricarbonylchromium) complexes with arene ligands containing 

_ 

P 0 
&e2 

Cl? 

VW3 
. 

BP' - 
4 

. 

9 0 

Cr 

icw3 I me2 

2 

4.22 4.23 

Refer&es p. 466 
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two conjugated benzene rings. dxamples were biphenyl, cis- 

and trans-stilbene and 9,10-dihydrophenanthrene. The complexes 

underi.rect two-electron reduction to give persistent dianions 

WI* 
Several binuclear tricarbonylchromium complexes (Lc.23; 

X = C, Si, Ge, Sn, Pb) have been examined by cyclic voltammet,ry 

and found to give dications on oxidation. The two (y-arene)- 

tricarbonylchromium groups did not interact. however when 

the Me2X group was absent then interaction was observed and 

mixed valence character was indicated [.!&I. 

The IR and Raman spectra of tne benchrotrene complex 

(4.24) have been recorded and assigned. The effect of metal 

coordination on the aromatic ring modes has been discussed [ss]- 

Cr 

(CO),CNCOC6Fi5 

The photolysis of benchrotrene and related complexes has 

been studied by IR, UV and NMR spectroscopy. !Lvidence was 

obtained for the formation of an intermediate trinuclear complex 

which underwent photodecay to hexacarbonylchromium k61. 
Aspects of the mechanism of catalysis of linear olefin 

metathesis by (s\-arene)tricarbonylmolybdenum have been studied 

by IR and 'H NkR spectroscopy. EtA1C12 formed tungsten (4.25) 

and carbonyl coordinated adducts with the (T-arene)molybdenum 

complex. Oxygen promoted dissociation of the arene ligand (571. 

RI 

The anions (4.26; R = H, SiMe3; 4.27; R1 = H, R2 = SiMe3; 

= SiMe3, R2 = H and 4.28) have been prepared and studied 

by variable temperature and 
13 C NMR which allowed the evaluation 

of the barriers to phenyl rotation. It was concluded that the 

Cr(CO)3 group stabilized the negative charge much more efficiently 
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crw3 v+- 0 0 R 

Cr 

(co)3 

4.26 

Cr 

Cr 

(W3 

R’v@2 
Gr 

VW3 

4.27 

0 

Q I \ 

M 

(CW3 

4.28 4.29 

than a E-SiMe3 group. When the SiNe 3 group was bound directly 

to the M-carbon atom, the charge preferentially resided on the 

silicon and this allowed the [r\-C6HS-Cr(C0)3]to rotate unhindered 

k83* 
The heats of iodination of tricarbonylchromium complexes 

of benzene, toluene, mesitylene and cycloheptatriene have been 

determined by solution calorimetry in THF at 25 OC. The order 

of Cr-ligand bond strength was: 

mesitylene > cycloheptatriene > toluene > benzene 

and it differed from that determined by high temperature 

References p. 456 
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decomposition and iodination c-4. 
The relative base strengths of the Cr(CO)3 

W(CO)3 complexes of tropone (4.29; M = Cr, &IO, W 

determined. The ketonic base strength in water 

approximately 2 EK units with only a small metal 

the sequence NoeW>Cr [60]. 

, No(CO)3 and 

) have been 

increased by 

dependence in 

The borohydride reduction of the exo-substituted 

(y-indanane)chromiw complexes (4.30; R = iLie, Et, i-Pr; 4.31; 

R = Me, tit, i-Pr) has been the subject of a kinetic investigation. 

The enthalpy of activation decreased and the entropy of 

activation increased with an increase in the size of the alkyl 

group R. The results were explained in terms of the displacement 

of the transition state by the steric effect of the alkyl 

substituent [61, 621. 

R 

GQ 

0 
0 

CP 

w3 

4.30 

R 0 
R 

0 
Cr 

(CC13 

4.31 

The nucleophilic addition of carbanions to alkylbenchrotrene 

complexes has been the subject of a stereochemical investigation. 

The reaction was regioselective and the selectivity was sensitive 

to both the size of the alkyl substituent on the benzene ring 

and the reactivity of the carbanion. The observed results uere 

correlated with theoretical predictions based on Hueckel theory 

calculations involving a balance of charge control and orbital 

control [63]. 

Reetz and Sauerwald have shown that tricarbonylchronium 

complexes of secondary benzyl acetates react 100% stereoselect- 

ively with silyl enol ethers in the presence of zinc chloride. 

For example, treatment of a mixture of the diastereoisomers (4.32 

and 4.33) with the ether (4.34) produced only the anti- adduct 

(4.35) [64]. 
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H OCOCH 
3 

4.32 

4.35 

. (iii) General Chemistry 

The benchrotrene complex (4.36; L = CO) has been irradiated 

with cyclooctene and then treated with silica containing 

3-isocyanopropyl functional groups. The benchrotrene was 

incorporated into the macromolecule as the isonitrile complex 

[4 .36; L = (CH2)3NC][65]. 

Benchrotrene and methylsubstituted benchrotrenes have been 

irradiated with dicarbonyl(q-pentsmethylcyclopentadienyl)- 

rhodium in THF to form binuclear heterometallic COI6ph3XW-3. The 

crystal and molecular structure of one of these complexes (4.37) 

has been determined by X-ray crystallography [66]. 

Benchrotrene and substituted benchrotrenes have been 

attacked by isocyanides in boiling heptane in the presence of 

Fteferemea P. 466 
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ii.36 4.37 

[(y-C5E5)Fe(CO)2]2 and PdO to give isocyanide derivatives. 'the 

benchrotrenes (4.38; X = H, Me, C021LIe, Cl; L = CO) combined 

with Ile3CilC to form the derivatives (4.38; x = H, &, co2he, 
Cl; L = CiICi"ie3). The crystal and molecular structure of one 

of the complexes (4.38; X = CO$!Ie; L = CNC$ie3) has been determined 

by X-ray crystallography. The Cr(CO)2CNCMe3 group was staggered 

with respect to the carbon atoms of the benzene ring aid the 

CNC bond angle of the isocyanide was 166.8 ' [67]. 

Trifluoroacetic acid has been shown to be an effective 

solvent for the stabilization of cations obtained by the electro- 

lytic one-electron oxidation of benchrotrene and several of its 

derivatives [68]. 

Halogen substituted benchrotrenes underwent nucleophilic 

substitution with thiolates using solid-liquid and liquid-liquid 

4.38 4.39 
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M 
Cl 

Cl 

Cr 

(CW3 

RS 

Cr 

WI3 

SR 

RS 

Cr 

ICO)j 

4.40 4.41 4.42 

phase transfer conditions with quaternary ammonium salts. Thus 

fluoro- and chloro-benchrotrene were stirred in benzene with 

n-butanethiolate and IO-50% aqueous sodium hydroxide to form 

the butyl sulphide (4.39) which was characterized after 

decomposition with iodine C64 
The q-dichlorobenzene complexes (4.40; 1,2-C12, 1,3-Cl,, 

1,4-Cl,) underwent nucleophilic substitution with the thiolates 

RS- (R = Pie, Bu, Ne3C) under phase transfer conditions or in 

dimethylsulphoxide to give the corresponding sulphides (4.41 

and 4.42). The presence of the tricarbonylchromium moiety 

strongly activated the chloride atoms towards nucleophilic 

substitution [70]. 
The alkylbenchrotrene complexes (4.43; R = Xe, Lt, i-Pr) 

were attacked at the cc-carbon atom with benzaldehyde in the 

presence of potassium t-butoxide to form the alcohols (4.44.; 

4.43 4.44 
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R = H, Ne). Similar reactions were carried out iqith formaldehyde 

although polycondensation products were also obtained [71]. 

Benzaldehyde underwent base-catalyzed condensation with 

benchrotrene to form, after oxidative decomplexation, 1,2- 

diphenylethanol and stilbene [72]. 

Addition of the cyano-stabilized anion (4.45) to the 

trisubstituted benchrotrene (4.46) to form the tetrasubstituted 

benchrotrene (4.47) was a key step in the synthesis of the 

racemic natural quinone antibiotic frenolicin c733. 

T-Di- and tri-phenylmethane-tricarbonylchromium cOmpleXeS 

have been converted into the corresponding anions by M-hydrogen 

abstraction with potassium hydride. 
1 
H i&R data for the anions 

suggested that the negative charge density was substantially 

withdrawn from the uncoordinated rings and delocalized into the 

complexed moiety to give a planar 
5 

\ -cyclohexadienyl structure 

OMe 

Li 
iY Me3si5 

Cr 

ww3 

4.45 

OMe 

Me3s9G= 
Cr CN 

(CO13 

4.46 

R\C .-. / 2 
Q 

cl?- 

w3 

4.47 4.48 
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0 R 

C-P 

wj 

4.49 

+ MeCHZLi - 

4.50 

iye - 
CR---Z 

R 

*\ H 

R Cr 

WOQ 

4.51 

(k-48; R = H, Ph) containing an exocyclic double bond [74). 

Treatment of the tricarbonylchromium complexes (4.49; 

R = H, CHNe2) with the lithium salts (4.50; Z = CN, C02C#e3) 

produced the adducts (4.51). Treatment of these adducts with 

trifluoroacetic acid under carbon monoxide produced the 

corresponding substituted cyclohexadienes and hexacarbonyl- 

chromium in good yield. There was substantial recovery of the 

metal carbonyl, thus allowing a cyclic process [75]. 

Lithiation of the triisopropylsilyl derivatives of the 

phenol- and aniline-tricarbonylchromium complexes (4.52 and 

4.53) occurred predominantly meta to the heteroatom and subsequent 

reaction with electrophiles produced overall w-electrophilic 

substitution of phenols and anilines [76]. 
Electrochemical oxidation of the r\-arene complex (4=.%-; 

P 0 
OSiPri 

3 

Cr 

(CO13 

P 0 
P1MeSiPri3 

Cr 

(coj3 

4.52 

Referencen p_ 466 
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P 0 

Cr 

(WL,L2 

9 0 

Cr 

am2L 

4.54 4.55 4.54 

L1 = L2 = CC) in the presence of triethylphosphite followed by 

electrochemical reduction produced a mixture of the phosphite 

complexes, [4.54; L, = CO, L2 = P(O&j3; L., = L2 = P(OEt)j].Under 

similar conditions (r\b-arene)Cr(C0)3, where arene = 3,5- 
Me c 73 (cH~)~~PR~ (R = oiit, OPh, F), gave the corresponding 

arkebpzosphite chelate complexes (4.5'5') 1771. 

One carbonyl ligand in benchrotrene has been displaced 

by cis-cyclooctene to form the intermediate (4.56; L = cis- 

cyclooctene) which was treated with CSe 2 to give the seleno- 

carbonyl complex (4.5’6; L = CSe) in 43% yield. Carbon monoxide 

converted this complex to Cr(CO)5(CSe) in 48% yield [78]. 
The trimethylphosphine and trimethylphosphite ligands 

have been introduced into the di- and tri-methylpyridine chromium 

complexes (4.57; n = 2, 3) by photochemical substitution of the 

carbonyl group to give the products [ 4.58; R = H; L1 = L2 = CO, 

4.57 4.58 



357 

P(OIIe)3; L' = CO, L* = PPh3, P(O#e)3; R = Ne, 

The phosphine 

L' = co, L' = PPhj]. 
complexes (4.58) exhibited better thermal stability 

than the tricarbonyl analogues and were resistant to arene 

exchange reactions [79]. 
The tricarbonyl(T-X3-phosphorin)chromium complexes (4.59; 

R = But, Ph) underwent regio- and stereo-specific addition to 

the phosphorus atom in the exo-position to form the x 4 

anion complexes (4.60; R = 2, 

-phosphorin 

Ph) which then added electro- 

philes in the endo-position to give the q-h'-phosphorin ylide 

complexes (4.61; R = But, Ph). Nucleophiles included methyl- 

lithium and electrophiles included methyl iodide BOI. 
Indanone has been converted to the tricarbonylchromium 

complex and alkylated to form the (t\-indanone)chromium complex 

(4.62) which was hydrogenated and cyclodehydrated to give the 

tetracyclic derivative (4.63). Subsequent decomplexation of 

the derivative (4.63) gave the free tetracyclic ligand (4.64) [81J- 
R R 

+ . 
R 

-F( 

0 P MN R 

Fi 

0 P)" M+ 
R 

Cr 

(CO)j 

R 
Cr 

(W3 

4.59 4.60 

Cr 

4.41 
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Me 

4.62 

Cr 

(CO13 

4.63 

4.64 

When the tricarbonylchromium complex (4.65) was treated 

with potassium t-butoxide, rapid intramolecular nucleophilic 

substitution occurred to give the corresponding complex of 

chroman (4.66). Oxidation of this complex with iodine produced 

chroman in quantitative yield [82]. 

F 

T OH 

0 

Cr 

cco)3 

0 

8 

0 

dr 

iCO13 

4.65 4.64 
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4.67 4.68 

,R2 
R1 ,” ioH 

OMe 

R' 

The tricarbonyl chromium complexes (4.67) and (4.68; 
= R2 = H, Me; R1 = Pie, CRPIeOH, R2 = H) were selectively 

lithiated at the 4 and 6 positions respectively by treatment 

with n-butyllithium-tetramethylethylenediamine. An increase 

in bulk of the butyllithium reagent improved the regioselectivity 

of the lithiation. The influence of the tricarbonylchromium 

moiety on the lithiation was discussed. Lithiation of the 

tricarbonylchromiurn complexes of benzylmethyl ether and ethylene- 

acetals of benzaldehydes occurred preferentially at the 2-position 

b31. 
Treatment of tricarbonyl(T-1,4-dimethoxynaphthalene- 

chromium with the organolithium reagents RLi [R = E(H)S(CH2)3Q, 

6(Me)S(CH2)38]produced the corresponding l-cyclohexadienyl 

complexes (4.69). Addition of methyl iodide followed by ??emOVal 
_ 

OMe 
I 

R 

6Me 

4.69 4.70 

Fteferemes p. 456 



360 

of the CI?(CO)~ moiety produced the acetyl dienes (4.70). 

Incorporation of CO occurred in the absence of external CO 

but a higher yield was obtained in a CO atmosphere C~43. 
Regioselectivity in the addition of carbanions to tri- 

carbonyl(q-1,4-dimethoxynaphthalene)chromium (4.71) has been 

investigated. The small nucleophile Z-lithioacetonitrile 

yielded predominantly the w-substitution product (4.72; R = CH2CN) 

whereas the sterically more demanding 2-lithio-2-methylpropio- 

nitrile gave predominantly the product of Baddition (4.73; 

R = CMe2CN) together with some of the N-substitution product 

(4.72; R = CMe2CN). The addition of t-BuOOCCH2Li and 2-lithio- 

2-methyl-1,3-dithiane to the tricarbonylchromium complex (4.71) 

was also investigated [85]. 

Treatment of the dianion (4.74) with water produced the 

?5-cyclohexadienyl complex (4.75) [86]. 

The regioselective lithiation of the (r\-arene)tricarbonyl- 

chromium complexes (4.76 and 4.77) at the 6-position has been 

used in the preparation of (f)-3-deoxyrabelomycin (4.7o) and 

the linear anthraquinone (4.79) 1871. 

Reaction of the cations (4.80; R1 = Ph, Me, R2 = Ph, Me, 

1) LiR 
* 

2) I2 

OMe Cr 

4.71 

OMe R 

ON3 w ooR 

4.72 

t)Me 

4.73 



t-Bu) with LiaHEt3 resulted in endo-addition 

to give the neutral complexes (4.ill) [88]. 

_ 

0 B \ / 
Cr 
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4.74 

2- 

OMe 

Cr 

(CW3 

4.76 4.77 

dr 

WO)3 

4.75 
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of hydride ion 

OMe 

(61 

Cr 

(CO)j 

Me0 0 OMe 

4.78 4.79 
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_ 

ii 
/s R2 

*.., . v ; 
._..’ 

R' 

dr 
(C012N0 

4.80 

The cocondensation of chromium atoms with a mixture of 

two substituted benzenes at low temperatures and pressures 

Cr 

(COQJO 

4.81 

gave unsymmetrical bis(q-arene)chromium complexes which were 

characterised as the hexafluorophosphates (5.1; X = H, He, Cl, 

CO Ke). Several related symmetrical and unsymmetrical 

~~~~lex~s were also prepared [89]. 

The relative rates of formation of bis(v-arene)molybdenum 

complexes from molybdenum atoms and toluene, t-butylbenzene, 

o-xylene, benzotrifluoride, N,N-dimethylaniline, fluorobenzene, 

methyl benzoate and anisole at -170 ‘C have been measured and 

Cr 
+ P FPPh2 
PFg- 

5.1 5.2 5.3 
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found to cover a range of 3.7. Silica gel has been used to 

catalyze the exchange of toluene with bis(q-methyl benzoate)- 

molybdenum to form both bis(l-toluene)molybdenum and the mixed 

complex (y-methyl benzoate)(r\-toluene)molybdenum [90]. 

Bis(y-2-chloro-1,4-dimethylbenzene)chromium, bis(r\-4- 

chloro-1,2-dimethylbenzene)chromium, bis(r\-2,4-dichloro-l- 

methylbenzene)chromium, bis(r\-2,6-dichloro-l-methylbenzene)- 

chromium and bis(y-1,4-dichlorobenzene)chromium have been 

prepared by cocondensation of chromium vapour with the corres- 

ponding organic ligand at 7'7 K [91]. 

Chromium atoms have been cocondensed with mixtures of 

benzonitrile and either benzene or chlorobenzene to give both 

the unsymmetrical bis(l-arene)chromium complexes (5.2; X1 = CN, 

X2 = H, Cl) and the symmetrical complexes (5.2; X1 = x2 = CB, 

H, Cl) [92]. 

Pletal-atom synthesis has been used to prepare (y-benzene)- 

(l-pentafluorobenzene)chromium which was subsequently lithiated 

and treated with chlorodiphenylphosphine to form the 

(r,-triphenylphosphine)chromium complex (5.3). The crystal 

molecular structure of this complex has been determined by 

X-ray crystallography [93]. 

and 

Diphenylacetylene has been cocondensed with chromium 

at low temperatures to give bis(s\-arene)chromiw complexes 

atoms 

containing diphenylacetylene (5.4) and its cyclotrimer as ligands. 

The unsymmetrical complex (~-diphenylacetylene)(~-hexaphenyl- 

benzene)chromium (5.5) was also obtained [94]. 

Cr 

Ph Ph 

5.4 
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Cr 

+ 

BPh - 
4 

P 0 
Cl 

Cr 

t> 
0 x 

5.6 5.7 

Nucleophilic displacement of chloride from bis(r\_ 

chlorobenzene)chromium by amines and alcoholates and subsequent 

treatment with sodium tetraphenylborate gave the bis(l-arene)- 

chromium complexes (5.6; X = OMe, OHt, OBu, OCHMe 
2' 

piperidino, 

cyclohexylamino, morpholino). Disubstitution products were 

also obtained WI* 
A kinetic study of the nucleophilic displacement of 

chloride from the complex (5.7) by methoxide gave the following 

order for the effect of the transannular substituents on the 

rate: 

5.7; X = Ni%2<OCHMe2<OBu<OMe<C02NaCH<C1<C02Me<CF 3 C961. 

Bis( 

'I 

-benzene)chromium displaced thallium from the complex 

[(C6F5) Ge HgTl.l.Sdimethoxyethane to give the product 

{[(C6F5?3Ge~4Hg~[(~-C6H6)2Cr]2 in which the bis(l-benzene)- 

chromium moiety was present as the cation 1971. 
The ionization of ferrocene and bis(q-arene)chromiu 

complexes on the surface of tungsten oxide has been investigated. 

Bis(y-benzene)chromium gave a stable molecular ion and at 

temperatures above 1100 OK degradation occurred to give the 

[C6H6Cr]* and [Cr]+ ions. (n\-Benzene)(l-ethylbenzene)chromium 

behaved in the same way and at higher teI?IpePatUT?eS benzene 

rather than ethylbenzene was lost [@I. 
Conditions controlling the deposition of pyrolytic chromium 

from the thermal decomposition of bis(q-arene)chromiu complexes 

have been investigated. Temperature, the proportions of 
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gaseous reactants and the flow rate were shown to be important 

bl* 
The mechanism of thermal degradation of the metal-ligand 

bond in bis(r\ -arene) complexes of chromium, molybdenum and 

vanadium has been investigated [IOO]. 

Several bis(y-arene)-molybdenum and -tungsten complexes 

have been prepared by the metal vapour method and their 

electronic structures were examined by electron spin resonance 

and photoelectron spectroscopy. The spectra of W(y-arene)2, 

(arene = C6H6, Phl!ie, mesitylene) were consistent with a 
2 

A, ground state for the cation, with ionization energies of 

5.2-5.4 eV, and a 2ES, /2E3,2 

r'l 

doublet appearing at approximately 

1.2 eV higher energy 101 . 

Bis(y -benzene)molybdenum underwent ligand displacement 

with the fulvenes CgH4=CR2 to form the fulvene complexes (5.8; 

R = Me, Ph) which were characterized by X-ray crystallography. 

The analogous tungsten complexes were reported and characterized 

in the same way bo2]. 

Q 0 

MolCR c, 2 

0 

6. r$-C7H7)Cr(C0)3]+ and (C7HB)Cr(C0)3 

Tricarbonyl(y-cycloheptatriene)tungsten has been prepared 

from cycloheptatriene and the easily obtained trinitrile complexes 

W(CO)3(NCR)3, where R = Et, Pr [103]. 

T-Complexation of tropone (6.1; R = H) and the 2-methoxy 

(6.1; R = OMe) and ethoxy (6.1; R = OEt) derivatives with the 

CP(CO)~ group increased the ketonic base strength by approx- 

imately 1.7 ps units bO4]. 

References p. 466 



Treatment of the thiophenotropylidenes ( 6.2 and 6.3) with 

hexacarbonylchromium produced the tricarbonylchromiw complex 

(6.4). Reaction of the thiophenotropylidene (6.5) and two of 

its isomers with hexacarbonylchromium produced in each case the 

same complex (6.6) ['lOS]. 

Photolysis of tricarbonyl(y6 -cyclooctatetraene)chromium 

with 6,6-disubstituted fulvenes gave chromium complexes with 

bicyclononatriene and cycloheptatrienylidene ligands [106]. 

0 

0 
R 

I\ 

- 

6.1 6.2 6.3 

\ 

@ 

0 
S 

Cr 

wN3 

6.4 6.5 

\ 4 \ \ / 
S 

CP 

w3 

& \\ ’ 
S 

6.6 
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w3 

6.7 

Irradiation of cyclooctatetraene with hexacarbonyltungsten 

produced initially tetracarbonyl(14 -cyclooctatetraene)tungsten. 

Prolonged irradiation gave the corresponding tricarbonyltungsten 

derivative (6.7) [107 3. 

0 0 

Cr 

(COJ3 

. 

6.8 

1 
+ + MeOH p 

A comparison has been carried out on the stability and 

OMe /\ H v 
Cr 

(CO$ 

6.9 

+ H+ 

reactivity in solution of the tropylium cation (Trf) and its 

tricarbonylchromium complex (6.8). This complex was approx- 

imately 2 x IO3 times less reactive than Tr+ towards addition 

of methanol. The complex (6.9) was approximately 20 times more 

reactive than TrOMe towards acid heterolysis in methanol [IO8]. 

Photolysis of tr,icarbon l(r\6-l,3,5-cycloheptatriene)- 

chromium with R1CH=CR2CR3=CHR ?L (R' 

R4 = 

= H, Me, CH=CH2; R2 = R3 = H; 

H, Me, Cope) gave the corresponding triene complexes 

(6.10; M = Cr). The tricarbonylmolybdenu complexes (6.10; 
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R' 

R2 
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@ 

\ 
I 

R3 

R4 

M 

(CW3 

6.10 

M = MO, R1 = R2 = R3 = R4 = R* R1 = R4 = Be, R2 = R3 = R) were , 

also prepared (lO9]. 

Ultraviolet, irradiation of tricarbonyl(q6-8,8-dimethyl- 

heptafulvene)chromium with 2,3-dimethyl-1,3-butadiene produced 

the dicarbonylchromium complex (6.11). Treatment of this latter 

complex with carbon monoxide at atmospheric pressure yielded 

the corresponding substituted tricarbonyl(y'-bicyclo[4.4.1]- 

undeca-2,4,8-triene)chromium complex (6.12) blO]. 

(CW3 

6.12 

Reaction of pentacarbonylmangyese tetrafluoroborate with 

1,2-dimethoxybenzene produced the T\ -arene Complex (7.1). This 

complex underwent highly regiospecific reaction with the 

lithium enolate of cyclohexanone, ortho to the iYe substituent, 

to give the (c\-dienyl)manganese complex (7.2) (Ill], 
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Me0 OMe v 0 
Mn 

ml3 

Me0 OMe .-- : w \ .-* 
0 

Mn 

w3 

7.1 7.2 

Ultraviolet irradiation of pentacarbonylphenylmanganese 

in the presence of 6,6-dimethyl- or 6,6-diphenyl-fulvene 

produced the corresponding C6H5(C0)4Mn(y2-fulvene) complexes. 

These rearranged thermally by insertion of the two ring double 

bonds of the fulvenes into the Mn-C6H5 bond to give 1,2- and 

1,3-substituted (CO) Mn(T3-j-cyclopenten-5-yl) 
4 complexes. The 

1,3-substituted isomers readily lost one molecule of carbon 

monoxide at room temperature and rearranged further to give the 

1,3-disubstituted cymantrene complexes (7.3; R = Me, Ph) [112]- 

7.3 

7. (ii) Spectroscopic and Physicochemical Studies 

X-ray crystallography has been used to determine the 

crystal and molecular structure and the absolute configuration 

of (-)578-1-[~-(N,N-dimethylamino)ethyl]-2-formylcymantrene 

(7.4; R = Me) and thereby elucidate the orientation and stereo- 

Referencea p. 456 



370 

CHRNMe2 
I 

7.4 7.5 

chemistry of the metalation of [a-(IJ,N-dimethylamino)ethyl]- 

cymantrene with n-butyllithium. The CD and UV spectra of the 

disubstituted cymantrenes (7.4; R = H, Me) have been examined 

in both aprotic and acidic solvents. The results indicated 

that the optical properties of these compounds were determined 

by molecular conformations rather than by absolute configurations 

[113]. 

The dicarbonyl-manganese complexes (7.5; R = t-Bu, PhCH2, 

C6H1~' 2,6-Me2C6H3) have been prepared by the palladium(I1) 

oxide catalysed thermal reaction between cymantrene and the 

appropriate isonitrile RNC. X-ray analysis showed that the 

isonitrile ligand was bent away from the ring with a C-N-C angle 

of approximately 172 o [1143* 
The crystal and molecular structures of (cymantrenoyl- 

methyl)- and (ferrocenoylmethyl)-cyclopentadienyldicarbonyliron 

have been determined by X-ray analysis [US]. 

The electronic structure of cymantrene, the phosphine 

complexes (7.6; L1 = co, L2 = PPh3 and 7.7) and the nitrosyl 

complexes (7.8; L' = L2 = CO; L1 = CO, L2 = PPh3 and 7.9) has 

been investigated by X-ray and XPS spectroscopy. Variation in 

the number of carbonyl ligands caused significant changes in 

the cyclopentadienyl-manganese interaction. A 4~ orbital 

participated in the donor-acceptor interactions and played an 

important part in ligand interactions [II& 1171. 

Cy-mantrene has been used for comparative purposes in a 

study of electron addition to various carbongl(r\-cyclopenta- 

dienyl)metal halides via electron spin resonance. Irradiation 



Q 0 

Mn 

COL1L2 

7.6 

Ql 
+ 

0 

Mll 

NOL'L2 
L 

7.8 

7.7 + 
7.5, 

of cymantrene with 60 Co l-rays gave the anion 

[IIS]. 

Ion cyclotron resonance spectroscopy has been used to 

examine the formation of the non-classical cation [(C5H5)C]+ 

from the ionization of cymantrene and tetrachloromethane in the 

_ gas phase [119]. 

Infrared spectroscopy has been used to 

formation of the cis- and trans-isomers (7.lOa 

during the protonzon of (r\-C5HS)Nn(CO)Ph2P 

trifluaroacetic acid. The results indicated 

of the initially formed cis-isomer into the 

investigate the 

and 7.lOb)obtained 

CH2)2PPh2 in 

that the conversion 

hermodynamically 

favoured trans-isomer involved an intermolecular rather than 

an intramolecular mechanism [120]. 

On treatment of tricarbonyl(s\-cyclopentadienyl)-manganese 

and -rhenium and (1 -benzene)tricarbonyl-chromium,. -molybdenum 

and -tungsten with mercury(I1) acetate or trifluoroacetate, 
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pyh2 co 

ClzL 0 Mn 
h-l2 H 

cis 

7.10a 

trans 

7.10b 

coordination occurred at the metal atom. This was accompanied 

by an increase in the frequency and a change in the intensity 

of the carbonyl stretching frequency in the infrared b21]. 

The temperature dependence of the H NhR spectra of the 

cymantrenyl aryl thioketones (7.11; R = H, Me) has been used to 

study rotation about the C=S bond. Rotation was found to be 

restricted [122]. 

Spin-lattice relaxation-time methods have been used to 

measure the barriers to I-cyclopentadienyl ring rotation for 

(1-% 5 
-1 

H )Mn(CO)3 (7.24 kJ mol-I), (\-C5H5)Re(C0)3 (7.15 kJ mol ) 

R 

Fr 

0 
S =c 

‘Q 

0 
Mn 

(CW3 

7.11 
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and ‘T 5 5 -C H )V(CO) (7.07 kJ mol-I). 4 Nonbonded atom-atom 

potential calculations of the barriers to rotation in the 

manganese and rhenium complexes showed that the molecular 

conformation was determined by crystal-packing forces and that 

concerted ring motions were possible [l23]. 

Adiabatic calorimetry has been used to measure the heat 

capacities of cymantrene and tricarbonyl(l-pyrrolyl)manganese 

in the temperature range IO-300 K. Thermodynamic functions 

were calculated and comparisons were made with other ( -arene)- 

[124]. 
1 

metalcarbonyl complexes 

Substitution of one of the carbonyl groups by triphenyl- 

phosphine in the I-indenyl compounds (7.12 and 7.13) has been 

studied. The reaction proceeded by a second order rate law 

which was first order in both the complex and triphenylphosphine. 

For both compounds the rates of substitution were much greater 

than for the corresponding t\-cyclopentadienyl complexes [125]. 

7.12 7.13 

7. (iii) General Chemistry 

The cymantrenyl complex (7.14) has been treated with 

selenium to form the diselenium derivative (7.15; M = W-I, X = Se). 

The rhenium disulphur complex (7.15; M = Re, X = S) was prepared 

by a similar reaction and in this case binuclear products were 

also obtained [126]. 

The trifunctional phosphine, Ph2PCH2CH2P(C6H11 )CH2CH2PPh2 

combined photochemically with cymantrene to form the diphosphine 

(7.16) and triphosphine (7.17) derivatives together with the 

binuclear phosphine bridged complex (7.18). Further reactions 
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of the diphosphine (7.16) were reported, it formed homodinuclear 

and heterodinuclear complexes containing vanadium, chromium, 

molybdenum, tungsten and cobalt [127]. 

The ultraviolet irradiation of cymantrene with H2C=CHCR20H 

and HBF 
4 

produced the q-ally1 complex (7.19). Treatment of 

this complex with potassium hydroxide gave the olefin complex 

(7.20) [128]. 

7.19 7.20 

Reaction of cymantrene with excess mercury trifluoroacetate 

produced the pentamercurated complex (7.21). The complex 

('I\-CSH5)Nn(CO)2PPh3 where the basicity of the manganese was 

considerably higher formed the adduct [(r\-CgH~)~~(CO),PPh3 - 

Rg(OCOCF3)212 with the same reagent. The structure of the 

adduct was determined by X-ray analysis [129]. 

Ligand substitution reactions of (I-C~H~)MI(CO)~THF with 

the air sensitive aroyl- and acyl-diphenylphosphines RCOPPh2 

F3COCOHg 

F$OCOHg 
Mn 

(co+ 

Q 0 

Mn-PPh2COR 

(CO12 

7.21 

Rcfezencem p. 456 

7.22 
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[R = Q-ClC6H , o-ClCH2C6H4, E-anisyl, n-nonyl, 

"1 

;-undecyl, 

H2C=CH(CH2)8 produced the corresponding stable manganese 

complexes (7.22) [130]. 

The acetylation of tricarbonyl(r\5-indenyl)-manganese and 

-rhenium under Friedel-Crafts conditions gave the acetyl 

derivatives (7.23; M = Mn, Re). The manganese complex also 

gave a product acetylated in the cyclopentadienyl ring and a 

diacetylated complex [131]. 

CH3CO 

M 

(CO)3 

(3 0 ci2 R' 

M 

(CO)3 

7.23 7.24 

Lithiation of tricarbonyl(l-cyclopentadienyl)-manganese 

and -rhenium, followed by carboxylation with carbon dioxide 

gave the corresponding acids (7.24; PI = Mn, Re; R1 = H, R2 

R1 = C02H, R2 = H) [132]. 

= C02H 

Sodium borohydride treatment of the q-cyclohexadienyl- 

manganese complex (7.25) resulted in hydride addition at C-l 

and C-5 in a ratio of l.s:l to give the r\-diene complexes (7.26 

and 7.27). X-ray analysis of the complex (7.26) showed that 

the hydrogen was positioned endo to the metal and it was concluded 

that hydride addition occurred in a stereospecific endo manner 

[133]. 
The first stage in the electrochemical reduction of the 

manganese and rhenium complexes (7.28; R = Ph, PIe3C, M = Nn; 

R = Me3C, M = Re) gave radicals without any metal-carbon bond 

cleavage. Electrochemical oxidation of the complexes (7.29; 

M = hn,L = PPh 3; M = Re, L = CO) proceeded via cation radical.s 

[134-J. 
Treatment of [(T\-C~H~R)~\~~(CO)(NO)]~ with two equivalents 

of HBF4.0Me2 gave a complex mixture of products wnich included 



[(?-CgH4R)~(CO)2NO]+, [(l-C HkR)3Mn3(N0)3NH]+ and 

[(r\-C5H~R)2Mn2(I\TO)2(~~)(N~2) j+ [135]. 

The effects of the i.p. administration of methylcymantrene 

on the lungs of rats and mice has been investigated. The 

animals suffered acute lung injury. Fibrosis in mice was 

significantly enhanced when the animals were exposed to 80% 

oxygen immediately after treatment with methylcymantrene. This 

effect was not shown in rats b363. 

Substance P acylated at the M-amino group by cymantrene- 

acetic acid, I-methyl-3-cymantrene-I-carboxylic acid or ferro- 

cenecarboxylic acid has been prepared by solid-phase synthesis. 

Mn 

PW2N0 

7.25 

0 

6 / - 
OM0 

Mn 

(CO 12N0 

7.26 

Fin 
(W2N0 

7.27 
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The Protected peptides were cleaved from the resin by hydrogen 
fluoride in anisole. The metallocene protected analogues 

of substance P retained their spasmogenic potency in the guinea 

pig ileum assay [I 371. 

The effects Of tricarbonyl(q-methylcyclopentadienyl)- 

manganese on the energy metabolism in rat liver mitochondpia 

has been investigated. The complex at concentrations >0.2 mM 

specifically promoted the state 4 respiration but it had no 

effect on the respiration at other states. The release of 

pOtassiWn ion from the mitochondria was enhanced which indicated 

damage to the mitochondrial membrane [138]. 

Tricarbonyl(q-methylcyclopentadienyl)manganese was added 

to a fuel based on propane for use in an oxyfuel torch for 

cutting mild steel plates. The cutting speed and general 

performance were improved in the presence of the additive [I 391. 

Cymantrene and substituted ferrocenes have been used to 

increase the heat and radiation resistance of silicon rubber 

vulcanizates [140]. 
A mixture of the 1,2- and 1,3-isomers of methylvinyl- 

cymantrene has been copolymerized with styrene crosslinked with 

1,4-divinylbenzene. A dinitrogen complex was formed from the 

copolymer in the form of a membrane and nitrogen by UV irradiation 

at room temperature. The same complex was obtained from the 

THF derivative of the copolymer and nitrogen under mild conditions. 

Polymer-supported dinitrogen complexes were found to be more 

stable than the low molecular-weight analogues [141]. 

Inductively coupled plasma emission SpeCtrOmetrY has 

been used for the determination of manganese in methylcymantrene. 
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The sample was dissolved in toluene and a water emulsion of this 

solution was introduced directly into the plasma. Manganese 

was detected down to a limit of 7lg 1 -' [142]. 

8. Polynuclear (r\-C511c)Mn(CO), Complexes 
, _, 

Cymantrene combined with sulphur under photolytic conditions 

to give the sulphur bridged complexes (8.-l; n = 1, 2) which 

were attacked by diazomethane to form the thioformaldehyde 

complex (8.2; X = s). The corresponding selenium and tellurium 

complexes (8.2; x = se, Te) were formed in the same way [143]. 

8.1 8.2 

The (T-cyclopentadienyl)manganese THF complex (8.3) 

underwent spontaneous elimination of carbon monoxide in 20 h 

to give the binuclear complex (8.4) with a manganese-manganese 

triple bond [I&]. 

0 9 @+q* 
0 0 

Mn 

(c~)~THF 

8.3 8.4 
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The thermal reaction between manganese carbonyl and 

I-phenyl-&,S-dihydroborepin (8.5) produced the triple-decker 

(T-2-ethyl-I-phenylborole)manganese complex (8.6). In the 

same way the (r\-cyclopentadienyl)iron complexes (8.7 and 8.o) 

were prepared [145]. 

The cymantrene phosphorus tribromide complex (d..9) has 

been treated with nonacarbonyldiiron to form the tetranuclear 

heterometallic complex (8.10) which was characterized by X-ray 

crystallography [146]. 

(co+ 

IQ-I 

c B-Ph 
8.5 

Fe 

Mn 
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8.7 8.8 
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k3eaction of the dicarbonylmanganese complex (o.ll) with 

Fe2(C0)9 produced the germanium containing complexes (i1.12 

and 6.13). The structures of the latter two complexes were 

determined by X-ray analysis [147]. 
The bis(n\-cyclopentadienyl)vanadium complex (8.14) formed 

coordination complexes with organometallic species that behaved 

as Lewis acids. ,Thus the (l-cyclopentadienyl)manganese THF 

complex (2.3) Save the paramagnetic heterobimetallic complex 

(8.15) [148]. 
Several borole complexes, including the dimanganese COWleX 

(8.16) have been prepared by treatment of I-phenyl-2,5- 

dihydroborole with metal carbonyls and organometallic compounds 

- - 
The cymantrene complex 

titanocene derivative (8.17) 

8.1L 

ml3 

(8.3) has been treated with the 

to form the heterobimetallic 

0 
s-x-l 

“/r -0 (CO)* 
0 

V 

d 

\ 

0 
S 

8.15 

8.16 8.17 



C12Ti 

b 
0 

8.18 

8.19 

8.20 

COmPleX (8.18) which has been characterized by X-ray crystal- 

lography. Some reactions of the complex (8.1&j were reported 

[I%]. 

The crystal and molecular structure of dicarbonyl(r\- 

cyclopentadienyl)-p -(phenylphosphinidene)[(tricarbonyltriphenyl- 
3 

phosphine)(tricarbonyl)diiron]manganese- (Fe-Fe) has been determined 

by X-ray crystallography. The structure showed similarities 

to the structure of the cymantrene complex (~5-C5H5)(CO)2MnFe2- 

(CO)7(~3-'Ph) [ISI]. 

Group V ligands attacked the mixed manganese-iron Cluster 

complexes (8.19; R = Me, Et, Bu,.Ph; L.= CO) at iron to form 

R3P, R3As and R3Sb adducts with the cleavage of an Fe-Mn bond. 

Under thermal conditions, the reactions were reversible, 

however, uv irradiation enhanced the uptake of ligand and caused 

elimination of carbon monoxide to form the products (8.19; 

R = Me, Et, Bu, Ph; L = R3P, R3As, R3Sb). Trialkylphosphines 

and phosphites (X) underwent the same reaction but gave the 

di-adduct (8.20) with cleavage of both Fe-Mn bonds b52]. 

Fleferences p_ 456 
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9. Carbene and Carbyne (IJ-C,-I$)M~(CO)~ Complexes 

The anionic manganese acyl complex (9.1) has been attacked 

by trifluoromethane sulphonic anhydride to form the inter- 

mediate carbene complex (9.2) which was treated in situ with 

l,&bis(dimethylamino)naphthalene to give the y-vinylidene 

complex (9.3). Several related (y-cyclopentadienyl)iron 

complexes were reported [I 531. 

The nucleophilic addition of halide ions, as the tetra- 

butylammonium salts, to the cationic complexes (9.4; M = Mn, 

Re) produced the corresponding carbene derivatives (9.5; M = m, 

Re; X = F, Cl, Br, I) [I!%]. 

Nucleophilic cleavage of the fluorine-carbon bond occurred 

in the carbene complex (9.5; X = F) on treatment with n-butyl- 

lithium or ethanol to give the complexes (9.5; X = Bu and O&t) 

respectively [155]. 

Q 0 

( CF3S02 ) 2O 
* 

9.1 

Q 0 

Mn 
OS02CF3 
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Aziridine, oxirane and thiirane underwent ring expansion 

with carbonyl and thiocarbonyl ligands in (r\-cyclopentadienyl)- 

manganese, -iron and -ruthenium complexes to form cyclic 

qarbene complexes. Thus the cation (9.6) combined with oxirane 

to form the carbene derivative (9.7) [I!%]. 

Cymantrene and methylcymantrene have been treated with 

Me3P=CH2toform the anionic manganeseacyl-phosphorus ylides 

(9. 8; R = H, Me). These, and related ylides, were converted 

to the corresponding neutral ylide and "ylide-carbene' 

complexes such as the complex (9.9). The crystal and molecular 

Q 0 

ki=CPh 

9.4 

. t 

9.6 9.7 
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structure of this complex has been determined by X-ray crystal- 

lography [157]* 

UV irradiation of cymantrene or the THF derivative (9.10) 

with 2-propgn-l-01 gave the acetylene complex (9.11) which was 

Q 0 

Mn -0 

(cm2 3 Q 0 
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Q 0 
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9.13 

converted to the carbene (9.12) with phenyllithium [158]. 

Methylcymantrene has been treated with LiNEt2 and then 

alkylated with(EtjO)BF4 to form the carbene complex (9.13; 

X= OEt) which was in turn converted to the cationic carbyne 

complex (9.14) by reaction with borontrihalides. Fluoride 

addition to the carbyne (9.14) using [(CqH9)4N]F gave the fluoro- 

carbene complex (9.13; X = F) b593. 
The electronic structures of the dicarbonylmanganese 

complexes (9.15 and 9.16) have been investigated by He(I) 

photoelectron spectroscopy. The results indicated that there 

was considerable mixing of transition metal and ligand orbitals 

The cymantrene complex (9.10) combined with A12Te3 to give 

a polynuclear complex (9.17) in which tellurium behaved as a 

six-electron donor. The crystal and molecular structure of the 

Q 0 

ti=c=c=c(cMe3)2 

m)2 

9.15 9.16 
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complex (9.17) was determined by X-ray crystallography_ The 

complex Te2[Mn(CO)2(~-C~H5)]3 was also obtained [161]. 

Treatment of the y-acetylene and the I\-vinylidene complexes 

(9.18; L = BCECC02Me, =C=CHC02Me) respectively with pentacarbonyl- 

tetrahydrofuran-molybdenum or -chromium gave the corresponding 

tetracarbonylmetal complexes (9.19) b62]. 

Protonation of the allenylidene complexes (9.20; R = Ph, 

CMe3) with HCl and CF3C02H has given the manganese carbyne 

complex cations (9.21; R = Ph, CMej) [I 631. 

me acetylene complexes (9.22; R = Me, Ph) have been treated 

with alkyllithium and alkoxide reagents to form the manganese 

Q 0 

9.18 9.19 
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9.20 

HC 

9.22 
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9.23 

carbene complexes (9.23; R = Me, Ph) which were subsequently 

dehydrated with alumina, silica or mineral acids to form the 

manganese allenylidene derivatives (9.20; R = Me, Ph) (164-j. 

The cationic carbyne complexes (9.24; M = Mn, Re; R = Ph, 

4-CF3.C6H4) combined with the corresponding acglate anions (9.25 

M = Mn, Re; R = Ph, 4-cF3.C6% ) to form the symmetrical 

anhydrides (9.26; M = Mn, Re; R = Ph, h-CF3.C6$) of hydroxy- 

carbene complexes. The manganese complex (9.26; M = Mn, R = Ph) 

was characterized by X-ray crystallography [165]. 
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10. (?-CzH5)Re(C0)3 

Tricarbonyl(~-pentamethylcyclopentadienyl)rhenium has been 

prepared from Re2(CO),0 and pentamethylcyclopentadiene. Treatment 

of this compound with NOBF4 produced the complex cation (10.1; 

L = CO) which in the presence of C6H51+-O-/MeCN gave the methyl 

cyanide complex (10.1; L = CH3CN). Reaction of the latter 

complex with PPh or P(OPh) produced the corresponding phosphorus 
3 

derivatives 10.1; L = PPh3, P(OPh)3]which were reduced to give 

the methyl compounds [ 10.2; L = PPh , P(OPh)3]. When these 

complexes were treated with Ph3CPF63the stable methylidene 

compounds bO.3; L = PPh3, P(OPh)3] were formed [166]. 

Decacarbonyldirheniu combines with acyclic and Cyclic 

olefins containing one to four C=C bonds under photochemical 

conditions. The main products were octacarbonyl-r-hydride-r_- 
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Re 3 -CH 

N0.L 
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Q 0 

Re=CH2 

N0.L 

10.3 

olefinyldirhenium complexes. Tricarbonyl(T-cyclopentadienyl)- 

rhenium and its pentacarbonylrhenium derivative were among the 

products obtained when the olefin was cyclopentadiene [167]. 

The photolgsis of tricarbonyl(r\-cyclopentadienyl)rhenium 

(10.4) in an argon matrix at low temperatures led to the 

reversible formation of dicarbonyl(t\-cyclopentadienyl)rhenium. 

When a nitrogen matrix was used then Re(r\-C5H5)(C0)2N2 was the 

irreversible product [168]. 

Tricarbonyl(r\-cyclopentadienyl)rhenium has been attacked 

by trimethylphosphine to give fac-(<-C5HS)Re(C0)3(PMe3)2 in 

equilibrium with the starting materials. The equilibrium 

mixture slowly formed the dicarbonyl complex, 
5 (T\ -C5H5)Re(CO)2PMe3. 

The crystal snd molecular structure of the first formed product 

has been confirmed by X-ray crystallography [169]. 

Treatment of tricarbonyl(r\-cyclopentadienyl)rhenium with 

MeOCH2C1 in the presence of A1C13 produced the chloromethyl 

derivative (10.5) b70]. 
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The organorhenium cation (10.6) has been resolved and used 

to Prepare the optically active complexes tlO.7; R = Cooke, 

Me, CH2Ph, Et, COPh, COMe, COCH2CH2Ph, CD , CD2Ph, CH(CH3)Ph, 

CH(C;2CH3)Ph, CH(CH2Ph)Ph, CH(CH2CH,CH3)P& CD(CH2CH2CH3)Ph, 
=CH2 , =CHPh+, =CHCH3+]. The structure of the complex (10.7; 
R = Et) was determined by X-ray analysis and used to establish 

the absolute configuration of these molecules [171]. 
The chiral rhenium acyls (10.8; R = Me, Et, ff-nonyl, Ph, 

CH2Ph, CH2CH2Ph, vinyl, allyl) have been prepared in good- yields 

by reaction of the Grignard reagents RMgX with (y-C5H5)Re(NO)- 

(PPh3)0COCH3. The methylation and protonation of the rhenium 

acyls was investigated b72]. 

The (r\-cyclopentadienyl)rhenium complex (10.9) has been 

treated with PhjC+PF6- in dichloromethane at -78 'C to form the 

(l$ arene)rhenium complex (10.10) which was a solid, stable at 

room temperature for limited periods. The complex underwent 

deprotonation with triethylamine at -78 'C to form the (G-arene)- 

rhenium complex (10.11) as the g- and E-isomers. Migration of 

rhenium about the benzene ring took place by way of intermediate 

(n\'-arenium)rhenium species which were analogous to those formed 

in electrophilic aromatic substitution [li'3]. 

The (q5-cyclopentadienyl)rhenium complex (10.12) underwent 

addition of triphenylphosphine at high COnCentratiOnS t0 form 

the (<-cyclopentadiene)rhenium complex (10.13) which was converted 

to the cyclopentadienylidene ketone complex (10.14) [I?%]. 

Treatment of the aryldiazenido complexes (10.15; R = Me, CMe, 

NRt2) with aqueous sodium hydroxide produced the air-stable 

hydroxycarbonyl complexes (10.16; L = COOH) and reaction with 

excess aqueous potassium hydroxide gave the corresponding hydrides 

(10.16; L = H) [175]. 

The reaction of (T\-C5H5)Mo(C0)2(E-N2C6H4Me) with (y-C5H5)- 

Re(C0)2THF produced the bimetallic aryldiazenido complex (10.17). 

The structure of this complex was determined by X-ray analysis 

and the MoNN skeleton was essentially linear [176]. 

Treatment of the alkylidenes (10.18; R = H, Me, n-Pr) with 

potassium t-butoxide gave the corresponding vinyl complexes 

(10.19). The propenyl and pentenyl compounds (10.19; R = Me, 

n-Pr) crystallized as 97:3 mixtures of E/Z geometric isomers. 

Reaction of the vinyl complexes (10.19) with CF3S03H produced 

the alkylidenes (10.18). The chiral vinyl-rhenium complexes 

underwent electrophilic attack with appreciable 1,3-asymmetric 
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induction b 771. 

Hydride ion abstraction from the (y-cyclopentadienyl)rhenim 

complex (10.20; R = H) with trityl hexafluorophosphate afforded 

the benzylidene cation (10.21) which underwent stereoselective 

attack by nucleophiles such as methyllithium, ethylmagnesium 

bromide and benzylmagnesium chloride to for16 the adducts (10.20; 

R = Me, Et, PhCH2) respectively. A number of related reactions 

were reported [178]. 
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Q 0 
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NO.PPh3.CHRPh 
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10.20 10.21 

Primary rhenium alkgls (10.22; R = Me, Et, n-h, i_Pr, 

t-Bu) have been prepared by attack of Grignard or alkyllithium 

reagents on the methylidene complex (10.23). Secondary rhenium 

alkgls were prepared by a similar reaction. The rhenium alkyls 

were treated with Ph CBF to give methylidene complexes and 
3 4 

the regiochemistry and stereochemistry of hydride abstraction 

were examined. Detailed transition-state models for cl- and /3- 

hydride abstraction were proposed [179]. 

The (r\-cyclopentadienyl)rhenium formate (10.24; L = OCHO) 

has been prepared by treatment of the rhenium methyl complex 

(10.24; L = Me) with 885% formic acid and the mechanism of 

decarboxylation to the rhenium hydride (10.24; L = HI investigated. 

Decarboxglation of the optically active and deuterium labelled 

complex (I 0.24; L = OCHO) indicated that carbon dioxide was 

lost by an intramolecular process [ISO]. 
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The y2-CH2C=O rhenium complex (10.26; X = 0) has been 

prepared by treatment of the methylidene complex (10.25) with 

PhILO-. The thioformaldehyde complex (10.26; X = S)has also 

been obtained from the same starting material (10.25). The 

crystal and molecular structures of the complexes (10.26; X = 0, 

S) have been determined by X-ray crystallography. Several 

reactions of the coordinated formaldehyde and thioformaldehyde 

ligands were 

Q 0 

Re=CH2 

0N.PPh3 

10.25 

ported [Ial]. 
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11. (Acgclic-n-diene)Fe(CO)3 and (n-trimethylenemethane)Fe(CC~ 
\ I 3 

The reaction of tris(2,&-pentanedionato)iron(III) with 

diethylaluminium ethoxide in the presence of dimethylphenyl- 

phosphine gave bis(l-ethylene)tris(dimethylphenylphosphine)- 

iron(O). The coordinated ethylene was displaced easily by 

l,+butadiene to give the t\-butadiene complex (11.1) [182]. 

Thermal and photochemical reactions of trans-dichloro- 

butadiene with pentacarbonyliron produced the tricarbonyliron 
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11.1 11.2 Il.3 

Complex (11.2), as the major product, together with a minor 

product (11.3) b83.j. 

Irradiation of tetracarbonylphosphineiron and tricarbonyl- 

diphosphineiron complexes in the presence of benzylideneacetone 

produced the corresponding dioarbonyl (11.4; L = PEt3, PPhMe2, 

PPh2Me) and monocarbonyl complexes (11.5). The structures of 

the complexes (11.4; L = PEt3, PPhMe2) were determined by X-ray 

analysis. The iron atom adopted a distorted octahedral 

coordinated geometry in which three of the sites were occupied 

by the benzylideneacetone ligand [I&]. 

R2, R3 

The bis(r\-pentadienyl)iron compounds (11.6; M = Fe, RI, 

= H, Me) have been prepared. These complexes were red 

and air-stable with similar properties to those of their Cyclic 

ferrocene counterparts. X-ray analysis of the complex (11.6; 

Ph 

Fe 

(co)2L 

FeCO 

11.4 11.5 
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11.6 

M= Fe, R' = R 3 = Me, R2 = H) showed a gauche-eclipsed ligand 

conformation with carbon-iron bond distances that were slightly 

greater than those in ferrocene [18q. 2 The corresponding 

ruthenium complexes (11.6; M = Ru, R = R = R3 = Me; R' = R 3= 

Me, R2 = H) have also been prepared and shown to have similar 

structures to the corresponding iron compounds [186]. The reaction 

of pentacarbonyliron with cis-polybutadiene produced poly(l,3- 

octadieneirontricarbonyl) [17]. 

Bi-2,7-cyclooctadiengl has been attacked by dodecacarbonyl- 

triiron to form the tricarbonyliron complex (11.7) which underwent 

further reaction with either the same reagent or with dodeca- 

carbonyltriruthenium to form the bimetallic complexes (11.8; M = Fe, 

Ru) respectively. Formation of the binuclear complexes involved 

dehydrogenative metallacyclization followed by intra.moleculaI' 

transfer of the abstracted hydrogen atoms. The crystal and 

Fe 

(GOI 

(CO13 

QfQ 
(co13 

11.7 11.8 

References p. 466 
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molecular structure of the heteronuclear bimetallic compl,ex (11. 8; 

M = Ru) was determined by X-ray crystallography [I@]. 

Uhen the complexes (11.9; X = C02Me, E-COC H Me) were heated 

in toluene the corresponding bis(tricarbonyliront tompounds (11.10) 

were isolated. In a similar reaction the complex (11.9; X = Ph) 

produced the metal-hydrogen shift isomer (11.11) as the major 

product. The anti configuration of the binuclear complexes was 

was established by X-ray crystallography [189]. 

Reaction of dehydro-e-ionone with Fe2(CO)9 and Fe(CO)5 

produced the tricarbonyliron complexes (11.12, and 11.13) together 

with the dicarbonyliron compound (11.14) [190]. Treatment of the 

complex (11.12) with alkaline hydrogen peroxide in methanol gave 

dehydro-p-ionone in 95% yield [191]. 

Condensation of ruthenium vapour with a mixture of buta- 

1,3-diene and pentane at -196 'C, followed by warming to -40 'C 

and treatment with PF , CO or Me3CNC produced the corresponding 

complex [Rd(+c4H6)2 1 in good yield [192]. 

fTx Rx 
Fe Fe 

W3 (cO)3 

11.9 11.10 

11.11 
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ecoMe ~coMe 
Fe 

(CO13 (CO13 

11.12 11.13 

COMe 

11.14 

Raman and infrared spectra of solid, liquid and solution 

phases of (c\-butadiene)tricarbonyliron have been recorded and 

interpreted [I 933. 

Tricarbonyl[(l,2,3,6-?)-2 -methylenecgclopentane-1,3- 

diyl]' Iron has been prepared and the barrier to internal rotation 

15.2 kcal mol", was determined via NMR spectroscopy. The 

oxidative decomposition of this complex with trimethylamine- 

N-oxide in the presence of diethyl fwnarate was investigated 

[1941* 
The [l-(E,E)-butadieneliron complex (11.15; R = CHO) has 

been used as the starting material for the synthesis of cis- 

and trans-hemicaronic acid esters (11.16; R = p-CHO, a(-CRO) 

respectively. The synthetic route involved stereospecific 

cycloaddition of Me2C=N2 to the e- and trans-esters (11.15; 

R = CH=CH402Me) b953. 

F&ferences p. 466 
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A, 

I 
F8 

(CO)j 

11.15 

/ \ 3 
Fe GPh 

3 
(CO)3 

11.18 

11.20 

11.16 

A I 
Fi3 

(CO13 

11.17 

* 
Fe 

(CW3 Fe 

(co+ 

11.19 

CHO 

Reaction of the tricarbonyliron complex (11.17) with 

sodium tetrahydridoborate and hydrogen tetrafluoroborate followed 

by triphenylphosphine produced the phosphonium compound (11.18). 

This latter compound was deprotonated with n-butyllithium to 
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RACO Me 

I 
2 

Fe 

m3 

CO Me 
2 

11.21 11.22 

give the corresponding ylide which underwent a Wittig reaction 

with the r\-diene complex (11.17) to give the bis(tricarbonyliron) 

complexes (11.19 and 11.20). The crystal structure of the 

complex (11.19) was determined by X-ray analysis [196]. 

The (+)-(n\-butadiene)iron complex (11.21; R = CHO) has 

been converted to the intermediate (+)-triene complex (11.21; 

R= CH=CMe2) using the Wittig reaction and then cgclized to 

the isomeric (+)-cyclopropane complexes (11.22; R' =d-H, 

R2'= B-C02Me; R' =oC-C02Me, R2 = B-H) with diazoacetic ester. 

The isomeric mixture (11.22) was used as a convenient source of 

(+)-lR,jR-hemicaronaldehyde and its (+)-cis-isomer which were 

intermediates in pyrethroid synthesis 

The dienone complexes (11.23; M = Rh, Ir; R = Me, OMe) 

were converted to the corresponding ally1 complexes (11.24; 

qq 

M R 

J3 
0 

11.23 11.24 

.- n 0’ \ I I” R 
M 

6 0 

. 

+ 

PF6- 
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OH 0 

4 
CMe2CN 

11.25 11.26 

OH t-e ‘. 
‘\ 

‘. 

'Fe 

NOI 

wag 
Fe 

\ 

& 

'. . . 
'\ 
Fe 

(CW3 

0 

& . ‘l 
‘%. 
‘Fe 

(COQ 

11.27 11.28 

M= Rh, Ir; R = Me, OMe) on treatment with hexafluorophosphoric 

acid. The esters (11.23; M = Rh, Ir; R = OMe) underwent base 

catalyzed hydrolysis to afford the corresponding dienoic acids 

[198]. 

Ihe addition of carbon nucleophiles to tricarbonyl(r\- 

1,3-diene)iron complexes gave (r\-homoallyl)tricarbonyliron 

anionic complexes which then incorporated carbon monoxide to 

produce acyliron anionic complexes. With most of the open-chain 

1,3-diene ligands further cycliaation occurred to give 

cyclopentanone derivatives with the anionic substituent in the 

three position. For example, the reaction of (I,+butadienel- 

tricarbonyliron with LiCMe2CN followed by carbon monoxide 
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produced the cyclopentanone (11.25) [199]. 

Oxidation of the bis(tricarbonyliron) complex (11.26) 

with chromium(V1) oxide produced the corresponding ketone. 

The sgn-Fe(C0)3 groups of the alcohol and the ketone were 

selectively oxidatively removed by treatment with Me 
3 
NO to give 

the corresponding complexes (11.27 and 11.28) containing one 

tricarbonyliron moiety [200]. 

A dicarbonyl(v-2,3_dimethylbutadiene)iron species has 

been invoked as the intermediate in the photolgtic isomerization 

of tricarbonyl(r\-allyl)iron complexes [201]. 

3-Bethyl navenone-B (11.29) has been prepared and the 

stereochemistry of the 3-methyl ene-one moiety was established 

unambiguously via an Fe(C0)3 complex [202]. 

Fe 

(W3 

11.29 11.30 

In an attempt to elucidate the primary processes involved 

in the reactions of acetylenes, cyclobutenes and methylene- 

cyclopropanes with transition metal complexes, the critical 

intermediates involved in these reactions have been investigated. 

For example, the reactions of different cyclobutenes with 

Fe2(CO)9 were investigated. "The Induced Kinetic Isotope Effect" 

was used to distinguish between two different reaction 

mechanisms in the formation of tricarbonyl(q-trimethylene- 

methane)iron [203]. 

Oxidative degradation of the (y-trimethylenemethane)iron 

complex (11.30) under various conditions indicated a sequential 

mechanism with the liberation of a metal-free trimethylene- 

methane species in its ground triplet spin state [204]. 

Refereaces &a. 466 
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12. (II-C,H+)F~(CO)~ 

Alkylation of the keto group in the ring of the complex 

(I\3-C3Ph3CO)Fe(CO)(PPh3)N0 produced the cation (12.1). The 

structure of the cation was determined by X-ray analysis [20.5]. 

Me0 Ph 

Ph 
Fe 

C0.PPh3.N0 

12.1 

+ 

The zwitterion (12.2) has been treated with thionyl chloride 

to give an intermediate dihalocyclobutene which was converted 

to the (s\-cyclobutadiene)iron complex (12.3) with enneacarbonyl- 

diiron. Tricarbonyl(n\-tetramethylcyclobutadiene)iron was prepared 

in the same way [206]. 

The 'H NMH spectra of tricarbonyl(T-cyclobutadiene)iron 

and the corresponding monoiodo derivative together with the 'H 

and *H NMH spectra of the monodeuterated compounds oriented in 

various liquid crystals have been recorded and interpreted. The 

direct coupling constants obtained deviated from the values 

expected for a square. This was explained in terms of a slight 

12.2 12.3 



fluxional rhombic deformation caused by interaction with the 

solvent and averaged by ring rotation in a plane with degrees of 

order of the opposite sign. This model was also used to explain 

the observed quadrupole splitting assuming two different field 

gradients at the corners of the rhombus. The time averaged 

structure of the r\-cyclobutadiene ring was square [207]. 

Generalized molecular orbital calculations have been carried 

out on (y-CkH4)Fe(C0)3 and several of its low-lying ionic states. 

The results suggested rather strong polarization of the six 

electrons in the cyclobutadiene-metal bond towards cyclobutadiene. 

Differential electron correlation was shown to be important in 

determining the order of the low-lying ionic states [208]. 

As part of a study of the acetylene metathesis reaction, 

bonding in the metallacyclobutadiene, [W(C3H3)] has been 

compared with bonding in the T\-cyclobutadiene ligand [209]. 

The (f\- cyclobutadienejiron cation (12.4) underwent 

nucleophilic addition with N,N-dimethylaniline to give the 

(r\3-cyclobutenyl)iron complex (12.5) with the E-C6H4me2 group 

exo to the cyclobutenyl ring. The second order reaction involved 

~_complexation followed by rate-determining COnVePSiOn t0 a 

6-complex [210]. 
The (r\4-cyclobutadiene)manganese complex (12.6) has been 

prepared by the thermal reaction of diphenylacetylene with 

tetracarbonylnitrosylmanganese [211]. 

0 P 
Fe 

(CO12N0 

+ 
Ph 

Ph 
Mn 

CO.NO 

12.4 12.5 12.6 
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13. (Cyclic-n-diene)Fe(C0)3 

(i) Formation 

Reduction of the (v-cyclopentadienyl)iron cation (13.1) 

with LiAlH at 70 'C gave the (r\-cyclopentadiene)iron complex 

(13.2) tog!kher with a (r\-cyclopentadienyl)iron reduction 

product [212]. 

r Q 0 

Fe/PPh2 
co \ 2 

L2 
L 

13.1 

+ 

Q \ / 
PPh2 

Fe ‘\ 
co LJ P 

Ph2 

13.2 

1,3-Dimethylcyclohex-2-enol and I-butylcyclohex-2-enol 

were treated with pentacarbonyliron and the corresponding 

tricarbonyliron complexes (13.3; R' = R2 = Me; R1 = H, R2 = Bu) 

were obtained in good yields. Treatment of these complexes 

with triphenylmethyl tetrafluoroborate followed by cerium(IV) 

ammonium nitrate produced xylene and n-butylbenzene 

respectively [213]. 

R' 

w3 

x2= 0 \ >9- OH - 
Fe 

(W3 

13.3 13.4 13.5 
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The cross-conjugated cyclohexadienone (13.4.) was selectively 

monohydrogenated with enneacarbonyldiiron and water to form the 

corresponding cyclohexadienol which was trapped as the tricarbonyl- 

iron complex (13.5) and thus protected from further hydrogenation. 

The mechanism and stereochemistry of the reaction was discussed 

[214]. 
The 1,2-disubstituted-4-alkoxycyclohexadienylium complexes 

c 13.6; R1 = Me, CHMe2, R2 = Me, (CH2)2C02Me] have been prepared 

from the corresponding dienes and pentacarbo,nyliron in syntheses 

that involved several steps. The cation (13.6; R1 

R2 

= CHMe2, 

= Me) underwent reaction regioselectively with stable enolate 

nucleophiles to give 3,4,4_trisubstituted cyclohexenones [21.5]. 

R2 OR' 

Fe 

(CO)3 
_ I 

+ 
13.6 

TriCarbonyl[(l-47)-3,7,7-trimethylcycloheptatriene]iron 

(13.7) has been prepared by direct reaction of 3,7,7_trimethyl- 

cycloheptatriene with Fe2(C0)9. An attempt was made to prepare 

the isomer (13.8) by dehydration of the alcohol (13.9) but only 

the t\-cycloheptatriene complex (13.7) was isolated. Treatment 

of the complex (13.7) with tetracyanoethylene produced a mixture 

of the 1,3- and 1,6-cgcloadducts in a 4:l ratio [216]. 

Heterodimetallic complexes of seven-membered cycloolefins 

have been prepared and characterized for example the iron-rhodium 

complex (13.10). Cisoid, dimetallic coordination was ascribed 

for the cycloheptatrienyl ligand [217]. 

Tricarbonyl(T\-tropone)iron (13.11) together with a small 

proportion of the binuclear complex (13.12) have been formed 

from enneacarbonyldiiron and tropone. The (c\-heptafulvalene)- 

iron complex (13.13) was obtained by treatment of the (t\-tropone)- 

iron complex (13.11) with 8-oxoheptafulvene [218]. 

Referencea p. 466 
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13.14 

OMe 

13.15 

Fe 

(co)3 

13.16 

The reactions of PhP(C 
64 
H CmCPh-o)2 with Fe(C0) 

and Fe3(C0),2 
5’ Fe,(CO)9 

have been investigated. Cyclicdiene-Fe complexes, 

for example (13.141, were isolated from these reactions [219]. 

The reaction of the cyclooctatetraenide dianion with 

iron(I1) chloride and the carborane anion Et 

the 1,3,5-cyclooctatriene complex 
2 B4A5- 
C produced 

($-C8Hlo)Fe Et2C2B4H4] as f 
the major product. In this complex the six metal-coordinated 

carbon atoms were almost coplanar and the two methylene carbon 

atoms were bent out of the plane away from the iron atom. BME 

data indicated that the structure was nonfluxional [220]. 

The treatment of 2-methoxyfuran with nonacarbonyldiiron 

gave the 2-pyrone derivative (13.15) and the ti,p-unsaturated 

alkylidene complex (13.16) [221]. 

R.eferencea p. 456 
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13. (ii) Spectroscopic and Physico-chemical Studies 

The crystal and molecular structure of dicapbonyl- 

?4-cyclooctatetraene)triphenylphosphineiron has been determined 

by X-ray analysis. The geometry around the iron atom was 

irregular and in the 4 n, -cyclooctatetraene ligand the carbon- 

carbon bond distances for the carbon atoms coordinated to the 

iron atom were nearly equivalent and approximately equal to 

C-C single bond distances. The Cs-C6 and C7-Co bond distances 

were consistent with C-C double bonds [222]. 

Nonparemeterized molecular orbital calculations on the 

borabenzene anion and the sandwich complexes (v-C5H6B)2Fe 

and (1\-C5H6B)2Co indicated that theT-electrons in the ligand 

were delocalized. The main bonding interactions between the 

transition metal and (CgH6B)- were similar to those in 

metallocenes and bis(y-arene)metal complexes, that isT-electron 

donation from the ring to the metal atom and shack donation 

from the metal to the ring. X-Ray studies showed that in the 

y-borabenzene complexes the transition metal was closer to 

the E-carbon atom than to the boron atom. This slippage appears 

to maximize the Tand s overlaps and to minimize the total 

energy of the occupied molecular orbitals that are significantly 

delocalized over the metal atom and the rings [223]. 

Helium(I) and helium(I1) photoelectron spectra of the 

substituted r\-cycloheptatriene complexes (I\ 4-exo-7-RC H )Fe(CO)3, 

where R = H, SiiYe3, GeNe3, have been recorded and int&!reted. 

The spectra indicated a rupture in conjugation between the free 

double bond and the coordinated butadiene moiety and a stronger 

iron-diene interaction in the substituted compounds relative 

to the unsubstituted molecule [224]. 

Field-desorption and electron-impact mass SpeCtrOmetry 

have been used to investigate ferracyclic complexes of the type 

Fex(C0) (C R ), where x = 1, 2, 3 and y = 6, 8. 

fragmenTatto2 schemes were derived [225]. 

Detailed 

Electron-impact and field-desorption mass spectrometry 

has been used to obtain intenss molecular ion peak3 for several 

thermally labile ferracyclic complexes and for the (q- 

cyclopentadienone)iron complex (13.17) [226]. 

The racemic (r\-cyclohexadiene)iron complex (13.18) and 

several ring substituted derivatives formed chelate complexes 

with tris[trifluoroacetyl-(+)-camphorato]euroPium(III). The 
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13.17 13.18 

'Ii IMR spectra of these complexes resolved the methoxy resonances 

of the two epimers. The method may be applied more generally 

to measurement of the enantiomeric excess in tricarbonyliron 

complexes [227]. 

A mechanistic study on the fluxionalityl;f the (y4- 

cyclooctatetraene)iron complex (13.19) using C N&Ii magnetization 

transfer has provided results that were consistent with the 

:$oodward-Hoffmann mechanism but inconsistent with the least 

motion mechanism [228]. 

F-9 

(C0J2CNPri 

?3.19 

Some 1H-31 P long range coupling constants have been 

used as criteria for the assignment of the stereochemistrg of 

s-substituted f\4-cyclopentadiene-iron and -ruthenium complexes 

[229]. 

The homocycloheptatrienylidene complexes (13.20 and 13.21, 

R = Bu, Ph) have been prepared by protonation of the corresponding 

l-CY clooctatetraene complexes. The 'H and 13C WR spectra of 

References p. 456 



Fe(C0 Fe(COJPR3 

I 

0 0 

+ 

13.20 13.21 

of the homocycloheptatrienylidene complexes were discussed 

[230]. 

Fourier-transform infrared spectroscopy including '3co 
labelling and energy-factored CO force-field fitting has been 

used to show that photolysis of [(tub-y4-C,H8)Fe(C0)3](13.22) 

in a methane matric at IX gives [ (chair- 

via an n\'-C8H8 intermediate [231]. 

&CgH8)Fe(CO)3] (13.23) 

Fe 

(CO13 

13.22 13.23 

Metal carbonyl derivatives of manganese, rhenium, 

molybdenum and tungsten including the methylcymantrene analogues 

(13.24; L = THF, MeCN, pyridine) underwent facile ligand 

substitution by an electrode mediated process. The mechanism 

of the exchange has been investigated by cyclic voltammetry. 

Substitutions by phosphines, pgridine and isocyanides were 
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shown to be chain reactions. The process involved, with for 

example the THF complex (13.24; L = THF) and pyridine, initial 

formation of the radical cation (13.25) which underwent rapid 

exchange with pyridine to give the substituted species (13.26). 

This was followed by electron transfer with the reactant (13.24; 

L = THF) to yield the product (13.27) and regenerate the radical 

cation (13.25) [232]. 

Ligand effects on the redox potentials of the complexes 

(13.24; L = alkyl and aromatic amines, alkyl cyanides and 

isocyanides, alkenes, alkgl and aryl phosphines and phosphites) 

have been investigated. The relationship of the redox potentials 

with the carbonyl force constants was evaluated [233]. 

I93 

(co 

13. 

)2L 

,24 

Fin 

(co)~THF 1 
13.25 

Q 0 + 13.25 

Mn 

(‘W2N 

13.27 

13.26 

t 
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The electronic structure of tricarbonyl(?-norbopnadiene)- 

iron in the ground state and in the cationic hole-states has 

been investigated by a semiempirical INDO MO approach. Bonding 

characteristics and vertical ionizations,potentials of the 

outer valence electrons have been determined. The correlation 

between calculated reorganisation energies and localization 

properties of the orbital wave function was in violation of 

Koopmans' theorem [2&l. 

A molecular orbital study has been carried out on the 

cations [T-LFe(COj3]+, where L = CSHS, C6H7 and C7H9 [235]. 

13. (iii) General Chemistry 

Alkyllithium reagents attacked tricarbonyl(l-cyclohexa- 

diene)iron to form intermediates which were protonated with 

trifluoroacetic acid to yield I-, 2-, or j-substituted 

cyclohexenes, or mixtures of these isomers as the products. 

Typical substituents introduced were: CMe2CN, CHMeCN, CMe2C02fit, 

CHMeC02But, CH2COCMe2, CHPh2 and CH2SPh [236]. 

The y-cyclopentadienyl ligands in the complexes (?-CsH5)- 

Fe(C0)2Ph, (y-CSH5)Fe(C0)2CH2Ph and [(y-C5H5)Fe(C0)2]2 have 

been metallated by n-butyllithium. For example, lithiation of 

(r\-C5HS)Fe(C0)2Ph followed by condensation with electrophiles 

produced the substituted-cyclopentadienyl CompleXes (13.28; 

R = SiMe 
3' 

SnMe 3, Me, Et) [237]. 

xethods for controlling the regioselectivity of carbanion 

addition to (y-cyclohexadienyl)iron cations such as the cation 

(13.29) have been examined. Attention was focussed on the 

effects of changing the nature of the 4-alkoxy substituent and 

Fe 

(C0)2Ph 

13.28 

Me 

Fe 

UN3 I 
. + 

13.29 
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on the effect of enolate-cation association in the reagent. 

Several factors were identified in the control of the addition 

[238]. 

The incorporation of carbon monoxide during the addition 

of rezctive carbanions to tricarbonyl(q-cyclohexadiene)iron 

complexes has been studied. 3hen the organolithium (13.30) 

attacked tricarbonyl(s\-cyclohexadiene)iron under argon and 

carbon monoxide was subsequently introduced then only the 

nitrile (13.31) and its isomer were isolated as the organic 

products. However, when carbon monoxide was present throughout 

the reaction then the aldehyde (13.32) was the product [239]. 

13.30 13.31 13.32 

The tricarbonyl(r\5 -cyclooctadienylium)iron cation (13.33) 

underwent attack by nucleophiles at either the organic ligand 

or at the metal atom. Thus triphenylphosphine gave the cations 

(13.34 and 13.35) while cyanide ion, methoxide ion and azide 

ion gave the products of ring addition (I 3.36; X = CN, OMe, 

N3) respectively. Iodide ion afforded the product of attack 

at the iron atom (13.37) although evidence for ring addition 

was also obtained [24O]. 

The nucleophilic attack by imidazole and pyridine on 

tricarbonyl(l-cyclohexadienyl)iron cations has been the subject 

of a kinetic investigation. Imidazole was more reactive than 

pyridine when the reactant was the (C6H7)+ ion but this order 

was reversed when the reactant was the 

ion [241]. 

[(I\-C6H60Me)Fe(CO)3]+ 

The (I-cycloheptadienyl)iron cation (13.38) underwent 

addition with nucleophiles including lithium dimethylcuprate, 

dimethyl sodiomalonate, methyl sodioacetoacetate and methyl 

phenylsulphonyl sodioacetate to give the products of terminal 

addition [ 13.39; R = Me, CH(C02Me)2, CH(COMe)C02Me, 

CH(S02Ph)C02Me] respectively. !&en methyllithium was the 

References p. 456 
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Fe 

(CW2PPh3 

13.38 

Fe 

(CC)2PPh3 

13.40 

.R 

Fe 

(CW2PPh3 

13.39 

p1e.. Mt3 
. .*’ 
Q \ / 

Fe 

(CO)2PPh 
3 

13.41 

nucleophile then addition at C-2 of the dienyl liga.nd was 

observed to give the product (13.40). Hydride abstraction from 

the (y-methylcycloheptadiene)iron complex (13.39; R = Me) and 

treatment of the resulting (t\-methylcgcloheptadienyl)iron cation 

with lithium dimethylcuprate gave the syrmnetrical dimethyl 

complex (73.41). Several related reactions were reported [2&2]. 

The (r\-cyclooctadienylium)ruthenium cation (13.42) 

underwent attack by nucleophiles at both the metal atom and the 

hydrocarbon ligand. Thus triphenylphosphime gave the phosphonium 

ion (13.43) which slowly isomerized to the cation (13.44) 

while iodide ion gave the dicarbonylruthenium iodide (13.45). 

Further transformations of these products were reported [243]. 

Methods for the resolution of tricarbonyl(l-S-y-cyelo- 

hexadienyl)iron salts have been reported that involve the 

References P. 466 
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(c013 

13.42 

PPh 
3 

PPh 
3 

Ru 

(W3 

13.43 

I- 
> 

3 weeks 

13.45 

+ 
(C0J2PPh3 

13.4.4 

Separation Of diastereomeric pairs obtained by nucleophilic 

attack with chiral phosphines, alkoxides and amines. Nucleophilic 

attack by cyanide ion on the l-cyclohexadienyl salt [13.46; 
L = (+)-neomenthyldiphenylphosphine] gave the corresponding 

S-z-cyanocyclohexadiene complex (13.47) with significant 

asymmetric induction at the chiral carbon atom [w]. 

A kinetic study of the reaction between the tricarbonyl- 

(r\-cyclohexadiengl)iron cation and hydroxide ion to form the 

(s\-cgclohexadiene)iron complex (13.48) indicated that the 

reaction involved the carboxylic acid intermediate (13.49) [24.5]- 

Direct carbomethoxymethylation of the O??&nOirOn (13.50; 

R = H, OMe, X = PF6) and organomanganese (13.51) complexes was 

achieved with the Reformatskii reagent, BrZnCH2CC2Me, to give 

the complexes (13.52 and 13.53) respectively [2!&]. 
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Fe 

W2L 

13.46 

+ 

BF - 
4 v CN 1 / 

Fe 

W2L 

13.47 

r 
Treatment of the salts (13.5'0; R = OMe, X = PF6, BF4) with 

7 
HXR [R = (-)-menthglj, followed by Huenig's base gave a 

diastereomeric mixture of ethers which was separated by medium 

pressure liquid chromatography. The ethers were converted into 

the diastereoisomeric salt by treatment with HBF 
4 

or HPF6 [247-j. 

OH 

13.48 13.49 

Synthetic and mechanistic studies have been carried 

on the electrophilic attack of the cation (13.54) on the 

aryltrimethyl-silanes, -germane, -stannanes and -plumbane 

M = Si, X = 4-MeO, 4-Me2N; M = Ge, X = 4-MeO; M = Sn, X = 

out 

(13.55) 

H, 

4-MeO, 4-Me2N, 4-Me, 4-SMe, 4-F, 4-Br, 4-Cl, 3-F, 3-CF3, M = Pb, 

X = H) to give the corresponding substituted dienes (13.56). 

The related reactions between the cation (13.54) and 2-trimethyl- 

silylfuran, Z-trimethylsilylthiophen and CH2=CHCH2SnMe3 were 

investigated [248]. 

The arenediazonium salt [N2C6H4N02-2]+BF4-, attacked 

tricarbonyl(q-cyclooctatetraene)iron (13.57; n = 0) to form 

References 3.466 
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+ 
R 
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X- 

Fe 

NoI 

13.50 

13.52 

+ 

Mn 

(co)3 

13.~1 

13.53 

X 

X T \ / + MMe 
3' 

Fe 

(W3 

13.5.5 13.56 
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> 

Fe n=O 

('O)j_n [P(OMe)Jn 

13257 

13.60 

I 
13.58 

PY 

Fe 

(CN3 

13.59 

the (q-bicyclooctadiengl)iron complex (13.58) which was 

deprotonated to the fluxional (r\-cyclooctatetraene)iron complex 

(13.59) with pgridine and reduced to the (y-bicyclooctadiene)- 

iron complex (13.60) with sodium borohydride. The complexes 

(13.57; n = 1, 2) were attacked by arenediazonium salts to form 

azo-coupled (s\-cyclooctatrienyl)iron complexes which were 

deprotonated to give the corresponding ( 
7 
-cyclooctatetraene)- 

iron complexes [249]. 

In a related study the (y-cyclooctatrienyl)iron complex 

(I 3.61) has been shown to undergo methyl halide elimination 

with halide ions to form the phosphonate complex (13.62). 

However the corresponding (y-bicyclo[5.1 .O]octadienyl)iron 

complex underwent ring opening with halide ions to form an 

References p. 466 
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N=N 

Fe 

(C0)2[P(OMe)j] 

13.61 

Fe 

13.62 

(r\3-cyclooctatrieny1)iron complex [25G]. 

The 7-substituted (5\-cycloheptatriene)iron complexes 

(13.63; MR 
3 

= SiNe 
3' 

GeMe 3, GePh3) have been prepared by treat- 

ment of the tricarbonyl(r\-cycloheptatrienyl)iron with the 

appropriate electrophile. The exo-orientation of the 

7-substituent was confirmed by X-ray crystallographic analysis 

of the germanium complex (13.63; MR3 = GePh31f. The complexes 

(13.63) were fluxional and low temperature H and 13C NI4.R 

spectroscopy has been used to determine the energy barrier to 

oscillation of the tricarbonyliron group for the three complexes 

[251]. 
Reaction of the r\4-cyclohegtatriene complex (13.64) with 

the diazonium salt (E-O~"C~H~N~) BF4 produced the unstable 

compound (13.65) which was deprotonated on alumina to give so&- 

and anti-isomers of the hydrazone complex (13.66) [252]. 

The (r\-cyclohexadienyl)iron cation (13.67) has been attacked 

by 0-silglated enolates and allyltrialkylsilanes to form 

(y-cyclohexadiene)iron complexes. Thus the ally1 Silane 

CH2=CHCH2SiMe 3 gave the ally1 derivative (13.68). Analogies 

with simple (r\-cyclohexadienyl)iron cations were drawn [253]. 

The selective, homogeneous hydrogenation of 1,3- and 1,5- 

cyolooctadiene to cyclooctene took place in the presence of 

(r\4-cycloocta-1,5-diene)(T\6 -cycloocta-1,3,.5-trienejruthenium 

as catalyst. Isomerisation of the 1,5- to the 1,3-diene was 

considered to occur before hydrogenation [254]- 



425 

IiR3 

Q 

I\ 

Fe 

(CO13 

13.63 

\ 
0 \ / 

Fe 

w3 

13.64 

13.66 

'CX2CH=CH2 

F 

N2 
-0 

0 NO2 

0 1 

+ 
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, 
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Fe 

(CO13 

1 

13.65 

13.67 

Fe 

13.68 
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R 

I c I \ 

Fe 
(co)3 

13.69 13.70 

Tetracyanoethylene underwent addition to (7-'j'-methylene- 

cycloheptatriene)iron complexes (13.69; R = H, OMe, Ph, 4-Me.C6Hq) 
to give the 1,8-addition products (13.70; R = H, OfiIe, Ph, 

f.&-Me.C6H4). In two cases, 1,3-addition products were implicated 

as intermediates [255]. 

Thallium(II1) was effective in promoting the oxidative 

cyclization of suitably substituted tricarbonyl(r\-cyclohexa- 

1,3-diene)iron complexes to form the corresponding benzofuran 

complexes. A S-substituent with a P-hydroxy group was necessary 

for the reaction to take place. Thus the diol complex (13.71) 

was treated with (CF CO ) 
3 23 

Tl in ethanol at -10 'C to form the 

benzofuran complex (13.72) in 54.56 yield. The benzofuran 

complexes obtained were demetalated to give the free ligands and 

/ P ----CH ( 
- 

Fe 

CH20H) 2 

13.71 13.72 
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were also treated with HBF 
4 

in Ac20 to give the corresponding 

6-E-substituted(y-cyclohexadienylium)iron complexes [256]. 

The (s\-cyclohexadiene)iron comDlex (13.73) underwent 

elimination of methanol with acid to form the (r\-cyclohexa- 

dienyl)iron cation (13.74) which underwent alkylation with 

Fe 

(CO)3 

13.73 

+ 

bis(l-methylethenyl)cadmium to give a mixture of two isomeric 

alkylation products. The regioselectivity of several related 

alkylations was examined and these provided stages in the 

synthesis of carvone, cryptomerion and bilobanone [257]. 

The CJittig reaction has been used to convert the optically 

active (7\-cgclohexadienyl)iron cation (13.75; R = H) into the 

enantiomerically pure methyl derivative (13.75; R = Me) [2.%+ 

Reaction of (r\-I&-cyclooctadiene)(y-cyclope;tadienyl)iron 

with 2-butyne or 3-hexyne gave the corresponding T-alkylbenzene 

vIe0 :’ , \ -Q .A’ 

Fe 

13.75 

References p. 456 
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complexes (13.76; R = Me, Et) which were fluxional and displayed 

antiferromagnetic behaviour [259]. 

Tricarbonyliron complexes have been used as intermediates 

in the synthesis of steroid and aphidicolane precursors. Thus 

the (T-cyclohexadiene)iron complex (13.77) has been converted 

MC30 

13.77 

to a precursor of the tetracyclic diterpene aphidicolin in a 

nine-stage process [260]. 

The (')-limaspermine precursor (13.78) was prepared from 

4-HOC6H4CH2C02H in several stages via the tricarbonyliron 

complex (13.79) [261]. 

COCH2C1 

0 
H I 

N 

W 
CH2CH20Me 

13.78 

Me2HCO CH2CH20Me 

Fe 

(CO13 

13.79 

[(q,-C5HS)Fe(q-C,H6a 14. 

Ferrocene underwent ligand exchange with dibenzodioxin, 

phenoxathiin, 
5 

thianthrene and phenoxazine to give (T6-hetero- 

cycle)(y -cyclopentadienyl)iron cations (14.1; X = 0, S, Y = 0, 

s; x= NH, Y = 0). The corresponding binuclear cations were 

obtained in some cases [262]. 
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Fe 

14.1 

Ferrocene underwent ligand exchange with benzene, diphenyl, 

naphthalene and anthracene in the presence of aluminium and 

aluminium chloride to form the (7 -arene)(r\-cyclopentadienyl)iron 

cations which were isolated as the I 
3 
- and BPh - salts 

4 
[263]. 

The reaction of anthracene or 9,10-dihydroanthracene with 

(y-C5Me5)Fe(CO)2Br6and aluminium chloride produced a mixtye 

(60:4(I) of the (r\ -9,10-dihydroanthracene) (14.2) and (?j -1,2,3,4- 

tetrahydroanthracene) (14.3) complexes. Under identical reaction 

14.2 

+ 

H 0 

0 

Fe 

14.3 

+ 

Referencea p. 466 
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conditions (?-CsH5)Fe(C0)2Cl produced only the cation[(I-CSR5)- 

F~(T\ -9,lC_dihydroanthracene)]+ [264]. 

me syntheses and reactions of carbenium ions stabilized 

with y- c y clopentadienyl-l-(3)-1,2-dicarbollyliron have been 

investigated [265]. 

The 5[2.2]p aracyclophane-iron complexes (14.4; R = H, We) 

and (14.5; R = Me, H) have been prepared via a modification of 

Fischer-Hafner synthesis. The electron spectra of the latter 

complexes showed an absorption at 400-600 nm which was assigned 

to charge-transfer interactions between the complexed and 

noncomplexed aromatic rings of the paracyclophane liganas [266]. 

N-(Benzylidene)aniline combined with dodecacarbonyltriiron 

to form the &,T(<,$) arene triiron complex (14.6) wnich was 

characterized by X-ray crystallography [267]. 

The crystal and molecular structure of [t\"- bis(2',St- 

dimethyl-3r,41-cyclobutabenzo)-1,~-cyclooctadienyl](15- 

cyclopentadienyl)iron(II) hexafluorophosphate has been determined 

by X-ray crystallography [268]. 

The crystal and molecular structure 

cyclophane3(r,'- 

of ~+[2,](1,2,3,4,5)- 

cyclopentadienyl)iron(II) hexafluorophosphate 

has been determined by X-ray crystallography 112691. 

The He(I) and He(II) photoelectron spectra of the 

(y-arene)iron complexes (14.7; R1 = We, Et, R2 = H, n = 6; 

14.4 
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Fe* Fe 

14.6 

R' = CMe3, R2 = H, n = 3; R1 = R2 = Ne, n = 6) have been recorded 
and assigned. The spectra resembled those of the corresponding 

Isoelectronic cobaltocenes. The complex (14.7; R' = R2 = Me, 

n = 6) had a low molecular ionization potential at 4.21 eV. 

The spectra of the complexes (14.7) were consistent with the 

optical spectra of the corresponding (q-arene)(n-cyclopenta- 

dienyl)iron cations only if a substantial origin shift was 

assumed. The photoelectron spectra of the (I-cyclohexadienyl)- 

iron complexes (14.8; n = 0, 5, 6) were recorded and assigned, 

they were typical of d6 species and showed high first ionization 

energies [270]. 

R2 

Men 
c-- 

-a 

. 
‘-4 

Fe 

6 0 

14.7 14.8 
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The effects of substitution of an t\-arene ring for One 

Of the Tj-cyclopentadienyl rings in ferrocene have been invest- 

ie:ated. There was a reduction in the e?(antibonding) interaction 

and an increase in the back-bonding e2(weakly bonding) interaction 

[271]. 

The oxidation of (T-arene)(T-cyclopentadienyl)iron cations 

with potassium permanganate has given (y-ketoarene)(yLcyclo- 

pentadienyl)iron cations. The methylene groups M to the 

complexed aromatic ring were the centres of attack by the 

oxidizing agent. The ketoarene complexes were reduced by sodium 

borohydride to give the corresponding endo-alcohols. Thus the 

(T-cyclopentadienyl)(r\-fluorene)iron cation gave the (y-keto- 

arene)iron complex (14.9) which was reduced to the alcohol 

complex (14.10). Other ketoarene complexes prepared contained 

the ligands benzophenone and anthraquinone [272]. 

Replacement of the arene group in the Complexes 

[Fe(~~-C~H5)($-C6Hg_n~v~en)]+ (n,(4) by three P(OibIe)3 ligands 

has been carried out under mild conditions by reductive electron 

transfer catalysis to produce the free arene 

[P(OMe)3]33+ in good yields [273]= 

and $(T\5-CiH5)Fe- 

The ring opening reactions of some 
5 

(v'-heterocyclo)(r\ - 

cyclOpentadienyl)irOn hexafluorophosphates have been studied. 

The heterocyclic ligands investigated included those related 

to fluorene with an 0, S or NH at C(9) and those related to 

9,10-dihydroanthracene with 0, S or NH at the C(9) or C(10) 

Fe 0 

.tJ 0 

-w 
Fe H 

6 0 

+ 

14.9 14.10 
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14.11 14.12 

positions. For example, the reaction of pyrrolidine with the 

q-cyclopentadienyliron complex of dibenzofuran or dibenzodioxin 

gave, respectively, the l-cyclopentadienyliron of g-g- 

pyrrolidinyl-2' -hydroxybiphenyl (14.11) or o-N-pyrrolidinyl- 

-- & -hydroxydiphenylether (14.12) [274]. 

Treatment of poly(vinylchloride) with the iron complex 

(14.13) produced a polymer (14.14) 

(?+C6MegCH2-)]+Cl- @?OUpS [275]. 

with pendant [(y'-C5H5)Fe- 

The reactions of tri-n-butylphosphite with the cations 

(14.15; M = Fe, Ru, OS) and tributylphosphine with the cations 

(14.16; R = H, Me, M = Mn, Re) to give the products of 

nucleophilic addition (14.17 and 14.18) respectively have been 

THF 

Room > 

temperature 

14.73 

References p. 466 
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P 0 
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(co)3 

14.16 

I 
+ 

+ PBu 
3 

14.18 

14.19 
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P 0 
R 

Fe 

t_ 
0 

14.20 

X 

2 

studied. The kinetic data obtained suggested thatT-bonding 

was important in determining the dependence of the coordinated 

ring electrophilicitg on the metal within a given triad. It 

was shown that phosphites as compared to phosphines were more 

reactive towards a metal centred electrophile than towards a 

carbon electrophile [276]. 

Iron atoms have been cocondensed with toluene and the 

carborane 2,3-Et C B H at low temperatures to form the (q-arene)- 2246 
ferracarborane complex (r\b-PhMe)Fe-2,3-Et C 

2 2B4H4* The crystal 

and molecular structure of this complex has been determined by 

X-ray crystallography and the expected sandwich structure 

confirmed [277]. 

The (r\' -cyclooctatriene)ferracarborane complex, (y-C8Hlo)- 

Fe(tit C B H ), underwent ligand exchange with benzene and other 
2244 

arenes in the presence of aluminium chloride to form the 

corresponding complexes, (r\" -arene)Fe(Et C B H ) where arene = 
2244 

benzene, l,j,S-trimethylbenzene and hexamethylbenzene. The 

products were air-stable crystalline solids [278]. 

Six (r\-1,4-dibora -2,S-cyclohexadiene) transition metal 

complexes including the tricarbonyliron complex (14.19) have 

been prepared and characterized. The 1,i+-diborabenzene moiety 

behaved as a strongly back-bonding ligand in each case [2i'9]. 

Salts have been formed by treatment of (r\-arene)(t\- 

cyclopentadienyl)iron cations with borane anions. 

derivatives prepared weze the sal$s (14.20; R = H, 

Cl-IEe2, CMe3; X = BIOH,C -, B,2H,,2 -). The thermal 

Among the 

Me, Et, Pr, 

stabilities 

References p. 466 
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14.21 

Ru 

2+ 

2BF4- 

Ru 

0 e 0 

14.22 

2+ 

2BP - 
4 

14.23 

of the salts (14.20) were examined by differential thermo- 

gravimetric analysis and were found to depend on the nature of 

the substituent R and the borane anion [280]. 

The Bennett procedure has been used to convert the 

dihydroarene (14.21) into the ruthenium complexes (II+.22 and 

14.23) [281]. 
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Treatment of the ruthenium complex (14.24) with trimethyl- 

phosphite produced (I-2:_$-6-T-cycloocta-l,s-diene)(l+.-y- 

cycloocta-l,3,~-triene)(trimethylphosphite)rutheni~ (14.2sj. 

The structure of this latter complex was determined by X-ray 

analysis [ 2821. 

-RI&P 

14.24 14.25 

15. (‘\-C5g5_12R~ and (r\-C5,-J15.L2~ 

Reaction of the salt T1[C5(C02Me)5] with [RuC1(PPh3)2- 

(Y-C&A in air afforded the substituted ruthenocene (15.1). 

The structure of this latter complex was determined by X-ray 

analysis and it was shown to be an eclipsed sandwich molecule. 

The C5(C02Me)5 ligand was displaced by tertiary phosphines and 

Q 0 

RU Ru 
Q 0 

R' 

COR2 

CO2Me 

15.1 15.2 

hferences p. 466 
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this reaction formed the basis of a process for the oxidation 

Of triphenylphosphine catalysed by the metallocene [233]_ 

* force field study of ferrocene, ruthenocene and the 

corresponding metallocene dimers has enabled the intermolecular 

strain energy in the Crystalline solids to be calculated as a 

function of the relative orientation of cyclopentadienyl rings 

in individual molecules. Strain energy minima corresponded to 

observed conformations when it was assumed that the relative 

Orientation in neighbouring molecules changed with that of the 

reference molecule [2a4]. 

The Crystal and molecular structure of diruthenocene has 

been determined by X-ray crystallography. The mutual orientation 

of cyclopentadienyl rings within a ruthenocenyl group depended 

bn intermolecular interactions and was not conformationally 

important [285]. 

The mass spectra of the ruthenocene derivatives (15.2; 

R1 = R, R2 = Me, Ph; R' = COMe, R2 = Me) have been recorded 

and compared with those of the ferrocene analogues. The higher 

metal-ligand bond strengths in the ruthenocene compounds was 

reflected in more extensive fragmentation of the metal-bound 

ligands as compared with the corresponding ferrocene compounds 

k%6J-99 
Ru NMR spectroscopy has been evaluated as a structural 

and analytical technique. Ruthenocene was included among the 

compounds discussed [287]. 

Proton spin-lattice relaxation time and DTA measurement8 

have confirmed a low temperature phase for azaferrocene stable 

below 281 OK. A phase transition at 392 OK has been identified 

for ruthenocene (2881. 

The infinite-dilution molar Kerr constants, field-gradient 

birefringence constants and Cotton-Mouton constants have been 

measured for ferrocene and ruthenocene dissolved in cyclohexane. 

These observations produced the effective polarizability 

anisotropy, the electric quadrupole moment and the magnetic 

anisotropy of each molecule. It was concluded that ferrocene 

and ruthenocene were more polarizable in directions parallel, 

rather than perpendicular, to the ligand-metal-ligand axes. 

me molecular quadrupole moments were negative in sign and this 

estabLished that, relative to the free atoms, the bonding 

results in transfer of electronic charge from the metal atom 

toward and onto the ?-cyclopentadienyl rings. In the same 



439 

‘paper a high yield preparation of ruthenocene was reported in 

which dichlorotetrakis(dimethylsulphoxide)ruthenium(II) was 

treated with sodium cyclopentadienide [289]. 

The electrochemical oxidation of decamethylruthenocene 

has been investigated by cyclic voltammetry, differential pUlSe 

polarograuhy and ESR spectroscopy. Oxidation to the monocation 

(15.3) was observed [290]. 

ti 

0 
RU 

15.3 

t 

15.4 

Viologen-metallocenes (15.4; X = N, N*Me; M = Fe, Ru) 

have been prepared by treatment of the l,l'-bie(chloromethYl)- 

metallocene with the appropriate 4,Ltt-bipyridine [291]. 

Reduction of dichloro(r\4 -norbornadiene)dipyridineruthenium 

(II) followed by the addition of 1,3,5cycloheptatriene produced 

-- 9? \ 

,A 
- .’ 

IS.5 

References p. 456 
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the ruthenium(O) complex (15.5). The latter complex underwant 

reaction with acetylene to give (y6-bicyclo[&.2.l]nona-2,4,7- 

triene)(n\4-norbornadiene)ruthenium(0) by formal [TT6s +T2s]- 

cycloaddition [292]. 

The blue, air-stable, fluxional triruthenium cluster 

complex (15.6) has been characterized by X-ray spectroscopy. 

It underwent addition with unsaturated hydrocarbons. .Thus with 

ethylene the ethylidyne complex (15.7) was obtained which could 

provide an entry into the organic chemistry of triruthenium 

clusters 12931. 

Q 0 

15.6 15.7 

The E-nitrophenyl ester of (g)-ruthenoceneacrylic acid 

(15.8) has been used to acylate p-cyclodextrin, it was found 

to be less efficient than the corresponding ferrocene [294]. 
The organ distribution in rats and mice of ruthenocenoyl- 

glycine(lS.9) labelled with lo3 Ru has been investigated. High 

kidney accumulation was observed followed by rapid renal 

excretion [295]. 

The tissue distribution of pharmaceuticals and radio- 

pharmaceuticals was altered appreciably by the addition of 

steroid hormones. Thus the tendency of acetylruthenocene to 

concentrate in the adrenal of female mice and the kidney in male 

rate was altered by the addition of testosterone or estradiol 

[296]. 
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COUHCH2CO2H 

15.8 15.9 

Several labelled osmocenes (1.!5'.10; R = H, COMe, C02Et, 

co1XH2, COCH=CHPh, CH=CHCOPh) have been obtained by ligand 

exchange between 1910sc1 
4 

and the appropriate ferrocene in the 

presence of HCl. The labelled osmocenes were injected into mice 

and the organ distributions compared with those of labelled 

ruthenocenes, 103 
RuC13 and 

1910sC14 [297]. 

Q 0 
R 

OS 

6 
0 

15.10 

16. h-C,+H,+)Co (q,-C5H5L 

The cis- _ (16. I) and trans-(r\-cyclobutadiene)cobalt 

complexes underwent two successive electrochemical oxidations 

at very similar potentials in the range 0.30-0.55 V. These 

corresponded to the Fe(II)-Fe(II1) couple in the ferrocenyl group. 

References p. 456 
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b 0 

Fe 

16.1 

The mono- and di-cations of each isomer showed a band in the 

near IR spectrum assigned to intervalent transfer of class II 

mixed-valence ions. The spectra were interpreted in terms of 

Fe(II)-Fe(II1) interaction for the monocations and in terms of 

Co(I)-Fe(III) interaction for the dications 

The r\3-cyclobutenonyl compounds (16.2; 

12981. 
R1 = R2 = Ph, 

R3 = H, L = CO, PPh = R2 = Et, R3 = H, 

L = GO, PPh ; R' 
3’ 

PPh2Me, PPhMe2, PEt ; R' 

= Me, R2 = Ph, R3 = H, L3= CO; R' = Ph, R2 = Me, 

R3 = H, L =3C0, PPh3; ii1 = Ph, R2 = H, R3 = Me, L = CO; R1 = 4Bu, 

R2 = R3 = H, L = CO, PPh ; R1 = R3 = H, R2 

Rt R2 = R3 = 3 

= t-Bu, L = PPhMe2; 

= n-Bu, H, L = CO) were quantitively transformed - 
into the corresponding cationic ?4-cyclobutadiene COmpleXeS 

(16.3) by treatment with Me30PF6. The structure of the complex 

(16.3; R' = Ph, R2 = Me, R3 = H, L = CO) was determined by X-ray 

co 

(co)2L 1 
+ 
PF6- 

16.2 16.3 



analysis. The I-cyclobutadiene ring was planar, 

substituent atoms on the ring were pointing away 

The carbon-carbon bond distances within the ring 

as were the fobalt-carbon distances [299]. 
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and the 

from the metal. 

were unequal 

The (lj4- l,s-cyclooctatetraene)cobalt complex (16.4) has 

been shown by fast Fourier transform faradaic admittance 

measurements to undergo isomerization followed by electron 

transfer in the fast irreversible reduction to the isomerized 

complex (16.5) [3003* 

> 

/ 
/ 

+ 

: 

\ 
co 

16.4 16.5 

Oxidation of the cobalt cyclobutadiene complex, (r/-C4H4'- 

C02(C016, with triphenylmethyl tetrafluoroborate gave the 

mononuclear (r\-cyclobutadiene)cobalt cation (16.6; L = CO). 

The triphenylphosphine derivative (16.6; L = PPh 
3 

) was obtained 

by treatment of the iodide, (TC4 4 H )CO(CO)~I, with silver 

L sl 0 

co 
(CW2L 

+ 

16.6 
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hexafluorophosphate and triphenylphosphine. The (q-tetramethyl- 
cyclobutadiene)cobalt complex, [(~-NeqC4)CO(C0)3]+, has been 

formed by direct reaction between the appropriate cyclobutenyl 

ligand with octacarbonyldicobalt [301]. 

(\,-C:H5)2C~ and r(?-C5H5 12Co]+ 17. 

Sheats and coworkers have reviewed the chemistry'and 

properties of the cobaltocenium ion [302]. 

A mixture of magnesium powder and anthracene has been used 

to catalyze the complexation of dienes with transition metals. 

Cobaltocene and ferrocene were among the thirty-five complexes 

prepared and some of these products were used as cyclization 

catalysts [303]. 

The l,l'-bicobaltocenium dication (17.1) has been used to 

prepare the l,l*-bicobaltocenium salts of tetracyano-p-quino- 

dimethane (TCNQ), tetrabromoquinone and tetrabromodiphenoquinone. 

The structure of [ l,11-bicobaltocenium][TCNQ]3 was determined 

by X-ray analysis. The bicobaltocenium salts were diamagnetic 

and the electrical conductivities of pressed pellet SEUnpleS 

ranged from 3.0 x 10 -2 to 3.0 x 10 -4 ohm" cm" [304]. 

PIethylrhodocenium and I,1 :-dimethylrhodocenium salts have 

been prepared by the reaction of cyclopentadienylthallium and 

methylcyclopentadienylthallium with rhodium(II1) chloride. 

Oxidation of these methylrhodocenium salts with PotaSSim 

permanganate produced the corresponding carboxylic acids (17.2; 

R1 = H , R* = CO H* R1 = R2 = CO H) 2' 3 - The I,1 I-dicarboxylic acid 

was converted to the correspondrng acid chloride and this was 

1 Q-9 0 0 
co CO 

6-b 0 0 

17.1 

2+ + 
17.2 
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used to prepare the ester (17.2; R' = R2 = CO2Me) and the amine 

(17.2; R1 = R2 = WH2) [335]. 

The (r\-cyclopentadiengl)rhodium complex (17.3) has been 

protonated with HPF6 to form the (v-cyclopentadienyl)(1\- 

pentadienyl)rhodium cation (17.4) [306]. 

-*COPh HPF6 t 

Rh 

6 0 

17.3 

Ph 

6 0 

17.4 

+ 

The reaction of cobaltocene with cyclopentadiene and air 

produced (y- cyclopentadienyl)[l-4-r\-(S-E-cyclopentadienyl- 

1,3-cyclopentadiene)]cobalt(I). The structure of this complex 

was determined by X-ray analysis [307]. 

The crystal and molecular structures of two isomers of 

bis(l-t-butyl-2-methyl-y-1,2-azaborolinyl)cobalt (17.5 and 17.6) 

have been determined by X-ray analysis. Isomer (17.5) showed a 

Me3C\H 

\ 0 
iB 

Me 3 
co 

,/"" 

3 t 
0 \ 

*\CMe 

I 
3 

Me 

17.5 17.6 

Referencea p. 456 
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clockwise and isomer (17.6) an anti-clockwise conformation of the 

azaborolinyl rings. In both compounds the rings were staggered 

with opposite positions of the Cf$e 3 groups. The rings were 

tilted so that the three ring carbon atoms were closer to the 

Co than the BN groups [308]. 

Eichalowicz and co-workers have carried out an timFS study 

of the disorder effect induced in layered manganese phosphide 

sulphide (MPS ) by intercalation of the cobaltocenium ion and 

other cations 309 . 2 3 
The infrared and Raman spectra of the lamellar PIPS 

3 
or 

M2P2Sg compounds, where PI = Fe, Co, Ni, In2i3, and their 

intercalates with the cobaltocenium cation have been recorded 

and interpreted [310]. 

The magnetic susceptibilities of 1,11,2,2*-tetramethyl- 

cobaltocene and l,l'-diethylcobaltocene have been studied at 

0.99-296 K. Similar data was produced by a calculation of the 

dynamic Jahn-Teller effect for the 2E,g(a,g2e2g4e,g) ground 

state of Dsd symmetry [311]. 

Vanadium pentoxide gels have been used for the inter- 

calation of several compounds including cobaltocene. The 

intercalation compounds were investigated by electron microscopy 

and X-ray diffraction methods 312 1 3. 
The vaporization of cobaltocene and vanadocene has been 

studied by a static method using a membrane zero-manometer [313]. 

The treatment of cobaltocene with potassium and ethylene 

produced the bis(n\-ethylene)complex (17.7) [314]= 

Treatment of cobaltocene and nickelocene with secondary 

phosphine oxides produced the corresponding phosphinito complexes 

(17.8; R = Et, CH2Ph, Ph, 2-ClCgH4) and (17.9; R = Et, CB2Ph) 

CH2 CH2 

17.7 
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respectively. The dimeric nickel compounds (17.10; R = Me, 

cyclo-C6H1,, Ph, O&e) were produced as the primary products in 

the reaction of nickelocene with the corresponding phosphine 

sulphides HP(S)R2 [315]. 

Oligophenylenes were prepared by the copolgcyclotrimer- 

ization of diethynyl compounds in the presence of cobaltocene 

as the catalyst [316]. 

Q 0 

R p/co\ 
2 

II 
I PR2 

PR2 

II 

II 

O\/ 

0 

7 

/""\ 
I 

ii 1 ii 2 

R2P,C[, 
PR2 

17.8 

Q 0 

/“\ 
R2P 

b 
iiR2 

\H_..=-o 

17.9 

PR 

3 II' 

R2p\Ni/s 

17.10 
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The role of y- y c clopentadienyl-transition metal compounds 

in reducing smoke and other volatile materials evolved in the 

combustion of polg(viny1 chloride) has been investigated. 

Nickelocene and dichlorobis(q- y c clopentadienyl)titanium were 

more effective than ferrocene tinile cobaltocenium sulphate was 

ineffective [3173. 

Oxidation of the paramagnetic cobalt complexes (17.11; 

R = SiMe 3, Me, CMe3) with iodine vapour produced the correspond- 

ing diamagnetic cobaltocenium analogues (17.12; X- = 13_' Is-). 

Oxidation with ferrocenium hexafluorophosphate produced the 

salts (17.12; X- = PF6-, R = Me, CMe3). The structure of the 

complex (17.11; R = Me) was determined by X-ray analysis [31o]. 

I I - 
B\ 

4 0 
N-R 

co 

CL\ 0 N-R 
B' 

I 

17.12 

+ 

X- 

Reaction of the anion [(y-cyclopentadienyl)(n\-4,.%diethyl- 

1,3-dimethyl-1,3-diborolenyl)cobalt]with tin(I1) chloride 

produced the first tetradecker sandwich complex (17.13) 

containing a non-transition metal [319]. 

Reaction of the cobalt complex (q-C5H5)C~(CH2=CH2)2 with 

the cyclic boranes (17.14; R' = Et, R2 = Me; R' = Me, R2 = H) 

17.13 
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produced the corresponding diborolene complexes (17.15; R3 = H). 

The crystal structure of the complex (17.15; R' = Et, R2 = Me, 
R3 = H) was determined by X-ray analysis. The sandwich structure 

was confirmed and carbon(4) was pentacoordinate [320]. 

R2 

A 
RI-B B-R' - X 

Et Et 

Q 0 

co 

zt t 

R' 
Et / 

B 

OX 

R2 

B(4) R3 
I 
R' 

17.14 17.15 

18. Cobalt-carbon Cluster Compounds 

The ethoxy substituted cobalt cluster complex (18.1) has 

been prepared by attack of phenyllithium on octacarbonyldicobalt 

and subsequent treatment with Et30BF 
4' 

The crystal and molecular 

structure of the cluster complex (18.1) has been determined by 

X-ray crystallography [321]. 

The bridged vinyl complex FeCo(CO)7(k-CHCH2) underwent 

redistribution on heating in boiling hexane to give three 

OEt 
I 

18.1 

References p. 466 
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trinuclear cluster complexes including methylmethylidyne_ 
tricobaltnonacarbongl [322]. 

The cluster compounds RCCO,M(~-C~H~)(CO)~ (R = pie, ph, R, 
M = Cr, MO, W, and ~CCo2Fe(?-C5H5)(C0)7 have been prepared by 

electron transfer reactions between metal carbony clusters and 

metal centred electrophiles. For example, the reaction of 
PhCCo3(CO)o with [($-Cg~S)M~(~~)3]2 

C~HS)(CO)~ in good yield [323]. 
rapidly produced PhCCo2Mo(l- 

The femocene-tricobalt cluster compounds (Y-C~H R)Fe[y- 

c5H~Cco3(co)g_nLn], where R = H, n = 0, 1, L = PPh3, 4 P c~H~,)~, 

P(OMe13, P(OPh13 and n = 2, L = P(OMe)3, P(OPh) ; R = COCH , 

n = 0, and (r\-C5;H4R)FeE\-CSH4C~~c~~(~~)g] where3R = H, he 3have 

been studied by electrochemical and spectroscopic techniques. 

The data suggested that there was a weak interaction between the 

redox sites in the molecules with the cluster behaving as an 

electron withdrawing substituent and the cyclopentadienyl ring 

acting as aT-electron donor to the cluster [3&l. 

In a similar study, the electron transfer and mixed-valence 

properties of the clusters ( n,-CgH5)Fe[rj-CgH4CCo3(CO)6L3], where 

L = P(OMe)3 and P(OPh) , were investigated. Both the Clusters 

formed a redox series 5 cluster 3 
2+/+/o/- with discrete redox 

potentials, but only the cationic derivatives were stable on the 

electrochemical and chemical time scale. In the dications both 

the ferrocenyl group and the Co3C moiety functioned as redox 

sites [325]. 

The reactions between methyl iodide and the metal cluster 

radical anions YCCO~(CO)~-', (Y = Ph, Me, Et), (CF3)2C2C02(CO)6-'~ 

(CF3)6C6C02(CO)4-' and SFeCo2(CO)q -* have been investigated. 

In each case the neutral parent cluster was produced in good yield 
together with methyl radicals and iodide ion. It was concluded 

that these were dissociative electron attachment reactions 

analogous to those of organic radical anions [326]* 
The polymerizable nonacarbonyl complexes (lo.29 16.3 and 

18.4) have been prepared and the derived polymers and coPolymers 

were evaluated as hydroformylation Catalysts. In the hydro- 

formylation partial decomposition of the cluster occurred and it 

was suggested that the mono- and/or di-nuclear cobalt carbonyl 

species formed were the catalz?sts [327 l 

Reaction of the chiral clusters il 18.5; LX =p2-1, I-+ 

CMeN-cyclohexyl, /~~-1,2-r\~-S=CNls,e~, p2-I, 3-~'-S=CPhN~; 

M = C~(GO)~]with [(\-CgRS)"o(CO)3]- g ave the products of either 



18.2 

(co+ m3 

18.4 

18.3 

s\ 
I\/ /O-X 
/ I 

M -co-- 
(cW2 

18.S 

ligand exchange or removal of a COG moiety. For example, 

the cluster [la.S; LX = p2-'I,2-r\2-S=CNMe2; M = Co(C0)3]gave the 

complex (y-C5H5)Mo(C0)2-1,2-S=CNMe2 whereas the cluster [18.5; 

&l,l- 72 -CMe2N-cgclohexyl; M = COG] produced the hetero- 

nuclear compound [I 8.5; LX =p2-I, 2-?2-CMe2N-cyclohexyl, 

M= (?-G~H~)Mo(co)~] [328]. 
me osmium-methglidyne cluster complex (18.7) has been 

formed by hydride addition and then protonation of the methoxy- 

methylidyne complex (18.6): 

H+ 
HOs3(CO),o(COMe) H- [HOsJ(CO),o(CHOMe)]- - HOS~(CO),~(CH) 

18.6 18.7 

References p. 456 
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The crystal and molecular structure of the complex (1~3.7) has 
been determined by X-ray crystallography confirming that the 

triply bridging methylidyne ligand interacted more strongly 

with two of the osmium atoms than with the third. The 

electrophilic character of the methylidyne group was confirmed 

by facile reactions with nucleophiles such as pyridine and 

LiBEt3H which led to the opening of one side of the 'cluster 

nucleus [329]. 

cH\ I\/ ) I/os(co)3 
7 

OS-OS 

NOI (co++ 

18.7 

19. (n-c&),IJi 

Reorientational processes in nickelocene have been studied 

by incoherent quasielastic neutron scattering. The cyclopenta- 

dienyl ring exhibited a Z!vs reorientational jump both below 

and above the diffuse phase transition at-200 OK. A proton 

correlation time was estimated as 4 x 10 
12 

s at 300 OK with an 

activation energy of 6.3 kj mol 
-1 

which was in agreement with 

literature values [330]. 

The reduction of nickelocene with sodium naphthalenide 

r\-cyclopentadienyl clusters 

(R = Me, Et) 

The reaction of nickelocene 

produced the air-stable complex [Na(NCMe)]+- 

-cyclopentadienyl)methylnickel 

complexes (alkadiene = butadiene, isoprene, 2,+ditnethylbutadiene) 

have been prepared by treating nickelocene with methyllithium 
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and the alkadiene [332]. 

Nickelocene underwent addition to dimethyl acetylene- 

dicarboxylate to form the (y-cyclopentadienyl)nickel complex 

(19.1) which was used as a precursor for T-substituted 

norbornadienes [333] l 

Q 0 

‘C02Me 

19.1 

Q 0 

C1/Ni>P-PPh 
2 2 

19.2 

The reaction of nickelocene with tetraphenyldiphosphane 

in the presence of hydrogen chloride produced the nickel complex 

(19.2) where the diphosphane behaved as a monodentate ligand 

[334-j l 
Reaction of nickelocene with nickel(I1) chloride or 

bromide and P(NR2)3 (R = Me, Et) produced the corresponding 

\-cgclopentadienylnickel complexes (19.3) [335]. 

Nickelocene combined with the bidentate, mixed phosphorus, 

arsenic ligands Ph2PCH2AsPh2 and Ph2PCH2CH2AsPh2 in carbon 

Q 0 

(R N) 
2 3 

P/Ni\Cl 

19.3 

References p. 466 



454 

AsPh2 

19.4 19.5 

tetrachloride to form the (T-cyclopentadienyl)nickel complexes 

(19.4 and 19.5') respectively [336]. Similar reactions were 

achieved with cyclodiphosphazene ligands [337J. 
Nickelocene combined with the ligands Me2HPS and Ph2HPS 

to form the (n\-cyclopentadienyl)nickel complex (19.6; R = Me, 

Ph) with a reactive three-membered heterometallic ring [338]. 

The reactions of the (y-cyclopentadienyl)tricarbonyl- 

molybdenum cation with nickelocene and cobaltocene have been 

investigated. Redox reactions were observed, for example, with 

cobaltocene the cobaltocenium salts [(r\-C5HS13Co]+X-, where 

X = BF - and 
4 

[(r\-C5H5)Mo(CC)3]-, were isolated [339]. 

Nickelocene has been converted by fluoroboric acid in 

Q 0 

B”i\, 
2 

C02CHMe 

b \2 I\ /*i 0 
/I 

-0 
co- co 

(CO)j (CO) 
3 

19.6 19.7 
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chloroform at -40 'C to the (q-cyclopentadiene)(I\-cyclopenta- 

dienyl)nickel cation in 89% yield [340]. 

At room temperature the reaction of nickelocene with 

Co3 (C0)9CC02CHNe2 resulted in replacement of a Co(C0) group 
3 

by y-C5HSXi to give the complex (19.7). The same reagents in 

refluxing tetrahydrofuran gave the products (~\-c~H~)~CO~(CO)(H)- 

CC02CHMe2 and (r\-C5H5)3C02?1i(CO)CC02CHMe2 in which carbonyl 

groups had been replaced by I\-cyclopentadienyl ligands [%I]. 

Tetrahedral Ni2C2 cluster complexes have been prepared 

by treatment of nickelocene with the acetylene (-)-(R)-PhCmCCO- 

NHCHMePh. Substituted nickelocenes underwent the same reaction 

[342]- 
The treatment of nickelocene with I+-CB8H13Na gave the 

carborane 6-y5-C5H5Ni-\5- I-CB8Hq which rearranged to the ten- 

vertex close metallacarborane 10-r\5-CgH5Ni-\4-1-CB8H9 [343]* 
Nickel coatings have been deposited on ceramics, glass 

and quartz by hydrogenation of nickelocene at 180-300 'C. Films 

0. 3p thick on palladium activated quartz were formed in 5 min. 

at 220 OC and had an adherence of 27 kg cm -2 [344]. 

20. (flWc8!&12g 

Streitwieser and co-workers have prepared dibenzouranocene 

(20.1) by the reaction of the benzocyclooctatetraene dianion 

with uranium(W) chloride. Catalytic hydrogenation produced 

the corresponding octahydro derivative (20.2). The NKR spectrum 

of the uranocene (20.1) indicated a spin density distribution 

20.1 20.2 

References p. 466 
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closely related to that in the radical anion of benzocyclo- 

octatetraene 13451. 
Quasirelativistic SCF-X9 scattered-wave calculations have 

been carried out for uranocene (20.3; H = U) thorocene (20.3; 

14 = Th) and cerocene (20.3; M = Ce). The calculations confirmed 

that the f,2 orbitals of the central metal atom contribute to 

the covaleEt ring-metal bonding and they also emphasised the 

importance of the 6d orbitals in this bonding [346]. 

0 0 

M 

6 
0 
20.3 
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