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1. REVIE?IS L 

Ittel and ibers have discussed the coordination of 

unsaturated molecules to transition metals [I]. Howell has 

surveyed the recent chemistry of hydrocarbon-metal-?\-complexes 

[2]. - Pbel and Stone have reviewed the literature of organo- 

metallic chemistry for 1975 [3]. 

The American Chemical Society has issued six tape cassettes 

and a manual entitled 'Organometallic Chemistry of the Transitioi 

Elements' [43. “’ Ilroul'let and Braunstein have made a general 

survey of zhe synthesis znd reactivity of organometallic compounc 

of the transition elements CO The formation and reactivity of 

(q-alkenyl) transition mecal complexes have been discussed [16 I- 
Timms and Turney have comprehensively reviewed the metal atom 

synthesis of organometallic compounds. This was a good review 

that included a short section on the experimental methods used 

in this relatively new method of synthesis [7]. 

McGlinchey and Skell have surveyed the synthesis of organo- 

metallic and organic compounds by methods involving transition 

metal vapours [a]. _ I! _ Yllcorka and Pavlik have discussed the 

structure , reactivity and applications of metallocenes bl- 
In P'sthodicum Chimicum Volume 6 a critical survey is given of 

the methods available for the preparation of transition metal 

derSvative.5. There are four chapters that are particularly 

relevant to organometallic chemists. These are, Transir;ion 



Metal Carbonyls by King , Ferrocenes by Schloegl and Falk 

blJ Sandwich Compounds -A, Metallocenes by Rosenberg [I2 ] 

and -B, Other Sandwich Compounds by <lasson [13]. 

The reactions of coordinated olefins and acetylenes have 

been reviewed by Green L.14 I- The electrochemistry of transition 

metal q-complexes has been reviewed by Denisovich and Gubin [Is]. 

Connor has discussed the thermochemistry of organo-transition 

metal carbonyls including metallocenes, (T-arene)tricarbonyl- 

chromium compounds, cymantrene and tricarbonyl(q-diene)iron 

compounds [16]. Yew varieties of snndwich complexes have been _ 

the subject of a review by Yerner [I7 1 

Bruce has surveyed the rapidly developing area of cgclo- 

metallation reactions PI- T'r-e vibrational spectroscopy of 

transition metal -q-complexes has been the subject of an extensive 

review by Aleksanyan and Lokshin [IT]. The chemistry of 

q-cyclopentadienyl and ?-arene transikion metal complexes has 

been surveyed [20], Hunt has briefly reviewed the first twenty 

years of metallocene chemistry. The discovery ol' ferrocene was 

described toget'ner with other key compounds in the development 

of transition metal organometallic chemistry [21]. 

In a brief review on some aspects of organometallic chemistry 

Toma charzed the progress made since the discovery of ferrocene. 

The article included a mention of bis(T-benzene)c'hromium and 

the use of organometallic-transition metal compounds in organic 

synthesis [22]. The utilization of arene-metal complexes in 

organic synthesis has been discussed by Semmelhack[2j]. A 

review on high-performance liquid chromatography of metal-organic 

complexes included a section on q-arene metal carbonyls k4 I- 
The reacr;ions of tricarbonyl(v-chlorobenzene)&romium were 

reviewed [25I. A volume of the Journal of Less Common Metals 

was devoted to the proceedings of the Second Conference on the 

Chemistry and Uses of Piolybdenum. One section was devoted to 

organomolybdenum complexes which included the plenary lecture 

presented by Green entitled "New Synthetic Routes in Organo- 

molybdenum Chemistry"[26]. Efraty reviewed the chemistry of the 

('1- Y c clobutadiene)metal complexes. In this excellent; review 

most aspects of 7 -cyclobutadiene chemistry were examined in 

detail [27]. 

Alper reviewed the use of pentacarbongliron in organic 

syntheses. In some of the reactions listed (T-dienejiron- 

tricarbonyl derivatives were' isolated [28]. The chemistry of 

(q-diene)- and (7 -enone)-tricarbonyliron compounds has been 
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surveyed [29J' Sutherland has comprehensively reviewed the 

literature for (7 -arene) (T-cgclopentadienyl)iron cations and 

related systems up to the end of 1975 [30]. King has reviewed 

the reactions of the macrocyclic alkadiynes 1,7-cyclododecadigne 

I,?-cyclotridecadiyne, 1,7- and 1,8-cyclotetradecadiyne and 

1,8-cyclopentadecadiyne with the metal carbonyls Fe(C0) 
5' 

Fe3(C0),2, (7\-CSH )M(COj2 (PI= Co, Rh;, COAX and 

[ (q-C51-15)EiCOJ2 313. t 
The chemistry of metallocarbenes, metallocarbynes, glides, 

clusters and metallocarboranes has been discussed from an organ0 

metallic viewpoint [32]. King has outlined the role of ['I- 

pentamethylcyclopentadienyl)metal complexes in the synthesis of 

polynuclear metal carbonyls with multiple metal-metal bonding 

[33 I* Haiduc and Popa reviewed metal complexes of T-ligands 

containing organosilicon groups. The organic ligands were class 

ified according to the number of electrons contributed by the 

ligands to the metal and the particular effects of the 6-bonded 

organosilicon groups on the q-ligands were discussed [I 341. 

Ligand substitution reactions of organometal carbonyls with 

Group V and Group VI donor ligands has been reviewed by Edwards 

[35 I- The chemistry of thiocarbonyl complexes of transition 

metals has been reviewed by Yaneff. Complexes derived from 

cymantrene and benchrotrene were included [361 Butler has 

reviewed the chemistry of the transib- --ion-metal thiccarbonyls and 

selenocarbonyls. The synthetic routes available to these relat- 

ively new classes of compounds were considered and a brief surve: 

of their phgsicochemlcal properties were presented [ 37]. 

2. GENER4L RESULTS 

In a series bf related papers Icingos has reported a topo- 

logical Iiuckel model for describing the bonding in r\-organo- 

metallic complexes. He has developed a simplified MO method 

to account for the bond lengths in transition metaln 4 -polyene 
complexes. The model ‘has taken into account the insensitivity 

of the carbon-carbon bond lengths in the.?-butadiene ligand to 

the number of benzene rings fused to it and the fixation of one 

double bond in i;he benzene ring adjacent to the butadiene group. 
3 Alternant bonding networks have been demonstrated for q - and 

r\4 -0lefin complexes. The electronic basis of the 18-electron 

rule has been indicated by application of the pairing theorem 

and the rule has been defined by t-he perturbation X0 met'nod. 

This method was also used to distinguish I8-electron rule isomer: 
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3 and to describe the fluxional characteristics of certain 7 - 

and q4- olefin complexes [3& 39, 4oJ 
A good correlation has been found between back donation of 

electrons from ligand GO carbongl znd the o_xygen Is binding 

energy in complexes. Among the complexes studi& r~ere benchro- 

trene, cymantrene, (T-butadiene)tricarbonyliron, tricarbonyl- 

(q-cycloheptatriene)iron and tetracarbonyl(n-cyclopentadienyl)- 

vanadium [kl J. Treatment of ',3,$trinitrobenzene with 

acetylcymantrene, acetylferrocene or acecyloenchrotrene in the 

presence of diethylamine or triethylamine gave the charged 

derivatives 2.1; [I R = (q-C5H4)Ym(CO)3, (v-C5h4)(q-C5HS)Fe, 

(~~-c~R~)cr(cO)~; X = Et2XH2, Et3NH]respectively. Reaction of 

the organometallic compounds (2.1) with tropglium tetrafluoro- 

borate in methyl cyanide gave the corresponding benzene 

derivatives (2.2) [42 I. 

CH2COR CH2COR 

02Noo2 02R@02 

NO; x+ NO, 

2.1 2.2 

Treatment of the chromium, manganese and rhenium complexes 

(2.3 and 2.4; $1 = MIT, Re) with trimetnylphosphine gave the 

corresponding cationic sransition metal substituted phosphorus 

ylides (2.5 and 2.6; M = Pin, Re) [l&31_ Ligand field energy 

levels were calculated for d6 metallocenes using the approx- 

imation of weak and strong ligand fields of Dab symmetry. The 

results were applied to the interpretation of the d-d spectra 

of ferrocene, ruthenocene and the cobalticinium cation ;nd of 

some related carboranyl sandwich compounds. Determination of 

the ligand field parameters 2nd the nephelauxetic ratios of 

individual complexes enabled the central atoms to be arranged 

in the nephelauxetic series: 

Ni(IV)<< Ru(I1) < Co(II1) <Fe(iI) <Ni(II) < Cr(iI1) < Vi111 

It ~3s considered that cen,tral-field covalency nnd symmetry 

restricted covalency and made equal contributions to the 

nephelauxetic effect [44]. 
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cl P Cr- 
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&T -C---_CPh 
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PMe3 

M --li 
(CO12 CPh 

I 
t 
i3Gl_ 

4 

BCl- 
4 

Phase transitions in chromocene, ferrocene, ruthenocene, 

cobaltocene and nickelocene were investigated by specific heat 

measurements. The phase transitions observed were: chromocene 

at 160-230 K with AS = 1.5 JK-' mol 
-1 

, ferrocene at 164 K with 

AS = 5.31 JK-' mol", nickelocene at 170-24-O K with& = 

5.2 JK-' mol-' [45]. Cobaltocene and ruthenocene, which have 

ordered structures at room temperature, were-investigated by 

calorimetry and X-ray diffraction in the temperature range 

77-300 K. They showed no phase transition which was in direct 

contrast to the disordered metallocenes, ferrosene, nickelocene 

and bis(?-cgclop entadienyl)cbromium C463- The thermal decom- 

position of bis(?-cyciopentadienylj-chromium and -mangsnese has 

been investigated enabling an order of metallocene stabilitg to 

be determined as V > Cr >Pln [ 473. 
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The negative ion mass spectra of (q-butadiene)tricarbonyliron, 

l,l*-bis(trimethylsilyl)nickelocene and several other transition 

metal complexes were recorded. The stability of the negative 

molecular ions were governed by the effective positive charge on 

the metal atom [48 1 Treatment of bis(q-indenyl)iron with protonic 

acids gave the cation (2.7). Similarly (q-cyclopentadienyl)(q- 

indenyl)iron on treatment with acid gave the cation (2.8). It 

was shown that in these reactions the proton was added to the 

7-position of the r\-indenyl ligand and the site o?' metal CO- 

ordination was shifted from the s-membered to the 6- membered 

ring. n-Butyllithium was effective in deprotonating the cations 

to give the initial neutral comulexes. The fluorene cations 

(2.9 and 2.10) were prepared and the manganese complex (2.10) 

underwent thermal isomerization to give the neutral complex 

@ 

0 
Fe 

2.7 

1 
I im 0 0 

El, - 

+ 

i- 

G 0 

Fe 

0 0 

2.8 

bt 0 0 
Fe 

6 0 

2.9 

2.10 
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(2.11). The bonding in 

basis of 'H and 13C WiR 

these complexes was discussed on the 

spectra and X-ray crystallographic data 

[49 I- In order to compare the ligating properties of the thio- 

carbonyl anG carbongl ligands Andrew has collected vibrational 

stretching frequencies for these ligands in a pride range of 

complexes including cymantrene and benchrotrene r_naloGues. Force 

constant correlatrons led to the conclusion that the-jr-acceptor 

to 6-donor ratio varies more for thiocarbonyl than for carbongl 

cso I- 

3. (q-CSH5)V(C0)4 

Several (q-alkenylcyclopentadienyl)tetracarbonylvanadium 

complexes (3.1; R1 = Ii, iie, St, Ph; R2 = H, Xe) have been syn- 

thesized by treatment of 6-alkylfulvenes with hexacrrbonyl 

vanadium [sl]. 

RI w 0 \ 
R2 

V 

3.1 3.2 3-3 

Irradiation of (y-cyclooentsdienyl)t etracarbonylv..nadium 

with methylaminobis(difluorophosph?ne) gave the first fully 

substituted ( 
?- 

cyclopent-dienyl)-a b_tr-c?rbonyl vanadium derivative 

(3.2). Tine intermecii_ate vagadjum cii~~-rbo!~yl derivative (3.3) 

WBS obtained by altering the relative ,.uar:titles of the reactants 

[52]. Irradiation of tetrac :rbon~l(?-c~clopen~adienyl~v~nadiwn 

in the presence of the lig-nd PhP(!:S2CkI;i!':,h2)2 gave the cis- and 

trans-complexes (3-L and 3.5) rcsncctjvclg. The trans-complex 

(3.5) :.rhich was an isomcric mixture of' t:lo species with unco- 

ordinated PPh 
2 

a_nd PPh grouts ~12s for_~~ed by photo-inauced 

configurational rearrangement of the cis- com!~lcx (3.1:) [33]. 
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3-4 3.5 

4. (s-CLE6)CriCO)3 

(i) Formation 

Photochemical reactLo= or zhe meGa carbonyls &i(COj6 (I4 = 

CP, li0, Y) with the cy~lLas RCN [R = Ph(CB2)n, n = 0 - 3; 

z’ne cyanide-metal bonded complexes 

thermal reaction of the cyanlhdes Ph(CH2)nCN 

gave the -bonded complexes (4.1) [!&I. 

The benchrotrene complexes (h.2; n = 0, I) were formed by heating 

the appropriate ligand wLth hexacarbonylchromiw in a diglyme- 

pentar?e mixr;ure L-w* 
The Lricarbonglchromium Complexes (h-3, 1.h end k-5, no 

SubStituent X) and the corresgo::dLng bis(tricarbonylchromniwn) 

Cr 

(c013 

4-l 4.2 
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X 
I 

Cr 

KO13 

4.3 

4-4 

4.5 

complexes 4.3, 4.4 and 4.5, X = Cr!C0)3 were prepared by 

treatment! of the cyclophanes with hexacarbonylchromium. The 
1 
H GfR, infrared and ultraviolet spectra of a11 the complexes 

were recorded and discussed Ln terms of electronic interactions 

WI- Benzoxepin combined directly with acetonitrile or triglyme 

chromrum, molybdenum and tungsten tricarbonyls to form the ( 

benzoxepin) complexes (4.6; Pi = Cr, No, V) [57]. 
7- 

The (-)-indanone chromium complexes (4.7; R1 = R2 = H, he, 

ONe) were condensed irith the esters (4.6; R3 = R4 = H, Me) and 

then converted through a number of steps to the chiral 2,2*- 

spirobilndans (4.9). The chiralities and enantiomeric purities 

of the spirans (k.9) were deduced from those of the initial 

chromium complexes (4.7)[.56]. BLs(tricarbonylchromium)complexes 

of dinuclear arenes were prepared either by direct reaction of 



(co)3 

4.6 4.7 4-8 

4.9 

OH OH 

4.10 4.11 

CHO 

b 0 

C02Me 

R4 R3 

the arene with hexacazbonglcbzomium or by an exchange reaction 

with tricarbongl(dimethylterephthalate)chromium. For example, 

deoxybenzoinbis(tricarbonylchromium) and E-methoxy~carbonylbenzyl- 

mesitglenebis(tricarbonylchromium~were prepared and these com- 

plexes behaved as hydrogenation catalysts for acrglonitrile [SS]. 
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I 
I Fast 

Fe(C0)3L2 + phCf+CHCIi=X6ElCR 

Scheme 9.1 

with (q-butadiene)- and (r\-2,3-dimethylbutadiene)-tricarbonyl- 

iron gave the oxidative coupling products (9.41; R = Ii, Ke) 

respectively. Similar reactions with both iron and ruthenium 

complexes were also described [222]. 
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3 

9.41 

Cyclic hydrocarbons have been formed'by intramolecular 

coupling of bis[tricarbonyl(q-dienyl)iron] cations prepared 

from (q-butadiene)tricarbonyliron and diacid chlorides [225]. 

ESCA spectra were recorded for tricarbonyl(v-trimethylene- 

methane)iron and (q-butadiene)tricarbonyliron. The C Is 

spectrum was consistent with a high positive charge on the 

central carbon atom of she q-trimethylenemethane ligand. It 

was concluded that the overall donor and acceptor character- 

istics of ?-trimethylenemethane and T,-butadiene were similar 

with a slightly larger degree of back-bonding to fl,-butadiene 

[224]. 

IO. (q,-C,+R+)Fe(C0)3 

The formation of ti,B-unsaturated derivatives of tricarbonyl- 

(q-cyclobutadiene)iron has been reported. The alciehycie (10.1; 

R = CEO) underwent the Vittig reaction GO form the vinyl compourid 

(lO.2; R1 = R2 = H). The acrylate (10.2; Rl = Br, R2 = C02fiie) 

CR =CR’ R2 

Fe 

(co)3 

Fe 

bw3 

10.1 10.2 10.3 
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OAc 

(c013 

10.4 

Me 

Fe 

NOI 

10.5 

was formed in the same way and converted to the acetylene (10.1; 

R = CZC.CO2Me) with potassium t-butoxide [225]. 

The tricarbonyl(T-pyridazinocyclobutadiene)iron complex 

(IO.31 was formed I'rom tricarbonyl(s\-1,2-diacetylbutadiene)iron 

and hydrazine in acetic acid. The diacetyl compound was reduced 

lqith sodium borohydride and Grignard reagents to form the cor- 

responding dials [226]. The stereospecific synthesis of two 

isomeric ix=-on tricarbonyl estradiene complexes (IO.41 has been 

reported [227]. 

Irradiation of' a mixture of tricarbonyl(q-tetramethylcyclo- 

butadiene)iron and hexafluorobut-2-yne gave the tricarbonyliron 

10.6 10.7 10.8 
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complexes (IO.5 and 10.6). The structures of these two complexes 

were detertined by X-ray crystallography and the mechanisms of 

formation were discussed. Irradiation of a mixture of trifluoro- 

ethylene and tricarbonyl(q-tetramethylcyclobutadiene)iron 

afforded a mixture of the two isomeric 
7- 

cyclobutengl complexes 

(10.7 and 10.81 [228-j. 

The (r\-cyclobutadiene)iron complex (10.9; R = H) was con- 

verted to the anionic complex (10.10) on treatment with n-butyl- 

lithium in THF at -78O. Reactions with nucleophiles gave 

derivatives of the original neutral complex, thus 

gave the E-methyl complex (IO.?; R = Ne) [229]. 

R 
_-- 

& 

H 

9/ 

tie 

(CO)_, 

- 

Li* 

met'nyl iodide 

IC.9 10.10 

'H NMR spectra of a series of tricarbonyl(?-cyclobutadiene)- 

iron compounds were recorded in deuseriochloroform. The chemical 

shifts of the H-2 and H-4 protons in the v-cgclobutadiene 

ring were correlated i-rith substituent constants derived from 

Hamett and modified-Hammett linear free energy ea_uations. It 

was concluded that a substituent modified the electron density 

at the ring positions adjacent to it in much the same way as 

it would in benzene. Also, the substituent 

influence on electrcn density at the carbon 

the ring [230]. 

The proton coupled 13C XPiR spectrum of 

had a significant 

atom directly across 

y-butadienetri- 

carbonyliron was analysed in detail. The data were intergrezed 

in terms of a nonplanar C,H skeleton with the C-C bond lengths 

nearly equal and with the terminal carbon atoms showing some 

rehybridization towards sp 3 [231 ]- 

The crystal structure of the substituted r\-cyclobuGadiene 

complex (10.11) was determined by X-ray analysis. The 
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eight-membered ring was flattened from a boat conformation 

and the six-membered rings-were twisted from coplanarity by 

an angle of 74O [232]. 

The nucleophilic addition of the tertiary phosphines 

(R1)2R2P (R' = R2 = Me, Et, n-Pr, n-Bu, Ph; R' = Me, R2 = Ph; 

73' = p'rr, R2 = ICe) to dicarbongl(T-cgclobucadiene)nitrosyliron 

hexafluorophosphate gave the exo-nhosphonio derivatives (10.1; -- 

[233]. The high stability of the (v-cyclobutadienyl)iron 

carbenium ion (10.13) was demonstrated by determination of t'nc 

forward and reverse solvolysis rates for (q-chloromethylcyclo- 

butadiene)tricarbongliron in aqueous acetone. Sevzral bis- 

tricarbonyl(T\-cyclobutadienyl)iron methyl fluoroborates (10.11! 

R = H, Ph, Nile, cyclopropyl) were characterized and the barrier 

to free rotation about the cyclobutadienyl ring-carbinyl carbc 

bond estimated by 'H I%R spectroscopy [234]. 

Grubbs and Pancoast have degraded the optically active 

'7 y 
-c clobutadiene)iron complex containing a dienophile in tk 

side chain (10.15) in order to investigate the mechanism of 

oxidative decomposition of these complexes. The product (10.1 

showed high retention of optical activity and suggested that 

in intermolecular trapping experiments free achiral syclo- 

butadiene was an intermediate [235]. 

Kaplan and Roberts have used the cyclobisacylation of 

R,E'-dimethylbiphenyl (10.17) with the (s\-cyclobutadiene diaci 
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10.13 

‘F 0 

Fe 

(W3 

10.14 

CFi+ SF- 
4 

2 

chloridejiron complex (10.18) as a route to a dibenzo derivative 

of bicyclo[6.2.0]d ecapentaene 2s t'ne tricarbonyliron complex 

(10.19). The complex (10.19) was a twisted, rigid, eEantio- 

merically sta'ole bridged biphenyl. dith 2,7-di-tert-butyl- 

flucrene as the reagent the planar complex (10.20) was obtained. 

CH OCH 
2 ! 2 

Fe Me 

(CO13 

10.15 10.16 

Hydride reduction of the two diketone complexes !10.19 and 

10.20) led to the corresponding cis,sgn-diols, thus the dikezone 

(10.20) gave the diol (10.21) which was C! graded to the free 

hydrocarbon (10.22) with aqueous hydrochloric acid 12361. 

Alkyne substituents were introduced to the tric_rbonyl(T- 

cyclobutadiene)iron nucleus by treatment of tricarbonyl( 

bromoethylcyclobutadiene)iron with alkynols. 
7 
- 

Each complex was 

then oxidized with cerium(IV) salts to 1iberar;e the free ligand 

which underwent intramolecular Diels-Alder addition to give 

the isolated products. &-+en the complex was optically active 

then oxidative degradation afforded an optically active product 

of high optical purity [237]. 

References p_ 436 



394 

I 
F6 

vm3 

10.19 

g 

COG1 

0 

COCl 

Fe 

(CO13 

10.18 

0 F! 0 

TRF 

FE3 
10.2’ 

Pm3 

I BH3THF 

10.22 
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He2 

ph*ph - 
w3 

10.23 10.24 10.25 

Tricarbonyl(q-cyclobutadiene)iron was added to a solution 

of the tetrasubstituted isopgrazole (10.23) in acecone and the 

resulting complex I-Ias oxidatively degraded with cerium(IV) eo 

form the free ligand (10.24.). This ligand was then converted 

quantitatively to 3,3-dimethyl-2,4-diphenyltricyclo [3.2.0.0'~4]- 

hept-&exe by irradiation in ether [ 2381. 

a= I I-- 0 

I 
Fe 

wM3 

10.26 10.27 10.28 

0 ’ b 
Fe 

w3 I 
+ 

5Q I I. 
@ 

I I \. 

F& Fe 

(W3 (CW3 

Fe 

(CW3 

10.29 ~10.30 
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The photochemical reactions 0, * tricarbonyl(l,Z-dimethyl- 

cgclobutadiene)iron (10.25) with a number of acetylenes have 

been investigated. For example, irradiation of the complex 

(10.25) with acetylene gave g- and E-xylene; with propyne 1,2, 

'and 1,2,4-trimethylbenzene were isolated while 2-butgne formed 

1,2,3,4- and 1,2,4,5'-tetramethylbenzene. Possible mechanisms 

were presented to explain the formation of these products [239 

Tricarbonyl(~-cyclobutadiene-l,2-dicarbaldehyde)iron was 

subjected to a bis-5Jittig reaction with the glid derived from 

[(Ph3pfC"2)2CO]2C1- to form the (T-cyclobutatropone )iron complc 

(10.26). A similar reaction afforded a mixture of the isomeric 

(y-bicyclononatetrasne)iron complexes (10.27 and 10.~8) which 

were converted with trityl hexafluor;phosphate to the (r\-cycle. 

butatropglium)iron cation (10.29). H X&iR spectroscopy indica: 

that the most important canonical form for the cation (10.29) 

was one with the positive charge on carbon-3 [240]. 

Independently, Kaplan and Roberts have used a similar roul 

to tricarbonyliron complexes of bunzo-, furo-, dihydro- and 

tropono-bicyclo[6.2.0]decapentaene (10.30, 10.31, 10.32 and 

10.26) respectively. Conformational analysis of the _narent 

complex suggested Drel'erence for the conformer where the metal 

was on the convex face of a tub form of the ligand (IO.331 [a 

Fe 

(CO 
)3 W)3 

10.31 10.32 10.33 

11. <\7gclic-q-diene)Fe~CO)3 Complexes , 

(L) FOFLNATION 

13eaction of the morpholine and pyrrolidine diensmines of 

3,.!?,.$trimethylcyclohea_2_en-l-one with iron carbonyl each gave 

a mixture of two tricarbonyl(q-dienamine)iron complexes (11.1, 

41.2 and 17.3, 11.4) respectively. The complexes (11.1 and 

11.3) where the dienamine system was cross-conjugated were 
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more stable than the complexes (Il.2 and 11.4) where the 

dienamine bras linearly conjugated 12421. 

Berchzold and Ashworth have reported the stereospecific 

synthesis of tricarbonyl(7 -endo-Lacetoxy-1,3-cyclohexadien-yl)- 

iron fluoroborate (11-S) and tricarbonyl(?- b-hydroxy-1,3- 

cgclohexadienyl)iron fluoroborate (11.6) (Scheme 11.1) [243]. 

Several tricarbonyl(q-1,3-cyclohexadiene)iron compleses 

were oreuared and their properties were in?-stigaGed _ _ 124.4-J 

The addition of heterocyclic aromatic molecules such as fUran 

and pyrrole to tricarbonyl(q -cgclohexadienyl)iron cations 

gave the tricarbonyl(\-cyclohexadiene)iron complexes (11.7; 

R = C4H30, C$i$T). The reaction followed second order kinetics 

indicating electrophilic attack on the heterocycle by the 

cation. The relative reactivities of several other heterocgclic 

aromatic reagents in this reaction have been explored [2&s]. 

miedel-Crafts acetylztion of tricarbonyl(q-cyclohexa- 

1,3-diene)iron gave a 4/l mixture of the 5-exo- and 5-endo- 
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Scheme 11.1 

acetyl complexes (11.8 and 11.9) respectively, as the major 

products [&6]. 

Attack of cyanide ion on the (y-cyclohexadienyl)iron catio 

(11.10) took place specifically at the most electron-deficient 

end of the dienyl system and it was also stereospecific forming 

the exo-cyanide complex (11.11) [a?']. 

Treatment of the bullvalene bis(tricarbonyliron) complex 

(11.12) with carbon monoxide gave the tricarbonyliron complex 

(11.13). Oxidative decomposition of the complex (11.13) with 



399 

q 4"^; qo' 

Fe Fe Fe 

W3 (COJ3 (CW3 

11.7 11.8 11.9 

iron(II1) chloride gave the thermally unstable ketone (Il.141 

which isomerized by a Cope rearrangement to give 7;he 

derivative (11.15) [248]. 

MI 

Fe 

(cc$ 

GN 
F& 

W3 

tricyclic 

11.10 II .I1 

?3icyclo[6.1 .O] nona-2,4,6-triene was treated with dliron 

nonacarbonyl to give 2 9:l mixture of the isomeric v-cyclonona- 

tetraene complexes (11.16 and 11.17). The complex (11.17) 
rearranged on heating to form 7;he dihydroindene complex (11.18) 

The reaction of tricarbonyl(q-cgclooctatetraene)iron with 

the triazolinediones (11.19; R = Me, Ph) gave the corresponding 

tricarbonyliron derivatives (11.20; R = IGe, Ph) together with 

the barbaralone derivatives (11.21; R = i%e, Ph) [250]. 

The tricarbonyliron complex (11.231 was formed when the 

tetracarbonyliron derivative (11.22) was heated in benzene 

[2.51 -j* Triiron dodecacarbonyl was treated with 2-methylthio- 

phane to form the ferrathiac$clohexadiene complex (11.24) which 

was characterised by X-ray crystallography. The preparation 
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11 .I2 11.13 

11.14 II .I5 

of two isomers of the methyl substituted tricarbonyl[tricarboIlyl 

(ferracyclopentadiene)]iron was described together with their 

mass spectra and IiXR spectra [252]. 

Victor, Usieli and Sarel have continued their studies of 

cyclopropgl-olefins and -acetylenes as ligands for iron with 

an investigation of the reaction between dicgclopropglacetglene 

and iron carbonyls under thermal and photolytic conditions. 

Fe Fe 

(CW3 (CW3 

Fe 

NW3 

11.16 Il.17 11.18 



11.19 11.20 11.21 

Complex mixLures of products rrere obtained, the nature and 

proportions of which were dependent on tine carbongl used and 

the reaction conditions. Thus irradiation of iron pentacarbonyl 

and dicgcI.opropyI.acetgIene in a 2:l -molar ratio gave the ferroles 

(11.25, 11.26, 11.27 and 11.28) as the principal products 

together with three other complexes, two of which were unident- 

ified [:_S'j]. 

Iron atoms were cocondensed with chiophenes at -196O and 

the co-condensate w&s allowed to warm to room temperature under 

an atmosphere of carbon monoxide. Desulphurization of the 

thiophene occurred wit'? the formation of tricarbonylferrole 

iron tricarbonyl compounds (11.29; R = H, Pie) [254.]. 

11.22 11.23 
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The iron-borole complexes (11.30 and 11.31) were formed 

by treating pentaphenylborole with diiron nonacarbonyl and 

3-phengl-2-ethyl-&,5-dihydroborepin with iron pentacarbongl 

respectively [2%]. 

The tricarbonyl(?-cyclopentadiene)iron complexes (11.32; 

R = Me, CH2Ph, CH2C1, Cl; M = Si, Ge) were obtained by phir, -ysis 

of the free ligand with iron pentacarbonyl. Substitution 

reactions at germanium in the T\-germacyclopen?;adiene complexes 

demonstrated the high reactivity of the germanium-carbon bond 

[2%]. 

The crystal and molecular structure of r,he (q-boracyclo- 

dTene)iror, complex (11.33) has been determined by X-ray crystal- 

lography [257]. 
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Treatment of 2,4,6-triphenylpyrylium iodide with an excess 

of diiron enneacarbonyl gave the bis(tricarbonyliron! complex 

(11.34), which was produced by the reductive coupling of two 

pgrylium moieties, and a small amount of the tricarbonyliron 

complex (11.35). Similarly, the reaction of 2,6_diphenylpyryli 

iodide with diiron eneacarbonyl gave the bis(tricarbonyliron) 

complex (11.36) [258]. 

(ii) SPECTROSCOPIC AND PHYSICO-CHIWICAL PROPERTIES 

The variable temperature I3 C NIB spectrum of tricarbonyl- 

(v-cycloheptatriene)iron was examined and only a little broaden 

ing occurred before the molecule decomposed. However, on 

application of the Forsen-Hoffman spin saturation method the 

molecule was shown to be fluxional. It rias not clear from 

the results whether tricarbonyl(7 -cgcloheptatriene)iron was 

fluxional via either a 1,2 or a I,3 shift mechanism [259-j. 
33 C and 'Ii 1WR spectroscopy were used to study the con- 

figurations of a series of mono- and bis-tricarbonyliron com- 

plexes of3the propellanes (11.37 and 11.38). Praseodymium 

induced C-shifts of the ironcarbongl carbon atoms and the 

shifts of the central carbon atom of the complexed diene system: 

were particularly useful in helping to decide whether the 

configuration of the tricarbonyliron group was exo or endo [260 -- 
TheI C NKR spectra of eleven I-, 2-, and ?-substituted 

tricarbonyl(?-cgclohexadienyl)iron cations (11.39; R = fi, Pie, 

01.ie , CO$le) were assigned and the substitnent effects were 

compared with those in the corresponding cyclohexadienyl cation: 

Chemical shifts for the methoxy compounds (11.39; R = OI;le) 

suggested that canonical forms with a positive charge on oxygen 

or on the ring carbon atom bound to oxygen were of major / \ a> 0 

0 / c:$ \ 
i&e 

\ 3 / 

0 

II-37 31.38 
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importance in the electronic structure of these cations. Product 

distribution in nucleophilic addition to the cations (71.39) 

was discussed in terms of the chemical shifts observed for the 

carbon atoms at which addition occurred [261]. 

The fluxional behavEour of the iron cornFlex (11.40) was 

investigated by variable temperature 13 C and 'H NNE? spectroscopy. 

A 1,2-shift mechanism of the q-cycloheptatrienyl group with 

respect to the central. iron atom was proposed_[262]. 

The fluxional behaviour of the (r,-bicycl_o[6.l.O]nonatriene)- 

dilron complex f11.41) has been investigated by variable temper- 

ature 'II and 13 C IJMR spectroscopy. The low temperature limiting 

spectra were consistent with the asymmetric skew-type structure 

of she crystalline solid (11.Q.l and 11.42). At higher temper- 

atures a "twitching" process was implicated in the inserchange 

between the two forms. The twitch was followed by screnbling 

Fe-Fe 

(W3 (CO13 

II.41 
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of the carbonyl groups first on the allyl-bound iron atom and 

then on the second iron atom. The free ene-_dr of activation 

for the twitch was determined as AC* = 7.4 kcal mol -' [263]. 

The mass spectra of the tricarbonyliron complexes (11.43 

and 11.44) were recorded. It was concluded that the radical 

cations [(C6HoO)Fe]+' formed by both the complexes had different 

structures over that part of the energy distribution that gave 

rise to decompositions in the ion source [264-j- 
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Nass spectromezry has been used to determine the stabilities 

of the complexes (11.45) which were prepared from triiron 

dodecacarbonyl and substituted acetylenes. Stability was deter- 

mined by tne electron releasing power of the substituents [265 3. 

The crystal and molecular structure of 2,2'-bithienylhexa- 

carbonyldiiron has been determined by X-ray crystallography. 

One thiophene ring remained free while the second had an iron 

tricarbonyl group inserted to give a metallocycle with a second9 

pendant, iron tricarbonyl group [266]. 

Fe -Fe Fe Fe 

11.46 1-l .47 



407 

Fe 

{CO) 
3 

Fe 

wNj 

11.48 11.49 

The crystal and molecular structures of the isomeric 

pentacarbongl(v-guaiazulene)diiron complexes (11.46 and 11.47) 

have been determined by X-ray crystallography. Their fluxional 

behaviour has been studied by 13 C ilXI spectroscopy and the 

carboEy1 scrambling processes were very simrlar to those observed 

in pentacarbonyl(q-azulene)diiron [267]. 

The crystal and molecular structures of the (q-dimethyl- 

styrene)diiron complex (11.48) axd the (T-ferraindene)diiron 

complex (11.49) have been determined by X-ray methods. Tne 

7 - 
-dimet'hylstyrene complex (II .48) consisted of trro planar 

( 
7 
-isoprene)tricarbonyliron groups that intersected at an angle 

of 34.3O. The tr?o tricarbonyliron groups occupied trans positions 

with respec?; to one another. The (r\-e-butad_ qene)tricarbonyl- 

Fron groups in the (q-ferraindene) complex (11.49) had dimensions 

closely In accord with chose observed previously [268]. 

A single cryst,al X-ray diffraction study has confirmed the 

structure of tricarbonyl(~- cyclopentadienone)Lron (11.5G). 'The 
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Fe 

(co)3 
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ketone group is 19.9' out of the plane of the butadiene moieiq 

[269]. The crystal and molecular structure of tricarbonyl[?-2 

dimethylthiophen-l,l-dioxide)iron (11,51) has been determined 

by X-ray methods. The compound is structurally analogous to 

tricarbonyl(r\-butadiene)iron although the sulphur atom is bent 

out of the plane of the butadiene moiety by 26.q" [27O]. 

The crystal and molecular structure of tricarbonyl(T-s- 

7-phenylcycloheptatriene)iron (11.52) has been determined by 

X-ray crystallography [2?1]. 

(iii) GE3JERAL CHEMISTRY 

The (q-germylcgclopentadienone)iron complex (11.53) was 

formed from diiron nonacarbonyl and Ph3GeC=CAc 12721. 

0 

II.53 

2-Chloro-1,3-cyclohexadiene was treated with triiron 

dodecacarbonyl to form a mixture of the two isonieric (v-cyclo- 

hexadiene)iron complexes (Il.54 and 11.55; R = Cl) which was 

converted to tricarbonyl(7 -cyclohexadiene)iron (11.55; R = H) 

with sulphuric acid. This complex was, in turn, oxidized 
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smoothly to the (y- y 1 h c c o exadienyl)iron cation (11.56). The 

aldehyde complex (11.55; R = CHO) underwent condensation reactions 

to form derivatives such as the nitrile (11.55; R = CH=CHCH) 

[273]. 

Electrophilic substitution of tricarbonyl(T-cyclohexa- 

I,j-diene)iron with thallium(II1) Grifluoroacetate in methanol 

gave a mixture of the methoxides (11.59 and 11.60) and the 

alcohol (11.61). It was proposed that the T-ally1 intermediate 

(11.57) was formed initially and that this was attacked by 

methoxido ion to give the T-cgclohexene intermediate (11.58) 

which in turn lost thallium(i) trifluoroacetate and trifluoro- 

acetic acid to give the product [274]. 

The tricarbonyl(T-cyclohexadLenyl)iron cation (11.62) 

combined with alkoxides at room temperature to give the (q-E- 

cgclohexadiene)iron compound (11.63; R = OMe, OEt, OPrn). 'rhe 

exo-methoxy product (11.63; R = OMe) isomerized rapidly on 

heating to give a mixture of the endo- and exo-isomers in the 

ratio 3:2. The same mixture was obtained by heating the 

Tl(OCOCF3)2 
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endo-isomer (11.64) under reflux with acidified methanol. An 
1 
Ii NMR shift reagent was used to show that the relatively 

slow isomerization of the endo-isomer was caused by steric 

hfndrance to protonation [27's]. 

Tricarbonyl(y-1,3-cgclohexadiene)iron was converted to the 

anionic cyan0 complex (11.65) with NaN(SiMe3)2 and was in turn 

protonated to the isocganic acid derivative (11.66; R = H) and 

alkylated with (Et30)BF 
4 

to the isonitrile complex (l-1.66; 

R = Et). Similar reaction sequences were reported for 

(v-butadiene)tricarbonyliron and (y-cyclooctatetraene)tri- 

carbongliron [276-j. 

The attack of mixed alkglcuprates, Li(R'R'Cu), where 

R1 = Me, CH2=CH, Bu, But, Prl and R2 = CH2=GH, Bu, OBut, SPh 

on tricarbonyl(y-cyclohexadienyl)iron cations (11.67; R = H, 

Me) has been investigated. W'nen the reagent contained the 

thiophenyl group together with a bulky alkyl group such as 

iso-propyl or t-butgl then alkylation of the cation occurred 

to give a mixture of the two isomeric (T-cyclohexadiene)iron 

11.65 I-1.66 
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complexes (11.68 and 11.69). The ratio of these two products 

was sensitive to the nature of the reagent but the dominant 

R’ -Q \ / 
Fe 

(W3 

product in each case was the 2,S-disubstituted complex (11.63) 

[277 ]- 

The kinetics of substitution of dicarbonyiiodo(?-cyclohexa- 

1,3-dienyl)- and dicarbonyliodo(n\-cyclohepta-1,3-dienyl)- iron 

complexes by phosphite ligands was investigated. The variation 

in rate with the size of the attached ring was q,-cyclohexadienyl 

7 
-cycloheptadienyl>s\-cyclopentadienyl. Detailed solvent 

studies showed that for the 6- and 7- membered ring compounds 

the transition state bias more Folar than the ground state which 

was opposite to that found for the q-cyclopentadienyl complexes 
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The addition of hexafluoropropene to tricarbonyl(y-cgclol 

l,+diene)iron took place in the molar ratio 2:l with the 

fluoropropene adding endo to the iron atom. The structure of 

the ferraindene product (11.70) was determined by X-ray crystr 

lography and a mechanism was proposed for its formation [279] 
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Diiron nonacarbonyl combined with 9-anti-methoxy-cis- 

bicyclo[6.7.O]nonatriene to form the binuclear complex (IIJI] 

cf the initial bicyclic ring system together with the (y- 

dihydroindenejiron complex (11.72; R = OEIe). The latter was 

esterified with trifluoroacetic acFd to give the ester (11.72; 

i3 = 0COCF3) which was then saponified on alumina to the alcohc 

(11.72; H = OH). This compound was in turn oxidlcod to the 

indenone complex (11.73) which led to the endo-alcohol (11.74) 

\fien any one of the complexes (11.72; R = OMe, OH, OCOCF’3) 

was extracted from dichloromethane into concentrated sulphuric 

acid and then quenched with water, the homopentalene complex 

(II .75) was obtained [28C]. 
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Treatment of the tricarbonyliron darivative (11.76) with 

deuterated trifluoroacetic acid gave the cation (11.77) where 

deuterium addition had occurred exclusively exe to iron [281]. 

The site of addition of a proton and tetracganoethylene to some 
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q-cycloheptatrienetricarbonyliron complexes was investigated. 

Tetracganoethylene underwent 1,3-addition to the uncoordinated 

side of the ring in the acetyl derivatives (11.78 and 11.79), 

whereas the proton added to the coordinated double bond in the 

2-acetgl complex (11.79). When tricarbonyl(~-cgcloheptatriene)- 

iron was dissolved in sulphur dioxide the adduct (11.8Oj 

separated [282]. 

Treatment of tricarbonyl[q-(6-formyl-cgcloheptatriene)]iron 

with tetracganoethylene gave the adduct (11.81). The adduct 

was formed by initial electrophilic attack of tetracyanoethylene 

at the C-l position of the coordinated double bond followed 

by ring closure at C-3. In a similar reaction with tetra- 

cyanoethylene the l-cyclooctatrienone complex (11.82) gave the 

cgcloadduct (11.83). Tricarbonyl(?-tropone)iron underwent 

?,S-cgcloaddition with N-phenyl-triazolinedione to give the 

cornFlex (II -84) [283] 
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The 

negative 

iron and 

addition 

cycloaddition of olefins and ketonss bearing electro- 

substituents to (q-azepine)- and (T-cy?loheptatrienone)- 

-ruthenium carbonyls has been compared with &:gclo- 

to the free ligands. The (a , -nzepine)iron complex 

(-11.85; M = Fe) combined with tetracgenoethylene over 30 min 

at room temperature to form the (I-diene)iron complex (11.8’6) 

as the major product by 1,6-addition together with the 

(q-allyl)iron complex (I? .87; M = Fe) as a minor product by 

l,+addition. Hexafluoroacetone gave the 1,3-adduct with the 

same ( T-azepine) complex (11.85; I’4 = Fe) and its ruthenium 

analogue (11.85; M = Ru) also gave the products of l,j-addition 

with hexafluoroacetone, tetracyanoathylene (11.87; M = Ru) and 

l,l-dicgano-2,2-bis(trifluoromethyl)ethylene. Tricarbonyl- 

(_?-cycloheptatrienone) iron (11.88) underwent siaw cycloaddition 

with hexafluoroacetone and tetracganoethylene to give t,+adducts. 

The mechanism of the reactions has been discussed in terms of 

the Woodward Hoffiann topological rule [2&l. 

The tricarbonyl(y-cycloheptatrienide)iron anion (11.89) 

combined with the ester ClCO,Ke ta form the isomeric v-cyclo- 

heptatriene ester complexes (11.90; R1 = C02Me, R2 = H; R1 = H, 

R2 = C02Xe). The triethylsilyl and triethylgermanyl derivatives 

(11.90; R' = Et3Si, Et3Ge, R2 = H) respectively were obtained 

by using triethylchlorosilane and triethylge&anium chloride 

as the reagents [285]. 

Tricarbonyl(?-tropone)iron (11.91) was r\rotonated on the 

oxygen atom with trifluoroacetic acid in dichloromethane at 

-78O to form the blood-red cation (11.92j. On warming to O" 

the cation isomerized to the carbon protonated complex (11.93). 

The 7-methyltropone complex was also protonated [286, 2871. 

The reaction of tricarbonyl(y-tropone)iron with diphenyl- 
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nitrilimine gave the adduct (11.94) as the major product. 

Treatment of the adduct (11.94) with cerium(IV) gave the free 

ligand [288]. 

Tricarbonyl(7 -cgcloheptatriene)iron combined with tri- 

carbonyl(T-cgcloheptatriene)-chromium, -molybdenum and 

-tungsten to give the mixed exo-binuclear complexes (11.95; 

M = Cr, MO, W). The same iron complex was treated with ally1 

bromide to give the endo-diiron complex (11.96). Elimination 

of M(CO$ where M = Cr, MO, W, from the complexes (11.95) and 

subsequent treatment with (y-benzglideneacetone)tricarbonylirol 

gave the --diiron complex (11.95; M = Fe) [289]. 

The (T-cgclooctadiene)ruthenium complex (11.97) underwent 

several reactions involving ligand exchange, ligand reduction 

and aromatisation in the presence of hydrogen. Thus the 

(T-benseae)ruthenium complex (11.98) -was formed with benzene 

and hydrc,?en at room temperature [290]. 
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Tricarbonyl(~- c c y 1 ooctatetraene)iron was reduced quent- 

itatively to the y-cyclooctatriene complex (11.99) by electrolysis 

in the presence of trImethylammonium bromide as a proton donor. 

Reduction with potassium in THF gave the same product in 30$ 

yield. The mechanism of reduction was investigated by cyclic 

voltammetry [291]. 

Tricarbonyl(q-cyclooctatetraene)iron was protonated in a 

mixture of f'luorosulphonic acid and fluorosulphonyl chloride 

at -IZOO to form the dienyl cation (11.100). When the solution 

was allowed to warm to -60' the cation rearranged to the 

tricarbonyl(q-bicyclo[s.l.O] octadienyl)i.ron cation (11.101) 

by electrocyclic ring closure [292]. 

Acetylation of tricarbonyl(T-cyr- -700ctatetraene)iron under 

Friedel-Crafts conditions gave the (T-bicycle [3.2-l ]octadienylium)- 

iron complex (11.102) whLch was characterised structurally by 

X-ray crystallography and was converted to the y-diene complex 

(-11.103) with iso-propylthiol and butyllithium. The reaction 

of the cation with nucleophiles was also reported [293]. 

pq+ $r: 
Fe Fe 

(CO L GOI 
-I 

11.102 Il. 

)3 

103 
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Fe 

(CNj 

11.108 11.109 

+ + 

Fe 

(CN3 

11.111 11 .I12 

A kinetic study of the reaction between cgclooctatriene 

and ( 
7 
-benzglideneacetone)tricarbonyliron, BDAFe(C0)3, to give 

the tricarbonyliron complex of bicgclo[&.2.0]octadiene (11.104) 

has confirmed that the rate determining step is the ring closure 

'of the triene to the tautomeric bicgclodiene. The low con- 

centrations of the tautomeric dienes present in equilibrium 
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with trienes (Il.105 and 11.106) were also trapped selectively 

with (7 -benzylideneacetone)tricarbonyliron to form the complexes 

(11.107 and 11.108). Eowever, bicyclo[6.l.O]nonatriene (11.109) 

gave a mixture of complexes containing r;ri-, di- and mono-cyclic 

ligands (11.110, il.111 and 11.112) [294]. 
The thermal reactions of (q-benzglideneacetone)tricarbonyl- 

iron with cgclooctatriene, bicgclo[6.1.0] nonatriene and e-Y- 

methylbicyclo[6.1. 0] nonatriene gave (T-bicyclo[4.2.O]octadiena)- 

tricarbonyliron, (+\-tricyclo[4.3.0.0] -nona-2,4_diene)tricarbonyl- 

iron and tricarbonyl(r\-syn-8-metbyltricyclo[4.3.0.O]nona-2~4- 

diene)iron respectively as the major products. A kinetic study 

was carried out on the reaction of (T-benzylideneacetone)- 

tricarbonyliron with l,3-cyclohexadiene to give tricarbongl- 

(T-cyclohexadiene)iron. It was suggested that this reaction 

proceeded by dechelation of the carbonyl group to give a sixteen 

electron iron complex w‘nich was then crapped by cyclohexadiene 

[295]. 

12. r(~,-C5H5)Fe(~-C6~]' 

Several (r\-arene)(q-cyclopentadienylfiron(I1) salts (arene = 

diphenylamine, carbazole, benzimidazole, triphenylmethane, 

fluorene) were prepared by heating the arene, ferrocene, 

aluminium chloride and aluminium in decalin; Treatment of the 

c\-arene complexes with either bis(trimethylsilgl)aide or 

sodamide in ammonia gave the corresponding ?-cyclohexadienyl 

compounds (12.1, 12.2, 12.3 and 12.4) [296]. 

The formation of (y-benzene)iron sandwich cation2 (12.5; 

R = Me, N02, OMe) in the gas phase has been reported. Ferrocene 

Tfas mixed with the arene in an ion cyclotron resonance spect- 

rometer at low pressure. The reaction proceeded through attack 

of the cation (y-C5H5)FeT on the neutral arene [297]. Treatment 

of l,l'-bis(3-phenylpropyl)ferrocene r.rith aluminium chloride and 

aluminium gave the 7 -benzene complex (12.6) whose structure was 

confirmed by X-ray analysis [298]. 

Determination of the crystal and molecular structure of 

the (y -fluorenyl)iron complex (12.7) by X-ray crystallography 

has led to its formulation as a zwitterion with a positive 

charge on iron and a negative charge principally on C(9). The 

complex behaves as a nucleophile towards alkyl halides to give 

the exo-9-alkyl derivatives. Thus methyl iodide gave the salt 

(12.8); other related reactions were reported [299]. 
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Electrochemical reduction of (y-benzene)(T-cgclopentadienyl)- 

iron cations gave the binuclear (l-cyciohexadienyl)iron complexes 

(12.9; n = 1-s) through dimerization of the intermediate radical. 

When the initial cation was unsubstituted the metal ligand bonds 

OJQ 
I 

I 
Fe+ 

6 
0 

-I- 
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Fe Fe 

Me 
n 

Fe 

12.9 

2 Fe + RX- Fe 

6 0 

12.11 

12.10 

Equation 1 

Fe Fe 
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+ 
x- 

12.12 
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were cleaved to form benzene and cyclopentadiene and when the 

cation carried six methyl groups the first formed mononuclear 

radical (12.10) was stable [300]. 

The reaction of (q-benzene):?-cgclopentadienyl)iron with 

the proton donors RH [RH = HCl, PhSH, (NeC0)2CH2, H20, MeOH] 

gave [(y-C6H6)Fe(v-C5H5)]R [301]. 

(q-Benzene)(q -cgclopentadienyl)iron (12.11) dimerized at 

20° in pentane to give the complex (12.12). The dimer (12.12) 

was moderately stable to air oxidation and on pyrolysis it 

gave ferrocene and benzene as the main products. The reaction 

of the iron complex (12.11j with organic halides RX (RX = CC1 
4’ 

Ph Ccl, 
3 

PhCH2C1, EtBr, PhBr, PhCl) gave a salt and the sub- 

stituted (T-cyclohexadienyl)(?-cyclopentadienyl)iron derivative 

(Equation 1) [302]. 

13. ~~~SL2Ru 

The ruthenocene and ferrocene complexes (y-C5gH5)2Ru.HgX2 

(X = Br, Cl), [(q-C5"5)2Ru]2Hg2C14, 

[(q_C~B5)~Pe]2Rg2Cl4 

('\-C5R5)2Fe.7HgX2 and 

were Trepared and their infrared and ultra- 

violet spectra were recorded. Charge-transfer absorptions 

between ruthenium or iron and mercury occurred at 280 and 360 nm 

respectively. Irradiation of the complexes within the charge- 

transfer bonds caused oxidation of the metallocene to the 

corresponding metallocinium ion together with the formation 

of mercury(I) [303]_ 

Ruthenocene has been used to quench the triplet states of 

organic compounds. Those compounds with triplet energies 

<24000 cm 
-7 

showed a decrease in the efficiency of quenching 

as the triplet energy decreased while those with triplet 

energies >24000 cm-’ were quenched at a diffusion controlled 

rate. The large Stokes shift between absorption by, and 

emission from, the lowest triplet state of ruthenocene indicated 

that it was geometrically distorted [304]. 

The free energy barriers for rotation of the acetgl groups 

in acetylruthenocene and 1 ,I*-diacetylruthenocene were deter- 

mined as 33.1 ad 32.3 kJ mol-' respectively by the use of IH 

and 13C lWR spectroscopy [305]. The quenching of triphenylene 

phosphorescence in poly(methylmethacrylate) at 77 K by ruth- 

enocene and ferrocene was investigated. Transfer of energy to 

ruthenocene was sh0i.m to occur by an exchange mechanism, while 

transfer to ferrocene cccurred mainly by a dipole-dipole 

mechanism with a weaker transfer channel due to the polymer 
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COCH=CHPh 

Ru 

6 0 

13.1 

matrix [306]. lo3Ru and 59 Fe labelled ruthenocene and ferrocene 

carboxylic acids were administered to mice. The organ dis- 

tribution and the quantity of label excreted were determined. 

The metallocenes were excreted ninety times faster than 

and 59FeC13. 

103RuC13 

The presence of free iron in the urine and 

retention of radioactivity in the blood indicated that t'he 

ferrocene derivative was degraded in vivo but t‘ne ruGhenocene 

compound was not broken do>m 307 [ I- 
The acglruthenocene (13.1) labelled with lo3Ru was injected 

into mice and found to accumulate principally in the thymus 

gland [308]. Cinnamoyl-['03Ru]-_ ruchenocene was injected intra- 

venously into rats and mice. The excretion rates and organ 

distributions of t‘ne labelled metallocene and lo3RuC1 
3 

were 

determined. The latter compound was evenly distributed in the 

body whilst the former was concentrated in the liver, lungs 

and spleen. After intraperitoneal injection of ci=namoyl- 

c 103Ru]-ruthenocene, a high thymus affinity was found and 

autoradiography showed that the site of lo3Ru was in the 

thymo;l;;es [309]. 

Ru-labelled ruthenocene was administered to rats by 

interperitoneal injection. The ruthenocene was hydroxylated 

and conjugated with glucoronic acLd arid the conjugate was 

excreted in the urine [310]. 

IL. (q,-C,kHk)Co(n;CzH5) 

Reaction of dicarbonyl(y-cgclopentadienyl)zobzlf with 

phenyl-2-thienylacetylene gave the cobalt complex (14.1) as 

the major product together with triphenyltri-2_thienylbenzene, 

Referencesp.436 
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three isomeric cgclopentadienone-cobalt complexes and the di.mer 

(14.2) [311]. 

Lee Fd Brintzinger have carried out a general study of 

the interactions between (l-cyclopentadienyl)cobalt carbonyls 

and acetylenes and have observed the formation of (q-cyclo- 

pentadienyl)(q-tetraphenglcgclobutadienejcobalt in good yield. 

from the binuclear complex (~-CgHS)2(?-PhC~CPh)Co2(CO) [312]. 

Mono- and bis-(phenglethyngl)ferrocenes were treated with the 

complexes (~-C511S)CoPPh3(~C~CR) and (r\-C5Hs)Co(PPh3)2 and 

several (q-ferroce;r_ylcyclobutadiene)cobalt complexes (14.3: 

R = Fc, Ph, CO$Ie) were isolated [313]. 

The structure of hexacarbonyl(q-cycl obutadiene)dicobalt 

(14.4) was determrned by X-ray analysis. The ?-cyclobutadiene 

ring was bound to the cobalt atom of a Co (CO)* moietg.which, 

in turn, was linked to 2 Co(C0) 4 fragment through the metal 

14.3 14.4 



atoms. Apparently to decrease 

butadiene ring and the Co:CC)4 

the result that the r\-C4H4-Co 

[314 3. 
Cyclic voltammetrg was used to examine the reduction of 
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repulsion between the v-cyclo- 

group, the ring was tilted with 

interaction was unsymmetrical 

‘1 -cyclopentadienone)(?_cgclopentadienyl)cobalt complexes (14.5; 

R = Ph, C&). Reversible one-electron reduction was observed 

to form stable anion radicals; the RSR spectra of these species 

were consistent with a high degree of metal character in the 

orbital receiving the electron [315]. 

Reaction of the q-cyclobutadiene-cobalt complex (14.6; 

R' zz R2 = SnPh3) with two molar equivalents of phenyllithium 

gave only the monolithio derivative (14.6; ii1 = SnPh 
3' 

R2 = Li) 

which was condensed with chlorotrimethylsilane. A further 

substituent was introduced by treatment of the complex (14.6; 

R' = FmPh ,_ _._ 
3' 

R2 = SiNe3) i<ith phenyllithium followed by conden- 

sation of the lithio-intermediate (14.7) with an electrophile 

[316]. 

R 

9 0 

co 
R R 

- 6 \ 0 

R 

14.5 14.6 

.. 9 0 

14.7 

1.5. [ (T\-c=H~ 12Co]f (n,-CgH$2Co ad 

All the homologues of the iMe)nC5H6_n series were treated 

with sodium amide in liquid ammonia to give the corresponding 

anions (NenCSHS_n)-_ Treatment of the anions with hexaammine- 

cobalt(II) chloride gave symmetrically substituted polymethyl- 

cobalticinium cations. These ions were isolated as their 

hexafluorophosphate salts [317]. 

The 13C IMR spectra of alkylcobalticinium ions have been 

obtained and the effect of increasing size of the alkyl group 

on the chemical shift has been compared with the effect in the 
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CONRR 

b 0 CONHR 

15.1 15.2 

isoelectronic alkylferrocenes. The two series showed similar 

sensitivities to alkyl substitution [31k). 

Condensation of the I,1 '-dicarboxycobalticinium cation 

with amines and hydrazines gave t‘ne corresponding amides and 

hydrazides (15.1; R = Ph, g-ClC H 
6 I&' 

2-naphthyl, PhNB, PhCONH) 

[319 3. Cobaltocene anions were formed by electrochemical 

reduction in THF and treated with electrophfles to form the 

(c\-cyclopentadiene)(T-cyclopentadienyl)cobalt derivatives (15. 

R = CIQBr, CH2Ph, CBClP'n, CCl3) in quantitative yield. Produc 

obtained from the otidation of these derivatives by air, acid: 

and by the triphenylmethyl cation were dependent on the nature 

of the substituents. Derivatives wit'n exo-hydrogen or an 

exo-carbomethoxy group gave the corresponding cobalticinium 

ions while those with an exo-methyl or -phenyl group suffered 

degradation [320, 3211. 

Cobaltocene was attacked by lithium and l,S-cyclooctadier 

in THF at Oc to form the complex bis( -l,S-cyclooctadiene)- 

CoLi(TBFI2 [322]. CobsXtccene catalysed the cycloaddition of 

acetylenes to nitriies to give 2-substituted pgridines in gooc 

yields [323]. 

The tharmal decomposition of cobaltocene at 500' and 

45280 mm Hg followed first order kinetics. The principal 

products were hydrogen, cycfopentadiene and methane [32&l. 

Cobaltocene has been used as a selective inithator in the 

polymerization of vinyl monomers such as acrglonitrile, acrolc 

butadiene and isobutgl vinyl ether. The nature of the solvent 

and the presence of organic halides were factors which affecte 

the mechanism of initiation [325-j- Low molecular weight amide 

linked cobalticinium copolymers were obtained by low temperatl 
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15.3 

solution polymerization. The copolymers under>rent thermal 

cyclization 'io form benzimidazole-cobalticinium copolymers 

(15.3; X = NH, S; A- = PF Cl) [326-j. 

The borabenzene salt~'X[C5R5BR] (R = Pie, Pn) were prepared 

from the cobalt cornFlex (15.k; M = Co) by treatment with 

potassium cyanide. Addition of chromim(IIIJ chloride or 

chromium(I1) chloride-tetrahydrofuran ,o the borabenzene salts 

gave the chromium complexes (15.4; R = Me, Ph; M = Cr) [327]. 

The triple-decker sandwich compound (15.6) containing 

both iron and cobalt was formed by heating the diborolene 

cr: 0 B-R 

I”i 

e 0 /B-R 
15.4 14.5 

15.6 
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ligand (35.5) with dicarbonyl(q-cgclopentadienyl)cobalt and 

dicarbonyl(q -cgclopentadienyl)iron dimer in diglyme t-3281. 

16. COBALT-CARBON CLUSTER COMPOURIDS 

The synthesis of vinylmethyiidynetricobalt nonacarbonyl 

compounds (16.1; R = H, Me, Me3Si, MeCO) from dicobalt octa- 

carbonyl and vinyltrihnlogenomethanes in dry THF has been 

reported. The vinyl complexes (16.1) were protonated with 

hexafluorophosphoric acFd to give the K-cluster carbenium ions 

which showed high stability and were converted to several 

derivatives [329]. 

CH=CHR SiR'R2R3 

I 

c~coko) 

\ 
/ 

3 c~co(co~ 

\I 

/ 

3 

/ 
(OCI3Co Co(COI3 fOC) co 

/ 

3 
Co(c0)3 

16.1 16.2 

The reaction of methylidynetricobalt nonacarbonyl with 

silicon hydrides was used to prepare a series of silyl- 

substrtuted methylidgcetricobalt nonacarbcnyls (16.2; R 1=*2= 

R3 = Et, n-Pr, Po) . The products derived from the reactions 

with trichlorosilcne, dichloromethylsilane and chlorodimethyl- 

silane were converted to the corresponding methoq- or hydroxg- 

silyl derivatives (16.2; R1 = R2 = Me, R3 = OMe; R1 = R2 = Me, 
7 

= OH; RI= Me, R2 = R3 z 

E' = OMe; R' 

OMe; R1 = Me, R2 = R3 = OH; R1 = R2 

I R2 = R3 = OH). Some reactions cf these silanols 

were investigated [330]. 

Silicon analogues of meLhylidenezricobalt nonacarbonyl 

cluster complexes have been prepared by treating the tetra- 

carbonylcobaltate anion with trich3orosilane.s. The methyl- 

(16.3; R = Me) and vinyl- (16.3; R = CH=CHz) cluster complexes 

were obtained in this way [331]. 

The acetylene complexes, XCrCX.Co2(CO). where X = Cl, Br, 0 
I were heated with octacarbonyldicobalt to form T;he binuclear 

cluster complex [CCO~(CO)~]~ (16.6) [332]. 
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/ 
ioc)3co- co(co)3 

16.3 16-b 

Polarography and cyclic voltammetry have been used to 

investigate the reduction of methylidynetricobalt enneacarbonyl 

complexes (16.4; X = F, Cl, Br, H, Le, Ph, CF 
3' 

I'ie3Si) in 

acetone. The half-wave values for one-electron reduction to 

the radical anion fell in the range -0.2 to -0.5V vs. the 

silver-silver chloride standard electrode and were correlated 

with t'ne rharge density on the cobalt atoms in the neutral 

cluster complex. Reduction to the dianion caused breakdown 

of the cluster [3333. The radical-anLions (16.5; X = I?, Cl, Br, 

H, Ee, Et, CF3, CF3C92) were also obtained by reduction of the 

appropriate neutral cluster compound with sodium or cesium in 

etb_er. The ESR spectra of the highly stable radical anions 

allowed the assignment of t'ne unpaired electror to a non- 

degenerate, delocalized, metal-centred orbital. 4 
co 

was not 

sensitive to the nature of the apical subst?tueut and hyper- 

fine interactions with the apical carbon and substituents were 

absent [334]. Treatment of (r\-dihaloacetylene)hexacarbonyl- 

dicobalt compounds with cobalt carbonyl or sodium tetra- 

I 
c 1 Co(CO\ 

\I / '3 

/ 
(OS)3Co Co(CW3 

16.5 

Rekerencesp.436 
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carbonylcobaltate (-1) gave t'ne dicluster (16.6) [335]. 

Aluminium halides were effective in converting bromo- 

and chloro-methylidynetricobalt nonacarbonyl to the correspond- 

ing acylium haloaluminate (16.7; X = Br, Cl) in good yield. 

These salts were attacked by a wide variety of nucleophiles 

such as alcohois, phenols, amines, thiols, tetraalkyltins, 

reactive aromatics and silicon hydrides to form the correspond- 

ing cG_functional alkylidynetricobalt nonacarbonyl compounds 

(16.8; X = RO, ArO, R2N, RS, R, Ar, H). Formation of the 

acglium haloaluminate (16.7) required the efficient transfer 

of carbon monoxide from other molecules of the starting material 

[336]- The Clemmensen reduction was used to convert acyl- 

and vinylic-methylidynetricobalt nonacarbonyl complexes to the 

corresponding saturated alkylidynetricobalt nonacarbonyls. 

Treatment of the acgl-substituted cobalt clusters with diborane 

in tesrahydrofuran gave a mixture of the corresponding alcohol 

and alkyl derivatives [337]. 

We 

b 
Ke .-. co(co)3 

\I / ~~Co(CO) 

/’ \I \ 
co@\ 2 

CO co (CO13 
I/ l,co 

(CO)Co 
(co)3 18’ 

corn))) 

Ph 

16.9 

P(C6H11 )3 

16.10 16.11 
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Reaction of the cobalt-cluster compound (16.9) with 

tricgclohexglphosphine gave the cobalt complex (16.10). The 

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

In the reaction one axial carbonyl of the parent CCO~(CO)~ 

unit had been replaced by the phosphine and the equatorial 

carbonyls had rearranged so that three of them formed bridges 

across the sides of the Co 3 triangle [338]. 

The methyfidynetricobaltnonacarbonyl complex (16.11) has 

been used as a homogeneous hydroformylation catalyst for 

I-pentene [339]. Cobalt carbongl cluster complexes have been 

evaluated as catalysts for the dimerization of bicyclohepta- 

diene. Small cluster complexes and those bearing a negative 

charge were the most efficient. The order of activity for 

the substituted methylidene nonacarbonyl tricobalt clusters 

RCCo3(CO)9 was 

R = H>Me>Ph>CF 
3 

which suggested that the size of the substituent was less 

important than its electronegativity [340]. 

The [O]nickelocenophane (17.1; n = 0) -tias obtained as a 

red-brown air-sensitive solid by treatment of-the fulvalene 

dianion with nickel acetylacetonate in TBF at -78O. It was 

oxidised with iron(Ii1) chloride in benzene to the dication 

Ni 

17.1 17.2 
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(17.1; 11 = 2) isolated as the red-brown hexafluorophosphate. 

Orange solutions of t'ne dication (17.1; n = 2) were unstable 

towards reduction to the purple mixed-valence cation (17.1; 

n.= 1). The electronic and infrared absorption spectra of 

the complexes were used to support the proposal that they were 

electronicailg and structurally distinct from the corresponding 

metallocenes C3hl-j. 

'IIke metal-ligand vibrations in ferrocene and nickelocene 

were investigated by IR and Raman spectroscopy. The lower ring 

tilt vibration frequency in nickelocene was rationalized in 

terms of electronic and vibronic effects on the bond force 

constant. The effect of charge-transfer on the bonding was 

found to be less important in nickelocene than in ferrocene 

[342]. 
The crystal and molecular structure of the nickelocene 

(17.2) has been determined by X-ray crystallography and 'H 

NMB contact shifts have been measured. The relationship betweei 

the 5~ contact' shift and the dihedral angle made by CK--Hk 

and the ring carbon p, ads was explored [3&3]. Nickelocene 

combined w5L3 the phosphinoacetylene Ph2PCEGCF3 to give six 

isolable products one of -which has been characterised by 

X-ray crystallography and contains a CpNi-NiCp moiety bound 

to the acetylenic bond of the Ii&and [3&l. 

The mass spectra of nickelocene and l,l'-di(isopropgl)- 

nickelocene were recorded. The spectra indicated that a large 

9 0 

Ni 

I 
R-CCC-R 

I 
Ni 

R 

17.3 17.4 17.5 
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number of rearrangement processes occurred and that a large 

number of nickel containing species were present. The intro- 

duction of the isopropyl groups increased the degree of 

rearrangement [345]. Vorking under high-vacuum conditions 

electrochemical experiments (cyclic voltammetry, dc polarography 

and coulometrg) were carried out on nickelocene, vanadocene 

and cbromocene. Nickelocene was reduced to give the anion 

[(T-C5H5)2Ni]- which was detected by cyclic voltammetrg. The 

anion [(T-C5H5)2Ni]- is a twenty-one electron compound and it 

was suggested that it had a "slipped sandwich" structure (17.3) 

to relieve the high electron density around the metal [j&6]. 

Tne pyrolysis of nickelocene in the gas phase at 340-420° 

was investigated and found to involve an activation energy of 

21.4 kcal mol-'. The principal hydrocarbon product was 

cgclopentadiene and a radical mechanism with both homogeneous 

and heterogeneous pathways was proposed [X47]. 

Nickelocene was degraded by acetylenes to give mixtures 

of the (T-cgclopentadienyl)nickei complexes (17.4 and 17.5; 

R = H, C02H, methyloxycarbonyl). One of the racemates (17.5) 

was resolved into its enantiomers [J&8]. Nickelocene was 

heated with excess dimethylphosphonate to give the nickel 

complex (17.6). Reaction of the complex (17.6) with ammonia 

followed by either cobalt(I1) chloride or zinc chloride gave 

the trinuclear complexes (I 7.7; M = Co, Zn) which were regarded 

4 0 

,N!:\ 
( OMe ) 2P 
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( OKe )2 
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X 
H &1e 

17.8 

as "supersandwich" compounds [349]. Tine kinetics of hydro- 

silylation of olefins with alkylchlorosilanes in the presence 

of nickelocene was investigated. The hydrosilylations obeyed 

Markovnikov's rule to give the o<-adducts. For styrene, the 

rate of addition of the silane was HSiCl 

>HSi>ieEt2 [350]. 
3 
>HSiMeCl 

2 
>HSiMe 

2 
Ci 

h'ickelocene was heated with the 1,3-diborolene (17.8) to 

give the diamagnetic nickel complex (17.9) which was struct- 

urally analogous to nickelocene [351]. Nickelocene was used 

to prepare a number of (T-cgclopentadienyl)bis(ligand)nickel(I) 

complexes. Pure compounds were isolated r&en 1,2-bia(diphenyl- 

phosphino)ethane, I,l '-bipyridyl and di-n-butylphenylphsop'uine 

were used as the ligands [352]. 

The reaction of nickelocene with 3,_5&dialLkyIpyrazolzs 

gave red diamagnetic complexes (17.10; R = Xe, Et, i-Pr). In 

the 'H N&m spectra of the complexes (17.10; R = Me, i-Pr) the 

17.10 
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posi7;ion of the resonance for the l-cyclopentadienyl group 

was temperature dependent. This behaviour was interpreted in 

terms of an equilibrium between the dimer and a paramagnetic 

monomer. The reaction of nickelocene with pyrazole and with 

3-methylpyrazole gave polymeric bis(pyrazolates) in which both 

l-cyclopentadienyl groups had been displaced from the nickel 

[353]. 

Treatment of the tripledecker sandwich complex (17.11) 

with the alkynes diphenylacetylene, phen-ylacetylene and 

di(carboxymethyl)acetylene gave nickelocinium tetrafluoroborate 

and the corresponding binuclear complexes (T\-R1C2R2)[Ni(q-CsH5)]2. 

Reaction of nickelocinium tetrafluoroborate brith trimethyl and 

triphenylphosphite gave the corresponding nickel complexes 

c 17.12; L = P(OI%e) , P(OPh)3] and treatment with nickelocene 

gave the complex (?7.11) [3&l 

Ni 

+ 

BF- 
4 

0 9 
Ni 

L2 

17.12 

1 
+ 
BF- 

4 

18. URANOCENE 

2, NKe2, CH2NMe2, 

Et, n-Bu, t-Bu, (CH2)kEej. The 

ether (18.1; R = OpIe) and the salt (18.1; R = IDIe31) when 

treated with alkyllithium reagents gave the corresponding 

dialkyluranocenes. It was suggested that these compounds were 

formed by a metallation chain reaction involving a cyclo- 

octatrienyneuranium intermediate [3ss]. 
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