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1. REVIEWS

Settineri and McKeever presented a review entitled Electrolytic
Synthesis and Reactions of Organometallic Compounds. The review
contained a section on electrochemical reactions and preparation
of organo-transition metal compounds[1]. The chemistry of cyclo-
butadiene complexes of transition metals has been surveyed by
Rybin [2]. The Moessbauer spectroscopy of metal sandwich compounds
has been surveyed in a short review by Good, Buttone and Foyt [3].
The chemistry of mono-y-cyclopentadienyl complexes of transition
metals has been discussed at length by Nikitina [4].

Perevalova and Nikitina have suryeyed extensively the chemistry
of bis(a-cyclopentadienyl) transition metal compounds [5]. Bochvar
and Gamraryan have discussed bonding in (\—cyclopentadienyl)-
transition metal and related compounds [6]. Watts has surveyed

the literature for 1973 covering q—cyclopentadienyl,'q-arene and



zzy
related complexes [7]. Silverthorn has reviewed arene transition
metal chemistry. The article covered all complexes in Which s
transition metal was T[-bonded to a six-msmbered aromatic
hydrocarbon ring. The literature coverage was through December,
1973 [8]. Klabunde has presented a review entitled the Reactions
of Metal Atoms with Fluorocarbons. The review included a section
on the formation of bis(q—arene) cemplexes [9].

The chemistry of (q—aéetylene) transition metal complexes
has been reviewed exhaustively by Yur'eva [10]. The chemistry
of transition metal carbonyls and related organometéllic compounds

"has been surveyed by Cross [11]. Baker, Halstead and Raymond
have reviewed briefly the structure and bonding of kf and 5f
T-sandwich organometallic compounds [12]. The polymerization of
olefins in the presence of bis(q-benzene)chromjum was reviewed
by Hagihara [13]. At the symposium on metal carbonyl chemistry,
dedicated to Professor Walter Hieber, Werner discussed th-
substitution of metal carbonyl complexes of chromium, molybdenum
and tungsten. (ﬂ-Benzene)tricarbonylchromium complexes were
included [ﬁu]. Anisimov and Valueva have reviewed extensively
the chemistry of cymantrene [15].

The toxicology of methylcymantrene emitted from internal
combustion engines has ;een surveyed. Related antiknock compounds
are also discussed [16]. The X-ray diffraction studies carried
out on manganese, technetium and rhenium complexes and organo-
metallic compounds wWere reviewed [17]. Deganello and co-workers
have reviewed the chemistry of the cyclic polyolefin-carbonyl
derivatives of iron, ruthenium and osmium. The review conceptrated

on derivatives of eyclic polyolefins containing more than six
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carbon atoms in the ring with at least three carbon-carbon
double bonds [13]. In the one hundredth volume of this journal
Pettit discussed the role of,tricarbonyl(q—cyclobutadiene)iron
in the cyclobutadiene problem. The discovery and the chemistry
of this molecule was described [19]. The use of iron-cyclo-
butadiene complexes in synthesis has been discussed in a review
by Pettit [20]. Cotton and Frenz have discussed the structures
and conformations of compounds containing cyclobutane rings
including iron carbonyl complexes [21].

Also in the one hundredth volume of this journal Wilkinson
recalled the early days of ferrocene chemistry in an article
entitled !'The Iron Sandwich. A Recollezetion of the First Four
Months.* In this article he also describes the first preparations
of ruthenocene, ruthenicinium salts and cobglticinium ion [22].
The X-ray diffraction studies carried out on iron, ruthenium
and osmium complexes and organometallic compounds wWers reviewed [23].
The X-ray diffraction studies carried out on cobalt, rhodium and
iridium complexes and organometallic compounds were reviewed [24].
As part of Gmelint's Handbook of Inorganic Chemistry a supple-

mentary work was produced entitled Organonickel Compounds [25].

2. GENERAL RESULTS

The metal-ligand bonding interactions in several n-diene and
T\-dienyl mangesnese complexes including cymantrene have been
studied by MO calculations checked by reference to photoelectron
spectra. Deviations from Koopmans theorem were reasonably constant
in these complexes and the photoelectron spectra were adequately

assigned by the results of the calculations. It was concluded
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that the principal bonding interaction between the organic
ligand and the metal arose from the interaction of the penta-
dienyl a'(e1") level with the metal d _ orbital and this was
more important than the d“(e1")-dyz interaction {26].

Johnson has calculated core electron binding energies for

a number of "solid" ligand molecules together with ESCA chemical

or the formation of transition metal complexes from

4y

shifts
these ligands, Benchrotrene, cymantrene and metallocenes were
included among the complexes discuscsed. The results Were used
to compare the electronegativities of the ligands and the bonding

n the cormplexes [27]. Elign and Hoifmann have discussed in

1

detail the bonding capabilities of transition metsl carbonyl
fragments. The valence molecular orbitals for ssveral geometrical
configurations of the M(CO)B’ M(Co)u and M(CO)5 fragments have
bzen considered in terms of the ordering of energy levels,

syrmetry and spatial distribution and extent. Among the character-
istics analysed were: stabilization of fragments towards umbrella
distortion, the difference betuween M(CO)n fragments and MLn
fragments where L is a T-doror ligend and why Cr(éﬁ)u interacts
preferentially with unconjugated dienes whilst Fe(CO)3 prefers

to be coordinated with conjugated dienes [28].

The CNDO/2 method with Gsussian type AO's was used to
calculate the electronic structures of six T-organometallic com-
plexes of chromium. The results indicated that the chromium-
ligend bond had high W-character and negligible S-character.
Charge transfer was almost exclusively from ligand to metal in
sandwich compounds while in half-sandwich compounds ligand to

metal charge transfer was greater than metal to ligand transfer [29].
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Self-consistent charge and configuration molecular orbital
calculations have been performed on the isoelectronic series
of complexes: (q-c6ﬂ6)Cr(CO)3, Gq-CSHS)Mn(CO)B, (q—?uﬂh)Fe(CO)B,
(1-03H5)00(00)3 and the hypothetical complex (\-CZHA)Ni(CO)B.
The calculated decrease in the M-C(0) overlap population and in
the1[§ population followed the increase in the atomic number of
the metal atom and indicated progressive weakening of the metal-
carbonyl bond across the series which in turn suggested an
increasing tendency for an Sy2 mechanism to be favoured at the
expense of SH1 for carbonyl substitution in these complexes [30].
Koehler has measured the Fourier transform 13¢ NMR and the
continuous wave 1H NMR spectra of bis(q-t-butylcyclopentadienyl)—
vanadium. The dipolar and contact contributions to the observed
line width were separated and the electron-spin relaxation time
was calculated. The author concluded that the 13C NMR spectra
of paramagnetic met~llocenes should be observed easily with the
exception of the cyclopentadienyl ring cerbon atoms of nickel-
ocene [31]. Kohler has reported and interpreted the 130 Fourier
transform NMR spectra of several substituted metallocenes (2.1;

2

M =V, Cr, Co, Ni; R' = Ph, Et; R® = H, Ph, Et). Attention was
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given to the resolution of multiplets by selective proton
decoupling and by selective off-resonance expesriments [32]. The
infrared spectra (J00-3100 cm71; at'DO? and 77°K) of crystalline
nickelocene and cobaltooene, together with the Raman spectrum of
nickelocene were recorded. The bands in the spectra were assigned
[33]. He(I) photoelectron spectra of the compounds (q—CEHS)-
M(W—C7H7) (M = Zr, Nb, Mo) were recorded and the results were
compared with those for the corresponding 3d transition metal
compounds. It was concluded: (i) that there was a stronger inter-
action between the metal orbitals and the e, orbitals of the
q-CsHS-ring in the 4d than in the 3d compounds; (ii) that in the
compounds-(q-CSHS)M(q—C7H7) (M = Zr, Nb, Mo) both meteal and
ligand contribute substantially to the molecular orbitals of
S-syrmetry and (iii) that for the a', orbital there is a smaller
pairing energy of the electrons in the ljd transition metals than
in the 34 series [BA]ﬂ

Analysis of the ESR spectra at liquid helium temperatures
and the anisotropic Zeeman effects of the orbitally degererate
low spin complexes (q-CSHS)ZMn, ('\—CSHS)ZF3+ and’ (t\—CSHS)ZCo
(q—CSHS)2N1+ indicated that the Jaun-Teller distortions wWere
dynamiec. Covalent delocalisation of =ingly occuplied cegenerate
3d .metal orbital over the cyclopentadienyl rings was correlated
with the Jahn-Teller distortions and increased in the order:
(q-CgHg) ;Fe” << (q-CgHy) pMn < (4 -Cglg) ;00 << (n-CgHg) Ni™ [35].
The mass spectra of tricarbonyl(q—cyclopentadienyl)manganese and
(1—benzene)tricarbonylchromium were compared. The decompositions
of these two molecules in the mass spectrometer were analogous.

The potentials for the appearance of the main ions were given
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and these were used to calculate dissociation energies [36].
In the mess spectra of the T[-complexes (q-CSHS)Cr(q—C6H6),
(f‘jcsﬁs)ml(‘—céﬁ6), (‘\-CSHS)V(f\—C7H?) and (1\—051{5)01-(1\-071{7)
binuclear secondary ions appeared, for example:

CSHSH + CEHSMC7H7-——-(CSH5)2M2C?H7

CSHSI{+ + CgHMC,H, —= C) H, gy, + H,
Also a large number of ion-molecule reactions occurred between
the molecular or fragment ions of the N-complexes and neutrel
6- or l[-donors in the ion source of the mass spectrometer [37],
for example:

+
+ C6H6

+ - — - hd - T
95H5Crc636 + O—C(CH3)2 —_"CShSC‘OC(ChB)Z

c5f15cl=c6116+ % c5550p+ k1) csﬁsc:-oc(ca3)2+

Enthalpies of combustiorn for chromocgne, manganocene, ferro-
cene, cobaltocene and nickelocene were measured by a calorimetric
method and the standard enthalpies of formation together with
the dissociation encrgies were calculated for these five metal- -
locenes [38]- Borrell and Henderson have determined the quantum
¥Jields for photodecomposition of bis(ﬂ—benzene)chromium, ferrocene,
ruthenocene, cobaltocene, nickelocene and their corresponding
cations. In general, the compounds with noble gas configurations
showed good pnoto-stability while the remsinder, with unpaired
electrons, were photo-labile. The results were interpreted on the
basis of the electronic structures of the compounds and cations [39].

The polymerization of butadiene and isoprene in the presence
of a T-organometellic compound and an organic halide has been

studied by Kubota and Atsu. Nickelocene, ferrocene and
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bis(q—benzene)chromium were used in addition to n-cyclopenta-
dienyl halides of titanium and zirconium. Conversions of up
to 96% with a trans-i,i content of 88% were obtained with
nickelocene and an organic iodide [1G]. The unsaturated organo-
metallic compounds (2.2, 2.3 and 2.l4) and related compounds were
incorporated into organic copolymers and linseed oil films.
Films containing the benchrotrene moiety (2.3) gave chromium
oxide on exposure to light [41].

/ ' ' /

5. 0COCH=C

= z
Mn Cr Fe
{CO)
4 13 (C0)3 @
(2.2) (2.3) (2.4)

The copyrolysis of dﬁsopropylnickeloegne with bis(q-
diethylbenzene)chromium was examined and found to obey first
order kinetics in the temperature range 320-380° [42]. Cymantrene
was converted by photolysis to the THF complex (2.5; L = THF)
and this was treated with carbon diselenide iq the presence of
triphenylphosphine to give the selenocarbonyl mangasnese complex

2.5; L = CSe). The selenocarbonyl analogue of benchrotrene
(2.6) was prepared in the same way. The IR freauencies of the
coordinated groups were in order of decreasing energy CO >
CS >CSe. Mass spectrometric results indicated a strong Mn-CSe
bond in the manganese complex [h3]- Cobaltocene and chromocene

readily formed intercalation complexes with the layered transition

References p. 336 .
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@ CO_He

Mn Cr
(CO)ZL (CO)ZCSe
(2.5} (2.6}

metal derivetives Tisa, erz, Hfsz, NbSee, Tas2 and also with
SnSZ. X-rey studies showed complete intercalation, with the
Five-membered rings of the metallocene situated perpendicular
to the sheets of the host [uh}. Wnitesides and Budnik have
prepared the f-cyclohexadiene (2.7; m = 2, n = 1; m =1, n = 2)
and the n-cycloheptadiene (2.8; m = 2, n=1; m =1, n = 2} iron

complexes together with the corresponding ruthenium complexes.

e Fe Mn
(So_m(EPTB)n (CO)m(EPTB)n (CO)m(EPTB)n
(2.7) (2.8) (2.9)
(¢}
) -
EPTB = RPC
: o
M
(CO)m(EPTB)n

(2.10)
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The analogous f-cyclohexadienyl and n-cycloheptadienyl complexes
of manganese (2.9; m =2, n =13 m = 1, n = 2 and 2.10; m = 2,
n=1; m=1, n= 2) wore also characterized along with the

31

rhenium, iron+ and rut‘nenium+ complexes. P HMR studies at
several temperatures indicated that most of the compounds existed
as mixtures of ligand isomers which underwent rapid interconversion
at room temperature. Kinetic parameters for the interconversions
were determined and rates were dependant principally on the metal

+

and decreased irn the order: Mn ~ Re::—Fe+:=>Ru for dienyl com-

pounds and Fe > Ru for diene compounds [45].

3. f(5-CgH,)Cr(CO),, (i) Formation

Six isomeric dinaphthofurans were treated, in turn, with
chromium hexacarbonyl in dibutyl ether at the reflux temperature.
The usual product was the chromium tricarbonyl complex although
in two cases the bis(chromium tricarbonyl) compound was obtained.
Thus dinaphtho 2,7-b:7!,2'-d furan gave the complexes (3.1 and
3.2) [ué]. King and von Stetten have prepared chromium tri-
carbonyl complexes of some nitrogen mustard anti-leukaemia agents

in order to evaluate the effects of tne metal carbonyl residue

(3.1) (3.2)

_References p. 336
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on their pharmacological activity. Tne N,N-bis(2-chlorocethyl)-
aniline complexes (3.3; R = H, Me) were formed from chromium
‘nhexacarbonyl and the ligand while the benzaldehyde ethylene

acetal complexes (3.4; R = H, Me) were obtained from

z‘ac—(NeCN)BCr(CO)3 and the ligand in boiling THF. The complexss

did not exnibit significant artileuksemia activity.[h7]-

] . R NH,
T(CHQC"201)2 [: H(CHZCHZCl)Z HZN Me
O
Cr Cr Cr
{cey., 0 ols}
> )J {cC )3 (C )3
(3.2 {3.4) (3.5}

Seven.q-bisaminobenzene complexes of chromium tricarbonyl

nave been prepared by treatment of the appropriate pnenylene-

diamine with chromium hexacarbonyl in decalin and diglyme. A
typical product was the 2,li-bisaminotoluene complex (3.5) [QB]-
The irradiation of hexacarbonylchromium with dibenzo-18-crown-6
gave the mono- and bis-(tricarbonylichromium) compounds (3.6 and

3.7). Tne ether complexes (2.6 and 3.7) exhibited a decreased

ability to extract alkalli metal salts into orgenic solvents which

9] ~0“/ o] J/——_\\C’ o

@

Cr
(co)3

Q2 ,Q, Q

(3.6)

o

Cr o\x-—//,o\\——J’o cr

(co)3

(3.7

Q

(00)3
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was attributed to electron withdrswal from the oxygen crown
by the Cr-(CO)3 substituents [h9].

.Pittman, Patterson and McManus have prepared polytetramethyl-
p-silphenylenesiloxane and polymethylphenylsiloxane and converted
these to the chromium tricarbonyl complexes by heating with
chromium hexacarbonyl in glyme. Chain scission and decomposition

T

ct
Fh
ct
b
o]

]

%

e
cf
V3

of" the organometailic groups were in compe e complexa-

tion process to give lower molecular weights for the complexed

o]
7}
W
[
o
<t
[{]
£
%
e
3
o}
7]
&
o]
e}
=
]
fa)
-
a0

polymers [50]. Chromium hexacartonyi w
divinylbenzsne cross-liinked polystyrene to give a polymer with
chromium tricarbonyl groups bonded to the phesnyl rings. This
heterogenized catalyst was active in the selective conversion of
methnyl sorbste to (Z)-methyl 3-hexenoate ($7%) at 1560° and 300 psi

of hydrogen [51, 52].

(ii) Spectroscopic and Physico-chemical Studies

The crystal and moclecular structure of dicarbonyl
(q-methylbenzoate)(triphenylphosphine)chromium was determined by
X-ray diffraction. The Cr(CO)ZPPh3 fragment was in an eclipsed
orientation relative to the n-methylbenzoate ligand and the bond
lengths and angles were those usually found in this type of
molecule [53]. NMR broad line measurements wWere made on crystal-
line benzenetricarbonylchromium at various temperatures and two
narrowings of the proton absorption line width were observed at
-165 and -45°C. The corresponding activatioh energies were

= 3.4 and EZ = 7.2 kcal mol_1. The lower temperature narrowing

E,

for which a more accurate activation energy (4.2 kcal mol ) wss

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

References p. 336
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rotation of the arene group. It was thought that most of the
rotational hindrance was due to the crystal environment rather
than to intramolecular forces [Sh].

The 'H NMR spectra of the 1-(p-tolyl)ethyl- and di-(p-tolyl
methyl-tricarborylchromium cations were recorded in HSO3F at
—500. These spectra were compared with those of the free ligand
ions and the parent alcohols. In the cations charge migration
towards the metal occurred as shown by a downfield shift of all
the signals on passing from the parent alcohols to the 1-(p-
tolyllethyl- and di(p-tolyl)methyl-tricarbonylchromium cations.
It was concluded that the chromium stom participated directly in
the stabilization of the cations [55].

13¢ mr spectra were recorded for a series of (n-arene)-
tricarbonylchromium derivatives. The spectra were interpreted
in terms of electronic effects of the substituent together with
effects arising from conformational preferences of the tricarbonyl-
chromium group. The t-butyl derivatives (3.8) and (3.9) were
ﬁrepared but there was no evidence from the 130 NMR spectra of
restricted rotation of the f-arene groups[Sé]. The 19F NMR

chemical shifts obtained for free fluoroarenes were correlated

Bu® Bu® _
OMe coBu® ’
Bu® OMe
Cr Cr Cr
co co
{ )3 ( )3 (CO)3

(3.8) (3.9) (3.10)
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with the Swain-ILupton field and resonance parameters. Comparison
of these data with those from the corresvonding tricarbonyl-
chromium complexes showed little change in the transmission of
mesomeric effects by para-substituents. Meta-substituents which
interacted primarily by a field effect had iittle or no influence
on the fluorine chemical shift in the chromium complexes suggest-
ing that thevé—framework of the ring interacted with the chromium
[57]-

The ESR spectrum of the benchrotrene radical anion (3.10)
was compared with that of the ligand radical anion. The spectrum
of the ligand showed an increased extension span and two additional
ring-proton hyperfine splittings relative to the spectrum of the
complex [58]. The IR and Raman spectra of the (q—arene) comrlexes
(3.11; R = H, Me; M = Cr, Mo, W) have been measured in the solid
phase and in solutiqn. The ligand and skeletal vibrations were
assigned ané some force constants calculated. The arene-metal
bond force constants for the complexes (3.11; R = H; M = Cr, Mo,
W) decreased in the crder W >Cr ™Mo whilst the carbonyl-metal
bond rorce constants were in the order WMo =>Cr. The linear
correlation between the carbonyl freguencies and the varameter
E%? was used as evidence for the inductive transmission of sub-
étituent effects through the metal atom. The complexes (3.11;
R = H; M = Mo, W) underwent reversible protonation at the metal
atom in trirluoroacetic acid solution while benchrotrene was not
protonated in this way [59].

The infrared spectra of the complexes [hTIrﬂcéﬂu)cr(C°)3]gﬁg'
(R = H, F, Me, MeO, CO,EEL, MeZN) were recorded and correlated

with the Hammett substituent constants. The chromium-carbon

Referencesp. 338. -
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R
R
(co) 55 o
3 (UO)3 (CO)3
(3.1%} (3.12) (3.13)

vibrations were less affected by the changes in the iigend than
the C-0 vibrations. The deformational §-Cr-CO vibration was
independent of the substituent attached to the n-arene group [60]-
Single-crystal Raman studies of the vibration of the chronium
tricarbonyl group in the isomorphouwz compounds (W-hexamethyl-
benzene)- and (q-pentamethylbenzene)-chromium tricarbonyl (3.12,
3.13) suggested that while the absorption at 2000 cm—1 was best
discussed by a vibrational factor-group epproach, several features
revealed by the study remained unexplained by it [61].

The infrared and Raman spectra of (q-benzene)tricarbonyl—
chromium as a crystalline solid, as a solid solution in

EtOB - Et_ 0 - Me_CHEt at 85°K and as a vapour at 500°K were recorded

2 2
and the C-0 force constants were calculated [62]. Adams and co-
workers presented an approximate vibrational anaiysis of the
complete (n-benzene)tricarbonylchromium mélecule and its deuter-
ated anslogue. It was found that in most cases kinematic coupling

ffects were insufficient to explain the frequency shifts which
were observed on coordination of the benzene moiety to the

tricarbonylchromium group. The effects of ligation on the force

constants of the benzene ring were evaluated [63].
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The following standard enthalpies of formztion of some

(q—arene)tricarbonylchromium complexes were determined by thermo-

chemical technigues AHfo [(q—c,ﬁ;xqe)Cr-(co)B,c] = 114 % 1.5 keal
-1 : O . + —1

mol”!, Am. [(1‘-1,3,5—06H3Me3)Cr(C0)3,c] = -136.5 £ 2 keal mol™ "
, O o ey . - ,

A [(n-CHge1ien(C0) g 0] = ~111.5 T 5 keal mol™!. A miero-

calorimetric vacuwn sublimation technigque was used to obtain the
enthnalpies of sublimation lor (W—C6H6)03(00)3, (q-Céﬁsﬂe)Cr(CO)3,
(1-1,3,5-CcliMe )Cr(CO) 5, (q-CoMe )Cr(CO) 5, (4-C HCL)CrCO) 4

and ﬁq—cyclo—C7He)Cr(CO)3. Values were obtasined for arene-Cr
bend enthelpy coniributions in.(v\-arene)Cr(CO)3 molecules in the
gas phase: these decreased along the series ﬂq;C6Me6)—Cr]:§>
[tn-cergesd-cr] > [(n-cotMe)-er] ~=[tq-C 0 ) -Cr] >[1n-CeHCL) -Cr]
> [(11 vcyclo—C7H8 ) —Cr] [6!4,] .

The electrochemical reduction o a series or (q—arene)-
tricarbonylchromium complexes was examined using a2 dropping mercury
electrode in dimethylformamide solution, benchrotrene had a
reversible two electron redaction.asnd the reduction took place
stepwWwise with the intermediate Tformation of an anion-radical [65].
A variety of (“—arene)tricarbonylchromium complexes were studied
electrochemically in nonagueous media. The polarographic constants
for pulse polarography wWere measured and it was found that the
complexes underwent reduction by a transfer o two electrons to
give stable ffrarene)tricarbonylchromium(-II) dianions [66]-

Correlations were establisned between the substituent par-
0

ameters GI, GP, GRP, &p and GRO and the carbonyl stretching force

constant, k(CO), for a series of mono- and poly-substituted
tricerbonylchromium-complexed arene compounds. A poor correlation

was obtalned with.GI but a much better correlation was apparent

References p. 336
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for 6. It was concluded that the overall electronic substituent
effect transmitted to the carbonyl groups involved both meso-
meric and inductive mechanisms. The results also supported
appreciable participation of the ring carbon 6-framework in metal-
ring bond formation [67]. Caro and Jaouen have investigated the
effect of iIncreasing size of substituent on the borohydride
reduction of the exo- (3.14) and endo-isomer (3.15) of F-elk:,rl—
indenone complexes. The enthalpy and entropy of the reduction of
the isomer (3.14; R = Me, Et, Pri) decreased with Increasing size
of the allkyl group while the same parameters were virtually
unaltered in the same reaction of the endo-isomer (2.15; R = Me,
Bt, Pri). The mechanism of the reaction was discussed in terms

of trarsition state changes with substitution [68].

R R
0 0
Cr Cr
(UO)B (CO)3
i3.14) (3.15)

The rate of reduction of the indanone (3.16) to the endo-
alcohol (3.17) with sodium borohydride was dependent on the
nature of the substituent R. The rate decreased in the order of

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

gndg-CHHez. Thermodynamic parameters were determined in each
case and the mechanistic implications of the results were

discussed [69]. The ionization constants of the benchrotrene
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R R
H )
: w OO+
(CI‘) Cr Cr
CO o
3 ( o)3 (co)3
{3.16) (3.17) (3.18)

compounds (3.18; R = OH, NHE) and of lL-~hydroxy- and li~amino-
diphenyl have been determined. The hydroxy compound (3.18;

R = OH) was a stronger acid than li-hydroxydiphenyl and phenol ~
while the amino compound (3.18; R = NH_) was a weaker base than
Lh-aminodiphenyl and aniline. The«s; andtSﬁ constants were deter-
mined for the (1‘—C6H5)Cr(co)3 group and demonstrated wesak
conjugation between the group and electron releasing substituents
[70]. The vapour phase molecular stiructure of (W—benzene)—
tricarbonylchromium was studied by electron diffraction. On the
basis of these results and of auxiliary vibrational calculations
it was concluded that in the vapour phase the molecule was nearly
an unhindered internal rotor.  In the vapour phase it consisted
of a mixture of several conformations which differed from each
other by the rotational arrangement of the benzene ring with
respect to the carbonyl groups. In the solid state the molecule
was in the staggered form. The C-C bond distance of the benzene
ring was slightly larger than that in free benzene. It was
thought that the bond elongation was probably due to the donation

of electrons from the metal d-orbitals into the benzene N -

antibonding orbitals [71].

Bdﬁuﬁnmxw



Mechanisms have been considered for the stabilization of
chromium-arene fragment ions fermed during the mass spectromesric
oreakdown of bis(q-arenelchromium and {n-arene)cricarbonylchromium
complexes. The first mechanism reguires distribucicn of excess
energy between the covalent bonds of the fragmentc ion, the second
involves stabilization by structural distortion of the frazmznt
fr21.

Tne X-ray pinotoelectron spectra for {ifiy molybdenum compounds
including tricarbonyltﬂ—mesitylene)molybdenum, tricarbonyl-
lq-cycloheptatriene)molybdenum and the correspording tropylium
ion were rerorted. Strong 6-donor ligands were eifective in

increasing the electron density arcund the metal atom [73].

(113} General Chemistry

Mercuration of benchrotrene and the benchrotrene analogue
{ 3.20; R = H) with mercury(Il) azcetate and then calciuwn crloride
gave the mercurichlorides (3.19; R = HgCl and 3.20; R = HgCl)
respectively. Tricarbonyl(ﬂ-toluene)chromium (3.19; R = Me) was

not mercurated under the same conditions [7&].

Cr Cr

(CO)ZPPh3

(3.19) (3.20)
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(q-Areneolefin)tricarbonylchromium compliexes [3.21;
X = CH,0CH,, (CH,),, (052)3, (Cﬁz)h:]were prepared from the
parent olefin and chromium hexacarbonyl. Irradiation oi these
complexes in petroleum ether gave the corresponding dicarbonyl-
chromium complezes [3.22; X = CH,, OCH,, (CH,),, (CH,);, (cH,)), ]

[75].

X—3H=CH2 X
] lvv
(98\ (CG)ZLP\_77/,U.
<0} 4 ‘///
cH
2
(3.21) (3.22)

The reactions between (f-benzene)chromium tricarbonyl and
its derivatives with butyllithium in THF have been examined. At
temperatures below -20° efricient ring metallation was observed
Wwith the parent compound and in the presence of methyl and flusro
substituents. Tricarbonyl(q—mesitylene)chromium underwent
x-metallation. At temperatures above 0° the principal product
was n-butylbenzene [76]. A quantitative study was made of the
photosubstitution of carbon monoxide in'tricarbonyl(“—mesitylene)~
chromium by N-dodecylmaleimide in benzene. In benzene the reaction
was clear and a quantum yield of 0.90 e 0.09 at 313 nm was
cbtained. An attempt was made to study the same reacticn in
cyclohexane bui; some decomposition of the reagents occurred [77].
The catalytic activity of tricerbonylchromium complexes of

phenanthrene, naphthalene and anthracene in the hydrogenation of

References p_ 336
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dienes was studied. The solvent efiect on the hydrogenation
kinetics of methyl sorbate in the preserice of (q—phenanthrene)—
and G\—naphthalene)tricarbonylchromium inaicated that the longest
Cr-C (arene) was displaced by the incoming diene ligand; the
longer the Cr-C (arere) bond the casier the displacement. The
nydrogenation of z,j-hexadiene, 1,L1-cyclohexadiene, dimethyl-
muconate end 1,l-diphenyl-i,3-butadiene was studied also [78].

Erantiomeric chromium complexes with chirality based on an
asymricetric metal centre have been formed from disubstituted
benchrotrene compounds. The optically pure benchrotrene methyl-
ester (3.23) was converted to the pair of internal diastereo-
isomers (3.2h and 3.25; R = COZH) by the stepwise replacement of
two carbonyl ligands with thiocarbonyl and triphenyl phosphite.
The diastereoisomers were separated by TLC on silica gel and the
ester group on each was removed by reduction with litﬁium aluminium
hydride and a2luminium chloride to leave the pair of enantiomeric
complexes (3.2h and 3.25; R = H) [79].

(n-Benzyl acrylate)tricarbonylchromium (3.26) was prepsred
from (q—benzyl alcohol)tricarbonylchromium and acryloyl chloride.

Homopolymerization of the acrylate (3.26) gave polymers of

COZHe i R R
Me Me Me
Cr Cr Cr
(co), oc—" l \P(OPh)3 sc— I ~ P(OPh),
cS co

(3.23) o (3.21) (3.25)




molecular weight 7,700-60,000. The acrylate (3.26) was
copolymerized with methylacrylate and styrene [60]. The treatment
of diphenylmercurybis(fq-chromium tricarbonyl) with COZ(CO)B gave
benzophenonebis (f|-chromium tricarbonyl) and the reduction of this
ketone produced:the alcohol (3.27; R = OH). The carbonium ion

salt (3.28), a royal-blue solid was obtained by the reaction of

H =CH,
C'ZOZCCH Chd
Cr
co
( )3 A
{3.26)
the alcohol (3.27; R = OH) with hexafluorophosphoric acid. The

salt (3.28) was found to alkylate ethanol, diethylamine, and

pyrrole to give the derivatives (3.27; R = OEt, NEt2 and CAHBNH)
respectively [61]. The reduction of 1,2-diacetylbenchrotrene

and the treatment of 1,2-diformylbenchrotrene with methylmagnesium
jodide gave three stereoisomeric glycols; the racemic mixture

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

(co)3 i (co)3_+
Cr Cr
5
g g PFg”
Cr _ Cr
'(00)3 ' B (CO)3 J

(3.27) (3.28)
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Tne irradiation of these glycols gave the corresponding banzene
glycols [82]- The structure of the glycol (3.31) was determined
by X-ray diffraction [83].

Jaouen and Dabard have reduced tricarbonyl(q-indanone)-
chromium cempounds {(3.32) substituted in either the B- or ¥-

positions of the cyclopentenone ring with an endo- or exo-methyl

group or svbstituted in the benzene residue with a methoxy group.
Reduction with potassium borohydride or lithium aluminium hydride
gave only the endo-alcohol (3.33) [8&]. Optically pure 1-indanone-
and tetralone-tricarbonylchromium (3.3%4 and 3.35) were obtained

via oxidation of 1-endo-indsnoltricarbonylchromium and 1-endo-
fetraloltricarbonylchromium.respectively. These complexes were
used as precursors to chiral arene compounds difficult to prepare

by other routes. The tricarbonylchromium moiety was removed from
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H

° OH
Cr Cr
(CO)3 (CO)3
{3.32) (3.33)

0 \O
Cr Cr
(CO)3 ) (CO{3
(3.34) (3.35)

the arene ligands by exposure of ether solutions of the chromium
complexes to sunlight [85].

Tertiary alcohols derived from r-benzene-tricarbonylchromium
(for example complexes 3.36 and 3.37) were used as a source of
the tricarbonylchromium group in the direct preperation of fq-arene-
tricarbonylchromium derivatives bearing cyano, nitro or uyvdroformyl
groups. Little reaction occurred with arenes having only electron-
withdrawing groups (methylbenzoate) but in the presence of electron
donating groups (2-methoxy aniline, 3-gminotoluene, lj-amino-
benzonitrile) satisfactory yields of the n-arene derivatives were
obtained [86].

The tricarbonylchromium group was exchanged from n-arene

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

&&hﬁuxsnasd



252

Me
Ph
dcnoﬁ CH:CH2
i s
Cr Cr
(CO)3 (00)3
(3.36) (3.37) (3.38)

ligands in the presence of 2—methyl-1,3-cfclopentadione wnich
behaved as a proton donor. For example, the alconol (3.38) under-
went reaction with 1,2-dimethylbenzene to give the chromium
complex (3.39) [87]. sStanger has investigated the iigend dis-
placement reactions of several chromium and molybdenum tricarbonyl
complexes including q—érene complexes. The ligands wWere classified
on the basis of M-acceptor ability while the metal carbonyl
derivatives, EggfLBM(CO)B, wére classified by lability. It was
found that chromium exhibited a preference for arene and olefin
iigands while molybdenum preferred "n"-tyve donor ligands. The
solution IR spectra‘of metal tricarbonyl compounds were only
-siightly dependent on the solvent [88].

The reaction of tetracyanoquinodimethan (TCNQ) (3.40) with
tricarbonyl(n-toluene)chromium in acetonitrile gave toluene,
carbon monoxide and Cr(MeCH)z(TCNQ)Z. Magnetic susceptibility
measurements indicated the presence of chromium(III) in this
complex showing that the TCNQ had behaved as an oxidizing agent
[89]- % ~Arenetricarbonylchromium compounds formed charge-transfer
complexes with 1,3,5-trinitrobenzene (TNB) but these complexes

were not formed by n-arenetricarbonyl -molybdenum and -tungsten
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NC>=©=<CN
R
HC CN

Cr : Cr
(co)3 (CO)3
(2.39) (3.40) {(3.41)

derivatives. Iowever f-arenetricarbonyl-chromium, -molybdenum
and -tungsten all formed chearge-transfer complexes with tetra-
cyancethylene (TCNE). With TNB, complex Tormetion with the
nolybdenum and *tungsten compounds occurred via the coordinated
arene and this was inhibited by the reduced electron density on
the coordinated arene due to inﬁramolecular cnarge transfer. In
the case of TCHNE the complex was formed by an inner-sphere charge-
transfer interaction with the metal atom. Therefore the stabiliuvy
o the TCNE charge-transfer complexes was dependant on the charge
density on the metal atom and not the cocrdinated arene [90].

The benchrotrene derivatives (3.h1; R = NB2, NMeE, OMe) were
obtained in the exchange reactions between benchrotrene and the
appropriate o-substituted iso-propylbenzene [G1]. Benchrotrene
derivatives such as (f‘-Céﬂ_SNMeZ)Cr(CO)3 gave 1:1 ard 1:2 complexes
of mercury{iI) chloride by treatment of the organometallic
compound with mercury(II) acetate ard then calcium chloride [92].
Electron acceptors, such as mercury(II) chloride and maleic
anhydride, formed complexes with benchrotrene and its derivatives
Thus benchrotrene combined with two or three moles of mercury{II)

‘ehloride to form the complexes (3.42; n = 2, 3) while the
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’Cr Cr l O
\00)3 (CO)3
{(3.2) (3.13) (3.41:)

complex (3.43) was chtained with maleic arnydride and (q—aniline)—
tricerbonylehronium [93 ]- Uranyl ccomplex2es were prepared with
{n-benzcic acid)tricarbonylchromium and (n-benzoylacetone)-
tricarborylchromium &s the ligands. The infrared spectra indicated
thet all the ccriplexes had a pentagoral bipyramidal cocnfiguration
around the vranium atom. All the complexes were less stadle in
solutien than the corresponding ligands [9&}.

Avometic compounds such as benzene, naphthalene and Z2-methyl-
napkthalene were hydroxylated by molecular oxygen in acetonitrile
and in the bresence of molybdenum hexacarbonyl. The reactions

involved (q-arene)ﬂo(C0)3 intermediates [95]. Selective reduction

=

of the propellane derivative (3.4);) has been achieved by using
hydrozen and a (q—arene)tricarbonylchromium catalyst. Reduction
occurred by 1,h-addition of hydrogen to the ether-bridge side of
each cyclohexadiene ring [96]-

Stille and MNelb have incorporated the chromium tricarbonyl
group into removable arene complexes in order to improve the
solubility during polymerization of” ménomers to poly{p-phenylene)
[97]. 7| -Arenetricarvonyl-chromium, -molybdenum and -tungsten were

shown to be active homogeneous catalysts in the linear
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polymerization of acetylenes to reletively high molecular

weight polymers. With the molybdenum catalysts the reactions
were very fast and often quartitative but with the less active
chromium and tungsten catalysts the intermediates of the polymer-
izations were isolated. These intermediates were shown to be

ladder compounds composed of fused cyclobutane rings [98].

(iv) Analogues
Kinetics of hydrdgen-deuterium exchange of (r\—Ph—Ph)Cr(CO)3
and GrPh-P'n)Cr(CO)aPPh3 were determined in acid media. The
reactivity of the coordinated and uncoordinzted phenyl rings was
approximately the same [99]. The Cr(G0),L unit L = CO, CS, PPh,
P(OPh)3 was used to increase reactivity, enhance selectivity and
protect the substituents of complexed arene rings witns respect
to alkylation. For example (r\—PhCOMe)Cr(CO)3 was rapidly convertec
into (q-PhCOPri)Cr(CO)3 in dimethylformamide with methyl iodide
and scdium hydride. Free'PhCHzcone was inert to methyl iodide
and sodium iodide but the complex (r\—PhCH2C02He)Cr(CO)3 rapidly
gave («\-PhCMeZCGZMe)Cr(CO)3 whep treated with these reagents.
The activating power of the carbonylchromium group was modified
by photochemical replacement of one of the carbonyl groups.
Polarograpnic and pKa data indicated the following order of activat-
ing power of the Cr(CO)2 units: Cr'(CO)ZCS:>Cr'(C0)3>Cr(CO)2P(0Ph)3
>Cr(CO),PPhy [100]. '
The benchrotrene compound (3.&5; L = CO) was converted to
the n-benzonorbornadiene compound (3.46) by photolysis in ether

at room temperature. This compound was attacked by effective -

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

References p_ 336
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benchrotrene analogues [3.&5; L = RHNC, PhBP, (HeO)BP, PFB’
(HeO)BAs] but it was inert towards ligands such as pyridine, THF
end acetonitrile which are good 6-donors but weak TM-acceptors.
The IR spectra of the benzonorbornadiene compounds {3.46)
suggested that chromium-carbonyl M-bonding was stironger than in

the benchrotrene compounds(3.45) [101].

A 1\ A
ot7 ©olty oty
(gg)zx. {gg)z (23)3

(3.45) (3.L&) (3.47)

A series of (ﬂa—alkenylbenzene)dicarbonylchromium complexes
Wwas prepared via irradiation of the corresponding tricarbonyl-
chromium derivative. For example, the irradiation of the
benzonorbornadiene complex (3.47) gave (nP-benzonorbornadiene)-
dicarbonylchromium (3.46) in 49% yield. The 18 nMe spectra of
the dicarbonylchromium complexes suggested that the carbon-carbon
dcuble bond was parallel to the benzene ring [102].

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

R1 - H2

= ﬁ3 = H, MQ)-from the corresponding chromium tricarbonyl
complexes was investigated. The gquantum efficiency of this
reaction.ﬁas independent of the pyridine concentration in the

range 0.0Q8-0.17M. The (q-arene)cf(00)3 complexes quenched triplet
excited benzil at a diffusion controlled rate and the gquenching

was accompanied by reaction of the chromium complex. The triplet
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r3
Rr2

Cr
(co?E‘?ii:ﬂ
NS

(3.48)

sensitized reaction only occurred with a quantum efficiency of

0.15 as compared to the high substitution efficiency of 0.72

upon direct irradiation of (1\.-a1:-ene)CJ:-(CO)3 [103 ].
(1\-06H5002Me)Cr(C0)3 was irradiated in the presence of

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

3
complex (3.49). The complex [q—céﬂn(COZMe)Z]Cr(CO)(CS)[P(OPh)B]
was prepared similarly and it was separated into the diastereo-

isomers (3.50 and 3.51) by thin layer chromatography [104]. The
3 R spectra of the complexes (q-C6H5X)Cr(CO)2PPh3, ( X =4,

Me, OMe, NHeZ,
(v\—06H3X3)Cr(CO)2PPh3, (X = Me) were recorded in neutral and

COOMe ) ; (\—EfchuXZ)Cr(CO)ZPPh3, (X = COOMe) and

gcidic media. All the compounds showed & narrow singlet in the

31P- 1H spectra in carbon disulphide suggesting that fast internal

COEHe Cozﬂe COEMe
, COZHe C02Me
Cr Cr R
/ l <A ." A
. P{OMe )3 s GCS ,~- co
co - P(OEt)3 co P(OP]:;)3 CcS P(OE"n)3

(3-49) (3.50) (3.51)
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rotation about the Ar-Cr [[-bond was taking place. In the

presence of trifluvoroacetic acid some of the complexes were

of the 3‘!P— Ty signal. Temperature-dependence of the 31P- 1y
MR spectra was investigated and the degree of protonation was
found to increase with decreasing temperature [105].

T - c ¢4l = : Ed »

The complexes (q 06Me6)0r( 0),L where L PPn3 PMePh,
PMe,Ph, P(OPh)3 and P(OMe)3, wnen treated with nitrosyl hexafluoro-
shosphate gave the salts [(q-CgMe}Cr(CO)L(10)]PF, ana [(n-CyMey)-
Cr(CO)a(NO)]PFB. Treatment of the same complexes with benzene-
diazonium hexafluorophosphate gave the paramagnetic derivatives
[(1\—06He6)Cr(CO)2L]PF6 where L = PPh,, PMePh, and PMe,Ph or
[ta-c Me, Jor (COIL(N,PR) JPF, and [tn-c Me, ycr(CO), (N Pn) JPF wnere

L = P(OMe), end P(OPh) .Cyclic voltammetric studies showed that

3 3"
the oxidation of the complex (q—06Me6)Cr(CO)2L to [(\-06Me6)-
Cr(CO)ZL]+ was a reversible one electron process [106].

The crystal and molecular structure of dicarbonyl(q—methyl—
benzoate }thiocarbonylchromium was determined by & single-crystal
X-ray study. The Cr(CO)ZCS group had C_ symmetry with a Cr-C(S)
bond length of 1.792 g and a Cr-C(0) megh bond length of 1.849 g
[107]- Caillet and Jaouen have reported detailed assignments of
the infrared and Raman spectra of the benchrotrene analogue (3.52;
L = CS). Comparisons with the spectra of methyl benzoate and the
benchrotrene compiex (3.52; L = CO) were made [108].

The IR and Raman spectra of tricarbonyl(n-thiophen)chromium
(3.53) were recorded f;r solid and solution samples. The
vibrational modes were assigned and compared with the corresponding

_gbsorptions for benchrotrene [109].
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R
S
co_Me (@), Ou
R
Cr Er Cr
(00)2L (u0)3 (CO) .
(2.52) {3.53) (3.84)

Tri- and penta-methylopyridine gave the Tl-complexes {32.5;
R = H, Me) rather than the alternative 6-nitrogen complexes [110].
A series of previously unknown (q-arene)tricarbonylmolyb@enum
complexes was'prepared Dy the resaction of tripyridinemolybdenum
tricarbonyl with boron trifluoride etherate in the presence of

the arene ligand.

(Py)3Mo(C0)3 + arene + 3BF3 52” (q-arene)Ho(CO)3 + 3PyBF3

This method of preparation was shown to be superior to the
direct synthesis in that it gave nigher yields, a shorter reaction
time was required and the reaction could be carried out at room
temperature. An attempt was made to extend the method to the
synthesis of (q-arene)tﬁngsten tricarbonyl complexes but only low
yields of product were obtainsd [111]. The crystal structure of
trimethyleneme thanechromiumtricarbonyltriphenylphosphine was
determined by conventional Patterson and Fouriéer methods. Carbon-
carbon bond distances in the trimethylenemethane ligand, as well
as metal-ligand T-bonding distances, Hé£e equivalent with mean
values of 1.42 K and 2.23 K respectively. The trimethylenemethane

o
ligand was not quite planar with the central atom displaced 0.26 A

from the plane of the other three carbon atoms [112]-

References p. 336 -
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b. in-CH/ ),Cr

Halogenated arenes were cocondensed with chromium vapour
to yield bis(q—arene)ch?omium compounds such as bis(r\-
benzotrifluoride)chromium (4.1). When two trifluoromethyl groups
Wwere present in the arene ligand then products with good air and
temperature stability wWere ogtained. However IR spectroscopy
indicated that the metal-arene bonding wWas weaker in such complexes

than in bis(n-benzene)chromium [113].

CFy @c&o @— COMe
Cr

Cr Cr

c i
@ Fy CHO

(h.1) (4L.2) {4.3)
Chromium underwent reaction with excess ethylbenzoate at
-1960, in vacuo, to give bistethylbenzoatej}chromium. This complex

was oxidized in air in the presence of water to give Cr(PhCO2

and decomposed thermally at 260° Eo form-chromium(III) compounds

Et)ZOB

{3114]. Bisi(q-benzene)chromium wes metallated with n-butyllithium
in tetramethylethylenediamine und the lithio intermediate was
treated with dimethylformamide to give the symmetrical dialdehyde
(L.2) in 65% yield. The acetyl derivative (4.3) was prepared in
the same way [115]}. Symmetry coordinates of the molecular
vibrations of trigonal XY, prism.(DBh) and antiprism.(DBd) models
of organometallic compounds, for example ditq-benzene)chromium,
were calculated [116]. A complete harmonic force field was

constructed for di(n-benzene)chromium with symmetry coordinates
1 ymm 2

-
R
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that preserved the ligand identity and the moleculer vibrations
were analyzed by treating the whole, eclipsed Dé , molecule.
The calculated mean amplitudes agreed witn those obtained from
electron diffraction studies [117].

The thermal decomposition of bisif-benzene)chromium,
bis(q-ethylbenzene)chromium and bis(q-ethylbenzene)vanadium were
studied. The activation energies of the decompositions were
approximately 22.5 kcal mol”'. The change of metel from vanadium
to chrémium increased the rate of decomposition approximately ten
times [113]. Second order rate constants and activation parameters
were obtained for the reaction of oxygen with bis(q-benzene)-,
bis(n-ethylbenzene)-, bis(n-cumene)- and bisv\—gfxylene)—chromium
and other q-benzene complexes of chromium and molybdenuﬁ [119].

The thermal decomposition of several ethyl derivatives of
bis(q—benzene)chromium was investigated by statistical and by fliow -
technigues. The reasctions were heterogerieous and adsorption of
the compound on the reaction surface was followed by decomposition.
The two techniques used gave similar results [120]. Highly
active catalysts for low pressure ethylene polymerization were
formed when bis(“—benzéne)-, bis(qrcumene)—chromium or bis(\-
cyclopentadienyl)chromium were deposited on high surface area
silica or silica-alumina supports. The (q-arene)chromium éomplexes
required an acidic support (silica-alumina) or thefmal aging with
silica to form a highly active catalyst [121]. The cationic
bis(n-benzene chromium compound (4.4) was labile to solvolytic
cleavage of the C-(q—Ar)—P bond while the same bond in the iso-
electronic vanadium compound (4.5) was inert [122]. The helium(I)

and helium(II) photoelectron spectra of benchrotrene and

References p. 336



262

_ 14
| @Pph2 PPh,

Cr v Cr—0
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(h.h) (:.5) (h.6)

bis(f-benzenelckromium have been measured ard rationalized in
terms of all electron ab initio SCF MO calculations. The
ionizétion potentia1§ Qere interpreted with the aid of Koopmans
theorem which permitted effects arising from the ligand molecular
orbitals to be included [123].

The reaction of (q-06H6)2CrOH with (q-Céﬁsﬂﬁ)Cr(CO)B at
room temperature gave good yield of the binuclear complex (4.6).
Thermolysis of this complex in & sealed tube gave chromium carbonyl,
di(n-benzene)chromium, chromium(II) phenoxide and benzene {r24].
Cosolubility of (q-PhH)ZCrI, (q-PhMe)2CrI, bis(n-mesitylene)Crl
and (“'Caﬂu“eé)zcrl in water was investigated between 10-&00, under
these conditions the ratios of the solubilities were virtually
constant [125]. A mixture of bis(q-arene)chromium iodides was
resolved by thin layer chromatography on silice gel containing
gypsum:(13%). The developing solvent was a mixture of acetone,
benzene and water [126]. Mass-specirometric analysis of trace
amounts of bis(q—arene)chromium(l) jodide was carried out by field
ijonization. By using tungsten emitters in weak fiélds in the
range 25-200° spectral lines corresponding to [(\—arene)zcr]+ were

obtained. In a strong electric field, simultaneous ionization
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and dissociation of the bis(n-arene)chromium(I) iodide took
place on the emitter surface [127].

The redox behaviour of bis(q—biphenyl)chromium(l) iodide
in water was studied by polarography, cyclic voltammstry, large
scale electrolysis and pulse voltarmetric metiiods. The volt-
ammetric behaviour was complicated by adsorption prenomena of
both the oxidized and reduced forms. The redox potential obtained
wes regardad as the surface redox potential of the two adsorbed

forms [128].

5. [Q*ﬁ.i._ﬁ_.?)CP(CO)BT', (C,Hg)Cr(co)

A kinetic study was made of the addition of' acetylacetone
and methéxide ion to the cations [(C7H?)H(CO)3]+ (4 = Cr, Mo, W)
under pseudo Tirst order conditions using a large excess o;
nucleophile. The rate of addition of both nucleopriles was almost
independent of the nature of the central metal decreasing slightly
in the order W>Mo2Cr. This data supported a mechanism involving
direct nucleophilic attack at the tropylium ring [129]. The
n-cycloheptatrienyl complex (5.1) was attacked by trialkyl- and

1

triaryl-phosphines to form the derivatives (5.2)}. H NMR

spectroscopy indicated that the phosphonium group occupled an

_ _ [~ PRB ] +
+ H
BF, BE, ~
63 N (¢6) *
c
(CO)3 i 3 J
(5.1) . (5.2)
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exo- position relative to the ckromium atom [130]. The
decomposition of tricarbonyl(q-cycloheptatriene)chromium has
been studied by the chemical vapour deposition technique. The
complex decomposed above 300° to give deposits containing
principally chromium and carbon. Labelling experiments with 13C
confirmed the cycloheptatriene group as the major source of the
carbon [131].

The 130 NMR spectra of some tricarbonyl(qe-cyclopolyene)
complexes of Cr, Mo and W (cyclopslyene = 1,3,5-cvcloneptatriene,
1,3,5-cyclcoctatriene and 1,3,5,7-cyclooctatetraene) were recorded.
Hindered rotation of the cyclopolyene ligands around the prolonged
3-fold axis of the tricarbonylmetal groups was detected and the
1,3,5-cyclooctatriene ligand in CBH10Cr(C0)3 was frozen at -120°C
into a chiral conformation [132].

Irradiation of a boiling solution of [2.2]paracyclop’nane
and chromium-, molybdenum-, or tungsten-hexacarbonyl gave the
corresponding complexes_tricarbonyl(q-[Z.Z]paracyclophane)metal.
The molybdenum complex decomposed to the starting materials and
free molybdenum by a first order reaction [133]. Ligand displace-
ment reactions of (n-cycloheptatrienyl)molybdenum complexes have
been used as a convenient route to other (q-cycloheptatrienyl)-
molybdenum compounds [13l ] as previously described [135]

An X-ray crystal structure and molecular structure determina-
tion on the m-cycloheptatrienyl compound (5.3; X = SnClB) confirmed
discrete molecules with a molybdenum-tin covalent bond and a
planar cycloheptatrienyl ring [136]. The structures of the
analogous compounds (5.3; X = C1, Br) were determined in the same

way. The molybdenum-bromine bond was shorter than the
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molybdenum-chlorine bond because of stronger dy - dy interaction
between molybdenum and the heavier halogen [137]. The crystal
and.molecular structure of the (q—t-butylcycloheptatriene)-
molybdenum complex (5.4) was confirmed by single crystal X-ray

methods [138].

But _
i +
Mo i Mo Mo
0). X
(C )2 (C0)3 (C0)3
(5.3) (5.4) ' (5.5)

Compounds of the type (q-CTHT)Mo(CO)aﬂR3 (M = Ge, Sn, R = Ph)
were prepared by treatment of the anion [q~C7H7Mo(CO)2]' with .
G1MR, [139]. Trichlorotin and trichlorogermanium derivatives
were prepared by the insertion of SnCl2 or GeClZ, as in the’

following reaction:

(W-C7H7)MO(CO)201 + HGeCl3-——’ (q—C7H7)MO(CO)2GeC13 + HC1

Salzer and Werner have studied the addition of electrophilic
reagents to the hydrocarbon ligand in tricarbonyl(q—cyclohepta—
triene)molybdenum. The acids HBFL and HC1l were effective in
protonating the ring to form the n-cycloheptadienyl complex
cation (5.5). Treatment of this cation with triphenylphosphine
gave nucleophilic addition to the seven-membered ring and break-

down of the complex [140].

References p. 336
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6. ig:csés)Mn(CO)3 (i) Pormation

The reaction of diazotetrachlorocyclopentadiene with
pentacarbonylchloromanganese gave (T\—CSClS)Mn(CO)3 and the
Ss-bonded complex (6.1) [1&1]. Wiles has examined the effects
of nuclear recoil in organometallic compounds by using the
5§Fe(g, 3)56Mn reaction with bis(n-cyclopentadienyl)diiron tetra-
carbonyl as the target. A very low yield of cymantrene—56Mn
and the manganese pentacarbonyl-56Mn radical was obtained
indicating that recoil was not important in the formation of

organometallic species in nuclear reactions [1&2].

Cl c1
C1 c1
¥n C1
{€0)g

{ii) Spectroscopic and Physico-chemical Studies

The crystal and molecular structure of acetylcymantrene (6.2;
4 = ¥n) and its rhenium analogue (6.2; M = Re) have been determined
>y X-ray crystallography. Agetylcymantrene shows the same
>rientation of carbonyl groups to tke cyclopentadienyl ring as
symantrene itself. However the rhenium compound (6.2; M = Re)
is less symmetrical than tricarbonyl(q-cyclopentadienyl)rhénium
{13} 55Mn, 1Bgﬂe, 187Re and 1271 wNer spectra of tricarbonyl-
(q-cyclopentadienyl)-manganeae and -rhenium derivatives were

recorded. The spectra were more affected by the conjugation
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o~ |or®

M Mn
(co)3 | -(00)3 ]
(6.2) (6.3)

characteristics of the substituents than the inductive effects.
From the spectra it was concluded that the (CO)BReCSHLL group was
a stronger electron acceptor than the (CO)BMnCSHu group [14u] .
Good agreement was obtained between the hyperfine constants
determined by ESR spectroscopy and calculated by the exﬁended
Huckél molecular orbital method for the radical anion of the
cymantrene derivative (6.3). tensive electron delocalization
over the molecule was indicated with most of the spin density on
the manganese atom, the ketone group and the phenyl ring [1&5].

The rate of isotopic exchange of hydrogen atoms of cyman-
trenylferrocene and ferrocene in CF'BCOOD-(CHZCD2 was determined
by mass spectrometry, NMR and EPR analysis [1&6]. The mass spectra
of the manganese complexes (W‘RC5H4)Mn(CO)ZCX (X =38, 0: R =H, Me)

were recorded and the appearance potentials of most of the
metallic fragment ions determined. The manganese to carbonyl
and thiocarbonyl ionic bond dissociation energies were estimated
and it was concluded that the Mn-CS bond was stronger than the
Mn-CO bond. It was suggested that the taniocarbonyl group was
primarily a 6-donor ligand [1)4.7 ]. Cymantrene was included with

ferrocene into a clathrate compound with thiourea and the

Raferences p. 338
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incorporation of cymantrene was confirmed by photochemical
degradation. When ferrocene was absent thén cymantrene was not
taken up intc the clathrate [148]-

The first order kinetics for the thermal decomposition of
tricarbonyl(\-cyu*upentadienyl)manganese were determined at
u10—h60°. The products of thermal decomposition were manganese,

carbon monoxide and cyclopentadiene [149].

(

(2]

ii) General Chemistry

Tricarbonyl(\-cyclopentadienyl)manganese, nickelocene and
ferrocene formed adducts with thiourea. This reaction was used
to separate tricarbonyl(n-cyclopentadienyl)manganese from
(q—acetylcyclopentadienyl)tricarbonylmanganese [150]. Treatment
of cymantrene with phosphorus irichloride and aluminium(III)
chloride in isopentane gave the phosphorus bridged binuclear
complex (5.44). The same reaction in the absence of solvent and
at a high temperature gave the phosphine oxide derivatives (6.5
end 6.6) in low yields [151]. .

Irradiation of tricaruvonyl{s-cyclopentadienyl)manganese in
the presence of cycloheptatrienes gave the neutral diamagnetic

complexes (6.7; R = H, 7-Me, 1-Me, 7-Ph, 7-t-Bu). Treatment of

1
(00)3 ?H g
Mn OH P-0H
Mn Mn Mn
\ ‘@
0
{col pe1s (colg (co); |,

(6.4) (6.5) (6.6)
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the complex (6.7; R = H) with triphenylmethyl salts gave the
cation (6.8) which was reduced by lithium aluminium hydride to
give the neutral complex (6.7; R = HJ). (q-Cyclooctatriene)-
and (1-6—q-cyclooctatetraene)—(q-cyclopentadienyl)manganese were
prepared similarly but they were much less stable than their

cycloheptatriene snalogues [152].

i B T+
(> ©Or
]
Mn Mn . Mn
@ @ (co)3
(6.7) (6.8) (6.9)

The ultraviolet irradiation of an equimolar mixture of
cymantrene and PhZPCHZCHZPPh2 gave the bidentate complex
(q-CS-s)Mn(CO)(PhZPCHZCHZPPhZ). The reaction was tﬁought to
proceed stepwise and this was supported by the isolation of the
monodentate complexr(t\—CSHS)Mn(CO)2 PhZPCH2CH2P(O)Ph2 [153].

The reaction of lithiated cymantrene (6.9; R = Li) with chloro-
silanes gave the corresponding methylsilanes (6.9; R = SiHMeZ,
SiHMePh) [15&]. Lithioccymantrene was dimerized in the presence
of copper(I) bromide at -10° to 100° [155].

Tricarbonyllithiocyclopentadienylmanganese ﬁas_nnndensed
with biferrocenyltin(IV) chloride to give the organo-tin derivative
(6210). Reaction of this latter compound with mercury(II) chloride
gave cymantrenyl- and ferrocenyl-mercury{(II) chlorides [156].

Cymentrenylferrocene was acetylated by acetic anhydride and
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9Q) 99 9o

M¥n Fe

(C0)3 > (CO)3 (co)3
Ac
2

(6.10) (6.11) (6.12)

pnosphoric acid in the unsubstituted cycloventadienyl ring to
form the acetylferrccene (5.11). Metallation of cymantrenyl-
ferrocene with butyllithium afforded the intermediate (5.12;

R = Li) which was converted to the boronic acid [6.12; R = B(Oﬁ)a]
with tri-n-butylborate. The boronic acid was converted into the
bromocymaﬁtrene (6.12; R = Br) and the mercurichloride (6.12;

R = HgCl) with copper(II) bromide and mercury{(II) chloride
respectively [157].

Methylcymantrene was treated with enamines, such as PhCH=NPh
to give the corresponding vinylcymantrene compounds, such as the
trans-olefin (6.13) [153]. The benzylcymantrene (6.14) was
prepared from the corresponding benzoylcymantrene by esterifica—

tion, lactonization and reduction. This intermediate was then

o6 - oo

{co) -
3 (co), (co),

(6.11) (6.13) (6.15)

Sy
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cyclized, the ketonec group was reduced to the hydroxyl group

and the alcohol was denhydrated to give the cymantro naphthalene
(6.15). An isomer, with the methyl group in the alternative
position of the cyclorentadienyl ring, was prepared in the same
way [159]. A series of cymantrene derivatives (6.16; X = H, Me,
OMe, Cl; Y = H, Me) was prepared by Frisdel-Crafts benzoylation
of tricarbonyl(q—cyclopentadienyl)manganese. Trhese compounds
were used to prepare the cymantrene derivatives (6.17) and (6.18).

These compouncds were studied by UV. IR and 1

[160].

Y X Y X Y X
oS oS @
Mn Mn Mn

(o) (co), (co)

H HMR spectrcscopy

(6.16) (6.17) (6.18)

The addition of 0.01-1% trimethylsilylcymantrene (6.19) to
organosilicon elastomers wWas effective in increasing their thermo-
oxidative stability [161]. Petroleum reforming which led to high
octane gasolines also gave enhanced concentrations of polynuclear
aromatic hydrocarbons including benzo [e]lpyrene. The concentration
of this last compound in the exhaust emissions from such gasolines
was reduced by 30% wken cymantrene was added [162].

Rats were dosed orally and intravenously with SL’Mn labelled
methylcymantrene and the whole-body retention, tissue distribution

and excretion of manganese was followed. Initial rapid excretion

References p. 388 )
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@s;:ue 3

Mn
(co)3

(6.19)

of most of the manganese was observed. The methylcymantrene

was metabolized in the liver, lung and kidney and excreted in
inorganic form. High levels of Sth were found in the urine and
this atypical behaviour was explained by bioconversion of methyl-

cymantrene in the kidney [163].

(iv) Analogues

The absolute integrated IR intensities of the carbonyl and
thiocarbonyl groups in the cymantrene analogue (6.20) have been
compared and confirm that the thiocarbonyl group is a better
TM-acceptor than the carbonyl group [16&]. The (q—cyclopentadienyl)-
mangenese salts (6.22; R = B, Me; X = SbF.~, PF6‘) were formed by
treatment of the neutral complexes (6.21; R = H, Me) with NO+SbF6—

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

© " or !

. 1 x
Mn Mn Mn
(C0)2CS (CO)2CS CQO.CS.NO

(6.20) (6.21) (6.22)
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+ }
o o @
SbFé_ 0
Mn Mn CHCOMe Mn
CS.NO.LJ (00)2\// (c0),
CHRZ
(6.23) (6.2L) (6.25)

(6.22) was displaced with Lewis bases to give the products (6.23;
R = H, Me; L = PPhy, AsPhj, SbPhy) [165]. The structure orf
dicarbonyl (n -cyclopentadienyl) (benzoylphenylcarbene )Jmanganese
was determined by X-ray methods. The Mn-C distance of 1.88 g
was .the shortest Mn-carbene distance recorded. The data obtained
indicated thet there was no ll-interaction between either the phenyl
or benzoyl groups and the carbene carbon atom [166].

The cymantrene analogues (6.24; rR! = H, Me; R® = H, Ph),
(6.25; R = H, Me) have been synthesized by photolysis of cymantrenz'a'
or methylcymantrene with the appropriate u,ﬁ-unsaturated ketone
[1 67 ]. Dicarbonyl (\" -cyclopentadienyl )tetramethoxyethylenemanganese
(6.26) was prepared by the irradistion of cymantrene in the
‘presence of tetramethoxyethylene. The H NMR spectrum of the
tetramethoxyethylene derivative (6.26) showed a definite temperature
dépendence. The NMR data was exp;l.ained on the basis of two mutually
independent ligand movements. One being a hindered rotation of
the olefin ligand around the metal-ligand bond (AG1+9L;~ 9.8 kcal/
mol) and the other a hindered movement of the four methoxy groups
(AG;63~ 13.8 kecal/mol) [168]. The crystal and molecular structure
of the cymantrene anelogue (6.27) has been determined bv X-ray

‘References p. 336
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(gg) ﬁ:(ome)2 //Mn

2 c(ome), oc l \\Z?-_//
oc :

(6.26) (6.27)

methods. The methylvinyl ketone ligand was bound to manganese
through the olefinic double bond. The bonding between the
manganese atom and the (q—cyclopentadienyl) and carbonyl groups
was similar to that in the parent cymantrene [169]. The reversible
equilibrium of (f\-CEHE)Mn(CO)ZN2 and tetrahydrofuran (THF) with
(“-CS'S)MH(CO)ZTHF and nitrogen was investigated [170].

Cymantrene was converted to the reactive etherate (6.28;
R = THF) by irradiation in THF and this intermediate was treated
with the organometallic acetylenes PhBMCECPh, where M = Si, Ge,
Sn, to give the cymantrene analogues (6.28; R = Ph3MCECPh). The
tin-containing product decomposed under the reaction conditions
used to give the organic cymentrene derivatives (6.29 and 6.30)[171]

The tetrahydrofuran complexes (6.31; R = H, Me) behaved as carbene
K:;:7 <:;:7 ey’
Mn Mn'._’ Mn
—
(co);R (co)y (coj)) 2 '

(6.28) 6.29) (6.30)
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trapping reagents when treated with dieszomethane. When the
reaections weré carried out at low temperatures the dimeric
complexes (6.32 and 6.33; R = H, Me) were isolated together with
the olefin complex (n4-RCgH) )Mn(CO),(n-CJE) ), [172 ]}

The complexes LMn(CO)ZTHF (L = q-CSHS,'q-HeCSHu) were treated
with aliphatic diazo compounds. Substitution of the THF ligand
occurred to give the corresponding olefin, ketimine or carbene
complex. In the reaction with 3-diazo-2-butanone or 3-diazo-
camphor the THF was replaced by 2-butenone or 3-iminocamphor
respectively whilst diaryldiazomethanes gave the corresponding
carbenes [173].

The organosulphide complexes (“-CSHS)Mn(CO)Z(SRZ) (R = Me, BEt,
n-?r, n-Bu, FPh, CHZEh) and (“-CSHS)MH(CO)ZGAHSS were prepared

photochemically from cymantrene and the apopropriate ligand. The

o
R ’@MH,CHZ\ @ R

Mn

- oc” ~co
(CO),,. THF / \
oc co
(6.31) (6.32)
R
_on /co Q
oc 2\\Hn—~co ”,Mn\\\ N
oc/ @ oc / N//
oc
R" ‘
(6.33) (6.34)
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kinetics for the reaciion of the sulphide complexes with tertiary
rhosphines and phosphites were sfudied- The reaction rates were
first order in substrate and independent of both the nature and
concentration of the phosphorus ligand, and increased with changes

in the organosulphide ligand in the order SMe <(CuH8$<:SEt

2 2
S(n—Bu)2<:S(n—Pr)2<:S(CH2Ph)2<KSPh2, An SN1 dissociative mechanism
was proposed with cleavage of the manganese-sulphur bond as the
rate determining step [174].

1B NMR spectroscopy was used to follow the deuteration of
tricarbonyl(q-pyrrolyl)manganese with MeCOZD—CFBCOZD in ethylene
dichloride. Deuteration occurred initislly on the manganese atom
[175]. Several diazirine complexes have been prepared including
the cymantrene complex (6.34) [176]. The reaction of (q-CEHE)-
M(CO)ZHO (M = Mo, W) with nitrosyl hexafluorophosphate afforded
the ionic compounds [(\-CSHS)M(NO)ZCO]PFé (M = Mo, W) in good
yields. These compounds underwent facile carbonyl substitution

with neutral ligands [L = PPhj, AsPhy, SbPh,, P(0Me) 5, P(OPh)B]

5
and anions (X =C1", Br , I") to givz [(\-CEHE)M(NO)ZL]PFg and
and (q-CSHS)M(NO)ZX respectively. The carbonyl group in the
complexes [(-\_CEHS)M(NO)ZCO]+ was replaced rapidly by coordinating
solvents such as methyl cyanide and acetone [177].

The- optically active cymantrene analogue (6.35) was attacked
by methyllithium, phenyllithium and p-substituted phenyllithiums
to give mixtures of the n-cyclopentadiene complexes (6.36; R = Me,
Ph, EfXCéHu) and the acyl complexes (6.37; R = Me, Fh, fo06Hu)-
The f-cyclopentadiene complexes (6.36) were optically stable but

the acyl complexes racemized in solution. Electron releasing

substituents X in the acyl group COC6Hhx of the complex increased

- aie Auartd Y4 TSI
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the rate of the first-order racemization while electron with-
drawing groups decreased it. The reaction was intarpreted in
terms of initial loss of triphenylphosphine rollowed by inversion
of configuration at menganese and recombination with triphenyl-

phosphine [178].

R
H

B T+

; RLi i

Mn > Mn + Mn 0
on”” I\co on””" l ~co on”” | \c//\R

PPh PPh, PPh,

(6.35) (6.36) (6.37)

The racemization of the optically active (q—cyclcpentadienyl)—
manganese complex (6.38) was followed in toluene at 20°. The
reaction was first order and was retarded by the addition of
triphenylphosphine. A dissociative mechanism was proposed involv-
ing loss of the triphenylphosphine ligand [179].

At the symposium on Metal Cerbonyl Chemistry, dedicated to
Professor Walter Hieber, Brunner presented a paper on manganese
esters of the type (1\—0535)!‘11(00012)(NO)(PPhB) and (1\-0535)!4:1-
(CO-Erc6HuX)(H0)(PPh3). The possible mechanism for the racemisation

O

Mn
NO.COPh.PPh3

(6.38)

Beferences p. 3368



278
of these optically active complexes was discussed [160]. The

half-wave potentials of the tcymantrene analogues (6.39;
LI PPhy; 1. 12 = giphos.; L! = PPh,, L2 = c0) were
determined by cyclic voliammetry and indicated that these compounds

L L

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

the complex (6.39; L1, L2

= diphos.) which was oxidized with
silver hexafluorophosphate to the paramagnetic salt (6.40). The

1 2

complex (6.39; L =1L = PPhB) was oxidized in the same way Wwith

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

o [e] e |

PF PF
‘Mn Mn 6 Mn 6
(co)L's? (CO)diphos (c0) (0)PPh,
A
(6.39) (6.40) (6.41)

Pure cis- and trans- (q Shs)M(CO) (PPh )X (M = Mo, X=1I or
Br; M = W, X = I) were separated by chromatography on alumine.
The cis/trans isomer ratio was a function of the halogen and the

method of preparation [182].

Hn—P—P—-—Hn
@ (co), \/ {co),

Mn . Ph Mn
(CO)ZPPhL:LZ (co)2

(6.12) (6.43)
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The delithietion of the dilithiophenylvhosphane (6.42)
gave trisf{dicarbonyl(q-cyclopentadienyl)manganese]triphenylecyclo-
triphosphane (6.l43) which on thermolysis gave the phosphindene
complex (é6.4l}). The phosphindene complex (€.L4]}) was claimed to
be the first compound in which phosphorus(I) had a trigonal planar

coordination which was stabilized by metal-dW-phosphorus-p W bonds

[183, 184].

Th
P
M~ \Ivin(co)2 R R
(co)
2
¥n Mn
(CO) >~ PPRHL1 (coy >~ PPhLi,
(6.LL) (6.45) (6.1:6)

The phosphine complexes, (q—C;Hé)(CO)ZMnPPhH2 and (q—MeCSHh)_
(CO)Zl-InPPhH2 were treated with n-Buli to give the corresponding
lithio-phosphines (6.45 and 6.46; R = H, Me) [185]. The crystal
and molecular structure of the stereochemically crowded cymantrene
analogue (6.47) has been determined by X-ray crystallography. A
terminal Mn-C-0 group was distorted to a bond angle of>160° by

steric interactions [186].

Mn (CO) Re Re
C R e
Me,As Hn(CO)u, Br ¢co CO sp

(6.47) (6.48) (6.49)
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Tre diagonal (6.58) and lateral (6.149) isomers of dibromo-
(n-cyclopentadienyl)dicarbonylrhenium were separated by chrom-
atograephy on a Florisil column in dichloromethane. The isomers
{6.h8 and 6.19) were stable in the solid state at room temparature
but the lateral isomer (6.49) readily isomerized to the diagonal
isomer (6.48) when heated in chloroform [187]. Huttner and
Gartzke have determined the crystal and molecular structure of
the ecymantrene aralogue (&.50). The carbon-carbon distances in
the ligend indicated cyeclic conjugation although :She phenyl groun

was twisted 14° out of the ligand plane [188].

+
O B-Ph R X X
Mn Mn Cr
co
(co), L (o), (co),
(6.50) . (6.51) (6.52)

Tricarbonyl(n-methoxy-) and tricarbonyl(n-halogeno-benzene)-
manganese salts were prepared by the reaction of the appropriate
arene Wwith bromopentacarbonylmanganese in the presence of aluminium
chloride. Nucleophiliec substitution of the chlorine atom in the
cation (6.51; R = H, X = Cl) proceeded readily with a variety of
nucleophiles (methoxide, phenoxide, benzenethiolate and azide) to
give the expected substitution products (6.51; R = H, X = MeO,

Ph0, PhS and HB). It was establ?shed for arene complexes with
the same halogen (X) that there was & sharp increase in reactivity

in the order (6.52)<(6.53)<<(6.51). The high reactivity of the
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hanganese complexes was utilized in the preparation of other
functionally substituted arene complexes by reaction with amines
[189]. The reaction of the menganese salts (6.51; R = Me, X = Cl,
NMeZ) and (6.51; R = H, X = OMe) with lithium aluminium hydride,
methyllithium and phenyllithium gave the corresponding cyclo-

hexadienyl complexes (6.54; Y = H, Me, Pr) and (6.55; ¥ = H, Me,

Ph) [190]. Y y
H
— R R H
[ +
©-
X X
Fe Mn Mn
(i) (col, (CO)3
(£.53) (5.54) (6.55)

The mass spectra of the seven coordinate rhenium complexes,
(f\—RCSHLL)Re((-JO)Z)CY (R = H, Me, CO,Me; X, ¥ = H, Me, COMe, Br. I,
HgCl), have been recorded and interpreted. The main fragmentation
paths were a successive expulsicn of the carbonyl groups together
with the parallel elimination of the substituents X and Y from

the molecular ion of the complex [191].

7. (Acyclic-n~-diene)Fe(CO). and (n-trimethylenemethane)Fb(CO)3
1 =4 v

complexes

Amine oxides, preferably trimethylamine oxide, induced a
fast reaction between iron pentacarbonyl and various dicnes to
give tricarbonyl(q-diene)iron complexes in good yields according
to the equation:

L + Fe(co)5 + Me NO —» LFe(co)3 + Me,N + CO_, + CO

3 3 2
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HOH,C CH,,0H “{pe’\"/ ,%/g
(CO)3 Fe
c
{ 0)3
(7.1) (7.2) (7.3)

Practically instantanzous complexation was achieved with scome

ligands at low temperatures [192]. Cis- and trans-2,3-bis-
(hydroxymethyl Jmethylenecyclopropanes (7.1) underwent ring opening
with diiron nonacarbonyl to yield the 3-methylene-lLi-vinyldihydro-
furan complex (Y.é) which was characterized by X-ray crystal-
lography. A mechanistic pathway for the reaction was proposed
[193]. The synthesis of cyclopentenones from tricarbonyl-
(\-1,3—diene)iron complexes has been studied. The quinodimethane
compound {(7.3) was treated with aluminium chloride in benzene at
room temperature to give 2-indanone (7.4t). A reaction between the
isoindene complex (7.5) and esluminium chloride did not give the

expected bicyclic ketone but gave the iron tricarbonyl complex

(7.6). A mixture of 2- and 3-cyclopentenone was obtained in low

Fe

(co)3

0o

(7.4) (7.5) (7.6)
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(7.7) (7.8) {(7.9)
(EO)3
re
P o e
/l l\ /I
Fe Fe Fe
[s4
{ 0)3 (CO)3 (co)3

(7.10) (7.11)

yield from tricarvonyl(w-butadierel)iron under the same conditions
[19&]. The reaction of 2,3-bis(bromomethyl)-1,3-butadiene with
diiron nonacarbonyl gave two isomeric trimethylene methene
complexes (7.7 and 7.8} together with the allyl complex (7.9).
Treatment of (7.7) with sulphuric acid gave a 1/1 mixture of the
bis-diene complexes (7.10 and 7.11) [195].

Whitesides and Neilan have studied tke acid-catalyzedrgigf
trans isomerization of substituted (q—butadiene)iron tricarbgnyl
complexes. Trifluoroscetic acid catalyzed the reaction which
proceeded by rate determining protonation of the iron atom in the
cis-complex (7.12) followed by hydrogen transfer to carbon-l and
formation of an W—allyl intermediate.  This intermediate rearranged

to the trans form which then transferred hydrogen from the ligand
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(7.12) (7.13)

to the metal to reform the protonated q—butadiene complex and
thence the trans-isomer (7.13). The isotope effect in the initial
protonation was unusually large [196]. Tne protcnation of
tricarbonyl(w—diene)iron complexes by strong acids nhas been re-
examined by Whitesides and Arhart. The phenylbutadiene complex
(7.1L) was treated with fluoroboric acid in trifluorcacetic acid
to form an equilibrium mixture of the allyl cations (7.15 and 7.16)
which decomposed slowly to £he iron tetracarbonyl complex (7.17)
[1o7 ]

Busch and Clark reve prepared ter methyl substituted tri-
carbonyl (q-butadiene)iron complexes by photochemical reaction of
the appropriate diene with iron pentacarbonyl or by thermal reaction
with diiron nonacarbonyl. Carbonyl stretching force constants
were determined ffom the IR spectra of the complexes and were é
found to vary in an additive manner with the number and position_ ?
of the methyl groups on the n-butadiene ligand. On irradigtion ;
with phosphorus trifluoride several of the complexes wWere converted
to the mono- or di-phospﬁorus trifluoride derivatives (7.18 and
7-19). The IR spectra of these derivatives were compared with the

spectra of the parent tricarbonyl(n-butadiene)iron compounds [198]-

-
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" Ph

“1 .
Fe Fe SCF FL+
(CO)3 (co)3024 3 (LO)BH

(7.16)
(7.14) (7.15)

71\ //T\\ RPN
I

Fe Fe Fe© _
r * 7

(VO)2PF3 CO\PF3)2 (CO)u X
(7.18) (7.19) (7.17)

It was shown that the phosphorus trifluoride ligzand preferred

the apical position over either of the two basal sites and this
was confirmed by 19F NMR spectroscopy. A second phosphorus
trifluoridé group preferred the basal position trans to the methyl
group in asymmetric diene complexes. The examination of NMR
spectra recorded at several temperatures gave information on the
general nature of the nonrigid process [199].

The iron tricarbonyl complexes of butadiene and methylbutadienes
including penta-1,3-diene, isoprene and 2,3-dimethylbuta-1,3-diene
combined with tetrafluoroethylene on UV irradiation to yield
(\—allyl)iron(II) complexes with a C2Fh bridge between the ligand
and iron. It was suggested that the reaction involved endo-attack

by tetrafluoroethylene on a coordinated double bond in a cisoid
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1,2-n-bonded spécies (7.21) Tormed by irrsdiation. The iron
tricarbonyl group tnen migrated to stabilize the charge formed.
Thus the (n-isoprene) complex (7.20) was converted to the bridged
(q-allyl) complex (7.22) through the intermediate (7.21). Attack
by tetrefluoroethylene took nlace preferentially at the least-

substituted end of the complexed diene. Related reactions with

>/|\ _ %

5]

»

Fe
(00)3

(7.20) (7.21) - (7.22)

cyclic diene, cinnamaidehyde, and styryldi enylphospﬁine complexes

s]

were also examined [200]. The reaction of 2,3-dichiorobutadiene
with diiron nonacarbonyl gave tﬁe diene complexes {7.23) and (7.24)
together with some (r\-butatriene)hexacarbonyldiironi(o) « No complex
of the reactant diene was isolated. However reaction of the same
diene with Fe3(00)12 gave the dichlorobutadiene complex (7.25).

These results were discussed in terms of accepted bonding models

for coordinated alkenes and 1, 3-dienes [201].

Cl c1 Q Cl Cl  C1

A/l \A : ;/ ‘\; ;/I ; )/l \&
Fe N Fe Fe . Fe

(00)3 . (CO)3 ‘00)3 (00)3

(7.23) ~  (7.2) o (7.28)
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Friedel-Crafts acetylation of the tricarbonyl(q-butadiene)—
iron complex (7.26) in the presence of aiuminium chlsoride gave
exclusively the anti-form of the complex (7.27; R = MeC0O)}. On
reduction of this complex with lithium alumirnium hydride-aluminium
chloride an cquimolar mixture of the syn- and anti-forms of the
complex (7.27; R = Et) waé obtained. Other acylation reactions
of the (n-butadiene)iron complex (7.28) end related complexes were

described [20z2].

>/_|_\< ) >/_—\<_R /l\ -

| Lt
Na
Fe Fe lFe
(co)3 (co)3 (CO)ch
(7.26) (7.27) {7.28)

Iron(III) chloride complexed with the dienes L (L = butadiene,
isoprene, 1,3-pentadiene) and carbon ﬁonoxide to give the compounds
L2Fe(CO). The compound bis(q-buzadiené)carbonyliron was a good
catalyst for tne polymerization of butadiene [203]. Acyclic ana
cyclic (q-diene)iron complexes were treated with sodium bis-
(trimethylsilyl)amide tc form anionic cyanide complexes. Thus
G\—butadiene)triéarbonyliron gave the complex (7.28) [20&].

The reaction of bis(q>qyclooctatetraene)iron 1,3-butadiene
and carbon monoxide gave_(q—CHZ=CHCH=CH2)(q—CBHa)Fe(CO). The
latter complex was a good catalyst for the polymerization of buta-
diene to give L-vinylcyclohexene and 1,5-cyclooctadiene [205].

The reaction of bis (q-butadiene)carbonyliron ufith (PhZ.PCHZ)2 gave

a 4/1 mixture of two isomers of the phosphine complex (7.29 and

Referenees p_ 336
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SRl ° \\"F| PPh
Q§sr!”' “i‘PPhZ e f-_:J> 2
PPh3
(7.29) (7.30)

7.30) as shown by 3e nmr spectroécopy [206]. Irradiation of the
iron complex (7.31) in the presence of 2,3-dimethylbutadiene gave
the diene complex (7.32) [207]. El-Awady has calculated the
relative stabilities of the isomeric iron tricarbonyl complexes

which may be formed with 9-methyl-2,l,6,8-nonatetraenal. A

Me
= Me = e Me
—Fe — \:—-Fe—f:;
e .
Yo Me l Me

PhZPEt

(7-31) ' (7.32)

semiempirical extended Hueckel AVE charge SCF MO mefho@ was used

and the isomers were placed in the order of stability:
2,3,4,5->4,5,6,7->6,7,8,9-tetranapto._

where the iron tricarponyl group was bound to a butadiene residue

in each case. The susceptibility of the complexes to substitution

was related to the electron densities calculated for the atoms

of the complexes [208]. The electric dipole moments of the

complexes n-LFe(CO)3 (L = trans-PhCE=CHCHO, trans-PhCH=CHCOMe,
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trans-PhCH=CHCOPh, trans, trans-PhCH=CH-CH=CHPh and CHZ=CHCﬁO

were measured. A vectorial analysis of the results led to tne
conclusion that the ligands were bound to the iron via the olefinic
and carbonylic bonds as shown for (q-PhCH=CHCOR)F‘e(C0)3 (7.33)

and that the lone pairs on the oxygen of the carbonyl group were
not involved. It was also concluded that the metai to ligand
back-bonding was stronger in the aldehyde and ketone ccmplexes

than in the butadiene complexes [2@9].

Ph
2 Fe(co) ~
—Fe : —Fe(C0)
3 3
R o m T No
(7.33) (7.3L)

Treatment of the (q—allyl)tricarbonyliron anion with benzoyl
chloride gave the (q-diene)iron complex (7.3l) as & minor product
[210]. Cardaci and Concetti have investigated the reaction
between the olefin-iron tricarbonyl complexes (7.35; R = H, Me,
Ph) and the Group V ligands MPhj, where M = P, As, Sb. The first
formed produéts were the complexes (7.36; R = H, Me, Ph; M =P,
As, Sb) obtainéd through an associative mechaniﬁm. The second
3tage of the reaction gave the iron. tricarbonyl complexes
FefCO)B(MPhB)2 where M = Pn, As, Sb and the olefin compounds (7.37;
R = H, Me, Ph;j M = P, As, Sb). The kinetic results indicated
that three different pathways were involved in this step [211].

The reaction of L4-vinylcyclohexene with diiron nonacarbonyl or

triiron dodecacarbonyl in benzene gave 3:1 mixtures of tricarbonyl
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N G G o

o I o l o)
Fe Fe ’ Fe
(CO)3 (00)3.MPh3 (CO)Z.MPn3
(7-35) (7-.36) (7.37)

1- and 2-ethyleyclohexadieneiron. The 1-ethyl isomer was converted
to the 2-ethyl isomer by treatment with concentrated sulphuric
acia [212].

The iron complex (7.38; R = H) rearranged slowly in refluxing

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

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

R - R R
O—i R : : aR
] R 0 a 0
H o o H
,al'l J\ 11 | J
co), ® R Mo | 'R R
L Fe Fe
{co)4 (co) 5
(7.38) (7.39) (7.40)
R B
Oy O
o 0
_X—CR_H =
In 2 | -
Fe : ‘ CRH
(CO)3 Fe
(co)3

(7.41) ¢r.u2)
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R = D) with no deuterium scrambling. The optically active complex
(7.38; R = H) therefore rearranged regiospecifically, but with
extensive racemisation. In contrast the complex (7.40; R = H)
rearranged rapidly to give a mixture of the diene complexes (7.41;
R = H) and (7.:2; R = H). The corresponding deuterated complex
(7.40; R = D) rearranged with no deuterium scrambling. This
resrrangement occurred regiospecifically wifhout extensive race-
misation. Possible mechanisms for these rearrangemeﬁts were
proposed [213].

¥ing and Harmon have described the formation of iron carbonyl
complexes of tetra-t-butylhexapentaene (7.43) by direct reaction
of the ligand with diiron nonacarbonyl or triiron dodecacarbonyl.
The yellow monoolefin complex (7.4);) was obtained together with
the red butatriene complex (7.45)}. In each case, 3¢ NMR spectroscopy
was used to demonstrate that the centre double bonds of the
pentaene were bonded to the iron carbonyl residues in the complexes,
suggesting that the bulky t-butyl groups prevented access of the
metal to the outer olefinic double bonds. A tetramethylhexa-
pentaene diironpexacarbonyl complex was obtained from 2,7-dichicro-
2,7-dimethyl-3,5-octadiyne and triiron dodecacarbonyl in the

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

| t | A t
Bu ZG—G—C—C—C—CBu 2 Bu 2C_C_CIU_U_CBu >
Fe
(CO)L;
(7.143) (7.44) (7.45)

Bquanapdﬁ&
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the tetra-t-butyl complex (7.45) [21&]. King and Harmon have
described the intramolecular transannular cyclizetion of the
macrocyclic diallenes (7.46; n = 2, 5) with triiron dodeca-
carbonyl to form the bicyclic tetramethyleneethane diiron hexa-
carbonyl complexes (7.47; n = 2, 5). Degradation of the complex

(7.47; n = 2) with cerium{IV) gave 1,2, 3,L-tetrahydronapthalene

[215].

(— — )

(CHZ)n (Cﬂz)n

——=_J

(caa)n

(OC)3Fe Fe(CO)3

(7.L6) (7.47)

An spproximate valence force field was calculated for
tricarbonyl(trimethylenemethane)iron and it satisfactorily repro-
duced the observed wavenumbers. Mapy of the observed wavenumbers
Wwere shown to be due to complex nor;al modes which involved
several different types of internal coordinate [216].

The trimethylenemethane complex (7.48) was formed in low yield

from diiron nonacarbonyl and p-bromobenzylbromide at uSO in hexane

[217]-

(7.48)
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8. (- gh')Fe(co)3 o
The palladium chloride complex of the fused cyclobutadiene

(8.1) when treated with iron pentacarbonyl gave the iron tricarbonyl
complex of (8.1). In the latter complex the iron atom was dispiaced
from a central position above the cyclobuitadiene ring due to
interactions between carbonyl carbon atoms and thé cyclobutadiene
ring atoms and between carbonyl and methyl groups. The four-
membered ring nad-a trapezoidal shape with C-C double bond lengths

. o o
of 1.455 and 1.485 A and C-© single bond lengths of 1.479 A [218]

Me Me Me Me

$ ? @) O

Me Me Me Me Fe Fe
(CO)3 (00)3
(8.4) (6.2) (8.3)

Tricarbonyl(q-cyclobutadiene)iron was treated with a sulphuric
acid-acetic anhydride mixture to give the sulphonic acid (8.2)
which was isolated as the p-toluidine salt. Tricarbonyl(q-ethyl—
cyclobutadienel)iron (5.3) wWas treated similarly to give a mixture
with the sulphonic gcid group in the 2- and 3- positions of the
ethylcyclobutadiene ring [219]- The h\-cyclobutadienesulphonic
acid) iron complex (8.2) was converted to the chlorosulphanate
(8.44) with phosphorus pentachloride and this intermediate was
treated with butylemine to give the aminoalkyl derivative (8.5)
[220].

Biehl and Reeves have used the Wittig reagent of tricarbonyl;

~G\—formylcyclobutadiene)iron to form the tricarbongl(n-vinyl

'References p. 336
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O

Fe
(co)

3

(8.4)

(8.5)

(8.6)

1

. - - - 2
cyclobutadiene)iron derivatives (6.6; R, R® = H, Me, Pnh, CO_Et)

[221].

2

The 1,2- disubstituted cyclobutadiene complex (8.7) was

prepared from the tetrahalocyclobutane (6.8) by treatment with

sodium tetracarﬁonyiferrate(-II) (Scheme 8.1).

The structure of

the complex (8.7) was established by chemical correlation with

the known tricarbonyl(q-1,2-dimethylcyc10butadiene)iron. The

bis{acid chloride) (8.9} was prepared and this was used as the

B 0
C1l

| o

Cl o

COCl1

' Ncoc1
Pe
(co)3

(8.9)

c1 c1 ¢l
J (1) ho CoR

2) H.OT —
oi ( Hy ci' i COR

(3) CH,N, cl

(8.8)
Scheme 8.1
NaZFe(CO)h

(:) COZMe
1 CO_Me

2
Fe
(CO)3

8.7)
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starting material for the preparation of a series of 1,2-
disubstituted tricarbonyl(q—cyclobutadiene)iron complexes [222].

Berens has prepared severel tricarbonyl(q—cyclobutadiené
iron complexes with vicinal substituents (8.10). The complex
(8.10; R' = NMe,, RE = CK) with adjacent electrcon releasing and
withdrawing groups was oxidized in attempts to form the free
butadiene complex which was not obtained. The éi-t-butyl complex
(8.10; r! = R2 = But) was prepared and converted to the tri-t-
butyl derivative but the tetra-t-butyli compcund could not be formed
[223].

(CO)3

R‘l - 3 ‘.h.~
74

o

> 7

T~ r°

Fe Fe
(CO)3 (CO)3
(8.10) (8.11)

The synthesis of tricarbonyl(\—phenylcyclobutadiene)iron has
been reported by Devon. The reactions of trieneiron tricarbonyl
compounds with olefins, acetylenes and 1,2- and 1, 3-dipolar species
were studied [22&]. The reaction of p-(gcis-azo)hexacarbonyldiiron
complexes of the type (8.11) with diphenylacetylene gave tricarbonyl
tetraphenylcyclobutadieneiron. The mechanism of this reaction
sas discussed [225]. The kq-cyclobutadiene)ipon complexes (6.12;

R = Me, Et) were oxidized with cerium(IV) ammonium nitraete in the
presence of dimethyl maleate to give the corresponding bicyclo-

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

h@hnu;maaﬁr



’ R R R X
O l oot l
Me Me 2
. R2 X
Fe 002Me
(CO)3
(8.12) (8.13) (8.14)

the presence of dimethylfumarate and maleiec anhydride. The
oxidation of the resolved complex (8.12; R = Et) gave recemic
adducts wnich indicated the intermediacy of free cyclobutadienes
[226]. In a separate paper Schmidt described the oxidation of

the (g-cyclobutadieneliron complexes, (6.10; r! = g% = H; R! = Me,
1

R = Me and R' = Me, RZ = Et) with.cerium(IV) ammonium nitrace,
bromine or iodine, when the oxidation products of the ceorresponding
Br, I) were obtained. The forma-
1

cyclobutadienes (8.1L; X = ONOZ,

tion of optically active cyclobutenes from chiral (&.10; R

R2

= Me,
= Et) showed that this process involved reaction of cyclo-
butadiene still attached to iron in contrast to the Diels-Alder
reaction whaich involved liberated cyclobutadiene [227].

Tne He(I), He(II) and X-ray photoelectfon spectra of
tricarbonylh\-cyclobutadiene)iron were recorded. It was necessary
to take into account deviétions from Koopman's theorem in order
to interpret the low energy spectra. All electron ab initio SCF
MO calculations were made'using Gaussian-type functiéns and a
large negative charge on the cyclobutadiene ring was indicated
[228]. The He(I) and He(II) photoelectroh spectré of‘tricarbonyl-

(q—cyclobutadiehe)iron were recorded and interpreted with the aid.
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of ab initio SCF'ﬁO calculations. The calculated Eharge dis-
tribution in the complex was similar to that found for (q-butadiene)-
tricarbonyliron with 2 net negative charge on the q-Cqu ligand
which was the result of metal to ligand pi-electron donation
into the 1eg molecular orbitals. The application of Koopman's
theorem to the interpretation of the bands arising from CThe metal
molecular orbitals was found to lead to inaccuracies [229].

The crystal and molecular structure of a 1:2'tricarbonyl—
{n-cyclobutadiene)iron tricarbonyl-dimethyl maleate photoadduct,
c 6H2008F3(00)3 (8.15), was determined by single-crystal X-ray

1
diffraction techniques [230].

(0D

CO Me

2
/L coMe (g’g) L
CO_Me 2
Fe 2
(g0)3 COZMe
(8.15) = (8.16)

The 'H NMR spectrum of tricarbonyl(n-cyclobutadiene)iron

in nematic solution has beer measured in order to determine the
2ffect of vibrational averaging on the geometry of the molecule.

4 normal coordinate analysis was made and the ratio of dipolar
zoupling constants for a square structure corrected for harmonic
vibrations was obtained. The cyclobutadiene ring had lower than
Duh symmetry [231]. Efraty, Huang and Weston have investigatéd}
th;'mass spectral fragmentatioﬁ of the benzocyclobutadiene complexeé
AsPh

(8.16; L = CO, PPh SbPh,) at 80eV. The complexes undergo

3 3’

sequential unimolecular loss of carbon monoxide and eliminﬁtidn

References p. 336 - - . .




298

of MPh, (M = P, As, Sb), the benzocyclobutadiene and benzyne

3
cations were also formed., Detailed fragmentation pathways were

proposed [232].

The interesting binuclear(n-cyclobutadiene)iron compound
(8.17) was obtained by irradiation of tricarbonyl(q-cyclobutadiene)—
iron in THF at -AOO and under nitrogen. The product was converted
. back to hricarbonyl(q—cyclobﬁtadiene)iron by treesetment with carbon
monoxide, while with trimethyl phospnite it gave the deérivatives

(8.18) and 8.19) [233].

Q. _© 0 <

Fe———Fe Fe Fe
oc co CO[P(OMe)B]Z (c:O)Z.P(o:-xe)3
o
(8.17) (8.18) (8.19)

9. (Cvclic-t\'-diene)Fe(CO)3 Complexes. (1) Formation

The tricarbonyl(n-cyclohexadienyl)iron cation has been used
as an electrophile to attack the organometallic aryls ArHMe3
(Ar = PL, h—Meocéﬂ 5, hL-Me N06 ), 2 2-furyl, 2-thienyl; M = Si, Sn)
and rorm the tricarbonyl(f-cyclohexadiene)iron derivatives (9.1;
Ar = Ph, h—Heocéﬁh, h-MeZNCGH , 2-furyl, 2-thienyl) by cleavage
of the Ar-M bond. The order of reectivity of the arene substrates
was Ar = Ph(l.,g‘-b‘IeOC:bﬂLl_{L;J‘Iezm.‘,eﬂ’_L and the aryltin compounds were
more reactive than the arylsilanes [23&]. Reaction of tricarbonyl-
(q—cyclobex&dienyl)iron tetrafiuoroborate (9.2) with trimethyl-

phosphite gave the phosphonate diester (9.3). The tricarbonyliron



P(O)(OMe)2

oY "

Fe

Fe ~ Fe
(colg (c0)4 (co,
(9.1) (9.2) (9.3)

group was removed readily from the diester (2.3) by agueous
methanolic iron(III) chloride to give the phosphonate (9.4).
Treatment of the complex (9.2) with sodium hydrogen carbonate

and sodium sulphide gave the dimers (9.5; X = 0 and S) respectively

[235].
0
13
P(OMe), X
Fe——[:::I/ \I:::]—Fe
(co)3 (co)3
(9.4) ' (9.5)

The cationic complexes (9.6; R = H, Me, OMe) were alkylated
by organo-zinc and -cadmium reagents. For example the complex
(9.6 R = Me) when treated with Zn(CH,CH=CH,), gave the diene
complex (9.7). Alkylation occurred on the opposite side of the
ring to the Fe(CO)3 group [236]. The 7 -cyclohexadienone complexes
(9.8; R = H, Me) heve been used as arylating agents for amines.

such as aniline. Thus the complex (9.8) was converted to the

References p. 336
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Me
.
\E (c0)3 ¥
T _
‘CS)B CHZCH CH
(3.6) (9.7)

intermediste f-cyclohexadienyl cation (9.9) which attacked aniline
to form the secondary amine {(9.10) [237]. A solution of the

cyclohexadienyliron cation (9.2) in methanol was heated to give,

“©

(co) (co),A

(9-8) (9.9) _ (9.10)

as the initial product, the exomethoxycyclohexadiene complex (9.11)
which isomerized slowly to the endomethoxy complex (9.12). The
reaction was extended to give the corresponding endo-ethoxy and
ggggfmalononitrile compounds [238].

2-Chloro-1, 3-cyclohexadiene was partially isomerized to the
1-chloro compound on heating with triiron dodecacarbonyl in
boiling benzene and the complexes (9.43 and 9.4ly) were formed at
the same time [239]. The substituted tricarbonyl(q—cyclohexadiene)—
iron compounds (9.15; M = Si, Ge, Sn) were formed by treatment

of the tricarbonyl(\-cyclohexadiehyl)iron cation with the
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ﬁe Fe
(CO)3 (CO)3
(9.11) (9.12)
: MC1,
® 0
c1.| . l ) l
(gg) Fe Fe
3 (Co)3 7 (CO)3
(9.13) (9.1L) (9.15)

triethylammonium selts, EtBNH+M013_ (M = Si, Ge, Sn) [240]. The
treatment of bis-5,8-trimethylsilyl-1,3,6-cyclooctatriene with
diiron nonascarbonyl end triiron dodecacarbenyl gave the tri-
carbonyliron complexes (9.16) and (9.17). Fluxional behaviour

was not observed with either of these complexes [2&1]. The reaction

of phenyl- and carbomethoxy-cyclooctatetraenes with equimolar

HeBSi
Me 3S1 SiMe,
Me 51 |
—Fe(CO) Fe {CO)
(CO )BFB Fe 3 A 3
(9.16) (9.17)
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amounts of diiron nonacarbonyl gave the complexes (9.18; R = Pn)
and (9.18; R = COOCBB) respectively. The reaction of these
complexes and similar compounds with tetracyanoethylene was
investigated. The cycloaddition of tetracyanoethylene occurred
vie an unusuel 1,3 bonding process with thevformation of products
in which the irbn atom was both 6- and M-bonded, for example the

additior product (9.19) was obtained [2&2].

H Fe(GO) 4
. (nG),
\ (NG),
Fe
(co) COOMe
(9.18) (9.19)

The reaction of the complex cation (9.20) with methoxide ion
gave the cyclooctadienyl complex (9.21) and the irontricarbonyl
complexes (9.22; R1?= H; RZ = MeO and R! = ﬁeo, RS = H) [2u3].
The (q-cyclooctatétraene)iron complexes (9.23; M = Si, Ge, Sn)
were formed from the apprbpriately substituted cyclooctatetraene

and diiron nonacarbonyl, in two cases the diiron complexes (9.24;

i T 2

- R2

(CO)ZFeCO Me Fe

Fe >
(CO)3 (Co)3

(9.20) {9.21) - {9.22)
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CPh,
>
MMe3 HMe3
’ MMe
1 | ] 3
(Fe) Fe Fe - Fe
co
3 ‘ (CO)3 (CO)3 (CO)3
(9.23) (9.24) (5.25}

M= si, sn) were also obtained. Treatment ol the silicon and
germanium derivatives (9.23; M = 8i, Ge) with triphenylmethyl-
tetrafluoroborate gave tetrafluoroborate selts which were hydrolysed
to neutral complexes containing the disubstituted cyclooctatetraene
ligands (9.25; M = Si, Ge) [2&4]. The reasction of bis(q»cyclo-

octatetraene)iron with Lewis bases L, where L = PBP, (Me0O) ,P,

0 °N .
Fe(CO)5 co .
—_— l —_—
ho - ~Fe AN
-(co), Fe
(co)3
(9.26} (9.27} (5.28)
(OC)hFe
N
Fe
(CO)3
(9.30) (9.29)
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(Et0) 4P, (03H70)3P under mild conditions produced complexes of
the type Fe(CgHg)Ly [2u5].

Irradiation of the bicyclononatriene (9.26) with iron penta-
carbonyl gave initially the ferralactone (9.27) which was rapidly
transformed into the bicyelononatriene irontricarbonyl complex
(9.28) and then the diironheptacarbonyl complex (9.29). Degrada-
tion of this pfcduct (9.29) with trimethylamine oxide in ether
formed the novel bicyclononatriene (9.30) [2h6].

Photolysis of bullvalene (9.31) and iron pentacarbonyl in
moist benzene gave the iron tricarbonyl derivatives {(9.32) eand
(9.33). The treatment of the complex (9.32) with Fez(co)9 gave
the complex (9.34) which underwent valence isomerism to give the
compound (9.35) [2&?]. The irontricarbonyl derivatives (9.37 and
9.38) of the propellsne methylimide (9.36) were prepared and their

reactions with cerium(IV) and a dienopnile were investigated [2&8}.
OH

Fe (C0)

(9.31) (9.32) (9.33)

) Fe(co)
—_ e (C 3

(9.34) » (9.35)
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(CO)_Fe Fe(CO)B
3\
Fe(CO)s or (CO) ,Fe
TFe,(COY, g > i 3 \
Fe,(CO), ' )
_ "Fe(CO).
3

(9.36) (5.37) (9.38)

Q

ome
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o]

The reasction between dichloroscetylene and diiron nonacarbonyl
gave the cyclopentadienone complex (9.39) [2k9]. The silacyclo-

hexadiene {9.40; R = Ph) was isomerized in the presence of iron

0 R Ph
R R Ph Ph
DYe [ X
| si si
c1 cl R Ph
Fe Mez Me2
(c0)3
(9.39) 9.490) (9.41)

pentacarbonyl to give the diene (9.441) whereas the diene (9.40;
R = H) formed the complex (3.42) [250]. The tricarbonyl diazepine

iron complexes {9.43; R = COMe, COZEt) were prepared and their

Fe(co)3
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Fe(CO)3 Q?(CO)B Fe(CO)3
= NaBH AT Ac_O \
/ p — é(’h\j) -/ /)
N-N M-N N-N
1 - P 1 1t
R R H R Ac
(9.43)

Scheme G_1

reactions with sodium borohydride and acetic anhydride were
investigated (Scheme 9.1) [251]. The reaction of cyclooctatetraene
with the hydrido-carbonylruthenium cluster [Hhﬂuh(00)12] gave the
ruthenium complex (9.4]}). The ruthenium tricarbonyl group was
removed from the complex (9.4]1) with cerium(IV) to give the dimer

of cyclooctatetraene [252].

Hez

l/ I l SJ Ph—Ci]—Ph

! \ 1 /]

N~ — i

l \_=/ I

Ru Ru
(CO)3 (cp)3
(9.41) (9.45)

The tricaerbonylruthenium complex (9.45) was prepared by the
reaction of 1,1-dimethyl-2,5-diphenyl-1-silacyclopentadiene with
dodecacarbonyltriruthenium in toluene. The crystal structure
of the complex (9.45) was determined by X-ray analysis. In the
uncomplexed ligand the bond 1engths within the cyclopentadiene

ring were consistent with complete locdlization of the double
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bonds. The butadiene unit was planar with the silicon atom
displaced from this plane by 0.08 E. In the presence of the
metal considerable perturbation of the bond lengths in the silole
ring occur?ed end the silicon atom was displaced from the plane
of the butadiene unit by €.72 &. [253]. Cycloheptatriene was
heated with triruthenium dodecacarbonyl in hexane to give a cluster
compound RHB(CO)é(q-C7H7)(q-C7H9) as the principal product together
with low yields of the q-cycloheptatriene {9.46 and S.4L7) and
n-cycloheptadiene (9.48) complexes. These three complexes (9.4,6 -
9.,8) were analogous to well known iron complexes. Several alkyl

and halogeno derivatives were characterized [25&].

AN /N ,

Rg Ru ——Ru Ru
(c.)3 (oc)3 (co)3 (co)
(9.145) (9.47) (9.48)

(ii) Spectroscopic and Physico-chemical Studies

The crystal and molecular structure of the complex
(CSHu66H6CO)Fe2(CO)5’ (9.49) prepared by the reaction of diiron
nonacarbonyl with spiro(2,li-cyclopentadiene-1,7'-norcara-2!',1-
diene) " (9.50) [255], was determined by X-ray crystallography.

The structural analysis showed that the -original spironorcaradiene

(9.50) had undergone 1,6!' bond scission with the incorporation of

a -C(=0)- moiety at the 6'- position [256]. Chiang has carried
out X-ray crystallographic studies on the iron tricarbonyl

complexes of bullvalene and barbaralone, in each case T-allyl-C-0

Beferences p. 336
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¢ [©O » '
(CO)_F X A
TR W
|
H o ) Fe
co
( )3

(9.49) (9.50) (9.51)

type bonding was observed [257]. The molecular structure and
conformation of the tricarbonyl(q—cyclohexadiene)iron complex
{9.51) has been determined by singie crystal X~ray diffractometry.
The preferred conformations of the two cycloalkane rings are
mutually incompatible which has resulted in a compromise with the
cyclobutane folded by 15° along its diagonal and the cyclohexane
having a conformation intermediate between planarity and a chair
[258].

The crystal and molecular structure of the n-bicyclooctadiene
complex (9:52) has been determined by single crystal X-ray analysis.
The molecule is strained due to intramolecular repulsion between
the endo-bromine atom and the cycloheptadiene ring. The complex
{9.52) was debrominated by methyllithium in ether and rearranged

B
Br -

Fe
(co)3

(9.52) (2.53)
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to the q—cydlohexadienyl compound (9.53) through a spirocyclo-
propene intermediate [259]-

The ?H and 136 NMR spectra of tricarbonyl(1-methoxy-1,3-
cyclohexadiene)iron have been reinvestigated. The magnitude of
the 1J(CH) coupling constants at C-2, C-3 and C-L indicated
trigonsl hybridization at these centres. The energy barrier for
basal-apical exchange of the carbonyl ligand was.AGc = 7.3 kcal
.mol-1. Electronic charge densities were discussed and compared
with values obtained previously by INDO calculations [260].

Thermal and photochemical conversion of tricarbonyl-
(W—cyclopentadiene)iron to dicarbonyl(q—cyclopentadienyl)iron
dimer has been investigated by a 1H NMR analysis of the deuter-
ated reactant. Stereospecific free radical chain abstraction of

the deuterium by an Fe(I) species was proposed for the thermel

O
@ Reactlon A @\pe(co) Fe(CO)3H

(CO)3

hv | Reaction B

‘Scheme 9.2

Rdcmc- Pp.33€
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process (Reaction A, Scheme 9.2). The photochemical reaction,

by contrast, appeared to proceed by intramolecular hydrogen

trensfer following loss of carbon monoxide (Reaction B) [261].
The 2-substituted troponeiron tricarbonyls (9.54; R = Me,

Cl, Ph) were extracted into concentrated sulphuric acid and the

Ty s spectra were recorded. Spectra of the completely isomer-

ized ions (9.55; R = Me, Cl, Ph) were observed. The isomerization

wss shown to take place through a cation of the type (5.56) [262].

- 7 H

R R H
. }
o) _B g o) - o
/ / /
Fe Fe - Fe R
(b0)3 ico)B i (co)3
(9.54) . (9.56) (5.55)

The infrared and Raman spectra of norbornadiene complexes
of Fe, Rh, Pd and Pt were recorded. The normal modes Wwere assigned
and the ligand vibrations in the complexes were compared with

those for uncomplexed norbornadiene [263].

(iii) General Chemistry

Acylation of the tricarbonyliron complex (9.57) with sascetyl
chloride in the presence of aluminium chloride gave the acetyl
derivative (9.58) and the cation (9.59), formed by hydride
abstraction. Similarly acylation of the complex (9.60) gave the
tricarbonyliron derivativea- (9.61 and 9.62) [26&]. The thermo-

chemistry of tricarbonyl (trans, cig-1,5-diphenyl-1, 3-
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MeCO
e r 1+

W2 '

Fe (Fe Fe
(C’O)3 CO)3 (CO)3
(9.57) (9.58) (9.59)

_//_I_\ _//-l\\_ COMe TN

Fe Fe Fe
(CO)3 (CO)3 (CO)3

(9.60) (9.61) (9.62)

pentadiene)iron was studied. When this complex was heated in
solution an irreversible first-order conversion occurred to give
tricarbonyl{trans, trans-1,5-diphenyl-1,3-pentadienel)iron. The
thermolyses of a variety of tricarbonyl cyclohexadieneiron
complexes were studied and they Were shown to undergo isomeriza-
tions resulting from overall [1,5] hydrogen migrations [265].
Hexafluoropropene attacked the iron tricarbonyl complexes
of butadiene, isoprene, 2,3-dimethylbutadiene, and cyclonexa-1,3-
diene on UV irradiation to give 1:1 complexeé. The X-ray crystal
and molecular structure of the isoprene adduct (9.63) was deter-
mined in order to establish the direction of addition of the

fluoroolefin which was found to link the iron atom to the

-References p.-336
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H
s g
CF_,CHFCF .
ée 2 3 CFBChFCFZ F
( CO ) Fe “\
3 (C0) CFB
3
(9.63) (9.64) (9.65)

hydrocarbon ligand. However, the cyclohexadiene adduct (9.6l)
contalined only a singly bound fluorocarbon residue. Addiiion of
a further molgcule of hexafluoropropene gave the bridged 1:2
aedduct (9.65). Several similar reactions were reported and
discussed [266].

The reaction between tricarbonyl(q—cycloheptatpiene)iron
and diphenylacetylene gave tricarbonyl(W—tetraphenylferrole)iron
the structure of which has been confirmed by X-ray crystallography
[267]. Reaction of the anion [(«\-c7ﬁ7)Fe(co)3]‘ with allyl
hralides gave the ditropylium complex (9.56; M = Fe) whilst reéaction
with [(n-C7H7)M(CO)3]- (M = Cr, Mo, W) gave the mixed metal
cartonyl derivatives (9.66; M = Cr, Mo, W)[268]. The reaction

of triphenylmethylium tetrafluoroborate with the cyclooctatetraene

(co)3
Fe
\
Q .
.M
(GO)3

(9.66)




lCF3COZH in CD2012

-+

Scheme 9.3

derivative {9.67) followed by a base gave the complex (G.68).
The reactions of the complex were investigated (Scheme 9.3).
The 130 and 1H NMR spectra of the new compounds were reported
[269].
fhe reaction of the tricarbonyl(q-cyclooctatetraene)iron

(9.69) with aluminium chloride in benzene at 10° gave the
bigyclononadienyl complex (9.70) which had been obtained previously
by treatment of barbarslone with diiron nonacarbonyl. The complex
(9.70) liberated barbaraione (9.71) (95%) with carbon monoxide
at 100 atmospheres pressure and 120°. The reaction was extended
to the formation of other cyclic ketones [270].

| Tﬁe reaction ofAtricarbonyl(qh=1,2,3,4—cyclooctatetraene)-

iron with diioddmethane in the.presence of a zinc/cgpper couple

Sdhunyntm
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Fe(CO)3 0

Me o //

Me //
i

Fe

(co)3

(5.69) (9.70) (93.71)

and a trace of iodine gave the irontricarbonyl complex (9.72)
[271]- The Eycloheptatrienone complex (9.73) with RZCN2 (R = H,
Me) in diethyl ether gave the 1-pyrazoliﬁes (9.74; R = H, Me)

in good yields. The iron tricarbonyl moiety behaved as a protecting

group for the tropone diene unit while the other double bond

u, NN R
R
H
\|/ 0
| , [ e
Fe Fe e
(co)
(co)3 (c0)3 3
(9.72}) (9.73) (9.74)

underwent regiospecific cycloaddition [272]. The (n-oxepineliron
complex (G.75) underwent a multistage vaelence isomerism to give
the ketocarbene complex (9.76) which was characterized by X-ray
cry;tallography [273].

-The reaction of N-carbomethoxy-1,2- and -1,-dihydropyridines
(9.77 and 9.78; R = Me, Et) with diiron nonacarbonyl gave the
N-carbomethoxy-1,2—dihydr§pyridine complexes (9.79:; R = Me, Et).

The iron tricarbonyl fragmeht Has easi1ytrem9véd fromrtheseﬁ'
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(9.75) (9.76)

complexes in the presencz2 of trimethylamine oxide to give the
1,2-dihydropyridines (9.77; R = Me, Et) [274]. The reaction of
tricarbonyl(q—cycloocta-1,S-diene)ruthenium with oliefin (olefin =
cyclohexa-1, 3-diene, cyclo-octatetraene, cyclo-octa-1,3,6-triene,
cyclohepta-2,I1,6-triene~-1-one, cyclohnepta-1, 3-diene or cyclo-
heptatriene) in benzene gave the appropriate [(olefin)Ru(CO)B]

R
('302R fOZR ?02

o N N
O 0 3

(9.77) (9.78) (9.79)
complex in good yleld. Many of these complexes were inaccessible
or obtained in low yields by the usual route of direct reaction

of diene with triruthenium dodecacarbonyl [275].

10. - (n-C H.)Fo(n-C.H,)

The Gq—benzene)iron cation (10.1; R = H) was acetylated and

benzoylated with the appropriate acyl chioride and aluminium

B.efm p- 333. .
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- _+ H B -‘+
O ~Or= O
Fe ' Fe Fe
(10.1) . (10.2) (15.3)

chloride in nitromethare to form the cations (10.1; R = COMe, "
COPh) [276]. Reaction of (q—benzene)(q-cyclopentadienyl)iron
tetrafluorovorate with ethyllithium at 0° and -25° in ether

ana 20° in tetrahydrofuran gave (q—C6H6)Fe(q—05H5), the exo-
substituted derivetive (10.2; R = Et) and ferrocene respectively.
Reaction with benzylmagnesium chloride and cyclopentadienylsodiuvm
gave the exo-benzyl and exo-cyclopentadienyl derivatives (10.2;

R = CHZPh and CSHS) respectively [277].

The oxidation of exo- substituted (q—cyclohexadienyl)—
(q—cyclopentadienyl)iron compounds (10.2) by triphenylmethyl
tetrafluoroborate has been studied. In the presence of a methyl
group (16.2; R = Me) only the (q—cyclopentadienyl)(\—toluene)iron
cation (10.3; R = Me) was obtained but in the presence of larger
groups (10.2; R = Et, Bz, CEHS) elimination of a carbanion
competed , with hydride ion eliminstion tc give e mixture of
benzene substituted cations (10.3; R = By, Bz, CSHS) respectively
and the parent cation (10.3; R = H) [278].

Paramagnetic (“-benzene—qfcyclopentadienyl)iron gave the
binuclear Wrcyclohexadienyl complex (10.l) after 15 h in pentane

at room temperature. Oxidetion of this complex with N-bromo-
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O | &

-Fe Fe Fe
| - _
(10.4) (10.5)

succinimide or oxygen gave the (q-benzene)(q-cycloéentadienyl)-
iron cation, which was isolated as the tetraphenylborate, while
oxidation with iodine gave the corresponding.iodide, [Oq-06H6)-
(n-CgHg) FelT [279].

Treichel and Johnson have protonated tis(m-indenyl)iron in
the five-membered ring with hydrogen chloride or trifliuoroacetic
acid in benzene to give the cation (10.5). Evidence was offered
in support of endo-protonation. n-Butyllithium wes effective
in deprotonating tne cation to the initial neutral corplex [280].

The reaction of ferrocene with anthracene in the presence
of Al1Cl;-Al gave the mono- and di-cations (10.6 and 10.7)
respectively which were identical with those derived from
.9,10-dihydroanthracene. A similar »reaction with naphthalene in
tetralin gave both the tetralin complex (10.8) and the naphthalene
complex (10.9). The w and 130 NMR spectra-of the complexes
wers &iscussed.[281]. V
_ Seven (q—arene)bis(q:cyclopentadienyl)diiron dications
including the n-biphenyl (10.10) and the q—phenanthreng {10.11) -
cations have been prepared and compared with the corresponaing

(q—arané)(q—cyclopentadienyl)iron cations. The UV spectra of .

jﬁ@q@u;maas



(10.6)

the dications showed d-d transitions analogous to
witile the STFe Moessbauer results were similar to ©

(ﬂ—arene)(q—cyclcpentadienyl)iron cations [282].

(10.9)

2+

Polarographic

results "indicated importént differences between the two in that

the dications exhibited two iron reduction waves which were

represented by the processes:

Fe Fe
s —
{10.10)

rellpell

2+

e

&

FeIIFeI

@,

—

6 O

(10.11)

I_1I

Fe~ " Fe

—Tz_k



319

o8

Haines and Du Preez obtained the arylboron substitute

rutherium complex (16.12; A = H) by treatment of Ru(q—C

vl
\n

3
|

3

(?Eh3)901 with sodium tetrapnenylborate in methanol.

T
derivative (i0.12; R = Me! was fcrmed in the same way [283].

o
Ru

BPh .,
3

.i2)

[

{1
11. -C.H 13
_T_—D(ﬂ _512‘3_11

Mono- and di-substituted rutheniocenes labelled with radio-

s 10 AP -
active 3Ru were prepared by treatment of the corresponding

.
ferrocene with 1U3RuCll. Yields were in the range 5-70%. Labelled
osmocenes were obtained in 1% yield by using l71OsCL'. Thin-layer

chromatography was used to separate the lskelled metallocenes [284].

Complexes containirg ruthenium-mercury bonds were synthesised

by treating ruthenocene with mercury(II) salts. These compounds
were studied with electronic, infrared, Raman and MGssbauer
spectroscopy and it was concluded that the metal-metal bonds were
relatively weak [285].

The protonation of ruthenocene and ferrocene was investigated
in media of varying acid strengths using 1H IMR spectroscopy.
Protonation of the metal atom in ruthenocene only occurred in the
most strongly protonating media, HZSOu—CF3C02H and BF3.H20—CF3COZH,
and the cation was characterised by an sbsorption strongly upfield

from TMS. Hydrogen-deuterium exchange was studied for ruthenocene

References p. 336
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under conditions where metal protonation was incomplete. As
the acid concentration was increased the rate of exchange
decreased. From these results it was aréued that the reaction
meckanism of this process was similar t5 that of electrophilic
substitution in benzenoid systems [286]. The solution Raman
spectra of ferrocene, ruthenocene and osmocene have been re-

investigated. The band at 1186 em™

in the ferrocene spectrum
has been reassigned and the skeletal modes for osmocene have

been assigned. Metal-n-cyclopentadienyl ring bond force constants
have been calculated and increase in the order (q-CSHS)ZFe<:
(n-CgHg ) yRu <(n-CH:) ,0s [287].

The UV spectrum of ruthenocene in halocarborn solvents showed
a band at 285 nm characteristic of electron transfer-to-solvent
and indicating formation of charge-transfer complexes with the
;olvents. Irraediation of the charge-transfer complex gave the
ruthenicinium cation [288]. Ruthenocene forms cherge-transfer
complexes with halocarbon solvents and the equilibrium constant
was determined for the solution in carbon tetrachloride. UV
irradiation of the carbon tetrachloride at the charge-transfer
absorption frequency gave the ruthenicinium cation which decomposed
to ruthenium trichloride asnd ruthenocene and then formed the
complex (4-CgHg),Ru.Rucl, [289].

Borrell and Henderson have investigated the photolysis and
the naphthalene-photosensitized reaction of the ruthenocene-carbon
tetrachloride charge-transter complex. The ruthenicinium cation
was formed in the primery phcotochemical process. The naphthalene-
photosensitized oxidation proceeded through a triplec state and
it was inhibited at high concentrations by competitiié éuencﬁing

of the naphthelene singlet state by ruthenocene. ‘The  authors
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Scheme 11.1
used photo-oxidation, electrochemical and chemical oxidation
results to construct an oxidation scheme for ruthenocene
(Scheme 11.1) [290].

The photochemica; preparation of (q-CSHS)ZRuL (L = fumaro-
nitrile, tetracyanoethylene and tetracyanocyclopropane) and the
ultraviolet and infrared spectra of these complexes were examined.
The donor excited states in the ruthenocene complexes were
associsted with either (or both) the 240 and 278 nm intramolecular

bands [291].

12. " (4-C K )Colq-C.Ho)

When (WFcyclopentadienyl)cobalt dicarbonyl was heated with

pentafluorophenylphenylacetylene the q-cyclobutadiene complex

,B‘_f@l_’-aﬁ- -
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© o o
SiM
Co Co € 3
<@ O
(06}5"5)2

(12.1) {12.2)

{(12.1) was obteined in addition to q—cyclopentadienone complexes
and polynuclear complexes [292].

) In the reaction between 1,5-hexadiyne and bis(trimsthylsilyl)-
acetylene, in the presence of catalytic amounts of dicarbonyl-
(“-cyclopentadienyl)cobalt, the cyclobutadiene complex (12.2)

was isolated [293]. The (q-cyclopentadienone)cobalt complexes
(12.3; R = Me, Ph) were obtained by treatment of (W—cyclopenta—
dienyl)cobalt dicarbonyl with 2,j-hexadiyne and_T,h-&iphenyl—

butadiyne respectively [29&].

@ @ Me0,,G cO Me
1
R i/ \
§§ Co 47 //,Co.ﬁ__PPh Ph"z:_ji"Ph
Ré r!

(12.3) (12.4) (12.5)
The (n-cyclopentadienyl)cobalt complexes (12.Lh) were converted

to 5- or 6-membered heterocycles by heating with sulphur or
nitrogen compounds. Thus the complex (12.4; rR! = Ph,,R2 = COZMe)

was heated with sulphur and benzene in a sealed tube at 150°
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to give the substituted thiophen (12.5) [295]. The effect of

the lanthanide shift reagents Eu(fod)3 and Pr(fod)3 on the Th
NMR spectra of some (7n-cyclopentadienone)(n-cyclopentadienyl)-
cobalt complexes was investigated. The shift reagents complexed
with the lone pairs of the carbonyl group. Pseudo contact shifts
were observed for the hydrogen atoms of each ring and also for

the hydrogen atoms in the substituents on the cyclopentadienone

ring [296].

13. (q—ngleCo and;l(1—05§51200]+

The cobaltocerne derivatives [13.1; R = CC1l,, CH,LGN, CH(CH)Me,
clcu)=CH,, CSCPh ] were obtained by treating cobaltocene with

the alkyl compounds RH in the presence of oxygen [297].

@a

Co

Q

{(13.1)

X-ray crystallograpny has been used to ootain details of
the crystal and molecular structure of cobaltocene. The
q-cyclopentadienyl rings were parallel and staggered with respect
to one another [298]. The molecular structure of gaseous
cobaltaocene was investigated by electron diffraction. = The
gaseous molecule had a sandwich structure and the data éhqwed
that any distortion from D5h or PEd molecular symmetry was small.

It was conéluded that the barrier to internal rotation was small

Beferences p. 336,
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enough to allow large emplitude torsional motion and that the
minigum energy qonformatiOn of the rings could not be distinguished.
The metal-carbon bond length in cobaltocene was (.05 R longer

than that in ferrocene and 0.08 £ shorter than that in nickelocene.
The weakening of the metal-cyclopentadienyl bond in cobaltocene
relative to that in ferrocene was due to the antibonding effects

of e18 orbitals which were singly occupied in cobaltocene but

empty in ferrocene [299].

The enthalpies and entropies of phase transitions at temper-

‘atures below 200° were determined for several sandwich compounds
including cobaltocene and nickelocene. Heat capacities (CE)’

free energy functions and other thermodynamic functions were

given for these compounds in the temperature range 5—298.15°K
[300]. ‘Wide-1line 1H NMR spectra of the intercaletion complex
TaSZ(cobaltocene)% were recorded and interpreted. It was concluded
that the C5 symmetry axis of the cobaltocene molecule was parallel
to the Ta32 layers. The spectra also revealed changes in the
dynamics of the guest species as the temperature was lowered

.and they 3uggested a possible rearrangement of the molecules within
the layers [301]-

The basicities of three aminocobalticinium cations have been
determinéd, all were much less basic than the corresponding
ferrocenyl- and phenyl-amines. Thus the aminocobalticinium cation
had p§b = 15.6. By contrast, alkylcobalticinium ions were strongly
atidic and the methyl hydrogen atoms in 1,1'-dimethylcobalticinium
ion exchanged with 1.02 M NaOD at 80°C to give a half-life of
18 min and E, = 25.4 kcsl mo1 ! [302]. The rate of decomposition

of the cobslticinium ion in water has been determined as a function oi
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pH and temperature. It was dependent on the concentration of
undissociated [(q-CSHS)ECo]OH wnile the order of reaction varied
with the pH and the temperature [303].

Electrolysis of the cobalticinium ion in the presence of
an alkyl halide gave the corresponding alkylated derivative
(13.2; R = CHEPh, CHClPh, CClB, CﬂaBr) in good yield. The
cobaltocene anion (13.3) generated electrochemically, in the
presence of lithium chloride, when treated with carbon dioxide
gave the salt (13.4).. The salt was converted to the cofresponding
methyl ester (13.5) which gave the cobalticirium derivative
(13.6) on reasctior: with triphenylmethane tetrafluoroborate [30&].

The reaction of 1,1'-bis(carboxy)cobalticinium hexafluoro-
phosphate with R,SnCl, (R = Ph, Bu, Et, octyl, besnzyl and Me)

gave the tin poly(cobalticinium esters) (13.7). The yields of

R
H -
©
: DMF(-1.9V)
Go o' — e Co |rit
j f L f J
(13.2) . (13.3)
lco2
COM -
>he co, -
F @Cozﬂe
‘ c°+ 7 Co i’

(13.6) (13.4)
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Co nPFe‘
B
(13.7)

the polyesters (13.7) vearied with R in the series Ph>Bu>
Et >octyl=benzyl>Me [305]. Bis(q-cyclopentadienyl)titanium
bis(hexafluoropnosphate}das copolymerized with cobalt bis-
{n-cyclopentadienylcarboxylate} hexafluorophosphate to give
poly(cobalticinium) esters containing titanium. The polymers
were characterized by spectroscopy, molecular weight measurements
end thermogravimetric analysis [306].

In the polymerization of alkyl or acyl derivatives of
cobalticinium salts they were treasted with benzene derivatives,
such’ as p-dichlorobenzene or acetophenone in the presence of a
catalyst, to increase the yield of thé polymer [307]. The
infrared spectra of the tetraaryl- or tetraalkyl-cyclopentadienone
complexes (13.8: M = Co, R = Me or Ph) and (13.8; M = Go or Rh,
R = C6F5) showed an absorption characteristic of a C=0 group
between 1570-1620 cm71. On treatment with concentrated hydro-
chloric or fluoroboric acid this sbsorption disappeared and a new

peak appeared in.the region 1430-1485 em™1

together with an OH
stretch in the region 3500-2500 em~-!. In acid conditions the
hydroxy cobslticinium and rhodicinium ions (13.9; M = Co, Rh)

‘were formed. The acidity constants of these hydroxymetallocinium
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R
oH
R R
M M*

(13.8) {(13.9)

R 7
R‘T;::Z;O R\jii:z,ﬁ R\T;::Z/
_ -
R R - R+ R -

salts (13.9; M = Co, Rh) were d_etermined spectrophotometrically
[308]. Parallel changes in the electronic spectra of ferrocene

and cobalticinium chloroplatinate were observed on tne introcduction
of’ an ethyl substituent into esach metallocene [3093.

Treatment of the n-borabenzene complex (13;10) with iron(IIiI)
chloride gave the correspcnding cation. This éation gave the
mixed q-cyclopentadienyl—q—borabenzene complex in the nresence
of methanol [310].
3[co(c H BPn), JPF, + 2MeOH —2Co(C_H_BPR), + [colegsg) (CoH BRR) JRF,

ZHPF6 + P’nB(OHe)2

Co
(@)=
113.10) ) -

The treatment of the borabenzene complex (13.10) with

potassium cyanide gave the salt K[CSHEBPh] [311]. The electron

BgImcu p-338
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spin resonance spectrum of bis(1-phanylborabenzene)cobalt{II)
(13.10) was recorded and interpreted. From the results . it wa:
concluded that the bonding in this molecule (13.10) was very
similar to that in ferrocene and the cobalticinium cation.
Ligand eiectrons were donated into metal d22, dxz and dyz
orbitals with the populations in dzz and dxz only slightly
greater than those in ferrocene. Considerable back.bonding

occurred from filled metal dx2_ 2 and dxy orbitals to the ligands,

approximately 0.5 electrons baci bonded to each borabenzene ring.
This value was only slightly less than that for ferrocene [312].

The crystal and moleculer structure of 2-methyl-1,7-bis-
(q—cyclopentadienyl }-1,7,2,i-dicobaltdicarbaheptaborane(7) has
been determined by X-ray diffrasction. This compound was shown
to be a triple-decker sandwich containing a central planar ring
formally designated in the parent molecule as C283H5L"", iso-
electronic with q-Cgﬁg-. A1l three rings were planar and nearly
varallel, the cyclopentadienyl rings were tilted by approximately
3.2°% with réspect to the central ring [313].

Friedel-Crafts acetylation of (q—cyclopentadienyl)[q-(3)-
1,2—dicarbaundecaborane(11)]cobalt BW‘CSHS)C°{W’(3)‘1’2'39CZH11}]
with aluminium chloride in carbon disulphide gave [Qq-CSHS)Co—
f-(3)-1,2-B5C, 1, 1Y), [(1-CgHg)Cofn-(3)-1,2-B4CH, 4 (8-0CoMe R ],
[(T\-CSHS)CO{'I\-(3)—1,2-89021110(8—011)}] and [(f\—CSHS)CO{‘I\—(B)—‘I,Z-
3902H10(8-00Me)}]. The complexes were characterized by infrared,
1H NMR mass spectrometry and X-ray analysis. From these results
it was concluded that the T-electrons of the q-csH5 group in
[(ﬂ—CSHS)Co{qi(B)-1,2-3902311}]_were transferred to some extent
to the cobélt rendefing the.wfcsﬂs group less susceptible to
electrophilic substitution [314]. '
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1. Cobalt-carbon Cluster Compounds

Reaction between fluorocalkyltetracasrbonylcobalt derivatives
BRCFé)Co(CO)h] and either sodium tetracarbonylcobaltate(-1) or
octacarbonyldicobalt gave the cluster compounds [HCCo3(CO)9]

(R = F, CHFé,
of the reaction between flucroalkylcobalt carbonyls and Na[Co(CO)a]

CFB’ C2F5)' An effort was made to extend the scope

the reaction between this salt or Na[Co(CO)B(PPhB)] and
RCF3)C°(CO)3(PPh3)] Wwas investigated but no evidence for cluster
formetion was obtained [315].

Direct reaction between the tricobalt carbon cluster and
the dienes b%cyclo[2.2-1]hepta-Z,S—diene (bhd) and cyclonexa-
1,3-diene afforded the dark green complexes [YCCO3(CO)7(diene)]
(Y = alkyl, aryl, F). No comparable derivatives were formed in
reactions with cyclo-octadienes, cycloheptadiene and butadiene
and the coordinated bhd was not replaced by any of these dienes.
An X-ray analysis of [Et30003(00)7(bhd)] showed that the chelating
bhd coordinated to one cobalt atom in the basal iriangle with the
ring in a cis-cis {(cis with respect to the apical substituent)
orientation [316].

(q-Arene)nonacarbonyltetracobalt complexes (14.1; ArH = mono-,
di-, and tri-alkylbenzene, anisole, biphenyl, fluorene, phenan-
threne; L = CO) .were treated with phosphites to give the
corresponding derivatives [1&.1; L= P(OR)3]. Diéplacement of
the arene ligand took place with carbon monoxide, éhosphines and
acetylenes to form known derivatives of diccbalt octacarb;nyl
and tetracobalt dodecacarbonyl [317]._ '

- The benzylidynetricobalt nonacarbonyl cluster cohpounds (1h.2;

R1 = o-, m-Me; o-, 5701; R2 = H) were acetylated with acetyl
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chloride in the presence of aluminium chloride to give the
para-derivatives (14.2; R' = o-, m-Me; o-, m-Cl; RZ = COMe).

The benzyl group wazs introduced in the same way although the
chlorine-substituted cluster compounds were inert to benzoyl
chloride. Formylation of the benzylidyne cluster compound (.23
2! = 82 = H) was achieved with MeOCHC1, and aluminium chloride.

In competitive acetylation experimentstabenzylidynebricobalt

l: :I}R’
?rH
??\, c\\
N
)
/J’>coco.1. / >c°(co)3
(oc )200/ o (00)300/\ /
Co{Co) ' Go(G0)
0 2 3
(1h.1) (1:.2)

nonacarbonyl was of comparable resctivity to ferrocene and

dimethylaniline and much more reactive than anisole. The reactions

were rationalized in terms of the stabdle [(OC)9C03C]+ cluster [318].
Palyi and Varadi have prepasred eight acrylate derivatives

P 21 R, x 3
of methylidinetricobalt nonrnacarbonyl (1,.3; R" = H, Hg = H, He,

Pr®, Pa; R' = Me, R° = H, Me, Pr”, Ph). All of the compounds

showed splitting of some terminal carbonyl stretching frequencies

22
i 1
o
CH=CR2CO_R' = R
| 2 |
c c\?
éo(CO)
(00) 400 / (0G) 3Go/ /
-CO(CO)B CO(CO)3

(1p.3) . o (1h-4)
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in the IR and these were interpreted in terms of direct inter-—
action betweer the ester carbonyl grour and cobalt (ik.lh) [319].
Substitution of tertiary phosphine for carbonyl in the methyl-
idynetricobalt nonacarbonyl cluster compounds (14.5; ¥ = H, Me,
Ph, F) ﬁas been studied in detail by Cartner, Cﬁnninghame and
Robinson. Rates of reaction and sctivation parameters were
determined, the activation energies increase&_in the order of
substituents: F<Ph<H<Me. A simple dissoci%tive mechanism
was indicated with loss of a molecule of carbdén monoxide before
avtack by the phosphine [320].

Boron and aluminium substituted methylidinetricobalt
nonacarbonyl compounds (1.6} have been described, The boron
difluoride derivative (i4.6; M = B, X = F) was obtained by
fluorination of the corresponding bromine cahpound (14.6; M = B,
X = Br) with silver tetrafluoroborate. Tne boron diiodide
derivative {(1i.6; M = B, X = I) and the aluminium dichloride
derivative {(14.6; M = Al, X = Cl) were formed by treatment of
dicobalt octacarbonyl with BIB.NEt3 and AlCl3.NEt3 respectively
[21].

Apical cluster 130 NMR resonances in some neutral complexes

RCCo,4(60), [r= CgHyqs CygHpys n-CgH, oCH(OH), Me;Si(H)C=CH,

0-HMX.,.NEt
¥ l HXé 3
c
_—,Co(c0) 4 ) _—Ge(c0) 4
(00)300:::\ // (0¢) ;G0
Co(co), Colco),
(14.5) (14.6)
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c(o), ¢ c(o), C HSOC(O), n-C OC(O)] were observed

n-Ceifiyg oflig 2 10821
in the region 3(C) 255-310 ppm by using either neat samples or

13C chemical shifts

very concentrated solutions in CDCIB. The
were far downfield from those of most carbon atoms in the organic
and.organometallic compounds except for those of alkyl substituted
carbgnium ions and some transition metal-carbene complexes. The
13C MR spectra of some cobalt cluster substituted carbenium

ions were recorded in concentrated sulphuric acid. It was concluded

ct

hat the positive charge in these carbenium ions resided mainly

ct

on the cobalt atom [322].
Matheson and Robinson have investigated the equilibria
between bridged and non-bridged forms of methinyltricobaltnona-

carbonyl compounds by measuring IR and 1H, 130 and 31? NMR

spectra at several temperatures. The complexes [1&.7; L =
?(06H11)3’ PBuB] each exist as a mixture of bridged and non-bridged
forms at room temperature in the solid state and in solution.

The proportion of the non-bridged complex [1&-7; L= P(06H11)3]

at 295°K was 66% and the equilibrium shifted towards the bridged
isomer [1&.8; L= P(C6H11)3] as the temperature was lowered. At

o

195°K the proportion of the non-bridged isomer was 12%. The

activation parameters determined for the reaction wWere

Me Me

T 1

C C
/>co(co)3 — ' /écc,(co)2
(OC)BCO/ / (OC)ZC0/< /}0

\CO(CO)aL CoCO.L
Q

(11;-7)‘ : : (1.8) .
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1 1 ,-~-1

AH = -8,6 kd mol” ,AS = 23 Jmol ' k '. Alternative mechanisms
for the interconversion were discussed [323].

4 solution calorimetric method was used to determine the
standard enthalpies of formation of the crystalline complexes
[costcBrI(c0),], [ cojtcea)colg ] and [Co,(c0)g], tie values
were -284.3, -283.5 and -298.9 keal mol” ) respectively. The
-enthalpies of sublimation of the same compounds were determined
by effusion menometry as 23.8, 28.1 and 15.6 kcal mo1”} rezpcct-
ively. Bond energies were derived from the gas phase entnalpies
and for the bromo- cluster it was concluded that the metal-carbon

bond energy was probably greater than the metal-cerbon monoxide

bond energy [324].

15.  (n-CoHp) N3

The second volume of the bonk, The Organic Chemisiry of
liickel, entitled Organic Synthesis nas been pubiishea [325].
Nickelocene was prepared directly from finely divided nickel
metal, produced by an electric arc, and cyclopentadiene [326].
The separation of organo-nickel derivatives obtained in the
prepvaration of bis(q—isopropylcyclopentadienyl)nickel was studisd
by adsorption-partition chromatography [327].

Treatment of s sclution of the nido-borane anrion, 39H12_,
and nickelocene in acetonitrile with sodium amalgam gave the
.two isomeric closo- metalloboranes [(W_CSHS)—Z‘Ni(W'Bgﬂgﬂ- and
[(ﬂ-CSHS)-1—Ni(“—89H9)]-. The former compound, in which the
nickel atom was coordinated to five boron atoms, was converted
quantitatively on heating to the latter compound, in which the

nickel atom was coordinated to four boron atoms [328].

References p. 336_
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Protonation of nickelocene. occurred in trifluoroacetic acid
to give [(1— SHS)Ni(q—Csﬁé)]+ (15.1). Dzuteration experiments
showed that the entering proton (H*) occupied the exo-methylene
vosition and that attack of the electropnile occurred at one

of the ring ligands and not at the metal [329].

%
o
)

Hi Hi + RC1 —> Hi + C1T + R

@)
o
@,

(15.1) (15.2) (15.3)
Traverso and Rossi have reassigned the absorption at 307 nm
in the UV spectrum of nickelocene. This band was.attributed

previously to intramolecular-charge transfer but is now regarded
as a nickelocinium band. Nickelocene (15.2) in haloalkane
solvents underwent dissociative charge transfer to the cation
(15.3) which ir turn formed the triple-decker sandwich complex
(15.4) by a secondary thermal process [330].

The hydrogenation of hydrochloric acid lignin of wood and

its model compounds was carried out in the-presence of nickelocene.
O

S=PMe Ni-

(15.1) . wuss (5.8
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A semimicro method was used to investigate the effact of time,
temperature and pressure on the output of phenols in this
system [331, 332]. Triphenylphosphine was converted to tri-
phenylphosphine oxide by stirring with nickelocene in benzene
in the presence of oxygen. Trialkylphosphines and tri-alkyl
and -arylphosphates were oxidized in the same way [333].
Mathey has reported the attack by alkyl and aryl phosphine

sulphides such as the compound (15.5) on nickelocere in the
presence of methyl or 2llyl iodide to form the (q—cyclopenta—
dienyl)nickel complexes (i5.6) in yields of up so 70% [33&].

enyl)nitrosylnicikel was

fo

The structure of gaseous (q—cyclopentad
determined by electron diffraction. The nydrogen gtoms were in
the plene of the n-cyclopentadienyl ring, the Hi-N-O moiety was

o)
linear, ard the Ni<C and Ni-H bond distances were 2.128 and 1.58 a

respectively [335 .

16. Uranocene
Streitwieser has reviewed the chemistry of uranocene [336].
Bis(1,3,5,7-tetraphenylcyclooctatetraene Juranium wes prepared
by the reaction.of potassium 1,3,5,7-tetraphenylcyclooctatetraene
with uranium(IV) chloride. The uranocene derivative was air
stable and it was sublimed unchanged. The unusual stability of
this compound was attributed to steric blocking of the central
uranium by the phenyl substituentS'[337].
. The magnetic susceptibility of.ﬁranocene was measured
between 1.25 and 298°K and these results were correlated with

a systematic study of the crystal field splitting [338].

_References p. 336 _
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