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Reviews have appeared on the structure of compounds with transition metal—carbon .
o-bonds', and on metal-metal bond lengths and covalent radii in w-allyl and polymeric car-
bonyl complexes?; on optical activity from asymmetric transition metal centres® and from
complexes of prochiral olefins?; on metallocene homoarnular electronic effects; on the -
synthesis and reactivity of metal carbonyls® and the uses of metal carbonyl anions in orga-
nometallic synthesis”7; on polyfluoroaromatic derivatives of metals®, metal—boron com- -
pounds® and Group IVB derivatives of transition metals 1%;and on oxidative addition to
transition metal complexes!!: o o
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Theoretzcal studzes (see alco references 300—304) - . ,

' Interest has coritinued in ca.lculanons of varying degrees of sophlstlcatlon ‘on metal car-
f;bonyls and on alkene and enyl complexes- In tetracarbonylnickel, SCFMO calculations -

) gme a lower bonding energy for 9z, than. for 2e (3d) electrons, in agreement with experi-.
~ment. The effect of coordination on CO is to reduce the carbon 2s population but to'in-

. crease that of 2p. The metal 4p orbitals are not greatly populated but contribute signifi--
cantly to the overlap population by virtue of their diffuseness '>. The isoelectronic species
Mn(CO)¢", Mn(CO)s CN, Mn(CN)s CO*~ and Mn(CN)s°™ have been compared. The main
variations in the attachment of ligand carbonyl are in the g-system, while the cyanide groups

‘show variations in both ¢- and m-bonding '*. MO calculations self-consistent in charge and
configuration have been carried out on the pentacarbonyl halides of manganese and rheni-

* um; the bond populations indicate that axial carbonyl is more bonded than equatorial, and
that metal—carbon bonding increases from chloride to iodide '4_ Similar calculations on di-
manganese decacarbonyl show that in this species (though not in its heavy congeners) direct
interaction between each metal atom and the axial CO groups attached to the other plays
an important part in holding the two halves of the molecule together. The highest filled
orbital is calculated to be that of the metal—metal o-bond **. The dipole moment changes
calculated for perturbations of simplified models of substituted metal carbonyls have been
used to predict relative intensities. The predictions differ markedly from those of an oscil-
lating bond dipole model; in particular the intensity ratio of 4, to £ in species ¢is-M{CO)3 L3
is calculated to be very sensitive to m-bonding between M and L6,

A semi-empirical SCFMOQO calculation on Zeise’s anion has been carried out with explicit
.inclusion of electron—electron repulsion energies. The calculated carbon—carbon bond order
is 1.5, and the trans-influence of the olefin is attributed to a combination of m-frans-labilising
and o-cis-stabilising effects !?. Calculations on bis(z-2-methylallyl) complexes of Cr, Fe, Co
and Ni relate the greater stability of the nickel complex to the low energy of the Ni(4s) or-
bital and its use in bonding'®. In an all valence electron SCFMO treatment of butadienetri-
carbonyliron, the electron distribution at the butadiene ligand corresponds to a mixture of
free molecule excited states; as might be expected, the m-system is more involved in.bonding
" to metal than is the o-bonding skeleton'?. The calculated structure (from an extended
Hiickel MO treatment) of the cation (w-Cs Hs )Fe(w-Cs H; CH, )} has the methylene group
displaced towards the metal, so that all the carbon atoms of the complex are in some sense
coordinated ?°,

Ionisation studtes -

" A recent review of photoelectron spectroscopy 2 ! includes a section on metal carbonyls.
The high-energy. photoelectron spectra of the carbonyls of chromium, tungsten. iron and
nickel all show a decrease in the binding energy of carbon 1s by between 2.2 and 2.5 eV, 7
while'that of oxygen 1s falis by between 1.4 and 1.7 eV; thus coordinated CQ is a net charge
: acceptor ,'as predicted by calculations 2. A curious feature of the chromium carbonyl
spectrum is the presence of satellites corresponding to binding energies around 6 eV higher
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- than the main peaks; these are ascribed to configuration interaction in the ground state, .
‘which to some extent permits formally forbidden processes leading to formation of ions in
excited states?3. The ionisation potentials and photoelectron spectra of triﬂuorophosphjneé’ A
substituted.derivatives of chromium, cyclopen‘achenylmanganese -iron and -nickel carbonyls
show that replacement of CO by PF; increases ionisation potentials * '

Carbon 1s data for chromocene, ferrocene, cobaltocene and mckelocene together with
chromium 2p data for chromocene and hexacarbonylchromium, indicate that the cyclopen-
tadienyl groups have acquired a small net positive charge. In (1-Cs Hs )Mn(CO)s, ring carbon .
is unusually positive and carbonyl carbon unusually negative, indicating a net charge flow
between the two types of ligand *°>%°. Separate binding energies for core ¢lectrons of iron(1I)
and iron(II1) are found in salts of partially oxidised biferrocene [biferrocene iron(Il), -
iron(III)] ; this indicates that the charge is trapped on one of the ferrocenyl moieties?”
Signals both from ligand?® and from metal®® have been obtained for a range of platinum
complexes. The carbon 1s electrons of alkene or alkyne complexes of Pt® are less tightly
bound than those of the free ligands, and the metal 4f electrons are more tightly held than
in (Ph3P), Pt, though less strongly than in (Ph;P), PtCS, or (Ph;P), PiCl,.

Ultravioler and visible spectra

The electronic (f~f) spectra of the tricyclopentadienide complexes of americium and
curium show only a small nephelauxetic effect, consistent with mainly ionic bonding3°

Emission has been observed at low temperature from species W(CO)s and W(CO)sL
(L = acetone, amine) at longer wavelength than absorption; the intensity of the emission
depends on the nature of L. The visible absorption band of imine complexes such as (I)
is known to show a marked solvent dependence, with more polar solvents increasing the
frequency, but this fact does not distinguish between ground state stabilisation and excited
state destabilisation effects. It has now been shown that the »(CO) bands also show solvato-
chromism, polar solvents reducing the stretching frequency of those ligands trans to nitro-
gen; thus the visible solvatochromism is a ground state effect, with the relevant transition
{metal to ligand charge transfer) reducing or reversing the ground state dipole moment. The
visible band solvent effect is reduced and finally reversed on successive replacement of CO
by triphenylphosphine, as the donor orbital changes character from being mainiy on the
metal to being mainly on the nitrogen ligand 2.

The 50000 c ! band of ferrocene has been assigned to metal to ligand charge transfer.
The 22700 cm ! band has two electronic components, detectable in the w-sorption spectrum
at 4.2. K; this is also so for the corresponding bands of ruthenocene and of the cobalticinium
cation. The low-energy (16200 cm ') band of the ferricenium cation (ligand to metal charge
transfer; cf. AS 1970, p. 3) shows a doubled progression in the 2, g vibration at 77 K, attri-
buted to splitting of the 2E,, excited state*. The d-d spectrum of nickelocene has been
analysed assuming cylindrical symmetry. Five d->d bands are found and assigned, the others
lying beneath charge transfer bands®.
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Photochemistry and photolysis
"The photochemistry of metallocenes has been reviewed3°.

Photolysis of the V(CO)¢ anion 3%, or of the neutral hexacarbonyls®?, in methyltetra-
hydrofuran (MeTHF) glasses at 77 K causes replacement of one CO group By MeTHF,; for
V-1 this process is photoreversible. The generation of species M(CO)s (M = Cr, Mo, W) in
argon matrices has been described in detail. Photoreversal is associated with CO exchange
and with annealing3®; for all these reasons it is now agreed to be merely a consequence of
local lattice softening. The bands attributed by earlier workers®® to a trigonal bipyramidal
isomer of Mo(CO)s are in fact of a more complex pattern, and probably belong to a poly-
nuclear species®”. The flash photolysis of chromium hexacarbonyl in hexane at room tem-
perature gives rise to a short-lived species®® the electronic spectrum of which corresponds
to that®’ of Cr(CO)s in hydrocarbon glasses; this gives rise to a second species which reacts
with CO [to give Cr{CO)s] or with diriitrogen or dihydrogen (to give uncharacterised prod-
ucts); relatedly, Cr(CO), shows photocatalysis for the 1,4 hydrogenation of conjugated
dienes®!. The complex W(CO);s (stilbene) shows photocatalysis of the stilbene cis—trans
isomerisation; this is attributed to isomerisation within the photochemically excited com-
plex“2. Carbonyl loss on photolysis of matrix isolated Fe, (CO)s is a very efficient process;
specira indicate the initial formation of doubly bridged Fe, (CO)s, followed by rearrange-
ment to a non-bridging form*. Coirradiation of iron pentacarbony! with ethylene in argon
at 17 K gives the known Fe(CO)s - C, Hy ; with acetylene, the product is an iron carbonyl
complex of HC=C—CH=CH, *. '

The poly'merisation of styrene by tetrabenzylzirconium shows photocatalysis by a range
of mechanisms, depending on the exciting wavelength*S. Ferrocene is oxidised to the ferri-
cenium cation in carbon tetrachloride or chloroform on irradiation in the charge transfer
to solvent band?. Absorption of light by methylcobalamine, in the region of -1 absorp-
tion by the corrin ring, causes homolytic fission of the cobalt—CHj; bond*”. Photolysis of
the silver() complex of methylcyclohexene gives (II); this is quite different from the photo-

lysis of the free ligand, which gives a variety of products®®.

Vibrational spectra
Carbonyls. 1t has been shown*® by a detailed analysis of model systems that, at least in
symmetrical species, strciching and interaction parameters calculated only from carbonyl
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stretching frequencies give a very good approximation to true quadratic force constants.
These constants must, however, be taken to refer to the MCO unit as a whole and not to
the CO group alone, if only because siretching the carbon—oxygen bond causes compres-
sion of that between carbon and metal. It is this interaction that is responsible for the anom-
alous similarity in frequency between CoCl, (** CO)(PEt;), and CoCl,(C**0)(PEts), 5. It
has been pointed out that force constants are a sum of classical and electronic relaxional
(orbital following) effects. The latter may be related to specific electronic transitions, and
the availability of transitions of the correct symmetry depends among other things on the
point group of the molecule. For this reason, comparison of vibrational data for species of
different symmetry is dangerousS!. Dangers in two other areas have been pointed out. The
differences between stretching parameters for the chemically distinct CO ligands of substi-
tuted complexes are sometimes taken as a measure of metal-substituent m-bonding>?; it has
now been shown that the ranking of such differences depends on the choice of approxima-
tions used to derive these parameters *>. It has also been shown that the apparent angle be-
tween carbonyls, as calculated from relative intensities, depends critically on any differences
in effective bond dipole change between symmetric and asymmetric stretching modes %;
such differences may be expected because of orbital foliowing. Furthermore, there is no
guarantee that the direction of the oscillating dipole will coincide with that of the CO bond;
and indeed one study produces a certain amount of evidence that this is not the case >,
Jones’s monumental investigation of the metal hexacarbony s has continued with the
evaluation of compliance constants and interaction coordinates . Molten molybdenum
hexacarbony! has been obtained, sealed under carbon monoxide, and its Raman spectrum
measured; the principal force constants appear to be slightly lower than in carbon tetra-
chloride solution®”. The Raman spectrum of Mn,(CO); in solution has been examined,
and previous assignments reviewed. Tais study is particularly interesting in its use as an aid
to assignment of correlations with single crystal data, to which factor group analysis can
be applied 58, The vibrational (infrared and Raman) spectra of pentacarbonylrhenium chlo-
ride and bromide have been reported, and related to the previously discussed spectrum of
the iodide %°. The infrared spectrum of solid Fe(CO)s in the carbonyl stretching region has
been measured at 77 K; Raman-active bands of symmetry 4," and E” were observed, as well
as a totally inactive (4,") mode®®. The spectrum of matrix-isolated Fe,(CO)y, deposited
from: the vapour in argon, has been assigned in D3 **. The band near 1900 cm! in the in-
frared spectrum of NaCo(CQ), (T, in the isolated anion) has been investigated in a variety
of sclvents. In water, the band is very broad, indicating some kind of special interaction.
In other solvents of high polarity, the band envelope is simple, as expected for the tetrahedral
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anion. In dry tetrahydrofuran, effectively"free anions are in equilibrium with tight ion pairs

" of symmetry Csy, the latter giving rise to three bands between 2005 and 1855 cm_? ©1-62,
‘Infrared and Raman data for normal nickel tetracarbonyl and its all- 8O derivative, combined
~ with force constants calculated for trifluorophosphinc-substituted derivatives, confirm %3

_ the force field of Jones®*. Carbonyl infrared spectra have been used to detect complex for-

" mation between copper (or silver) atoms and carbon monoxide in matrix deposition studies;

in each case two bands in the terminal carbonyl region were observed 5.

The infrared spectra of a number of phosphine hgand-substltuted carbonyls of Group VI
have been reported. The order of ligand m-acceptor strength inferred from the CO stretchiug
frequencies is® P(OMe); > MeP(OMe), > Me;P > MeP(NMe, ) > P(NMe; )3 ; these results
would indicate that nitrogen is 7-donating to phosphorus. Similar studies on pentacarbonyl-
chromium stibine (prepared by an indirect photochemical method) indicate it to be a better
n—acceptcr than'triphenylstibine this result parallels those for phosphorus and arsenic
ligands . The bonding between phosphorus and the Group IVB elements has been studied
by comparing infrared, ultraviolet, proton NMR and phosphorus NMR data for chromium,
molybdenum and tungsten carbonyl derivatives of species PR; (R = t-Bu, SiMe;, GeMes,
SnMe3)®®; these studies have also been extended to the series {#-C5 Hs )Mn(CO), PR3 and
(7-CsHsCH3)Mn(CO), PR, %°. Bridged—non-bridged and in one case axial—equatorial iso-
merism have been observed in the IR spectra of phosphine- and arsine-substituted derivatives
of the compounds YCCo3(CO)g ™ (Y = Me, Ph). The frequency of the out-of-plane Rh—C—
O bend in the species trans-RhX(CG)(PPh;), decreases from X =Cl to X = I, but also on
oxidative addition of halogen”*.

Below 248 K, the E bands of tricarbonylnitrosylcobalt appear as doublets; the
loss of structure at this temperature is assigned to an order—disorder transition. A band at
313 cm!, previously thought to be a “hot band”, does not lose intensity down to 100 K,
and is reassigned as an out-of-plane bending mode ™.

In a series of para-substituted phenylmethoxycarbene complexes (OC)s CtC(OMe)CsHy X,
carbonyl force constants correlate with o-parameters for. X. Cis—trans ratios and coalescence
temperatures for rotation about the C—OMe bond are measured, and electronic spectra re-
ported. The lowest band (20000—28000 cm™') depends on the nature of the carbene and
is assigned as metal to carbene charge transfer. These methoxycarbenes may be converted
into aminocarbenes, for which the relationship between carbonyl force constant and sub-
stituent o still holds ™. Related studies on ferrocenylmethoxycarbene and pentachloro-
phenylmethoxycarbene complexes cor:firm the electron-withdrawing nature of CCls, while
ferrocenyl is electron-releasing ™*. Such nhenylmethoxycarbene complexes as
CsHgCr(CO), C(OMe)Ph show a temperature-independent four-band spectmm in the car-
bonyl stretching region, attributed to restricted rotation of the carbene ™

The Raman and infrared spectra of a range of arene tncarbonylchromlum compounds
have been represented and a full assignment proposed for the toluene complex in which
the sphttmg of the carbonyl £ mode is clearly resolved in cyclohexane ””. Factor group
analyses have been carned out for the carbonyl modes of solid cyclopentadlenyltrlcarbonyl-
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manganese and methyl-substituted benzenetricarbonylchromium complexes; the complex
1, 2, 3-(CH3)3CsH3Cr(CO)3, undergoes polymorphic changes during incorporation into a
KBr disc . The symmetric carbonyl stretch of (7-CsHs )Mn(CO)3 is much more strongly
polarised than that of C4¢He Cr(CO); 7; the reviewer suggests this may be due to changes
in chromium to benzene 7-bonding during the vibration. Carbonyl frequencies, as well as
cyanide frequency changes, ring proton chemical shifts, and frequencies of electronic tran-
-sitions, correlate with substituents’ g, in para-substituted cyclopentadienylbenzonitriledi-
carbonylmanganese ®, Carbonyl stretches and bends, as well as the metal—ring frequency,
have been reported for the metal cyclopentadienyldicarbonylphosphine fragment in deriva-
tives of molybdenum and tungsten; the metal—ring frequencies are assigned near 300 cm™,
while metal—phosphorus frequencies are in the range 200—240 cmm™* &',

Comparison of Raman and infrared spectra for the species [Cr(CO)s ] ; Hg?™ and
[Fe(CO)4],M?*” (M = Zn, Cd, Hg) shows these species to have regular linear structures®?,
The complex (THF); Al{W(CO);(n-CsHs)] 3 (THF = tetrahydrofuran), formed by reaction
between aluminium metal and Hg[W(CO)3(m-CsH;s)] , in THF, has been shown crystallo-
graphically to contain aluminium coordinated to the organometallic groupings through car-
bonyl oxygen; this explains the presence of very low carbonyl frequencies (around 1600
cm™') in the infrared spectrum ®*. However, the carbonyl spectra of species R, AIW(CO);-
(m-CsHs), formed by elimination of hydrogen between R, AlH and HW(CO);(m-CsHs),
indicate the presence both of oxygen- and of tungsten-coordinated aluminium .

The skeletal stretches of Fe(CO)4(GeHs),, formed by the reaction of the Fe(CO)4*~
anion with bromogermane, confirm the expected cis-octahedral structure; the Raman
spectrum shows the symmetric iron—germanium stretch to lie at 229 cm™ | higher than the
asymmetric stretch (at 217 cm™); this is contrary to what is usually found® and would
thus seem to indicate an appreciable positive interaction between the bonds. It has been
known for some time that (7-CsHs)Fe(CO), SiCl, CH; exists as a mixture of the two
rotamers (1) and (IV); for this reason two pairs of carbonyl stretching bands are observed,
but it is not apparent which bands belong to which rotamer. This problem has now been
solved. (IIT) gives rise to only one ¥ CO satellite band, while (IV), in which the carbonyl
groups are chemically distinct, gives rise to two. Enough information is then available to
determine separate stretching parameters for these two groups, as well as their interaction
constant, and comparison of these data with the unique stretching parameter for (III) shows
the more rigid carbonyl group in IV to be that transoid to methyl®.

The carbonyl stretching modes of trichlorosilyltetracarbonylcobalt and the triphenyl-
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silyl analogue have been carefully analysed, and compared with those of iscelectronic tri-
- phenylphosphinetetracarbonyliron **. The fundamental and combination infrared spectra
and laser Raman spectra of trichloro- and triiodostannyltetracarbonylcobalt and of the
gernanium analogues have been analysed and compared with those of the trichloro deriva-
tives; the cobait—metalloid force constants fall from the chlorine to the iodine compounds®’
The infrared spectra of (7-C5 Hs ), Ti(SMe), Mo(CO),; (V) and related species show the
reality of the moiyhdenum to titanium dative bonding®®-%°; this contrasts with the situation
in such species as (Ph, PCH, CH, PPh, )Pt(SMe), Mo(CQ),, where the platinum dithiolate
cainplex is acting merely as a bidentate sulphur ligand *°. Infrared and Raman data for
Mn, Fe(CO),4 and the rthenium analogue in the CO stretching region have been assigned, and
the frequencies fitted to an approximate force field%'. The infrared spectrum of
(m-C5sH;s )Fe(CO), Co(CO)as has been examined; in the solid, there are two bridging carbonyls
and the FeC, Co ring is probably puckered. In solution, a non-bridged form and two bridged
forms are in equilibrium; for the ruthenium analogue, only the non-bridged isomer is ob-
served 92. Similarly, (7-CsHs )Ni(CO), Ni{m-Cs H; ) possesses a puckered NiC;, Ni ring, but the
corresponding ring in (7-Cs Hs )Fe(CO)(CO), Ni(n-CsHs ) is thought to be almost planar®

Other groups. The spectra of variously deuterated analogues of dimethylbis(triphenyl-
phosphine)platinum have been used to identify the resonances associated with the methyl
groups®. Vibrational data for species of type Me; RAuPR; show the strong trans-weakening
influence of the methyl ligand®*. In species [Me, AuX] ,, the order of Raman intensities is
Cl € Br <1, this is also the expected order of i fncreasmg covalency and the observed order
of decreasing metal—carbon frequency %

In cobalt(III) acyls of macroscopic hgands, the acyl CO stretching frequency is sensitive
to the nature of the other ligand but varies little from one acyl to another®’. In the anions
[RC=C—M(CO)s 1", prepared from the Group VI hexacarbonyls by the indirect photo-
chemical route, the carbon—carbon frequency is high, showing efficient net charge donation
from the alkynyl group to the metal ®. In the diacetylidebis(triphenylphosphine) complexes
of nickel, palladium and platinum, (Phs P), M(C=C—R),, electron-withdrawing groups R
lower the frequency; the suggested interpretation is in terms of variations in the dngrne of
m-back-bonding*?

The carbon—carbon frequencies of vinyl alcohol and ether complexes of palladmm and
platinum dichlorides are shifted by conjugation with the oxygen lone pairs despite coordi-
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nation. Metal-—hgand frequenc1es are assxgned the alkenes form stronger bonds to platinum
than to palladium '®. :

The Raman spectia of mixtures of bis(ar-allylpalladium chloride) with donors (triphenyl-
phosphine or dimethylsulphoxide) show the presence of species (7-allyl)Pd(CI)L, but not
- of any o-allyl groups*®!; this does not of course preclude the occurrence of such groups in
intermediates. The Raman spectrum of perdeuteroferrocene has been obtained; results
support % the assignment 103 of the ring breathing frequency in ferrocene to 1105 cni”
with the 1356 cmi'! band being assigned to an e, carbon—carbon stretch. The symmetncal
metal—ligand frequencies observed in the Raman spectra of diindenyl complexes of iron
and ruthenium are depressed relative to the corresponding dicyclopentadieny! species. This
is an electronic rather than a simple mass effect, since in the tetrahydroindenyl derivatives
these frequencies are raised '®.

A series of very full reports have appeared on the vibrational spectra of dibenzene com-
plexes of the transition metals in oxidation states 0 and +1 and of dibenzene-d,,-chromium
(the work has also been extended to ferrocene). The shift in the 673 cra™! benzene A,y
frequency to higher values in the complexes (794 cm™? in dibenzenechromium) is the result
of purely kinematic rather than of bonding effects; the vibrational amplitudes are such as
to rule out the reality of any distortion of the six-fold symmetry of the rings of dibenzene-
chromium; and the force constants for different complexes are very similar, though there
are some differences in the interaction constants 105709,

The technique of inelastic neutron scattering may be used to detect, not only the motion
of hydrogen atoms, but also the motion of metal atoms to which hydrogen is attached.
The method has been applied to the tetrahedral species HFeCo3(CQO);,, and to the trigonal
species H; [Mn(CO)s ] 3 and Hz [Re(CO),4] 5. Data for the former are taken to support the
view that here the hydrogen atom is inside the tetrahedron of metal atoms, while the force
constants of the latter are estimated at around half of those in Mn,; (CO),o and Re, (CO),o '°.
Paramagnetism and electron paramagnetic resonance

Linewidth effects have been investigated in the EPR spectra of a range of species
(7-CsHs), Ti(H), M (M = Na, Li, MgBr, AICl,, AlH,). It is inferred that the coordination
around titanium is approximately tetrahedral, with the odd electron in an orbital bisecting
the HTiH angle, and that this angle decreases from the sodium to the aluminium complexes.
Contrary to earlier suggestions'*?, the hydrogen bridges in the static structures are thought
to be symmetrical 2. The EPR spectrum to tetrabenzylvanadium is well resolved, and in-
dicates appreciable distortion from ideal tetrahedral coordination !!3; this distortion is pos-
sibly related to that found crystallographically in tetrabenzyltitanium 14-115,

The paramagnetic properties of the ferricinium caticn continue to attract interest. The
controversy over the EPR spectrum '6-1!7 appears to have been resolved; the purported
77 K spectrum is due to an impurity, and the true spectrum can only be obtained at lower
temperatures 8. The appreciable orbital contribution to the magnetic moment of the cation
confirms a split 2’ g (@1 g2 eg3) configuration; however, the failure of the moment to vary
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as expected w1th temoerature mdxcates elther that the sphttmg 1tse1f mcreases w1th tem-
“perature; or else that the 24 ig State becomes. thermally populated 1'?; for biferrocene .-

. rron(II) 1ron(III) salts, at least, the: former alternatlon is preferred after comparison of the

_ temperature vanablhty of both the magnetic moments and the EPR spectrum **°, -

- - 'The-EPR spectrum cf cobalt([l) tetraphenylporphyrin carboayl indicates the electromc

, "conﬁguranon )% (¥2)? (2x)? (z*); not surprisingly, the hyperfine coupling to carbonyl
3¢ is extensive .. The spectrum of Cos(CO)s Se has been obtained in a Co, F&(CO), Se
“host matrix; the extra electron in addition to those required to satisfy the 18-electron rule

" isin ana, (cobalt—cobalt antibonding) orbital, but a comparison of bond lengths shows the
antlbondmg influence to be less than in the sulphur ana]ogue 122, :

Nuclear magnenc and quadrupole resonance: static systems
- Two groups have extended the use of europium shift reagents to organometalhc com-
pounds. Results on troponetricarbonyliron and related complexes of seven-membered
rings are in accord with assignments based on spin decoupling '#.Since europium(III) is
a hard acid, it coordinates to some species of type (7-CsHs)Fe(CO), X but not to others.
Thus where X is F, Cl, or N3 there is a shift, where X is Br, I or CH3 there is not, and the
cyanide complex shows an equilibrium between coordinated and uncoordinated species.
Cyclopentadienyldicarbonyliron does show a shift, implying coordination through the
bridging carbonyl groups; however, terminal carbonyls of sufficiently low frequency can
also coordinate, as in the case of (phenanthroline)(Phs P), Mo(CQ), . The spatial selectivity
of the shift can also give structural information, distinguishing between tnphenylphosphmc
groups cis and trans to halogen '**
The NMR spectrum has been obtained of cyclopentadienyltricarbonylmanganese aligned
in a nematic solvent; this permits measurements of all the direct and indirect coupling con-
stants linking the identical ring protons '?.
The chemical shift of ligand methy! in methylcobaloxime complexes CH3; Co(DMG), L
is sensitive to the nature of L (DMG = dimethylglyoxime); there is a downfield shift for
L = CO relative to cobaloxime dimer, in accord with IR evidence that CO is acting, even
“though attached to cobalt(III), as a m-acceptor '%¢

_ The NMR spectra of [rrans-(Et; P), Pt{C1)=C(NHPh), }* and related carbene complex
cations show the existence of isomers, assigned to restricted rotation about the carbon—
nitrogen bond within the carbene ligand 127 1n addition, the presence of four magnetically
non-equivalent phosphorué-bonded methyl groups in related species

[trans-(PhMe, P), Pt(NCR)=C(NHR)OEt]} 2* etc. demonstrates that the rotation of the car-
bene ligand as a whole round the metal—carbon bond is restricted !*3. ‘

“There are large shifts in the position of the allyl protons of m-allyl-n-indenyldicarbonyl-
molybdenum- relative to those of the w-allyl-m-cyclopentadienyl complex; these are attributed
to the effect of ring currents in the benzenoid ring of the indenyl ligand 129 Structure VI has
been ‘éstablished from the solution NMR spectrum for the complex [(CsHji )3 P]Ni(CsH;2)
(CGHH = cyclohexyl), formed by the reaction either of (Cg Hyy )3 PNi (cyclododecatriene)
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or of [(CeH,1)3P] 4Ni, N, with butadiene; comparison of IR spectra shows this structure
to persist also in the solid **°. _ ,

The complete proton NMR spectrum of the complex VII has been obtained, including
all the ring '>C—! H coupling constants; it is inferred that the bond orders within the cyclo-
butadiene ring are uniform !, There is evidence for charge localisation between C(1) and
C(2), and between C(4) and C(5), of the unsubstituted and of the C(7)-exo-substituted cy-
cloheptadienyltricarbonyimanganese species VIII; the substituents cause a marked distur-
bance of conformation within the ring **>. Studies on the proton NMR spectra of specifi-
cally deuterated aminoferrocenes show that the electron-donating nature of the substituent
causes increased shielding mainly at positions 3 and 4 3. 1-Amino-, 1-dimethylamino- and
1-methoxy-Z-isopropylbenzene are prochiral; the isopropyl methyl groups in the tricarbonyl-
chromium complexes are magnetically non-equivalent, and the 1-methoxy complex has in
fact been partly resolved on lactose '3,

The proton NMR spectrum of the nickelocinium(III)cation shows the effect of first order
delocalisation of the unpaired electron over the mw-systems of the rings'3*. Paramagnetic ef-
fects also arise in the spectrum of dicyclooctatetraeneuranium; but in this ~.ase since the spin
and orbital moments of the unpaired electrons are antiparallel, the ligand p. oton shift is to
higher field ¢,

A preliminary survey has been published of '*C shifts in organometallic compounds. In
species (7-C5; Hs)Fe(CO), X, carbonyl carbon is shifted increasingly upfield along the series
X =CN, Cl, Br, I; the behaviour of cyclopentadienyl carbon is the reverse.

(7r-Cs Hs )Fe(CO); CHj and (7-Cs Hs )W(CO); CHs show methyl carbon shifted to high field
relative to tetramethylsilane. By contrast, the phenyl rings in (7-CsHs ), Ti(CsHs ), are
shifted to low field relative to toluene; this is attributed to the existence of low-lying elec-
tropic excitations in the complex causing an increase in the paramagnetic shielding term.
-In substituted carbonyls, the position of the coordinated carbon is sensitive to the nature
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of the hgand trans to it, so that'cis and trans carbonyl signals can be resolved. Arenes show

~an upfield shift on formation of their tricarbonylchromium complexes, and coordinated’

. carbene appears electron-deficient 137, In the Group VI hexacarbonyls and their mono-

substituted derivatives, the *3CO-chemical shifts correlate well with stretching parameters
The changes in ring carbon of arenes on formation of their tricarbonylmetal complexes
correlate well with the changes in mobile m-bond order at carbon as estimated from bond
lengths 13°. While the '*C NMR signals of a-diimines are generally shifted to low field on
coordination, there is a high field shift in (t-BuN=CH—CH=NBu-t)Mo(CO), 4°. The
spectrum of (CH3; C=CUH3)Co,(CO)s, 2nriched in *3C, has been interpreted in terms of

ethylene-like hybridisatjon in the coordinated alkyne **!.

' In methyl complexe . of platinum(ll), the platlnum—~‘3C coupling constant is sensitive
to the o-influence of the trans ligand, in the same way as the platinum—methyl hydrogen
coupling; this observation validates the use of the latter '*? as a measure of (Pt 5) character .
in the platinum—methyl bond. Noteworthy also is the similarity between the NMR trans-
influences of CO and CNR, and of CHj and CF3; '**. Relatedly, replacement of phosphorus
in (PhMe, P), PtMe, by arsenic increases both the platinum—methyl carbon and platinum—-
methyl hydrogen coupling constants, while the methyl carbon—hydrogen coupling falls '**

The!'3C resonances of C(1) and C(3) in allylpalladium corplexes are intermediate between
those of C(1) and C(3) in iridium g-allyls, while C(2) is in the region appropriate for the
—CH=CH, grouping. The asymmetry in (m-allyl)Pd(PPh;)Cl is detectable; the carbon split
by and therefore presumably trans to phosphorus is also, as expected, the more olefinic
(higher field absorption) S,

Fluorine NMR spectra have been reported for a range of complexes of type L,p L\\,ZL 4)
The phosphorus—fluorine coupling constants fall on going from phosphorus to nitrogen
supporting ligands; the interpretation offered is that nitrogen is a poorer g-donor to platinum,
and thus increases the o component in the fluoroolefin—metal bond 1.
~ In the complexes trans-(R3P), Rh(CO)C), there is a linear relationship between the
chemical shift of the phosphorus ligand and the change in this shift on coordination. Sur-
prisingly, there is no such clear correlation between the phosphorus—rhodium coupling
constant and CO stretching frequency *47. Heteronuclear decoupling has been used to find
the chemical shift of tungsten in the complexes cis- and trans-(Buz P), W(CO), %8

The quadrupole coupling constant of deuterium has been determined in (7-Cs Hs), MoD,,
and the tungsten analogue; the compounds follow the general relationship found for post-
transition metal deuterides between coupling constant and »(M—D) 49, '

‘The room temperature Mn NQR spectra of a range of compounds of type
(7-CsHg R)Mn(CO); have been measured; the resonance frequency correlates both with

‘ring proton NMR shifts and with shifts in the UV maximum, and is lowered by @#-conjugat-
ing groups (e.g. COOH or, even more so, CHO and COMe); this is as expected '*°. Quadrupole
coupling constants {for both metal and halogen) have been extracted from the broad line
NMR spectra of the pentacarbonylmanganese halides !°'; the low anisotropy of the manga-
nese chemical shift is consistent with calculations'*? in placing the highest filled orbital (8e)

138
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mainly on halogen p(x); but it is thought the calculations overestimate the extent of halide
to metal g-donation. The halide NQR spectra of Zeise’s salt!*® and its bromide analogue '
show the expected trans-influence of the coordinated olefin. The broad line °Co NMR
spectrum of crystalline dicobalt octacarbony! at 77 K has been analysed; the results are
taken to favour a direct cobalt—cobalt bond rather than a “bent” bond !%5.

Nuclear magnetic resonance: dynamic systems {see also reference 300)

This topic has been reviewed in general !¢ and with special reference to allyl complexes ',

The room temperature '*C and 3! P spectra of Fe(CO)s and Fe(CO)4PEt,Phs_, (n =1,
2, 3) have been reported and the coupling to °” Fe measured. Unforiunately, even in the
substituted derivatives the signals from axial and equatoriai CO groups are averaged *58.

In derivatives of type (C3;H;)Ti(NMe; ), assessible by Grignard reactions, the allyl group
is o-bonded to the metal but exhibits fluxional behaviour with interchange of C(1) and
C(3) 5. Fluxionality in a 6-bonded organic residue is also shown by (0-CsHs), Ge[Fe(CO), -
(m-C5Hs)) 2 ; here relative peak broadening rates indicate a 1, 2-shift for the migration of
the germanium—carbon bond '°°. The NMR spectra of tolyl ard other substituted phenyl—
copper compounds have been studied, and the observed shifts related to paramagnetic
anisotropy in the copper—carbon bond; the signal from an ortho methyl group is tempera-
ture-variable, indicating restricted rotation below 250 K 6! The ligand tris(ortho-vinyl-
phenyl)phosphine, and the arsenic and antimony analogues, give complexes of type LPtBr, ;
in these, infrared and Raman spectroscopy show the existence both of free and of coordi-
nating vinyl groups, but the proton NMR signals from these are averaged at room tempera-
ture 2. The kinetics of interchange of (acac)Pt(Cl)(C.H,) (acac = acetylacetonato) with
free ethylene have been studied by NMR;; the rate is first-order in each component, and.
solvent-independent. The entropy of activation is negative, suggesting S-coordination of
platinum in the transition state, and there is retention of configuration '*. The NMR spectra
of silver—olefin complexes are averaged with those of free ligand down to 220 K; equilibrium
constants depend on the nature both of olefin and of solvent, but little on temperature ¢,

A range of products '°:1%¢ have been isolated from the reaction of bullvalene (I1X) and
its isoniers with iron carbonyls; of particuiar interest are the enantiomeric pairs (Xa, Xb)'¢?
and (XIa, XIb)'®8; in each of these pairs, degenerate valence isomerisation leads to racemi-
sation, detected by time-averaging of allyl protons in (X) and by double resonance experi-
ments in (XI).
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- The temperature-variable NMR spectrum of (7-C3 Hs )Ni(H)PF3, which is stable up to
245 K, indicates that it is in equilibrium with (22-CH3 CH=CH, )NiPF; ; the deuterium atom
in (m-C3Hs )Ni(D)PF 3 interchanges with the protons at C(1) and C(3) of the organic ligand,
but not with that at C(2)*%°. Allene and butadiene both cause rapid syn—anti interchange
in n-allylpalladium halide dimers, doubtless by coordination to the metal and the n—o—=x
process; formation of insertion products (in which the entering ligand contributes the skel-

‘eton of a new allylic ligand, while the former ligand is incorporated into 2 sidechain) is a
slowes precess, and 3o it foltows that the initial coorgimation is not the siow step in the in-
sertion *™. ,

A range of phosphorus—ligand complexes of type L; Ru(z-2-methallyl), have been pre-
pafed by displacement of ¢yclooctadiene. Proton NMR shows the methallyl groups to be
asymmetrically bonded, as expected if the L groups are mutually cis. Left-right interchange

. may be detectéd at room temperature by double irradiation, and is ascribed to an intza-
molecular twist at the metal; at higher temperatures syn—anti interchange also occurs'?!.

The stereochemistries and interconversion mechanisms of substituted allylpalladium
chioride amine camplexes have been studied. A single substituent at €(1) is generally found
predominantly in the syn configuration, but a buiky substituent at C(2) may make the
C(1)-anti configuration preferred. The interconversion of sy» and anti groups occurs by the

: 1r—af¥1r mechanism, and each substituent at the carbon atom that remains g-bonded in-
"creases the activation energy for interconversion by between 1 and 3 kcal-mole™ . Thus the
interconverion at Cc3) of the syn and anti protons of 1-acetyl-2-methallylpaliadium chlo-
_ride cor’ﬁp_lexe_s of optically active amines occurs with interconversion of diastereomers but
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without syn—anti interchange at C(1). The latter process, which requires o-bonding of the

. organic ligand to metal at C(1),is stower, but can be detected by the double resonance
method. Possible restrictions on the range of interconversions of multiply-substituted com-

~plexes are disvossed 2?, An apparent exception 1o the above findings is the substituted
720y} complex ICH, =CC) CH. CH, — k% C(CHCHCH, PACH) . | in which on—ant inter-
charge. ocsuss peefesentially at the subetitited ligand casher atem: fwhick we lakel C{1);
irie the sidechain aikens giovup van dispiace C(2) and &(3), alivwing fiee 1uiation arvond
the C(1)—Ci2) bond, but displacement of C(1) and C(2) by this mechanism would not allow
rotation '®. In the 2-isopropyl-m-allylpalladium chloride triphenylphosphine complex, syn—
anfi intercfiange of protons occnrs ot 1he carbon atom rans 1o chfosine (but not that fans
1o phosphorus) at the same time 35 interchange of the magnetically noncgurvalent methyl
‘groups of the isopropyi groups: thix is as expectad for the 7—o—n mechanism, with the car-
bon trans to phosphorus being more readily detached from the metal. The 2-isobutyi and
2-isopentyl analogues are not observed to undergo the rearrangement, presumably because
of steric effects. Left—right interchange can be observed and is probably due to anion ex-
change. Phosphine exchange afso occurs, and causes fefi—right interchange, when this ligand
is in excess. Both these processes, accordingly, cause the collapse of magnetic non-equiva-
lence in the substituent methylene groups, and broadening of the signals from all four ter-
minal allyl protons!™. Both cisoid and transoid isomers can be identified in the low-temper-
ature NMR spectrum of 7-2-methallylplatinum chloride dimer'?.

The complex cycloheptatrienylcyclooctadienecobalt gives a temperature-variable proton
NMR spectrum; the low-temperature spectrum (below 250 K) is assigned to a static system
XII, and the simplification at higher temperatures, which is independent of concentration,
to rotation of the cyclooctadiene ligand '™,

The phosphorus—phosphorus angle in the complex bis(diphenylphosphino)ethane-
Ir(CH; )(1, 5-cyclooctadiene) is 85, while that in the bis(dimethylphenyiphosphine) com-
plex is 101°; this may be relevant to the more 1apid 2veraging among the cyclooctadiene
protons in the former compound 7. (PhMe, P), Rh(CHj3)(norbornadiene) and the arsenic
anatogue resembie fr* compounds*™ in showing coalescence of the vinyl signats without
loss of coordinated methyl—phosphorus coupling or of non-equivalence of phosphorus-
lgound methyls; but in the cyclooctadiene analogue and in (Ph3P), Rh(CH;) (norbornadiene),

(T-CHICQ I,;:o( 77— CeHy)
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j 'such coalescence does not occur even under condmons leadmo to 1ntermolecular exchange
. of phosphmes T e

, Photochenucal reactlon of (n-cyclopentadlenyl)(fr-cyclobutadlene)cobalt w1th (1r-cyclo~
: pentadlenyl)cobalt dicarbonyl leads to the formation of XIIT; the cyclopentadienyl resonances
collapse at 415K, but H(a) and H(B) remain distinct, suggesting a degenerate valence isomerism of

. the type (XIIIaV XIIIb) '8 The spectrum of (A5-CsHs), (h'-CsHs),Ti(the solid state structure
of which has-been confirmed crystallographically '8!) shows the effects of two different

] averaging pro'cesses.;Up 10 225 K there is increasingly rapid migration of the metal—titan-

'~ jum bond in the g-bonded rings; between 225 and 310 K there is interchange of the two

kinds of ring. The activation energy for this latter process'is 16.1 kcal-mole " ; the facility

of the interchange is ascribed to back-attack by m-electrons of the o-bonded ring on vacant

orbitals of the metal. The proten spectrum of (Cs Hs)3 TiCl consists of a single sharp peak -

- down to 175 K or below 82, Failure to show peak broadening at low temperature is also
obse_fved in (CsHs); Mo(NO)I and (Cs Hs )o Mo(NO)CHj3, while (#°-CsHs ), (A'-CsHs), Mo
exhibits averaging within the a-bonded ring (but not interchange between rings) at 300 K !83,

~Fluxional behaviour is exhibited by #°-cycloheptatrienyltricarbonylmanganese (X1Va),
put the rate of averaging is lower than in the isoelectronic iron species (XIVb); there is evi-
dence from the low-temperature spectrum for a ring current ¥, The complex formed by

_reaction of PhCCo3(CO), with cyclooctatetraene has a crystal structure and low-tempera-
ture limiting structure XV. The spectrum collapses to a singlet over the range 250—290 K ;
the relative rates of peak broademng imply, on a first-order analysis, a 1,2-shift averaging

process 185,

The sxmphc;ty of the NMR spectra of the complexes H;Ru,(CO),_, [P(OMe)3],, (n =
0, 1, 2, 3, 4) suggests that only one isomer is formed for each value of n. The hydrogen
atoms are thought to bridge four edges of the Ru, tetrahedron; nonetheless, all the hydro-
gens are equivalent anid all equally coupled to all the phosphorus atoms on the NMR time-
scale 186 .

The spectrum of (m-CsHs )W(CO)3H in a nematic solvent implies some degree of align-
ment. The hydrogen is off-axis, but pseudorotation is fast enough to make all the ring pro-
tons equivalent 87. A similar pseudorotation is presumed to occur in the isoelectronic ca-

(@) M= Mn
. (b} M = Fe* c (co)z
' I

(OC)ZCo —!———-Co(CO)z

IIIIIIIII!

i
. M(CO);
v
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tions C¢HgMoL 3 H' (L. = PMe, Ph or PMePh, ), but cannot be frozen out down to 175 X; .
the coordinated proton chemical shifts are around 10—12 ppm, which is unusually low for.
metal-bound hydrogen '®. Steric factors may be responsible for the speed of pseudorotation
in this'case since it has been reported that the coalescence temperature in ‘
(7-CsHs)Mo(CO) (PMePh, ), Cl is 210 K, 150 degrees lower than in complexes of type

(m-C5 Hs )Mo(CO), (L)CI, while that of (n-Cs Hs )Mo(CO)(PMe, Ph), Cl is lower still 189 7

The cis isomers XVI of species (7-indenyl) Mo(CO), (L)R are chival, as are the possible
rearrangement intermediates XVII; but the frans isomer XVIII and the transition state XIX
are both achiral. Thus racemisation of XVI via XVII must be accompanied by cis—trans
interconversions, but racemisation via XIX need not be. In cis{(n-indenyl)Mo(CO), (PMe, Ph)l,
the averaging of the hydrogens attached to C(1) and C(3) occurs at the same rate as that
of the diastereotopic methyl groups. The free energy of cis racemisation depends on the
nature of the halide, but that of cis—trans isomerisation does not !*®

Phosphine exchange in methyl gold(I) trimethylphosphine is fast enough to be followed
by ligand proton NMR. The kinetics indicate an associative mechanism. The observed hy-
drogen—phosphorus coupling in the ligand goes through zero at intermediate free ligand
concentrations, demonstrating a change in sign on complexing '*!*%3_ Proton NMR studies
show rapid exchange of the supporting ligand in Me, AuCl-(pyridine) and Me, Au(SCN)-
AsPh;, but not in Me, AuClAsPh; or Me, Au(SCN)PPhj;. Exchange between the
Me, Au(PPh3 )3 cation and free ligand in chloroform is fast, in contrast to the situation in
the isoelectronic Pt! analogue ***. The NMR spectrum of species Mo(CO), (dam), X,

(dam = bis(diphenylarsino)methane), known from X-ray crystallography to be seven-coor-
dinate, shows freezing out below room temperature of the distinction between ligands, and,
at yet lower temperature, of the particular ligand conformations 9%,

The triply bridged species (OC)3 Fe(SiMe3 ), (CO)Fe(CO); shows fluxional behaviour 1%.
The cyclopentadienyl proton resonances of the species (7-CsHs ), Ti(SS) (SS = ethylene-
dithiolate, o-benzenedithiolate) show equivalence of the cyclopentadienyl rings at high
temperature only, while the sulphur ligand NMR is temperature-independent; this indicates
an up-down flip of buckled TiS, C, rings*®?. The ring proton NMR spectra of
(7-CsHs ), Ti(SMe), Mo(€0), and related species show high-temperature equivalence of all
ring protons; at low temperatures, cisoid and transoid isomers (Va and Vb), and the chemi-
cally non-equivalent “‘up™ and “down’” cyclopentadienyl rings of the former, became dis-
tinct 8889, . ' o
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. Mossbauer spectra SRR ‘ '
. The spectrum ‘of the dxcarboIIyIuon(IH) salt Me4 N [Fe(Cg Bg H,, )2] isan asymmetnc
- doubIet of broad lines; this effect is attributed to spin—spin relaxation %8 - Bonding between
 tin and transition metals continues to arouse interest ' 2% Magnatic Seld experiments.
show the sign of the quadmp_aie coupting canstaat of tia to be pesitive in 2 wide rangs of -
pentacarbonylmanganese and cvclopentadienyldicashopuliven semgplenss. The chensical
shifts are characteristic of {in{IV), and the rejative chermical shift values show
(=-CsH QFe(_C O, to be a mare pawerful a-denating geoup- thon MalCOM-. Substitwtiow
~-of CO by other groups in compounds (r-CsHs JFe(CQ), SnR . denseases. the selectron dea-
sity at the iron nucleus (as expected) i tonreases that at tin; the latter effect is not what
woufd be expected if iron—tin 7-bonding were an important variable. The s-electron density
at iron 13 taken a8 a measure of e 7-accepiing ability of the substityent ligands, giving an
* order for the trimethyltin complexes differing in detail from that found for the triphenyl-
tin analogues or?® for complexes of the type L, Fe(NO), and LFe(NO), CO.

Maossbauer spectra have been used to elucidate the varyihg stereochemistry of substitution
into Fe,{CO)s(SMe), and Fe,(CO)s(SPh), by phosphine?®. Two separate groups>®-20%
have used the method to determine the nature of the solids ZnFe(CQO)4, CdFe(CO); and
HgFe(CO)4. The small, but non-zero, quadrupole coupling chows the iron—metal bonds to
be mutually eis and highly covatent.

Mass spectra

Deconvolution of ionisation efﬁc1ency curves for the formation of species M(CO);, from
the Group VI hexacarbonyls reveals steps involving effectively simultaneous loss of more
than one CO, from parent or from daughter ions?%. Appearance potentials in the spectra
of species of type (71-Cs Hs )M(CO)sM'Mes (M = Cr, Mo, W; M’ = Si, Ge, Sn) combined with
‘thermochemical data indicate the bond dissociation energies to fall from chromium to
tungsten complexes, and from silicon through germanium to tin?%’.

Several reports (see also ref. 215 below) have appeared of ion—molecule reactions. Such
reactions are presurnably responsible for the formation of polynuclear cations in the spectra
of the Group VI carbonyls®®, and have been shown from pressure and voltage dependence
experiments to be responsible for the formation of species Ar, Cr, (CO)3 2%. Such reactions
also occur when the spectra of (7-Cs Hs JCr(NOY(CQ), and (CsHs ), Cr are observed at
sufficiently high pressure, and the products generated have their own characteristic frag-
mentation patterns 2%, Jon—molecule reactions between (7-Cs Hs )Mn(CO)3 and the poten-
tially basic fluorides AF;, of phosphorus(IIT), arsenic(1II), antimony(IiI) or sulphur(IV),
accur to give (7-Cs Hs )Mn(CO)AF;; and (7-CsHs )MnAF;;; NF; was not observed to react?!'!.
In the fragmentation of the species (Me, N)3 AsM(CO)s (M = Cr, Mo, W), loss of Me, N is
more marked than it is from (Me, N); P complexes; tungsten even gives series of jons
Me, NAsW(CO),, and AsW(CO),;; thers is metastable peak evidence for loss of AsHj from
the (Me, N); AsFeH" icn?'2. Both loss of carbonyl and loss of X have been observed for
iron—allyl complexes RC3 H, Fe(CCJ, X; the dependence of the spectra on the nature of X
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is discussed **. In the spectra of chiorinated ferrocenes, peaks observed include [parent
~FeCl, |, and, where hydrogen and chlorine are present on different rings, [parent
—HCIT* 24, : S o S

Miscellgneous physical methods . S : 7

fon cyclotron resonance has been used to study the vapour phase reactions of iron car-
honvls and related ionised species. Thus Fe(CQ)g, reacts with iran carbanyl ions ta give
species Fe, (CO);" and Fe, (CO)s"; with Me, F* to give MeFe(CO);s" and MeFe(CO),', and
with ¥ and EtG™ to give Fe(CO) T and Fe(CG}.OEL . fron carbonyl cations react with
benzene to give Co He Fe(CO)5, and (with the exception of Fe(CO)s) exchange with water ©~,
The cocontensation of metals with €O and €& in agon miatrices has been used to gener
ate species Ni(CO),, (n = 1—4), and at least five tantalum carbonyl species?*®. The range of
56 Mn species generated by neutron irradiation of various manganese carbonyl complexes
has been determined. Some H**Mn(CO)s; is formed from a wide range of species with hy-
drogen-containing ligands, including (7-Cs Hs )Mn(CO);3 and (7-CH3CsH; YMn(CO)s; in this
last case CHs 3 Mn(CO)s is atsa formed. M, (CO),o gives rise to 3 Mn(CO)s radicals; these
have been trapped with I, 217218,

Dipole moment measurements, compared with carbonyl stretching frequencies, indicate
that PPhj is at once a better o-donor and a better w-acceptor than AsPhy 2!9. The principal
polarisabilities of ferrocene have been determined ??°. A variety of optically active iron car-
bonyl complexes of prochiral olefins have been prepared, and circular dichroism spectra
related to absolute configuration 2!,

The vapour pressures of (7-CsHs )3 UCI and of the tricyclopentadienides of Pr, Nd, Ho
and Tm have been determined; the enthalpies of sublimation quoted are 27.7,31.3, 32.2,
28.6 and 26.1 kcal-mole! respectively 222, The enthalpy of formation of allylpalladium
chloride dimer has been determined by differential scanning calorimetry, and a minimum
value of 57 kcal-mole™! calculated for the palladium—allyl bond dissociation energy 23
The effect of a double bond on the thermodynamics of complexation of silver(I} in water
by sulphur or selenium donors has been determined. In all cases, the coordination of the
double bond is exothermic, but ieads to a decrease in entropy. This is unusual for chelation
and is attributed to solvent ordering effects>**. The basicities of p-butadienylaniline and
its tricarbonyliron complex in ethanol-—-water mixtures have been compared; complexation
reduces the electron-withdrawing character of the butadienyl group ?%°.

Electrochemical studies have been carried out on a wide range of organometallic species.
It has been shown that chromium complexes are capable of reversible 1-electron oxidation;
the more strongly m-accepting the ligands, the more difficult the complex is to oxidise 2%,
Data for the polarographic reduction of (7-C3Hs)Fe(CO),(NO) and substituted derivatives
suggest an initial 2-electron reduction to ions [Fe(CO),(NO)] ™ and C3H; ; the eventual
products include Fe(CO); NO™ and alkenes. The half-wave potential is more sensitive to
substituents at C(1) of the allyl than to those at C(2)**’. In the polarographic reduction of
species Co(CO), (NO)L,; the half-wave potential correlates with NO stretching frequency ?22.
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~ The electrochemical behaviour has been studied of derivatives of the bridged cyclopen-
“tadienyliron dicarbony! d1mer in'which both: terminal carbonyls have been replaced bya .

- bridging phosphme ‘Teactions observed include revemble 1-electron oxidation, further oxi-

* dation to a dication in which the carbonyl bridges are intact, and dxspropornonatxons of .

-~ the monocation with uptake of solvent acetonitrile **°. The electrochemical reduction of

, ,phenylcobalt(lll) complexes of polydentate hgands to cobalt(II) and cobalt(l) complexes

- is reversible, but further reduction leads to cleavage of the rmetal—carbon bond**°. The

oxidation of ferrocene, ruthenocene and osmocene at the dropping mercury electrode oc-

~curs by a reversible 1-electron step, the ease of oxidation increasing down the periodic table.
For ruthenocene derivatives, as for those of ferrocene, there is a linear relationship between

_half wave potential and the inductive effect of substituents. At the rotating platinum disc,
ah irreversible 2-electron oxidation occurs?*!. The species [(7-Cs Hs)FeS] 4" can be oxidised
or reduced intact through all steps from n = —1 to n = 4; [(m-CsH;)Fe(CO), ], " can be

~ formed for n =—1 to +2 (ref. 232). In donor solvents, oxidation Jf the latter gives a general

route to species (-Cs Hs )JFe(CO), L+ 23, The oxidation of nickelocene to the mono- and -

(at the platinum electrode) di-cation, and the reduction of the cobalticinium cation to

cobaltocene, are reversible processes. Further reductions to the diene complex

(m-CsHs )CoCs He, and the allyl (7-Cs Hs )NiCs H,, are irreversible 2*. There is evidence for

polarographic reduction of carbollide complexes to give Co! and Ni! complexes??.

Chemical results of general interest

A variety of carbonyl hydrides have been generated by the reaction of one atmosphere
of hydrogen gas with carbonyls or lower hydrides in hydrocarbon solution at between 265
and 475 K; species generated include H3 Re3{C0O);3, HyRes (CO);2, H4Ru4(CO);s,

H,4 054(CO),, and the unstable H4 FeRu3(CO),, 236, Dimethylformamide has been used as
a source of CO in the preparation of a range of carbonyl halide and carbonyl phosphine
complexes of rthodium and platinum *?. The complexes Mn(CO)s (PMe, Ph), Br and
Mn(CO), (dppe)Br (dppe = bis(diphenylphosphino)ethane) are oxidised to monocations
by NOPF, while (CsHs ), Fe, (CO), gives the (7-CsHs )Fe(CO)3 cation?®®. The reactions
of cis-1,2-bis{dimethylarsinn)ethylene (edas) and o-phenylenebis(dimethylarsine) (das)
with a range of carbony! and carbonyl nitrosyls have been reported; compounds described
include Cr(CO)s-edas and the molybdenum and tungsten analogues, Ni(CO), -edas,

' Fe(NO),-das and Co(COY(NO)-das, while the substitution of edas into the carbonyl nitro-
syls gives unstable products?®®, Reaction of the potentially tetradentate ligand (Ph, PCH,).C
with manganese or cobalt carbonyls causes disproportionation to give products
Ph, PCH, C(CH; PPh; )3m" m(CO); (m = Mn(CO)3, Co(CO); ), in which one phosphine
group of each ligand is uncoordinated2*°.

Cyanogen reacts with phosphine complexes of Ni®, Pd0 and Pt0, to give oxidative ad-
dition products; with RhCl(PPh;);, coordination of cyanogen without reaction has been
observed at 200 K; on warming to room temperature, the oxidative addition reaction occurs.
Phosphine chiorides of Pt and Au! fail to react, as do RhCI(CO)(PPh3), and the iridium
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analogue ?*'. The isonitrile complexes m(CNMe); [m = (7-Cs Hs )Fe(CO), (7-CsHs )Mo(CO)z s
(7-CH3Cs H;)Mn(NO)] add borohydride to give the species XX; these exchange

with fluoroborate to give XXI. The reaction of the (7-CsH; )Fe{CNMe)s cation with boro-
hydride involves all three isonitrile groups, giving XXI1242.

The novel ligand tetramethoxyethylene (TME) reacts with diiron enneacarbony! to give
Fe(CO); TME, and photochemically with (7-CsHs )Mn{CO); to give (7-CsH;)Mn(CO), TME;
the carbonyl stretching frequencies in these species are higher than in the analogous ethyl-
ene complexes2*3. A range of complexes of Rh, Ir, Ni, Pd and Au have been prepared from
dicyanoacetylene (C4N;); species characterised include RhCI(CO)(C; N, )(PPhj3), and the
iridium analogue, NC—CH=C(CN)—Ir(CO)(C4N; )(PPh3). , and Pd(C4N,)2(PPhs), . Ca N,
is less effective at raising the CO stretching frequency in iridium complexes than is tetra-
cyanoethylene or even maleonitrile . The diene XXIII, formed by the addition of tetra-
fluorobenzyne to benzene, acts as a bidentate ligand in complexes of Col, Rh!, Pd!! and
ptll 235

The study of pentamethylcyclopentadienyl complexes has been hampered by synthetic
problems. It has now been reported that acetylpentamethyicyclopentadiene reacts with a
range of metal carbonyls to give such complexes. Materials accessible by this route include
CsMe; Co(CO),, CsMes Mn(CO);, {CsMesCr(CO), ]2, CsMesW(CO);CH3,
[CsMesFe(CO), ], [from Fe(CO)s] and both CsMe;Fe(CO), COCH; and the tricarbonyl-
iron complex of the starting material [from Fe,(CO), 1?%. While trimethylstannylcy-
clopentadiene reacts with metal carbonyls with cleavage of the tin—carbon bond %7, the
silicon—carbon bond generally survives the reactions of Me3SiCs Hs. Materials prepared in-
clude [Me3SiC;H;M(CO)3}, (M = Mo, W); Me;SiCsHsMn(CO); and the rhenium analogue,
[MeSiCs H; Fe(CO), |, and Me;3SiCs H; Co(CO), 2*8. Not surprisingly, therefore, the elimi-
nation of trimethyltin halides between (trimethylstannyl) (trimethylsilyl)cyclopentadiene
and metal carbony! halides also leaves the silicon ring carbon bond intact **°.

The reaction of perfluorophenylmercury bromide with metal carbonyl anions gives
species C¢ FsHgm [m = (7-Cs Hs )Mo(CO)s, Mn(CO)s, (n-CsHs )Fe(CO), | 2°°. Indium—
metal compounds are formed by the insertion of indium(l) halides into metal—metal bonds,
or by the displacement of mercury from its metal derivatives; species of type myInX [m =
e.g. (m-CsHs )Mo(C0)3 , (m-CsHg)Fe(CO),, Co(C0)4] have been prepared by one or both
of these routes®

Photochemical de'ca:bdnylation; followed by insertion into a silicon—hydrogen bond,
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has been used to prepa:e' a wide range of metal silyl compounds, such as (7-CgHg)Cr-
(CO)2(H)SiCl3, (n-CsHs )Mn(CO), (H)SiXs, Fe(CO)a (H)(SiXs), (-CsHs )Fe(CO) (H)-
(SiCla)2, and (7-Cs Hs JCo(CO)(H)SiCl; (X = Cl, Ph); infrared intensity measurements
show that where .there is a choice, it is the cis isomer that is formed ?*2. Hexamethylditin also
replaces CO, giving Fe(CO)a(SnMes), and (7-CsHs )Co(CO)(SnMes ),, as well as cisoid and
transoid isomers of -[(7-C¢ Hs YCo(CO)] 2 (SnMe, ), ; thodium behaves similarly to cobaltZ%,
The reaction of diphenylgermanium dibromide with metal carbonyl anions m™ =
[Fe(CO)3NO~, (7-CsH;)Fe(CO),~, Co(CO),] gives the bridged species Ph, Gem, ;

Ph, GeCl, , however, generally gives Ph, Ge(m)Cl, only the strongly nucleophilic (7-CsHs)-
Fe(CO),™ anion displacing both chlorides?**. Of these, Ph, Ge[Co(CQO)4] - can be photo-
chemically decarbonylated to give XXIVa; Ph, Sif(7-CsHs)Fe(CO), ]2 and the tin analogue
behave similarly to give XXIVb and XXIVc?%, In trichlorosilyl and trichlorogermy! deriv-
atives of molybdenum, manganese iron and cobalt, chioride may be exchanged for ﬂuonde
on reaction with AgBF, 2%

Phosphorus trifluoride can be introduced into a wide range of organometallics, with, in
some cases, concomitant dehalogenation, by Ni(PF3 ) ; products obtained include
(7-CsMes )Rh(PF3),; [from [(7-CsMes)RhCl, ], ]; (7-CsMeg )IrPF3(PF; )F; and Mn,(CO),,
Mn, (CO)gPF3, and Mn, (CO)s(PF3), [from Mn(CO);s Br; but Re(CO); Br gives
Re(CO)3(PF3), Br] . (n-Cs Hs )Fe(CO), I undergoes substitution of one carbonyl, as does the
methyl derivative (7-CsHs)Mo(CO); Me; but the corresponding chloride gives (7-Cs Hs )2-
Mo, (CO)s PF;5 257,

{0C)s Cr—SMe—SnMeyg, accessible photochemically from the hexacarbonyl reacts with
a wide range of halides including organometallic halides to eliminate trimethyltin chloride.
(m-Cs H; )Fe(CO), SMeCr(CO)s and Ph3 PAuSMeCr(CO)s may be prepared in this way, but
Mn(CO)s Br reacts to give Me; SnBr, Cr{CO)¢, and [Mn(C0),SMe]. 2°8. A range of metal
complexes mCH, C=CPh [m = (#-Cs Hs )Mo(CO), Mn(CO)s, (n-Cs Hs )Fe(CO), |
react with sulphur trioxide to give sultones, XXV it is suggested that this is an example of
‘a general reaction pathway (XXVI) of 2-alkynyl complexes?*?.

A range of metal vinyl and related derivatives react with diiron enneacarbonyl. Thus
(1-Cs Hs )Fe(CO), CH=CHR gives XXVII, while (7-Cs H5 )W(CQ); CH=CH—CO-Ph gives a
mixture of products (XXVII—-XXX). MeCOCH=CHRe(CO); coordinates an Fe(CO), frag-
ment (to give XXXI), as does (7-Cs Hs )Fe(CO), —~CO—CH=CHPh which gives XXXII; this
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may be decarbonylated thermally to give (XXVII, R = Ph), or photochemically to XXXII2%°.
Cyclopentadienyl nickelcarbonyl dimer reacts with dicobalt octacarbonyl to give a product
of composition Cs HsNiCo3(CO)s, and with Fe; (CO)y and Mn(CO)s respectively to give
products (Cs Hs ), Ni M(CO)s (M = Fe, Mn"). The structures XXXIV and XXXV are sug-
gested for the solids; the complexity of the carbonyl stretching spectra suggests the presence
of isomers in solution %%, '

Reaction of dimanganese decacarbonyl with Ru3(CO),;, gives (OC)s MnRu(CO),Mn(CO)s;
the related manganese—osmium and rhenium—osmium compounds have been prepared. The
reactions with [(#-CsHs)Mo(CO)s], and [7-CsHsFe(CO). ], do give metal—metal bonded
products, but the chief species formed is (7-Cs Hs )Mn(CO)3 2. Elimination of methylamine
between (n-CsHs), TiNMe, and hydrides is a general route to products (m-CsHs), TiR;
among species so generated is (w-Cs Hs )Mo(CO)3 Ti(CsHs ), . Reaction of the amide with
trans-(Ph; P), PtHCI leads to formation of Pt0 species, presumably by reductive elimination
of (m-CsHs), Ti—C1%%% . The elimination of hydrogen halides between complexes of diphenyl-

FT~CH,, JT-CeHeg,
RCH CH-Fe_ | Ph-CO-CH CH -« W—CO
N N
co coO
(CO) Fe co (OC)yFe co
XX p:eaviiig
phi—CH=CH s W(CO)5(7T-CH,) PRC——CH==CH-W(CO)3 (77-CH,)

o Fe(CO), O ~——*Fe(CO);

p-v:4r:4

MeCOCH==CHRe(CO),,
Fe(CO),

EXXL

PhCH=CH—C—Fe(CO), (77-C¢H.) .

(OC),Fe —=—O

XXX
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phosphine and metal halides leads to a variety of products. Thus tetracarbbnyliron diphenyl-
phosphine reacts with (7-Cs H; )Ni(CO)! to give XXXV1a, and with (7-CsH;)Fe(CO), Cl to
give (7-CsH; )Fe(CO), PPh, Fe(CO)4 ; this condenses further to give XXXVIb. Tricarbonyl-
nickel diphenylphosphjne reacts with (m-Cs Hs)Ni(CO) to give (7-Cs Hg Ni), (PPh, ), . With
(m-CsHs)Fe(CO), Cl, the product formed is, as expected, {n-Cs Hs )Fe(CO), PPh, Ni(CO);;
this does not, however, condense further. The iron diphenylphosphine reacts with
BrMn(CO); or (7-allyDMn(CO)s, to give XXXVII, and with (7-C5H; )Co(CO)I to give

XXX VI,

(@) m=(IT-CH NI
(b) m=(IT—CgHg)Fe(CO)
I

(o]
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Kinetics (see also NMR: Dynamic systems, mechanism, catalysis)

While the replacement of CO in the tetrahydroindenyl complex Co H,1Mo(CO);Cl is uni-
molecular, resémbling that of the cyclopentadienyl, the indenyl complex reacts more rapidly,
with a second-order component. Thus the m-indenyl ligand stabilises the associative transi-

. tion state 2% (the reviewer suggests this might happen through the ligand acting as a w-allyl).
The replacement of acetone by alkenes from the species W(CO);-acetone occurs by a dis-
sociative pathway ?*°. The reactions between tungsten carbonyls and Grignard reagents are
measurably slow, unlike the corresponding reactions involving organolithium compounds;
it is found that W(COJ, reacts more rapidly than W(CQ)s PPh;, as expected for nucleophilic
attack at coordinated carbon?®?. The kinetics of the reaction of species M(CO),LL (M =
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Mo, W; LL = blpyndyl phenanthrohne) with mercuric halides [to give M(CO)a(LL)
(HgX)X] imply intermediates of composition M(CO)s (LL)-2HgX, in acetone and both
M(CO)a(LL)-HgX, and M(CO)4(LL)-2HgX, in ethylene chloride *8. The exchange of
13CO with Mn(CO)sH is, contrary to earlier reports®?, a slow process. The exchange is
“also non-random, the specific rate constant for replacement of axial CO being roughly two
to four times as great as that for radial replacement®™. Reaction of Ph3GeMn(CO)s with
phosphines in decalin gives trans substitution, with competing unimolecular and bimolecu-
lar pathways. Since the reaction with dipyridyl gives cis substitution, it is suggested that the
dissociation step in unimolecular substitution is loss of cis carbonyl. This may be replaced
directly by a ligand of low steric demand, but a bulkier ligand can attach itself only after
the vacancy has migrated to the trans position?”" . The Kinetics of the replacement of tri-
phenylsilane from (7-Cs Hs )Mn(CO), (SiPh3)H by such ligands as triphenylphosphine
have ‘been studied in a variety of solvents. Rate-determining is loss of the silane; this
is reversible, excess silane retarding the reaction, but competition experiments show
that thriphenylphosphine is more reactive than triphenylsilane towards the unsaturated
intermediate. There is a small but significant kinetic isotope effect in both forward and
back reactions®”2. The rate of exchange of radioactive manganese between Mn(CO)s I and
other species has been studied; exchange with the pentacarbonyl hydride is complete at
room temperature within thirty seconds, but the phenyl, methyl or parent decacarbonyl
do not exchange within ten minutes?”. The rates of substitution of triphenylphosphine
into rhenium pentacarbonyl halides decrease from chloride to bromide to -iodide; the reac-
tions are 2** much slower than for the manganese analogues, for which the same order is
established 2. The kinetics have been studied of the reaction of the bridged dimer
[Re(CO), (NO)Cl, ], with such ligands as substituted pyridines to give Re(CO),(NO)Cl,L
the reaction is first order both in dimer and in the entering ligand *™.

The interchange of XXXIX and XL has been shown to proceed dlrectly, as well as via the
intermediate XLI, and to be first order, unaffected by added triphenylphosphine, and littie
changed between diglyme and toluene as solvents2””. The reaction of cyclooctatetraene-
ruthenium tricarbonyl! with phosphines to give diphosphineruthenium tricarbonyl compounds
is first order in complex and phosphine, even at high phosphine concentrations, and the
entropy of activation is negative. The reaction is faster for ruthenium than for iron, and for
more basic phosphines, but is not shown by amines. Thus the slow step of the reaction in-
volves attack by phosphine at a soft electron-accepting site in the complex 27®; the reviewer
notes that in addition to the central metal atom, the organic ligand and coordinated CO
present such sites. Carbonyl exchange in Co(CO), (NO)PPh; obeysa two-term law, being
Sn 1+ Sp2 in poor donor solvents (the influence of solvent being small), while better donors
increase the apparent unimolecular rate, no doubt by the Sy 1(S) mechanism 27 The reac-
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“tion of (7-Cs Hs )2 Ni, (CO), with phosphines, to give nickelocene and Ni(CO), L, is gener-
ally first order in both reagents; with tri-n-butylphosphine, there is spectroscopic evidence
for mtermedlates and it is suggested that the rate-determining step is asymmetncal bridge
cleavage 28 :

The conversion of phenylmethoxycarbenepentacarbonylchromxum te the phenylaltkyl-
aminocarbene is described as first order in each of the reagents, but also in proton acid and
proton base. This is consistent with a rate-determining attack by base-activated amine on a
substrate the methoxy group of which is hydrogen bonded to acid; and there is NMR
evidence for such hydrogen bonding®'. Five-coordinate cobalt(iI) Schiff’s base complexes
react with p-cvanobenzyl halides, RX, to give such products as XLII, according to the scheme

Co(saloph)L. - + RX ——— Co(saloph)LX + R- (slow)
Co(saloph)l. + R- —— Co(saloph)LR (XLII)
-Co(saloph)L.X + I. —— Co(saloph)L,* + X~

Among amines L, basicity causes faster reaction, but where L is a phosphine there is no
“such simple ordering?%2. The kinetics of the isomerisation of cis-Pt(PEt; ), (0-tolyl)Cl sug-
gest chloride loss, and rearrangement of the resultant cis-like species to a {rans-like form,

as intermediate steps®>. The decarbonylation of pyruvoylpentacarbonylmanganese is

first order, and far too slow for pyruvoyl derivatives to be intermediates in the reactions of
acetylpentacarbonylmanganese with nucleophiles. Such: reactions are therefore not strictly
‘analogous to those of methylpentacarbonylmanganese, which involve methyl migration to
give acetyl derivatives®. The oxidative addition of benzyl halides to (7-Cs Hs )Rh(CO)PFhs,
" to give arylacetyl derivatives, is first order in each component, the rate increasing from
chloride to bromide to iodide. The related reaction of éllyl iodide is apparently similar, but
in fact involves the equilibrium formation of the cation (7-Cs Hs )JRh(CO)(PPh3) (0-C3Hs )',

* which slowly reacts with jodide to give the final allylacyl product2®S. The analogous reaction
. with methyl and ethyl iodides have been studied, for complexes of all three metals of the
‘cobalt group. The reactions resemble those of the benzyl halides, being first order in each
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cornponent; they are much faster for the methyl than the ethyl iodide, more rapid in more
polar solvents, and faster for iridium than for the other metals®®*®, Carbonyl ethyls of the
type EtIr(CO), Cl, L react with donors to give acyls Et—CO—Ir(CO)Cl, LL'. The kinetics

of this reaction show the first step to be ethyl migration, and its stereochemistry implies
the sequence XLIII, since L' enters between ligands initially zrans to ethyl and to CO?%7.
Relatedly, the kinetics, and solvent dependence of the reaction of EtPt(CO)(C1)AsPh; with
triphenylarsine, are consistent with an initial equilibrium formation of Et—CO—Pt(Cl)AsPh;
and the subsequent addition of the incoming ligand to this species?®*®. Both steps in the
carbonyl—carboxyl equilibrium are first-order in each of the components?®°,

PtCl(PPh3), CO* + ROH == PtCl{(PPh;),-COOR + H*

Several reports have appeared of reactions in which the mechanism of displacement of
metal from an organic residue is bimolecular electrophilic attack at coordinated carbon.
Such reactions include those of Hgll and TIH with pyridylmethyl compounds of pentacar-
bonylmanganese 2°°, and more rapidly, of cyclopentadienyldicarbonyliron?**, and of Hg!!
with alkylcobalamines and alkylcobaloximes 292-2%3,

The isomerisation of the tricarbonylchromium complex of benzyl thiocyanate to the
isothiocyanate is a relatively rapid process, in-accord with the known ablllty of the coordi-
nated metal to stabilise the benzyl cation ***

The thermal insertions of stannous hahdes into the dimers of cyclopentadienyldicarbonyl-
iron?% and cyclopentadienylcarbonylnickel 2 have been studied; in the first case the
kinetics (in tetrahydrofuran) appear to imply an activated (e.g. inono-bridged) isomer as
intermediate, while the latter reaction is first order in each component. The kinetics of the
reversible displacement of triphenylphosphine from IrtH(CO)(PPh;); by dihydrogen imply
a dissociative mechanism **7. The racemisation of (7-CsHs )Mn(COOR)(PPh3)NO is first
order; the entropy of activation is positive, as expected for a dissociative mechanism **®
The reaction of nickelocene with thiols is first in each component, is relatively insensitive
to changes in solvent, and shows a primary isotope effect for deuteration of the sulphur—
hydrogen bond. The proposed mechanism is 1,2-elimination of H—CsH; from an inter-
mediate (7-C5 Hs )Ni(RSH)(0-C:H;), followed by dimerisation of the resultant fragment
to give the final product, [(7-CsHs)Ni], [SR], #*°.

Mechanistic studies (see also Kinetics, above)
Several theoretical studies have appeared of organic reactions at metal centres; these
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e studres are. not all in agreement Energy level correlauon dlagrams mdrcate that the thermal
'f,rearrangement pathways of ﬂuxronal organometalhcs are governed by the }ughest occupred
‘molecular orbxtal and that. such processes as migration in cyclopentadxeny.s are expected
. “to procéed by al; 2:shift mechanism 300 The removal of symmetry restrrctlons on2nr'+ 27
"suprafacral cyclo-addmon reactions-is descnbed as dependmg on a rearrangement of the |
) meta.l electrons; thrs in some cases would unply a decrease in lrgand field stabrhsatlon ener-
' gies and hence an actrvatlon energy barrier. The results are related to olefin metathesrs con-
sidered to Droceed through a cycIobutane-Irke transition state 39392t has mdependently
- been suggested that promotron of a: metal to'an excited state as a result of metathesrs may
‘not preclude reaction and indeed may in some cases play an important role in catalyst re-
generatron 303. However mechanisms involving a cyclobutane intermediate have been criti-
cised on the grounds that free cyclobutane is not formed under thermodynamrcally favour-
,'able conditions, and it is suggested that the mtermedrate may be a tetramethylene complex
XLIV; a molecular orbital description is given3%

HC \/cw‘,
>> m<< Q
. /’K iy
H,C CH, \‘; R,
I
XLV Cr(Cco), XLV1 XLV
XV :

There has been an upsurge of interest in the mechanisms of Woodward—Hoffmann for-
bidden skeletal rearrangements of organic polycyclic systems under the influence of transi-
tion metals. One such process in which a discrete metal complex is implicated is the thermal

“rearrangement of the bullvalene-containing species XLV to XLVI on heating3%5. Often, the
'coordiriation of the metal is inferred indirectly. Thus the silver ion-catalysed isomerisation -
of disubstituted cubanes [XLVII] to cuneanes [XLVIII] is facilitated by electron-donating
groups R; , R, 306, . The rearrangement of XLIX and its isomers to L is stereospecific; thus

I

XLVIil ) o XLIX
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the endo,endo starting material shown gives the endo,2ndo product. However, the resultant -
relief of steric strain peculiar to this isomer does not affect the rate, suggesting that coor-:
dination of starting material by Agl, rather than skeletal rearrangement, is rate-determin-
|ing®"”. The extremeé formulation of the complex between silver(I) and a strained polycyclic :
species would be 2sa silver(IIT) species; the behaviour of madel TI™! compounds suggests
that in these, heterolysis of silver—carbon bonds would generate carbonium derivatives,
which would indeed show skeletal rearrangements of the type observed®®. An alternative
formalism is electrophilic attack by the metal-ion catalyst on a strained carbon—carbon
bond. This process, which has the same effect as insertion followed by heterolysis, could be
followed by a variety of rearrangements, as illustrated for tricycloheptane in scheme LI3%,

.
=

x1 4
1 I+x

5
=

- 7

H-shift 1—m+x
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The kmetxcs of the rearrangements of blcyclobutanes by sﬂver(l ) ions mdrcate reversrble

: formatzon of complexes which are the reactive species. The reactions are hlghly stereo-

: spech C, . 'LII and LIII giving LIVand LV respectively, while on heatmg in the absence of
* catalyst LrI glves LV and LIII gives LIV3!%31'_ However, it is not the case that the rearrange-

" ments are symmetry controlled, since LVI is rearranged by silver ions to a mixture of 4-

. ¢is- and 4-trans-2-methyl-2 ;4-pentadienes?'?. The isomerisations of LIII by (PhCN), PdCl,,

‘ [Rh(CO)z Cl] 2, HgBr, and CuCl, unlike that catalysed by Agl, give a mixture of dienes, in-
cluding one that can only be formed by hydrogen migration !>, It has been suggested that
the higher specificity of silver-catalysed rearrangements is a general phénomenon, associated
with the formation of three-centre bonds at silver but of complete insertion intermediates
at, for instance, rhodium(I)>'*. However, even the latter can be a fully specific catalyst,
converting LVII quantitatively to LVIII*'®. The precise rearrangement pathway depends
not only on the catalyst metal but on the attached ligands, bis(benzonitrile)palladium
chloride giving different products in the rearrangement of LVI than does allylpalladium
chloride dimer3'®. Moreover, there are hidden complexities even in apparently simple cases.
Speciﬁcally deuterated bicyclopentane is isomerised by rhodium carbonyl chloride dimer
to cyclopentene with statistical scrambling of the position of the deurerium label, although
the catalyst does not cause randomisation in specifically labelled cyclopentene *'7. The

D .

Vil . Lviii

thodiumcarbony! chloride-induced rearrangement of tricycloheptane gives 1-methylene-2-
cyclohexene, as required by the carbene elimination (the authors call this process retro-
carbene addition) route of scheme LI3!. The final stage of this route is a 2,1 hydrogen
shift, which is not possible in the similarly-catalysed rearrangement of the tetramethylbi-
cyclobutane LIX, since the intermediate LX lacks a hydrogen atom at C(2), and vinyl mi-
gration is invoked to explain the observed product LXI3'®. Of course, the occurrence of
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carbene intermediates in specific cases does not imply their general necessity. Thus both -
bis(benzonitrile)palladium dichleride and silver ion convert 1-diazomethyl-2-cyclohexene

to I-methylene-2-cyclohexene, which is also the product from the reaction of tricyclohep- -
tane with the palladium catalyst, but the silver ion-catalysed rearrangement—of this hydro-
carbon proceeds by one of the different routes of LI to give cycloheptadiene **°. The silver -
ion-catalysed rearrangement has been scudied in further detail, the effects of deuteration

on rates and product ratios in the rearrangements both of tricycloheptane and of methyl-
ated species being determined. The evidence is that the primary step is indeed, as required
by scheme LI, cleavage of an exo, rather than the central, carbon—carbon bond of the bi-
cyclobutane system 32!,

Related to the rearrangements of polycyclic systems are the reactions of methylene-
cyclobutane with palladous chloride and with [Rh(CO), Cl] ; . The former reaction gives a
mixture of the dimers of 2-(8-chloro)ethylallylpalladium chiloride and 1-methyl-2-chloro-
methylallylpalladium chloride, while the latter gives LXII; thus in all cases the products
are consistent with cleavage of the C(2)—C(3) bond. with or without hydrogen migration 3%
The converse of catalysed ring opening is the silver ion modified addition of benzyne to
cyclic polyenes. The products can be interpreted in terms of addition of C¢Hs Ag' to the
polyene and of silver ion loss, with concomitant ring closure; this may be preceded or fol-
lowed by allowed sigmatropic rearrangements 3%,

NAN

O

Rh{CO)Ct

Lxit

A second topic in which interest has rapidly expanded is the mechanism of
cleavage of metal—carbon bonds (see also references **®-2°*): a possible reason for this is
the undermining of views concerning the inherent lability of such bonds3**:32% by such
developments as the extension3? of the range of metal trimethylsilylmethyl derivatives.

The thermolysis of species (7-Cs Hs ), TI(CD)R has been studied; in one case at least (R =
PhCH, CH, ) decomposition obeys the same Arrtenius law above and below the melting
point. It is inferred that the rate-determining step is unimolecular; the product-determining
steps are not, involving disproportionation, hydrogen abstraction, or ligand combination.
The activated organic species is described as radical- or carbonium-like, but still in the coor-
dination sphere of titanium *?*’. The fragmentation patterns of organic groups attached to
chromium(IIl) include homolytic cleavage, e-hydride and f-hydride elimination 3?8, The
reaction of §-deuterated chromium and iron derivatives with olefins demonstrates migration
of the B-atom3%?. The bromolysis of the carbon—metal bonds in t-Bu —CHD—CHDFe(CO), -
(7-Cs Hs )3 and in (cis-4-bromocyclohexyl)cobaloxime pyridine 3! give the inversion
products t-Bu—CHD—CDHBr and frans-1,4-dibromocyclohexane. It thus3* appears plau-
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. sible that the overall retention of cohﬁgu;an‘oh, in the bromolysis of the product from oxi- -
~ dative addition of Ir! to a-bromopropionic acid**?, should be reinterpreted in terms of in-
,vemon rather than retention, both at the formation of the metai—carbon bond and at its

- cIeavage. Alkylcobaloximes and alkylcobalammes with electron-vnthdrawmg B-groups un- .
©dergo reversible deprotonation to give oiciin complexes of cobalt(I)**3. The ready decom-
position of §-hydroxyethylcobaloxime by HCI proceeds via an ethylene complex of Colll;
relatedly, the B-acetatoethyl complex undergoes ready solvolysis in alcohols to give the cor-

responding S-alkoxy species**. Formal carbonium ion transfer between cobalt(l) and al-
kylcobalt(III) species is first order in each component, and shows a low energy and negative
entropy of activation. This i3 consistent with strong steric compression of the alkyl in the
transition state of an Sy 2 reaction. Cobalt(II) acts as an equimolar mixture of Co! and Col,
this disproportionation being extensive under the conditions"studied”s. Thus the apparent
methyl radical transfer from Co!I to Coll species®¥ may be of this type, and the reaction
of Colll methyl cations with Co! methyl anions to give dimethylcobalt(III) species®*? may
be nucleophilic capture of methyl by Col, rather than electrophilic capture by Colll. While
methyl transfer from methy! vitamin B, to Hg!! or TI s regarded as a simple acid-base
process (compare ref. 290), transfer to Pt or Aul requires the presence of PtV or Aulll
and ;s regarded as a 2-electron switching process332:

PtV + i + Me—Colf - PtI + PtV _Me + Col.

The deuterogenation of cyclooctene (but not of cyclohexene or of octene) catalysed
by (Ph3 )3 RhCl involves exchange of hydrogen throughout the ring. The probable mecha-
nism is reversible elimination of cyclooctene from an intermediate cyclooctyl complex,
this loss being facilitated by steric repulsions within a saturated Cg ring3*°.

Thermal decomposition of cis- or trans-1-propenylcopper(l) or its tributylphosphine
complex gives copper(0) and 2,4-hexadienes with retention of configuration; this excludes
radical mechanisms3#. The reaction of ethylcopper with n-propylcopper gives ethane and
propene, while that with isopropylcopper gives ethylene and propane. This is not as ex-
pected from a hydride elimination—hydride reduction3*! process, and bi- or polynuclear
alkyl systems are invoked 2, Product analysis and kinetic studies of the catalytic decom-
position of Grignard reagenfs by silver ions point to the intermediacy of alkylsilver com-
pounds; these do not decompose by radical loss, but by coupling reactions, although radi-
cals can be generated by the attack of alkyl halides on silver atoms in the reaction mix-
ture 3,

Photochemical substltutlon of BCO irto plperldmepentacarbonyl'nolvbdenum occurs
mainly at the equatorial position; conversion by unimolecular reaction to Mo(CO); AsPhs
leads to randomisation of the position of the label, showing that the pentacarbonylmolyb-
denum intermediate is long enough lived for axial—equatorial interchange 3. The attempted
preparation of stereospecifically labelled pentacarbonylmanganese bromide by bromolysis
of cis-Mn(CO)4 (13 CO)CHj; gives a siatistical mixture of ¢is- and trans-labelled products*
The' reductlon of l-haloalkylcobaloxunes to the 1-deuteroalkyl species by borohydnde in
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O-deuteromethanol is attributed to deuteron addition to an intermediate cobaloxime(l)
carbene species3*. The insertion of hexafluoro-2-butyne into LXIII gives LXIV; a suggested
mechanism is initial deprotonation of the f-carbon of LXIII**". Product analysis in the ex-
change reaction of perdeuteropropene with tetracarbonylcobalt hydride shows protonation
to occur mainly at C(2), consistent with a predominantly Markovnikov 1,2-addition—elimi-
nation mechanism 3*%. The addition of allyls of nickel and palladium to norbornene 3%:35¢
or norbornadiene 3%! is specifically cis,exo. Addition—elimination is responsible for the
palladous chloride and palladous acetate catalysed cis—trans isomerisations of vinyl esters.
In particular, the reaction is not shown by cyclic enol acetates, and isomerisation is ac-
companied by exchange with labelled acetate, as in mechanism LXV 35%:3%2_ The insertion
of C; F4, hexaflucro-2-butyne or CO into one or both platinum—carbon bonds of com-
plexes L, PtMe, is promoted by electron-donating ligands L; thus coordination of the elec-
tron-demanding entering group is the crucial step>**. In contrast, the facility of the inser-
tion of ethylene into the platinum—hydrogen bond of frans-PtH(PMePh, ), acetone® indi-
cates that displacement of the ligand trans to hydride, with formation of a four- rather than
five-coordinate intermediate, is in this case raie-determining>*°. A cyclisation mechanism
involving as intermediates cyclobutadiene dicarbonyliron bis(carbomethoxy)acetylene and
an iron carbonyl complex of bis(carbomethoxy)-Dewar benzene has been put forward for
the generation of dimethylphthalate from butadieneiron tricarbonyl and bis(carbomethoxy)-
acetylene; the mechanism is verified by the preparation of LXVI from butadieneiron tri-
carbonyl and cycloheptatriene 3%, The exo-tosylmethyl cyclopentadiene complex LXVIl1

is readily hydrolysed by acid to LXVIII; the endo isomer is inert under the conditions

used 357,

Allyltnmethyltm reacts with the pentacarbonyl hahdes of manganese and rhenium to

give the tetracarbonyl mw-allyls; o-allyls are not intermediates as the rhenium pentacarbonyl
"g-allyl does niot decarborlate under the conditions used 38
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Protonation in the conversion of butadiéneirontricarbonyls into allylirontricarbonyl cations
- has been shown by elegant labelling experiments to be stereospecific, opposite in sense to
hydride abstraction, and therefore endo >*°. Areaetricarbonylmanganese cations add cyanide
initally to the ring as an exo substituent; heat causes rearrangement to arenedicarbonyl-
manganese cyanide 3%°, The base-catalysed exchange at the methylene group between cyclo-
heptatriene tricarbonyliron and O-deuteromethanol is immeasurably fast; C, H, Fe(CO);3™,
the presumed intermediate, can be isolated when the substrate is deprotonated by butyl-
lithium 3%*. The platinum-catalysed disproportionation of methylsilicon hydrides involves
silene complexes, since LXIX can be trapped by addition of diphenylacetylene to the sys-

tem 362,

Ceralysis

Homogeneous catalysxs by Rull has been reviewed3®?, as have the carbonylation of mono-
enes and mono-ynes>®*, the influence of ligands on the activity and specificity of metal
complex catalysts>°, and the use of organometallics as polymerisation catalysts36®:367,
" Platinum(lI) catalyses exchange between hydrocarbons and deuterium acetate; platinum
metal does not show the reaction, which presumably involves oxidative addition of alkyl
‘hydride to the platinum 3%%-36°_ Toluenetungstentricarbonyl is an efficient catalyst for the
disprdporﬁonation of nonene to octenes and decenes only in an open system (from which
€O loss is possible); this is consistent with the postulated tetramethylene intermediate *®
- which is an eight-electron donor>™, The arenetricarbonyl complexes of the Group VI metals
are ‘effective Friedel—Crafts catalysts (presumably through an activation-exchange mecha-
" nism) and it is proposed that they be used as such in preference to copventlonal Lewis
acids®™. . ‘

It has been suggested that the vinylation of benzene (or arylation of alkenes) catalysed
by palladlum(II) proceeds via vmylpalladlum complexes as mterrnedlates and it has been-
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demonstrated that such species can indeed vinylate benzene *™:37_ The arylation shows

an isotope effect as between benzene and deuterobenzene, but not as between proto- and
deutero-alkenes; thus aryl—-hydrogen bond breaking is part of the slow step, while vinyl
hydrogen bond breaking is not3%,

Labelling experiments establish the stereochemistry LXX for the rearrangement of dienes
by reduced nickel; this is in accord with an allylnickel alkene complex as intermediate>.
The complexes (Ph3P), Ni(Ar)Br (Ar = aryl) dimerise ethylene. Exchange between ethylene
and C, D, is also catalysed and indeed proceeds more rapidly. Only one hydrogen is ex-
changed at a time; thus this is a hydride transfer rather than a dismutation reaction®™.
Butadiene reacts with water and carbon monoxide under the influence of pailadous acetate
and triphenylphosphine to give 1-hydroxy-2,7-octadiene *’?, while a similar catalyst con-
verts butadieneammonia into tris(2,7-octadienyl)amine *”. Deuterium labelling experiments
have shown that addition—elimination processes, rather than direct hydroformylation of
an alkyl group, are responsible for the conversion of LXXI to LXXII37. it has been sug-
gested that the principal differences between cobalt carbonyl itself as a hydroformylation
catalyst and its phosphine derivatives are due to differences in the working pressure of CO
used; and it is further suggested that cobalt hydrides could act as direct hydrogenation cata-
lysts %, Molybdenum thioglycerol complexes in the presence of a trace of iron catalyse the
reductions of dinitrogen to ammonia and of acetylene to ethylene by borohydride; these
processes are stimulated by ATP, a probable function of which is to phosphorylate a hy-

droxy group attached to molybdenum, thus facilitating its loss from the coordination sphere
of the metal 351352

[
'
D

LXX1 LXXI1i
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