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SUMMARY

Preparation of metal carbonyl phosjihine complexes of t -e 

Ii--(C0)5 and trans 1̂ 11(00)̂  M =■ Cr, Mo and V/; L = P(CMe)̂ , P(OSt)̂ , 

P(0Pr1)„, PPr* and EDu^ has been studied in a systematic way. "'irect 

solventless reaction has been found applicable for preparation of the 

trans disubstituted derivatives, especially those of tungsten which 

are difficult to obtain in other ways. Chromatography was used for 

separation and purification of the complexes.

The ultraviolet spectra of the phosphine complexes have been 

recorded both at room temperature and low temperature. The low 

temperature spectra were obtained using a sample cooled by liquid 

nitrogen in a dewar. The observed change in the spectral outline on 

sample cooling has been successfully related to the forbidden/a 1 lowed 
character of the electronic transition involved. Using this experiment?, 

evidence, the spectra of the metal complexes have been partially assign 

for the ' energies approximately 35*000 - 25,000 cm  ̂where transition 

energies may represent either d-d or charge transfer type transitions 

and the extinction coefficients at room temperature have values inter­

mediate between accepted d-d and charge transfer values. Thus tf.e 

lowest energy charge transfer transition has been assigned for thirty 

complexes, in" only three of which it'has been previously . reports a and x:: 

on the basis of spectra recorded at room temperature only.

Some representative examples of the ultraviolet spectra . ing



several overlapped, partially resolved bauds were analysed using 

a combination of Gaussian curves. This technique has become more 

popular recently and has been applied to complex spectra of derivatives 

of the type studied here. The spectral outlines were not all suitable 

for curve analysis since in cases where the- degree of overlap is very 

high, it is not possible to make a plausible assessment of the number 

of peaks involved, this information being essential for the analysis. 

Comparative critical studies have been carried out on the Gaussian 

analyses obtained, taking account of the subjective factors of the 

operator’s decisions concerning the number of peaks and their relative 

intensities. This has been used in assessing both the validity and 

usefulness of the peak information revealed by such analyses.

Nuclear magnetic resonance spectra of the complexes have been 

recorded for proton and carbon-13 resonance. The proton spectra of 

the trans disubstituted phosphite derivatives have been related to the 

phenomenon of virtual coupling which is seen for protons on the 

CC* carbon of the ligand substituent only. Analogous phosphine 

derivatives o.re seen to Lave second order splitting patterns which 

would require further analysis, probably by computer simulation, to 

be discussed in relation to t'-e phosphite spectra. The carbon-13 

spectral parameters are reported for these complexes for tne first time. 

Chemical shifts of the carbon in the carbonyl groups and in the ligands 

along with coupling constants for phosphorus-carbon and tungsten- 

carbon coupling are given. ..Their



discussion is limited by V o  undeveloped nature of chemical sh? M end 

coupling theory as they apply to carbon-13 magnetic resonance.
Tlie mass spectra of a limited number of the complexes are 

reported and a short discussion of the possible fragmentation patterns 

is given. These patterns are derived bv analo^v with nr^viousV- 

reported patterns of similar cduplexes. The spectra of two 

monosubstituted complexes are compared with those of the corres-ondi"~ 

trans disubstituted derivatives and the differences in relative 

intensities and m/e fragments observed are discussed.

Infrared spectra of the complexes have been recorded in the 

stretching carbonyl region on solutions of very high concentration 

and formally forbidden peal.es have been observed and assigned for meno- 

and trans disubstituted phosphite derivatives while only for the 

monosubstituted phosphine derivatives have such peaks been assigned.

The & hrCC and V '1C absorptions "have been recorded although, as in 

previous studies, fewer peaks are observed than are required by group 

theory.

Metal phosphorus bonding is discussed taking account of the 

TJ.V., I.S. and N.M.b, studies reported here along with recent 

developments in relevant molecular orbital theory and other reported 

results concerning bonding in similar complexes. An assessment has 

been made of the value of relating spectroscopic results directly to 

variations in the metal-ligand bonds, especially the meta 1-phosphorus bond, 

A short appendix deals with preparation of trifluorophosphine 

derivatives of Mo(CO^q -1 = Cue,
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SUMMARY

Preparation of metal carbonyl phosphine complexes of type 

li-l(C0)5 and trans L^CO)^ M = Cr, Mo and V/; L = PfOMe)^ P(OEt)^,
P(OPr1)„, PPr^ and PBu^ has been studied in a systematic way. direct 

solventless reaction has been found applicable for preparation of the 

trans disubstituted derivatives, especially those of tungsten which 

are difficult to obtain in other ways. Chromatography was used for 

separation and purification of the complexes.

The ultraviolet spectra of the phosphine complexes have been 

recorded both at room temperature and. low temperature. The low 

temperature spectra were obtained using a saĉ le cooled by liquid 

nitrogen in a dewar. The observed change in the spectral outline on 

sample cooling has been successfully related to the forbidden/allowed 

character of the electronic transition involved. Using this experimental 

evidence, the spectra of the metal complexes have been partially assigned 

for the ' energies approximately 35?000 - 25,000 cm  ̂where transition 

energies may represent either d-d or charge transfer type transitions 

and the extinction coefficients at room temperature have values inter­

mediate between accepted d-d and charge transfer values. T’nus the 

lowest energy charge transfer transition lias been assigned for thirty 

complexes, in'only three of which it'has been previously.reported and these 

on the basis o f spectra recorded at room temperature only.

Some representative examples of the ultraviolet spectra having



several oveilapped, partially resolved bands were analysed using 

a combination of Gaussian curves, Tbis technique has become more 

popular recently and nas been applied to complex spectra of derivatives 

of the type studied here. The spectral outlines were not all suitable 

for curve analysis since in cases where the degree of overlap is very 

high, it is not possible to make a plausible assessment of the number 

of peaks involved, this information being essential for the analysis. 

Comparative critical studies have been carried out on the Gaussian 

analyses obtained, taking account of the subjective factors of the 

operator’s decisions concerning the number of peaks and their relative 

intensities. This has been used in assessing both the validity and 

usefulness of the x̂ eak information revealed by such analyses.

Nuclear magnetic resonance sx̂ ectra of the complexes have been 

recorded for jn’oton and carbon-13 resonance. The proton spectra of 

the trans disubstituted phosphite derivatives have been related to the 

phenomenon of virtual coupling which is seen for protons 011 the 
OC-carbon of the ligand substituent only. Analogous x̂ hosphine 

derivatives are seen to have second order splitting patterns which 

would require further analysis, probably by computer simulation, to 

be discussed in relation to the phosphite spectra. The carbon-13 

spectral parameters are reported for these complexes for the first time. 

Chemical shifts of the carbon in the carbonyl groups and in the ligands 

along with coupling constants for phosphorus-carbon and tungsten- 

carbon coupling arc given. Their



discussion is limited "by t "'e undeveloped nature ox chemical shift and 

coupling cueor/ as they apply to carbon-13 magnetic resonance.
Tne Mass spectra of a limited number of the complexes are 

rex>orted and a short discussion of the possible fragmentation patterns 

is given. These•patterns are derived by analogy with previously 

reported patterns of similar complexes. The spectra of two 

monosubstituted complexes are compared with those of the corresponding 

trans disubstituted derivatives and the differences in relative 

intensities and m/e fragments observed are discussed.

Infrared spectra of the complexes have been recorded in the 

stretching carbonyl region on solutions of very high concentration 

and formally forbidden peaks have been observed and assigned for mono- 

and trans disubstituted phosphite derivatives while only for the 

monosubstituted phospliine derivatives have such peaks been assigned.

The & MCO and \> KC absorptions have been recorded although, as in 

previous studies, fewer peaks are observed than are required by group 

theory,
iletal phosphorus bonding is discussed taking account of the 

U.V., I.a. and N.1-1.11. studies reported here along with recent 

developments in relevant molecular orbital theory and other reported 

results concerning bonding in similar complexes. .-ui assessment uas 

been made of the value of relating spectroscopic results directly to 

variations in the metal-ligand bonds, especially the metal-phosohorus bond, 

‘ A short appendix deals with preparation of trifluorophosphine 

derivatives of = *‘n>
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INTRODUCTION

Organometallic chemistry, in common with many other fields 

of scientific study has experienced unprecedented growth in the last 

decade. There are some particular aspects of it, however, which 

cause the study of organometallic complexes to have a special 

attraction not present in many areas of chemistry today. The name 

organometallic conveys the essential attribute which is the inter­

disciplinary nature of the field. Inorganic and organic techniques 

are combined with physical and spectroscopic analytical methods in an 

attempt to construct and consolidate a theoretical approach to 

organometallic compounds. The requirement for new concepts and 

semi-empirical explanations gives rise to originality and ingenuity 

which inspires interest and enthusiasm and is indeed the source of the 

dynamism which has been maintained over the past ten years.

The scope of organometallic chemistry is so wide as to have 

made inevitable the concentration of effort in some broadly specialised 

paths. One such is concerned with the development of the chemistry of 

transition metal carbonyls and their derivatives. Some of the 

transition groups have been more predominant than others in this 

development due to the relative ease with which their complexes may 

be synthesised, manipulated chemically and treated in a chosen theoretical 

framework. Thus the group VIII metals nickel, palladium and platinum 

have been used extensively in metal complex chemistry as a basis 

for evolving theoretical work concerned with square planar complexes



of type MXnY ^ n where X and Y are a variety of ligands. Complexes of 

these group VIII metals have been known for many years, are comparative! 

readily available and are most commonly characteristic of square planar 

molecules. Similarly, group VI metal complexes are typically derived 

from an octahedral structure and their hexacarbonyl derivatives have 

been particularly useful in developing theoretical considerations of 

octahedral complexes and their symmetrically related derivatives.

Initially, interest was centred on the group VI hexacarbonyls

due to the occurence of the metal in low oxidation state, the octahedral

symmetry of the molecule and, later, the range of relatively stable
/complexes readily derived from such simple precursors. Blanchard in 

1937 noted that if ligands such as carbonyl contribute two electrons 
to a metal in complex, the total number of electrons surrounding the 

metal usually equals that of a closed shell configuration. This is 

termed the ’’effective atomic number” rule. This empirical rule may be 

extended to other ligands and has been used to develop and correlate 

the types and stoichiometries of possible complexes of transition metals 

with many different ligands. The application of rules such as this in 

conjunction with symmetry and molecular orbital theories induced 

intense interest in the group VI metal hexacarbonyls Cr(CO)g, Ho(CO)g 

and W(CO)g and their derivatives.
5 6Early preparations of the metal VI hexacarbonyls^* have been

7
supplanted by techniques developed at the beginning of the 1960's and 

later**. Substitution of carbonyl groups in the metal hexacarbonyls by



amine ligands was found to be readily observed.6,9,10 Phosphine 

complexes of both nickel and manganese11 were known before such

complexes of the group VI metal carbonyls were successfully prepared
12 13in 1959* * The preparation of group VI metal carbonyl phosphine

complexes developed fairly rapidly although the number of monodentate 

phosphine ligands involved was limited at first* Comprehensive 

reviews have appeared 4*15 giving accounts of preparative techniques, 

thermal, photochemical and indirect methods being covered along with 

tabulation of the complexes prepared. The most recent of these 

reviews was published in 1966 since when synthetic work has tended to 
assume the role of a necessary precursor to other research aspects 

such as spectroscopic investigations of the complexes.

Much of the early interest in the phosphine derivatives of the 

hexacarbonyls was concentrated on preparative techniques and the 

nature of the bond between the metal and the phosphorus atoms. 

Synthesis of the complexes has now less intrinsic interest and the 

general study of bonding has assumed the dominant role in metal 

carbonyl chemistry. The treatment of bonding is discussed in some 

detail below, but is is interesting to note that the occurrence of 

metal carbonyl phosphine complexes may be understood using the hard 

and soft acid-base theory of Pearson.16 Carbonyl and phosphine are 

both soft bases which are expected to co-ordinate with the metal (0) 

atom which is a soft acid in these complexes. The classification of 

the metal atom is based on work by Ahrland, Chatt and Davies carried
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out in 1958

Early investigations of transition metal carbonyl complexes 

showed clearly that some new theoretical concepts would be necessary 

to explain many of their most common aspects* The stability of many 

of the complexes could not readily be explained by existing theories*

This was particularly true of metal complexes in which the metal existed 

in a low oxidation state or the ligands where weak basic donors such as 

carbonyl or phosphorus trifluoride which showed no ability to bond to 

non—transition metals* Some of the physical measurements available 

also indicated anomalies in bonding and general electronic structure*

For example, the carbon oxygen stretching frequencies observed in the 

infrared spectra of metal carbonyl complexes and their derivatives 

were seen to have values consistently less than that for free carbon 

monoxide (typically 2000cm 1 for the former compared to 2133cm”1 
for CO). Abnormally short bond lengths were also observed in some 

complexes. However, the most important factor concerning the development 

of transition metal chemistry at this time was the appreciation that 

the metals involved all had partially filled d-orbitals and the ligands 

in many cases possessed vacant orbitals capable of accepting the metal 

d-electrons. Indeed, L.E. Orgel probably the most significant single 

contributor to early transition metal complex bonding theory was quoted 

then as saying that "the peculiar interest of the transition metals is 

generally agreed to be connected with their ability to form compounds 

in which the outermost set of stable d-orbitals is only partially filled”.



- 5 -

This observation coupled with qualitative molecular orbital theory produced 

the most elegant and useful concept of mutual reinforcement of CT- and 

TV-orbital overlap in a single bond.

number may be represented as a single synergic effect involving 0“- 
and TT- overlap. In the present study, the metal ligand bonds are all 

of a similar nature. Each ligand donates a pair of electrons to the 

metal atom, carbon monoxide donating the electron pair in a CT—» 

orbital of the carbon and phosphines donating the electron pair of a 

hybrid orbital on the phosphorus atom. In either case, the bond may 

be represented

The donation of electron pairs from each of the ligand molecules 

must cause charge build up on the metal atom which would be expected 

to cause instability by charge repulsion. The fact that such instability

transferring the charge from the metal back to the ligands. This is 

termed "backbonding" and is accounted for by donation of electrons from 

the TT-bonding orbitals on the metal to empty TT- antibonding orbitals 

on the ligand.

Bonding in metal carbonyls where the metal has a low oxidation

fullEMpry

19is not observed has been explained by proposing a method of

* <$222$
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Carbon monoxide is a very weak base and thus the ligand metal

bond is expected to be weak in this case* Formation of carbonyl

complexes may be attributed to the backbonding mechanism which allows

formation of a strong metal carbon bond. The failure of metals having

no d-orbital electrons to form carbonyl complexes may be instanced as

evidence of the backbonding requirement. Phosphines, however, are

potentially strong 0*-donors although they also possess low lying
empty 3d orbitals which may accept TT-electrons from the metal. In

this respect, phosphines differ from amines which have no such low

lying TT- acceptor orbitals. The greater stability of phosphine

complexes as compared to analogous amine complexes may possibly be due in

part to the participation of TT- accepting orbitals only in the
17phosphine complexes. In general, ligands of class B type bond to 

group VI metals most easily.

The existence of the metal carbonyls and their derivatives 

is thus attributed to the stabilisation of the ligand-metal bonding 

structure by charge distribution into a TT-overlap system. Such 

stabilisation need not involve each of the metal ligand bonds as may 

be seen on considering amine complexed and it may vary according to the 

nature of the ligand involved. At this stage, more recent developments 

which have introduced complications must be considered. There is by 

no means concensus on the relative roles of (T- and TT- overlap in 

metal phosphine bonding of metal carbonyl derivatives. Indeed, one 

of the most lively aspects of the chemistry of metal carbonyl phosphine
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derivatives in the 1960®s was the basic disagreement between those
who consider Tf- bonding as an important aspect of metal—phosphine

bonding and those others who relegate TT-bonding to an entirely

insignificant position in any bonding theory. I will be discussing

the relation of my results to the postulates of both CT̂  and TT-

bonding in some detail, but it is of interest to consider the

development of the various approaches.

Generally, there is acceptance of the idea that TT-bonding

is involved to some extent in the bonding of derivatives of metal

carbonyls including the metal phosphine bond. The explanation of

strong metal-carbonyl bonding requires this to be so and ligands of

type PR^ have analagous TT-bonding abilities which are difficult to
19 20discount. Some treatments * seem to discound the existence of

TT-bonding altogether but more frequently the controversy is concerned

with the ability to correlate accepted TT-bonding ability with

observed physical measurements such as the carbonyl stretching

frequency values or derived properties such as force constant

parameters. Thus, even very early in the development of bonding

theory, 7T- bonding ability was related to infrared frequency values
12 21 22in the carbonyl stretching region. * * Other instances where

TT-bonding has been used as an explanation of observed effects include
2‘5the well known trans effect in platinum (il) chemistzy and the relative

thermodynamic stabilities of cis- and trans-isomers of type PtIIX2Y2,
24square planar complexes with X and Y various ligands • Support for



the theory involving (T- bonding only has come from studies of nuclear

magnetic resonance phosphorus 31-proton coupling constants in
various metal phosphine complexes * ’ along with theoretical work

27by Zumdahl and Drago • Other nuclear magnetic resonance studies

have, however, been interpreted in terms of possible TT-bonding 
28correlations • Also of importance to the bonding approach is the

polarisation theory invoked to explain the trans influence of hydride
29m  various complexes • Some infrared spectral work has also been

interpreted as relating to the CT-bonding theory only^.

Recent work has produced conflicting evidence without any

clear indication that one orother theory is necessarily superior. It 
31 32has been shown 1 that carbonyl stretching frequencies may be related

directly to the substituents on the phosphorous atom of a phosphine

substituted nickel complex. This relation involves the inductive

effect (tT*) of the groups on the phosphorous atom and thus provides

evidence for the bonding theory. Other studies involving infrared

frequencies have provided results supporting this substituent relation 
19 331 • Evidence supporting the involvement of TT-bonding has been put

forward by Graham^ who used Cotton and Kraihanzel’s approach^ to 

obtain 0“- and TT- parameters for a variety of ligands deriving these 
parameters from force constant parameters. This is a questionable 

extreme, relying as it does on a direct application of approximations

to aO’-TT bonding system which suffer from inaccuracies outlined by
21 35Cotton and Kraihanzel themselves and expanded by Jones . These



approximations along with further aspects of theories concerned, with

force constants will he discussed below*

As more information, experimental and theoretical, is collated,

ideas concerning metal phosphine bonding in metal carbonyl phosphine

complexes develop and alter* The most recent approaches to this problem

have involved X-ray photoelectron spectroscopy as a probe to determine

u2pn orbital electron densities in a series of phosphorus complexes ,

molecular orbital calculations on a series of manganese complexes with
37carbonyl and cyanide ligands and investigation of the absolute raman 

intensities of the group VI metal hexacarbonyls • Thus metal phosphine 

bonding remains an active and fertile field of study in organometallic 

chemistry* While the problems are by no means resolved, the weight 

of evidence suggests that TT- bonding should be considered as a 

parameter in any theoretical approach and such bonding will be considered 

in the treatment of the spectroscopic results reported in this work*

The bonding in metal carbonyl derivatives may be represented 

by a molecular orbital energy level diagram which gives the orbitals 

derived from the interaction of atomic orbitals localised on the metal 

atom and molecular orbitals localised on the ligands* This approach 

was first applied to complexes by Van Vleck^*^ and is a satisfactory 

compromise between crystal field theory which allows no metal-ligand 

orbital interaction and pure molecular orbital theoiy which is 

impossibly complex for such systems* Several approaches to the molecular 

orbital diagram of group VI metal hexacarbonyls have been developed in
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the past few years^ ^  in which metal nd, (n+l)s and (rtfl)p orbitals

are combined with (T- and *Tf- bonding and antibonding orbitals of 

carbonyl to give some form of the energy level diagram shown in 

figure 1.1. The high octahedral symmetry of these hexacarbonyls and 

the relatively small number of ligand molecular orbitals involved has 

made semi-empirical calculations of the molecular energy levels feasible* 

When the symmetry of the complex is lower than octahedral and ligand 

molecular orbitals derived from more than one type of ligand are 

involved, it is not possible to construct a comprehensive energy level 

diagram because the required parameters are not available* It is, 

however, possible by taking account of some qualitative features of 

the molecular orbital diagram for the hexacarbonyl and, considering 

the effect of reducing symmetry on specific orbitals in the diagram, 

to correlate some of the observed data with a qualitatively satisfying 

model. Further, using an approximate molecular orbital approach, the 

relative ordering of the ligand molecular orbitals involved in the 

charge transfer electronic absorption spectra in region 25,000-45»000cm  ̂

has been calculated^ and will be discussed later*

The effect of symmetry lowering on the relative ordering of 

the d-orbitals splitting in a strong field (see below) is shown in

figure 1.2.

F ijore. 1.7.
tM bJ<U....

cotv\puex
O h C^v

LMtcô s fCMI ̂ •
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Prom this it may be seen that the trans Lgl^CO)^ and C^v LM(CO),-

orbital orderings are qualitatively similar with the filled, triply

degenerate tg orbitals in 0^ symmetry splitting to give one singly and
one doubly degenerate orbitals in each case* Thus it is expected that

the electronic transition spectra characteristic of electron transitions

from the tg level in 0^ symmetry will have analogous spectra which are
significantly more complex in the case of the less symmetric derivatives.

As the unfilled Eg levels are no longer degenerate and ligand molecular

orbitals are necessarily split, it is clear that the number of electronic

transitions possible must be very much larger in the derivatives* The

splitting of the d-orbitals of a metal in a complex is determined by the

relative strengths of the perturbations involved* Thus, both carbonyl

and phosphine ligands exert a strong field (i.e* are high in the
45 xspectrochemical series j and will provide a field sufficiently large 

to overcome interaction between terms (i.e. levels derived from 

interelectronic repulsion) of the same configuration* This approach, 

however, presupposes that the energy levels of the d—electrons may be 

represented by considering a perturbed one electron scheme as basis*

While this is a reasonable approximation for the first transition series, 

metals in higher transition series must be treated with more caution.

In these cases, magnetic spin-orbital coupling forces may be stronger than 

the interelectronic repulsion forces which form the basis for the one 

electron perturbation or Russell-Saunders scheme* When attempting 

to interpret and assign spectral bands in complexes such as the group VI
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metal carbonyl phosphine derivatives, it is thus necessary to consider 

the field of the ligands involved, the most appropriate energy level 

scheme as derived from the relative forces experienced by the metal 

and the effect of the symmetry group of the molecule on possible 

energy levels* Selection rules (discussed below) may be used to 

determine whether a transition between two levels is allowed or 

forbidden.

Much of the work on metal VI carbonyl derivatives has centred 

on obtaining their spectroscopic parameters and correlating these 

with an appropriate theoretical approach. The present work is concerned 

with several spectroscopic investigations of group VI metal hexacarbonyl 

derivatives of type LM(CO)^ and trans I^M^O)^ M is Cr, Mo or W and L 

is a phosphorus (ill) ligand • The infrared, ultraviolet, nuclear 

magnetic resonance and mass spectra of these derivatives have been 

recorded and the various parameters employed in a discussion of metal- 

ligand bonding. The studies of mass spectra, ultraviolet and nuclear 

magnetic resonance spectra are treated separately whereas the infrared 

spectroscopic techniques were employed throughout the entire work.

The nature of the former investigations is therefore best introduced 

in the chapters dealing with these studies. The basic concepts and 

techniques involved in infrared spectral studies of metal carbonyl 

derivatives have been more thoroughly treated and as they are used 

extensively it is appropriate to give a short summary of their 

development to this point.



The basis of theoretical treatments of the infrared spectra 

of metal carbonyl derivatives is the application of the powerful methods 

of group theory and molecular symmetry to the structures of the complexe 

involved. A molecule may possess certain symmetric properties which 

can be expressed in terms of the corresponding symmetry elements. The 

symmetry elements belonging to any molecular structure allow it to be 

classified into one of a finite number of symmetry point groups. Such 

symmetry groups may be treated using formal group theory^ as their 

elements also form a group in the strict mathematical sense. The 

development of group theory as a powerful aid to the analysis of 

molecular vibrations is comprehensively treated by Wilson, Decius and 

Cross^ while Cotton in an excellent treatment^ has considered the 

development and application of group theory to the more qualitative aspe 

of chemical spectroscopy. Most group theoretical work concerning 

the interpretation and assignment of infrared spectra of metal carbonyl 

derivatives has comprised a qualitative interpretation of the number 

of bands expected from vibrations of the carbonyl groups in the 

appropriate symmetry. Studies concerning vibrations other than those 

of carbonyl groups or other skeletal deformations of any kind have 

been less frequent due to complications such as the abundance of 

peaks from various sources in the regions concerned or the lack of 

appropriate techniques for obtaining such spectra.

The use of observed carbonyl stretching frequencies to 

correlate with a specific structure involves a comparison of the
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number of such observed peaks with the number expected for various

symmetry groups* Thus substituted carbonyl derivatives may be

considered as belonging to a molecular symmetry group and from the

character table of that group may be obtained the number and

activities of the modes of vibration associated with the carbonyl

groups* The molecular point group of a derivative may be chosen in

two ways which may be illustrated with reference to the mono substituted

case LM(CO)f- derived from the octahedral M(CO)^* If L is considered

as a radially symmetric ligand, the molecule belongs to the C^. group

while if L is assumed to be spacially asymmetric and the symmetry of

the entire molecule is then considered, LM(CO)^ belongs to a symmetry

group lowered with respect of 0 and determined by the symmetry of

the ligand* The possibility of symmetry lowering and other effects

causing formally forbidden modes to be observed in a spectrum make it

essential that structure correlations based on, for example, the carbonyl

stretching region only, take account of these anomalies* Many

observations of formally forbidden peaks have been reported for

complexes of the type M(CO)^ M = Cr, Mo, W L is a P(lll) ligand,
21 50 51n ss 1-4 ’ and recently the origin of such peaks has been discussed

52 53
J • Such treatments are complicated by other considerations such

as the possible appearance of bands belonging to ^ C 0 substituted
54 55 56species and the effects of solvent. ' Correlation of infrared

spectra with complex structure has been widely used in the present work

to characterise the mono and trans disubstituted derivatives. Formally
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forbidden bands are observed for each of these configurations and are

discussed in relation to current ideas on their origins*

Prior to 1962 the study of infrared spectra of metal carbonyl

derivatives was predominantly qualitative in nature, mainly used to
57monitor reactions or to identify a complex* Work by Orgel and

21Cotton and Kraihanzel saw the development of a semiquantitative

approach to the carbonyl stretching frequency region* Orgel used the

relative intensities of the infrared bands to assist in their assignments

to the normal modes involved in the vibrations and Cotton and Kraihanzel

developed a relatively simple model for analysing and assigning

carbonyl stretching frequencies of complexes derived from octahedral

molecules (i.e. of type MXr L )• The latter work allowed an accroximate v u 6-n n'
calculation of the force constant parameters involved in carbonyl

stretching by substituting observed spectral frequencies in approximate
48secular equations obtained by standard vibrational analysis'•

The work of Cotton and Kraihanzel involved two main simplifying 

approximations. First, the observed frequencies in the infrared 

spectrumwere used without correcting for the anharmonicity of the 

vibration concerned, and secondly, the carbonyl frequencies Were 

considered to be pure, that is non interacting with any other skeletal 

deformation* It was further assumed that orbitals involved in (T-bonding 

could not mix luith Tf- bonding orbitals (this from their respective 

symmetries) and this "factoring out" of TT- bonding led to the formulation 

of five conditions concerning carbonyl force constants, stretch-stretch



interaction constants and *Tf- accepting ability of the ligands. Use 

of these conditions reduced the number of force constants involved to 

the three shown in figure 1*3 k̂ , and k̂ .

Assuming that the coupling between carbonyl groups is non 

mechanical to obtain a simplified G matrix and using combinations of 

the force constants k̂ , k^ and k^ to construct the P matrix allowed 

evaluation of the factored secular equations. Further, using the

shown in table 1.1 were obtained. These secular equations are useful 

in that they provide a simple means of calculating approximate force 

constant parameter values for k^t k^ and k̂  from observed carbonyl 

stretching frequencies. The equations may also be used to check 

assignments by calculating force constant parameters using all but one 

of the carbonyl frequencies and using these force constant parameters 

to calculate the remaining frequency. These correlations may, however, 

be misleading and it has been found necessary to employ other methods 

for assigning spectral peaks with certainty.

Figure 1.3

approximation k. = k = k, /9 (derived from orbital sharing arguments.l c
kc, k^ are interaction constants between two carbonyls cis and trans 

to each other respectively) approximate secular equations which are



TABLE 1.1

SYMMETBY SPECIES 
MOLECULAR OF CO STBETCMING App^XFA TE SBCTTLAB, 

COMPLEX SmiSTBY MODE EQUATIONS

'4v h \  - * 2A»!ci

9 Ik VA ki (kg + 4k^)-X

Bn A  = J k *

E A  =

l2m (co)4 D4h 1 g A =^U.(k + 4ki)

Blg A k

Eu A =JU.(k - 2kj)

k in dyne cm.
Jĵ is the reciprocal of the reduced mass of CC
A = (5.8890 x 10~9)V9. V in c"> •

= 0.14583.



This treatment of Cotton and Kraihanzel has been used

extensively to calculate approximate force constant parameters

from carbonyl stretching frequencies,''’ and from these parameters,

observed trends in physical and spectroscopic properties have been

accorded plausible explanations. Vvhile the use of Cotton-Kraihanzel

parameters was widely accepted, it was recognised that the inherent

approximations in the method caused it to be less than ideal. Thus,

certain workers reported anomalous results in calculating force

constant parameters on the Cotton-Kraihanzel model which they attributed

to its approximations.^'Later, specific studies of the relation

of Cotton-Kraihanzel force constant parameters to the values of these

parameters as calculated on a more rigorous basis were undertaken by

Jones^ for iu(CC)̂  and by Bower and Stiddard^ for K(CO)^ and

Lg}'l(CO)̂  M = Cr, Mo, V/ in each case. A modified treatment of the

carbonyl, stretching frequencies of mono substituted LM(CO),- complexes

M = Cr, Mo, W when all four of the stretching modes (2â  + b̂  + e)
65are observed was proposed by Stone and coworkers • This involved 

the use of carbonyl stretch-stretch interaction relationships derived 

from bonding relations but the values of parameters obtained were not 

improved using this technique. The method of ref. 65 gives k^>kg for 

M(CO)^ M = Cr, Mo, and is thus in error® Recent reports of

improved force constant calculations^' ̂  using this approach are 

therefore misleading and provide a good example of the care required 

in using approximate methods. The use of approximate



force constant parameters has long been justified as a practical 

semi quantitative approach which may, when employed with care, 

rationalise some observed properties of simple metal carbonyl 

derivatives. This remains a fair assessment of these approximate 

methods provided that the approximations are accounted for in any 

argument employed.

The spectroscopic studies undertaken in this work were 

considered justified by the confusion of thought concerning the 

electronic structure of the metal carbonyl derivatives treated. The 

paucity of data available for the ultraviolet spectra of these 

complexes gave an impetus to record these and the search for relationships 

between the electronic transitions and bonding characteristics of the 

metal ligand and metal carbonyl bonds was the primary reason for doing 

so. The infrared spectra of the complexes have been recorded more 

accurately than previously and consideration of formally forbidden 

peaks along with general frequency trends correlated with the electronic 

transitions to clarify the bonding properties being discussed. Nuclear 

magnetic resonance data obtained for the proton and C-13 nuclei are 

also reported and their relevance to bonding discussed. A survey of 

the preparative techniques previously employed is given and a systematic 

approach is adopted to simplifying such preparations.



C H A P T E R  2 

synthesis OF METAL CARBONYL FHOSPHINE DERIVATIVES
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SYNTHESIS OF 
METAL CARBONYL PHOSPHINE DERIVATIVES

Introduction

Synthesis of phosphine derivatives of chromium, molybdenum

and tungsten hexacarbonyls may be effected by three main types of

reaction. The first of these involves direct reaction, replacing

one or more carbonyls by phosphine groups using either thermal or

photochemical energy. Preparative photochemistry has been studied

principally by Strohmeier and his co-workers for an extensive series

of both amine^ and phosphine^ complexes. The mechanisms and other
TO 71 68properties of these reactions have also been studied. * * Thermal

reaction has been used more extensively to obtain monodentate
72-74phosphine complexes probably because it is a more adaptable

technique required for the diverse reactivities shown by different 

phosphines. These direct techniques have been popular as straightforward 

methods of obtaining structurally and chemically interesting substituted 

carbonyl derivatives from stable, readily available reactants. It 

has been observed that substitution of carbonyl by phosphine in the 

metal VI hexacarbonyls becomes progressively more difficult as the 

degree of substitution increases. Direct methods are therefore primarily 

used as pathways to derivatives having low degrees of substitution.

The remaining two methods of complex formation are of the indirect 

type, involving an intermediate which reacts with the phosphine to give



the required, compound.* The intermediate may he a neutral complex of 

the type ^(00)^1^ M = Cr, Mo, W e0g. M(C0)n(MeCN)6 n = 3, 4, 575 

which will lose the relatively weakly co-ordinated acetonitrile ligand 

to accommodate the strongly bonding phosphine ligand. Alternately, 

the intermediate may be anionic of the type Cr(CO)^2“" or Cr(C0)^l7 ^*77 

These indirect pathways are better suited to preparation of complexes 

otherwise difficult to obtain including highly substituted complexes 

and those with ligands which are difficult to co-ordinate directly.

The complexes considered in  t h is  study are m onosubstitu ted  and 

t ra n s -d is u b s t itu te d  phosphine carbonyls  M(CO)^L and trans-LgM^CO)^

where M is chromium, molybdenum or tungsten and L is trimethyl phosphite, 

triethyl phosphite, triisopropyl phosphite, triisopropyl phosphine, 

trinbutyl phosphine and trisdimethyl aminophosphine. It was considered 

that the most convenient approach to the preparation of these derivatives 

was by direct thermal reaction of the metal hexacarbonyl with the 

phosphine ligand and conditions were adjusted as was found necessary.
nO

A re ce n t paper re p o rts  the  use o f  sodium borohydride  as a c a ta ly s t  

in  re a c tio n s  o f  Group V I m etal ca rbonyls w ith  some phosphines. W hile 

t h is  techn ique reduces the tim e and e la b o ra tio n  re q u ire d  to  form 

t r is u b s t i t u te d  phosphine d e r iv a t iv e s  and a llo w s  c o -o rd in a tio n  o f  some 

o the rw ise  un favourab le  b id e n ta te  lig a n d s , in  view  o f  my r e s u lts ,  i t  does 

n o t rep resen t an advance in  the mode o f  fo rm a tio n  o f  mono— and d is u b s t itu te d  

complexes. D ire c t re a c t io n  under c o n tro lle d  c o n d itio n s  is  more ra p id
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and allows control of the substitution product obtained, which is not

the case in the catalysed reaction. This use of a catalyst in such

reactions is, however, interesting in that it is the first time such

a solution has been used to overcome preparative difficulties in this

type of preparation. The development of catalysis may become more

important as the required conditions for reaction are less disruptive

than is normally the case, allowing possible formation of derivatives

which might otherwise decompose.

Direct thermal reaction between metal VI hexacarbonyls and

phosphines has been developing for more than ten years although until

now, no truly systematic study of optimum conditions for such reactions
79 72seems to have been carried out, Poilblanc and Bigorgne 1 in 1961 

reported the first preparation of metal VI carbonyl complexes 

containing tertiary phosphites other than triphenyl phosphite,^

Their work in this field was confined, however, to such complexes of 

molybdenum only, although triethyl phosphine derivatives of tungsten 

and chromium were reported at this time also. Complexes of group VI 

metal carbonyls with both triphenyl phosphine and triphenyl phosphite 

have been known since 1959"̂  such complexes were found to be stable
73and easily made. An early study by Magee and co-workers developed a 

useful technique for preparation of monosubstituted and trans-disubstituted 

phosphine derivatives of metal VI hexacarbonyls. This involved refluxing 

the hexacarbonyl and phosphine in diglyme for a certain time, the product



being determined by the reactant molar ratios and in some cases the 

time of reaction and the nature of the ligand. Preparations using 

solvents of different boiling points as reflux agents have been
godeveloped mainly by Piolblanc and Bigorgne and in a recent paper 

they report the preparation of M(CO)g_n P(OCH^)^ n n = 1—4 M = Cr,Mo,W,

The superiority of direct reaction for the preparation of the 

types of complex with which we were dealing was well established. 

However, it was found that the reproducibility of results was fairly 

poor with complications such as oxidation of the metals in solution 

causing unexpected difficulties. While triphenyl phosphine and 

triphenyl phosphite ligands tended to react rapidly and form stable 

complexes, this was not found to be the case for some of the phosphines 

in this work. As preparations of this kind are a necessary prelude to 

spectroscopic and other studies of these complexes and have only 

limited intrinsic interest, it was considered desirable to investigate 

such reactions in an attempt to produce a routine technique which would 

eliminate previous drawbacks. The relatively small number of complexes 

of this type appearing in the literature seemed to support this line of 

work.
Preparation of trisdimethyl aminophosphine derivatives of

8lchromium, molybdenum and tungsten carbonyls have been reported using 

ethylcyclohexane as a reflux medium. This method is not improved for 

this ligand by altering the conditions, while for reactions involving



trimethyl, triethyl and triisopropyl phosphite, triisopropyl and 

tributyl phosphine such solvents, while allowing formation of the 

complexes, do not provide optimal conditions. Thus, for example, 

hydrocarbon solvents when used for tributyl phosphine reactions 

allow rapid formation of both the monosubstituted and trans— 

disubstituted complexes causing extensive separation and purification 

problems. These and other problems have been successfully eliminated 

by a systematic study the results of which are now reported and 

discussed.

Discussion

Considering first the preparation of monosubstituted complexes 

one essential condition for reaction is that there should be 

a slight excess of the hexacarbonyl. A molar ratio M(C0)̂ : PR^ of 

approximately 1.1 : 1.0 is found to be ideal. If the molar ratio is 

such that the phosphine is in excess even as little as about ten per 

cent, there is a marked tendency for rapid formation of the disubstituted 

species. It is noted that in diglyme, formation of phosphite disubstituted 

complexes is more rapid than formation of analagous phosphine complexes 

in a reaction mixture containing excess ligand. Even with an excess of 

the hexacarbonyl, prolonged heating will cause formation of some 

disubstituted complex. It is possible to offer an explanation of this 

behaviour on the basis of previous studies of force constant interpretation. 

Thus the carbonyl stretching force constants are greater for monosubstituted



phosphite complexes than phosphine complexes suggesting weaker 

metal carbonyl bonds in the former case which could be displaced 

more readily by excess ligand. However, such arguments are tenuously 

based on approximate treatments and as other factors such as steric 

effects must be considered it is probable that the rationalisation 

of the observed reactions is a combination of these effects.

The other major factor in these reactions involves the choice 

of solvent. As has been seen, different workers have made use of a 

variety of solvents sometimes to provide a specific reaction condition 

(e.g. a particular temperature of reflux) although more often simply 

as a convenient reaction medium. Solvents such as methylcyclohexane 

and high boiling petroleum ether fractions were tried with varying 

success and only marginal reproducibility. In these solvents, the 

monosubstituted triisopropyl phosphine and trinbutyl phosphine 

derivatives were seen to form along' with their corresponding disubstituted 

derivatives. As none of the separation techniques investigated allowed 

separation of these mixtures into their components, such hydrocarbon 

solvents were found to be of little use.

The use of bismethoxydimethyl ether (diglyme) as a solvent for 

the reactions of metal VI carbonyls with phosphines was first reported
Op O *5

in 1961. Earlier the mode of action of diglyme in such reactions

had been postulated as being the formation of an intermediate DIGLYIIE.I'l(CO)̂

which subsequently reacted to give elimination of diglyme and co-ordination



of a ligand. The solid DIGLYME.M(CO)^ was obtained and characterised

by elemental analysis and infrared carbonyl stretching frequencies.

The use of diglyme as solvent allowed consistent production of the

monosubstituted derivatives required and the contrast between its

role as a facile reaction medium with the less useful hydrocarbon

solvents lends support to the suggested mechanism involving the diglyme

intermediate. Further support for such a mode of reaction may be

supplied by the formation of acetonitrile derivatives obtained by
75direct reflux of the hexacarbonyl in acetonitrile and used as

80intermediates in metal VI carbonyl phosphine complex formation. There 

is an interesting point of contrast between the diglyme mechanism and 

that involving acetonitrile. Derivatives of acetonitrile may be 

monosubstituted, disubstituted or trisubstituted and previous work has 

required careful control of reaction conditions to obtain the correct
a/,

derivative. The metal tricarbonyl diglyme complex is the only one 

known for diglyme and thus when the ligand of the reaction co-ordinates 

to the metal, the diglyme will be removed completely leaving a 

monosubstituted or disubstituted derivative according to the molar ratios 

involved. The trisacetonitrile complex (CH^CN)^M(CO)^ will form complexe 

of the type (CH^CN^ML^O)^ which will tend to decompose rather than 

form LM(C0)t- (All the acetonitrile derivatives are seen to decompose 

readily). This problem has been overcome using a very convenient 

technique?^ Formation of the trisacetonitrile derivative is followed



by addition of an amount of the hexacarbonyl sufficient to cause 

formation of the required substituted derivative.

Then 

or

Refluxing in acetone for thirty minutes followed by injection of the 

required molar quantity of phosphine ligand allows formation of the 

monosubstituted (case 2) or disubstituted (case 3) derivative.

Thus preparation of monosubstituted phosphine derivatives of 

group VI metal hexacarbonyls is best effected by refluxing a mixture 

of the hexacarbonyl and the phosphine in diglyme, the reaction possibly 

proceeding by the diglyme metal tricarbonyl intermediate. The reaction 

may be monitored either by following the evolution of gas as collected in an 

oil filled burette or by observing the infrared spectrum of the reaction 

mixture as the reaction proceeds. The gas evolution method has two 

major disadvantages in reactions of this type. It does not allow the 

reactions to be carried out under a nitrogen atmosphere and formation 

of disubstituted derivatives invalidates volume calculations based on 

mono substituted derivative production only. Therefore the reactions 

were monitored by considering the infrared spectrum in the carbonyl 

stretching frequency region as reaction proceeded. Reaction times were 

not an important factor in the preparation of the phosphite complexes

M(CO)6 + Me CN (excess) > (Me CN)3M(CO)3 (l)
(Me ® ) 3H(CO)3 + 2M (C0)6 f S S H jL *  ^  (g )

2(Me CN)3M(CO)3 +  M(CO)6 g f ^ e > 3(Me CH)2M (C0)4 (3 )



but the preparations involving triisopropyl phosphine and trinbutyl 

phosphine had to be stopped before production of the disubstituted 

derivatives was observed, again owing to the difficulty of separating 

the two products. Production of disubstituted phosphite complexes was 

seen to be more rapid than analogous phosphine complexes. Thus it 

was necessary to allow formation of disubstituted phosphites in the 

preparations of the monosubstituted derivatives in order to obtain a 

reasonable yield of the required product. This made it necessary to 

separate the two derivatives before purifying the monosubstituted complex.

A most convenient technique for separating derivatives having 

different degrees of substitution or different configurations in this 

work was found to be column chromatography using silica or alumina 

absorbant in the basic state and eluting with a variety of solvents, 

principally very non-polar hydrocarbons. All the monosubstituted 

phosphite complexes could be obtained pure by passing the residue from 

the reaction mixture through a silica column (30cm x 2cm) using low 

boiling petroleum ether as elutant. The monosubstituted phosphine 

complexes could not be separated easily from the corresponding 

disubstituted derivatives by chromatography on a silica column. Repeated 

use of an alumina column eventually allows almost complete separation 

although the time required and volume of elutant used are entirely 

unrealistic. However, a sample of the crude monosubstituted 

phosphine derivative, when free of any disubstituted contaminant, 

may be purified by chromatography on an alumina column



again using petroleum ether as elutant. This was found useful for 

purifying the trinbutyl phosphine derivatives which could not be 

purified by any of the normal methods. After chromatography, the 

petroleum ether was removed at a rotary evaporator and the residue 

filtered through a sinter. The phosphite complexes were all liquids 

at room temperature and could be distilled at vacuum (0#01-0*03 na) to 

give completely pure complexes, excess phosphite being removed as a 

lower boiling fraction. The triisopropyl phosphine complexes were 

solid and could be purified by recrystallisation from a cooled chlorof 

ethanol mixture but the trinbutyl phosphine complexes were all found t 

be liquids which decomposed at high temperatures without distilling. 

These latter derivatives were purified by chromatography as already 

stated but could not be obtained completely pure, possible contaminant 

being uncomplexed phosphine and residual solvent.

Preparation of the disubstituted complexes lias, until now, been 

very similar to preparation of the monosubstituted complexes. Thus, 

generally a molar ratio of H(C0)^:PR3 1:2 is refluxed for a certain 

time in a solvent and the product extracted by a variety of techniques 

Investigation showed this approach to have some considerable disadvant 

if conditions were not chosen with some care. The use of hydrocarbon 

solvents such as methylcyclohexane gave rise to tediously long 

preparation times (of the order of one week or more) and low yields of 

the product. Diglyme was found to shorten the reaction time and for
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Chromium and molybdenum hexacarbonyl reactions could be used very

conveniently* The high temperature of reflux (l60 Ĉ), did however,

tend to induce oxidation in the system and the familiar green

(chromium) or blue (molybdenum) colouration indicated this clearly*

This oxidation caused difficulty in purifying the products and seemed

to lower the product yield substantially* In the case of tungsten

hexacarbonyl, only phosphine complexes could be obtained readily by

this technique, phosphite ligands being either only moderately

reactive giving very low yields or in one case (triethyl phosphite)

being totally unreactive under these conditions* Such difficulties
80have been experienced by other workers • It is interesting to note

86that from some kinetic work Angelici and Graham deduced that 

reactions such as those being considered proceed by two mechanisms 

in the presence of a large concentration of the ligand* Thus the 

rate of the reaction M(CO)^ + L ^ ^  M(CO)^L + CO is 

Rate = ^  £m(CO)6} + kg [m(C0)^£l3

k̂  is the rate constant for an reaction involving loss of carbonyl 

as the rate determining step and k^ refers to an reaction possibly 

involving a carbon atom as the nucleophilic centre. The value of k̂  

is greater for phosphines than for phosphites and the formation of 

phosphine disubstituted complexes of tungsten and not analagous 

disubstituted phosphite derivatives is therefore probably due to a 

more rapid substitution process which occurs before oxidation of the 

metal can take place* Such oxidation is observed extensively in the
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reaction mixtures of refluxing tungsten hexacarbonyl with phosphite 

ligands* Further evidence concerning the competition between ligand 

substitution and metal oxidation will be discussed later and is 

derived from the preparation developed for trans—disubstituted phosphite 

derivatives of tungsten hexacarbonyl*

Various approaches were investigated as alternatives to direct 

preparation of the tungsten phosphite disubstituted derivatives*

The acetonitrile complex intermediate was found to give very low yields and 

required about four days to complete the reaction* Iradiation by 

ultraviolet light again required an extended reaction period and in 

the case of trimethyl phosphite and triethyl phosphite tended to 

produce the trisubstituted derivatives* Also, the tungsten hexacarbonyl 

remained approximately fifty per cent unreacted* However, direct 

reaction of tungsten hexacarbonyl in the refluxing phosphite ̂ trimethyl 

phosphite (110°C) triethyl phosphite (150°C) triisopropyl phosphite 

(170°C), approximate reflux temperatures in brackets/" in the absence 

of solvent for a period of six hours gave a high yield (about Qo/o) of 

the trans disubstituted complex along with a small amount of the 

monosubstituted and trisubstituted derivatives* Cooling to 0°C caused 

crystallisation of the trans-disubstituted product preferentially 

and filtration followed by recrystallisation gave the pure product*

There was no indication of any oxidation products over the six hour 

reaction period and indeed, on further refluxing for twenty four hours,
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no oxidation was observed. It seems probable that the concentration 

of phosphite available to the hexacarbonyl is so much greater than 

any oxygen concentration that the disubstituted complex will be formed 

preferentially. When solvent is introduced, the concentration of ligand 

is reduced, possibly to the point where oxidation will be the 

predominant reaction rather than ligand substitution. This is not to 

say that the oxygen concentration is higher than the ligand concentration, 

merely that oxidation is the more probable process when ligand 

concentration is low.

Further investigation of direct solventless reactions showed

that the reaction M(CO)^ + L (excess) ----- ^ trans LgKfCO)^ is

applicable for M = Cr, Mo or W and L = P(OMe)^ P(OEt)^ P(0Pr1)̂  PBu^PPr^ 

with the metal reactivities in order Mo>Cr>W. It is difficult to 

put the phosphines in order of reactivity as the trimethyl phosphite 

and tri ethyl phosphite give a mixture of mono-, trans di- and 

trisubstituted derivatives as stated earlier, triisopropyl phosphite 

forms mono- and trans di- substituted derivatives while the triisopropyl 

phosphine and trinbutyl phosphine react to give a mixture of the cis- 

and trans-disubstituted complexes in all cases. It is necessary in the 

cases of cis- trans mixtures to separate the complexes by chromatography, 

the trans disubstituted complex being eluted first (alumina column, 

petroleum ether elutant as for monosubstituted complex separation) and 

on continued elution, the cis disubstituted derivative coming off the



column- It is informative to consider the configurations obtained in

these reactions- Thus we have formed the trans configuration

predominantly in all cases (cis amount normally less than 5%) while

thermodynamically, the cis-disubstituted complex is expected to be

the more stable^ The trisdimethylamino phosphine derivatives

Lgl^CO)^ M = Cr, Mo or W all show trans configuration when formed by
01direct reaction in solvent • The configuration of these derivatives 

has in most cases been determined from the form of their infrared 

spectrum in the carbonyl stretching region- For example in the case 

of disubstituted derivatives the trans configuration has symmetry 

group (L considered to be radially symmetric) and should have 

one active infrared frequency in the carbonyl stretching region- The 

cis derivative has Cg symmetry and is expected to have four such peaks- 

Occurence of formally forbidden peaks in the carbonyl region caused 

by effects such as lowering of symmetry by the phosphine ligand and 

splitting of the E modes in some cases to be discussed later, caused 

some difficulty in the straightforward application of this technique- 

However, use of combination spectra and proton nuclear magnetic resonance 

spectra allowed definite characterisation of the configuration involved-
07

Poilblanc and Bigorgne reported for molybdenum disubstituted 

complexes that heating either the cis or the trans derivative for. an 

extended period gave rise to the formation of an equilibrium mixture 

having isomer ratio trans:cis of 4s1* Thus, we expect that the trans-
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disubstituted will be predominantly formed in any reaction involving 

heat over a period of hours and this has been found to be the case 

in this work. From very accurate spectra of highly concentrated 

solutions of the purified trans disubstituted complexes obtained, a 

very small amount of the cis disubstituted complex is always seen 

(less than two per cent). It seems probable that even at room 

temperature there is some equilibration set up in the trans disubstituted 

complex in solution giving a mixture having isomer ratio trans:cis 

of approximately 50^1* The infrared spectrum in the stretching 

carbonyl region obtained for the solid trans derivative (on a 

potassium bromide disc) is not sufficiently resolved to allow an 

estimation of any possible trans:cis ratio. It is therefore not 

possible to say whether the trans-cis equilibration is a property of 

the solid sample or of its solution.

The poss5.bility that the observed cis derivative is merely 

impurity from the reaction must also be considered. The relative 

intensities of the highest energy carbonyl stretching peaks and

1 assigned to the cis and trans complexes respectively have the 

same ratio within experimental error for samples of each of the 

disubstituted derivatives obtained from different reactions. This 

could be taken as evidence that some consistent factor such as trans—cis 

equilibrium is being observed although it could also be attributed 

to the fact that reaction conditions are very similar for each of these
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preparations which might he expected to produce similar ratios of

trans:cis isomers* A more telling argument is that the liquid

monosubstituted, derivative also produced in these reactions may be

removed completely by normal purification procedures and as the cis-

disubstituted complexes are liquid in at least some of the cases 
80considered we should expect any such impurity to be removed

similarly. It is seen that this is not true which supports the

suggestion that some regenerated material rather than residual impurity

is the source of the observed cis contaminant.

From the evidence obtained we are now able to propose a

consistently reliable technique for preparation of products of the type

LM(CO)c- and trans LoM(C0). where M = Cr, Mo or W and L = P(OMe)^ 
j  4

P(OEt).., P(OPr1)-), PPr1.. or PBu11̂ and it seems probable that such 
5 5 5 5

preparations may be extended to other phosphines in the PR̂  group 

where R is an alkyl or alkoay group. In summary, mono substituted 

complexes may best be prepared by refluxing the metal VI hexacarbonyl 

and the phosphine in 1.1:1.0 molar ratio in diglyme. Trans 

disubstituted complexes of chromium and molybdenum hexacarbonyl may 

be prepared by refluxing a 2:1 molar ratio of phosphine to hexacarbonyl 

in diglyme or alternatively by direct reaction of the two in the 

absence of solvent. The former method is the more efficient with a 

shorter reaction time and greater yield of the product and is therefore 

preferable. Preparation of trans-disubstituted complexes of tungsten



carbonyl may be effected by direct reaction of the phosphine and 

the hexacarbonyl at a,bout 130°C. Such direct solventless reactions 

have been reported for some amine derivative preparations^ and in 

view of the advance in the synthesis of phosphine disubstituted 

tungsten carbonyl complexes obtained by extending such a technique 

I feel that it is perhaps an appropriate time for a thorough appraisal

of preparative techniques in metal carbonyl phosphine chemistry*
1 7ftThe appearance of Chatt*s paper on catalysed reactions is a welcome 

development in this direction. Much time is inevitably wasted and 

studies, such as the spectroscopic investigations undertaken here, delayed 

when no standard preparative techniques have been developed.



EXPERIMENTAL

Purification Procedures

Diglyme was allowed to stand over sodium hydroxide and then 

distilled under reduced pressure from sodium wire. Methyleyelohexane 

and Analar petroleum ether were distilled from sodium wire before use. 

Acetonitrile was first dried with calcium chloride then distilled from 

phosphorous pentoxide. The phosphines were obtained commercially and 

were distilled on a vacuum line before use. The metal hexacarbonyls, 

obtained commercially, were used as supplied.

Instrumentation

Reactions were monitored by infrared spectra taken on a Perkin

Elmer 457 spectrophotometer calibrated by reference to polystyrene
/ +  — 1\peaks. Accurate spectra (-0.2cm ) were obtained for the purified

products on a Perkin Elmer 225 spectrophotometer, calibrated by 

reference to saturated water vapour peaks.

Analysis

Analysis of complexes was carried out by Beller Labs., 

Gottingen, West Germany and were found to be correct for carbon/ 

hydrogen to within 1% for solid samples and 5% for liquids.

Preparation of Complexes 

' Monosubstituted Derivatives 

Pentacarbonyl Chromium Trimethyl Phosphite

Chromium hexacarbonyl (l«99g? 9*1 nu mole) was heated to



reflux temperature (l60°C) in diglyme under a stream of dry nitrogen*

When the diglyrne was refluxing smoothly, trimethyl phosphite (1.04g;

8*4 nu mole) was injected "by syringe* The mixture was re fluxed for 

thirty minutes, infrared spectra of aliquots "being taken every ten 

minutes* Peaks in the carbonyl stretching region characteristic of 

both monosubstituted ** 2070, 1960cm  ̂ and disubstituted ** 1905cm  ̂

derivatives were seen* After thirty minutes, the reaction mixture was 

allowed to cool and the diglyme removed by distillation under reduced 

pressure ( 30°c/0.1mm). The liquid residue was taken up in 40-60° 

petroleum ether (5ml) and chromatographed on a silica column (30cm x 2cm) 

using 40-60° petroleum ether as elutant* 100ml samples were collected 

and the first five of these were found to contain only the mono substituted 

complex* Continued elution with petroleum ether gave lesser amounts 

of the monosubstituted complex* Removal of the petroleum ether using 

a rotary evaporator left a clear liquid which was distilled at vacuum* 

Uhreacted trimethyl phosphite was recovered in the first fraction 

distilled and a pure sample of the monosubstituted complex Cr(C0)^P(0Ke)^ 

was obtained as a clear liquid*

BP 96°C/ 3mm Analysis Calc. C 30*4 H 2.85 Found C 30*71 H 2*74 Yieldr*50p> 

Preparations of M(C0)^L with M = Cr, Mo, W and L » P(OMe) ,̂

P(OEt)^ and P(0Pr1)̂  are entirely analagous with that given above* The 

following complexes were also prepared as above, relevant differences 

being given as required* All reactions v>rere carried out in an 

atmosphere of dry nitrogen#



Pentacarbonyl Molybdenum T r im e th y l Phosphite

Molybdenum hexacarbonyl ( 2.l6g; 8.2 m. mole) and trimethyl 

phosphite (0.99g> 8.0 ra. mole) were reacted. Reflux for twenty 

minutes, infrared spectrum showed monosubstituted and disubstituted 

complexes formed. The crude material was obtained and purified as in 

the chromium preparation giving Mo(CO)^ P(OMe)^. The complex is a 

clear liquid.

B.P. 68°c/0.25 A n a lys is  C a lc . C 26.7 H 2.5 Pound C 27-78 H 2.64 Y ie ld s Gofo

Pentacarbonyl Tungsten T r im e th y l Phosphite

Tungsten hexacarbonyl (2*43g? 6.9 m. mole) and trimethyl phosphite 
(0.82g; 6.6 m. mole) were refluxed for ninety minutes. The infrared 

spectrum as previously, indicated mono- and disubstituted complex 

formation. Purification as before gave W(C0)^P(0Me)^ as a clear liquid.

B.P. 98°C/ 3mm Analysis Calc. C 21.4 H 2.01 Pound C 21.41 H 2.18 Yield-40^

Pentacarbonyl Chromium T r ie th y l Phosphite

Chromium hexacarbonyl (2.04g; 9*3 m. mole) and triethyl 

phosphite (l.48g; 8.9 m. mole) were refluxed for thirty minutes.
Infrared monitoring and work up were as in the trimethyl phosphite 

reactions. The complex was obtained pure as a clear liquid Cr(C0)^P(0Et) y  

B.P. 76°C/0.1mm Analysis Calc. C 36.9 H 4*19 Pound C 38.18 H 4.50 Yield~50;

Pentacarbonyl Molybdenum T r ie th y l Phosphite

Molybdenum hexacarbonyl (l*94g? 7*3 m. mole) and triethyl



phosphite (l*14g? 6*9 m* mole) were reacted.* Reflux for twenty minutes 

gave a mixture of the monosubstituted and disubstituted complexes 

which on purification gave a clear liquid which is I.:o(C0)̂ P(0Et)̂ *

B.P. 80°c/0*lmm A n a lys is  C a lc . C 32.8 H 3*74 Pound C 33*47 H 3*79 Yield/^50/

Pentacarbonyl Tungsten Triethyl Phosphite

Tungsten hexacarbonyl (2.21g; 6.3 m. mole) and triethyl phosphite 

(l.02g; 6*1 m* mole) were refluxed for thirty minutes and the reaction 

mixture worked up as previously* Distillation of the crude product 

gave a clear liquid If(CO)̂ P(OEt)̂ *

B.P. 114°C/lmm Yield^50$ M.V7. (calc.) 400 m/e (parent) 490

Pentacarbonyl Chromium T r i is o u ro p y l Phosphite

Chromium hexacarbonyl (l.80g; 8.2 m. mole) and triisopropyl 

phosphite (l*71g; 8*2 m* mole) were reacted for twenty minutes and the 
crude product obtained as in the trimethyl phosphite case* Distillation 

allowed removal of excess triisopropyl phosphite and gave a pure sample 

of Cr(C0)^P(0Pr1)̂  which was a slightly yellow liquid*

B*P* 104°c/ 3mm Analysis Calc* C 42*0 H 5*26 Pound C 44*01 H 5*74 YieldA-'50/

Pentacarbonyl Molybdenum T r iis o p ro p y l Phosphite

Molybdenum hexacarbonyl (2.07g; 7*7 m. mole) and triisopropyl 

phosphite (l*54g» 7*4 m* mole) reacted for fifteen minutes and worked 

up as before gave a crude product which, when distilled, produced a 

liquid with blue colouration. The purified material was Mo(C0)^P(0Pr1)̂ .



The blue colour became more intense over a period of time and is 

seen to occur even in a sealed tube. It is probably due to the 

presence of molybdenum IV or VI in the complex*

B.P. 100°c/0.25mm Analysis Calc. C 36.95 H 4*31 Pound C 37*9 H 4*74 Yield^of*

Pentacarbonyl Tungsten Triisopropyl Phosphite

Tungsten hexacarbonyl (2.01g; 5*7 m. mole) and triisopropyl

phosphite (I.14g; 5*5 m. mole) were refluxed for twenty minutes.
Removal of diglyme, chromatography and distillation of the crude

product gave a clear liquid V/(CO){-P(OPr1)̂ . B.P. 120°c/ 3mm YieldW50^
M.W. (calc.) 332 m /e (parent) 532
Pentacarbonyl Chromium Triisoprop.yl Phosphine

Chromium hexacarbonyl (1.86g; 8.5 nu mole) was refluxed with

trisopropyl phosphine (l*30g; 8.1 m. mole) in diglyme for sixty minutes.

The infrared spectrum of the mixture was followed very closely and the

reaction was stopped before formation of the disubstituted complex was

seen. The diglyme was removed by distillation under vacuum and a white

solid residue was seen to be left. This solid was taken up in a little

petroleum ether (5ml) and chromatographed on an alumina column using

petroleum ether as elutant. The petroleum ether was removed at vacuum

and the solid dried by suction. Alternatively, the crude solid could

be recrystallised from a chloroform-ethanol mixture cooled to 0°C to

give pure Cr(CO)^PPr1 .̂

M.P. 130-135°C Analysis Calc. C 47*7 H 5*98 Pound C 47*73 H 5*82
Yields 30#
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Pentacarbonyl Molybdenum Triisopropyl Phosphine

Molybdenum hexacarbonyl (l*97g? 7*5 m* mole) and triisopropyl 

phosphine (l*19g; 7*5 m* mole) were refluxed for thirty minutes and 
the diglyme removed* The resulting solid was purified as above to 

give a white solid MofCO^PPr1 .̂

M.P. 140-150°C dec* Analysis Calc* C 42*4 H 5*3 Pound C 42*4 H 5^0

Yields lOfo
Pentacarbonyl Tungsten Triisopropyl Phosphine

Tungsten hexacarbonyl (2*33g» 6.6 m* mole) and triisopropyl 

phosphine (1.02g; 6*4 m* mole) were refluxed for forty five minutes 

and the reaction solution worked up as before* A white solid residue 

was again obtained and this recrystallised to give pure W(C0)^P?r^

M.P. 150-160° dec. Yield^6C$ ?V/.r. (calc.) 404 m/e (parent) ’- ’i

Pentacarbonyl Chromium Trinbutyl Phosphine

Chromium hexacarbonyl (l*90g; 8*7 m. mole) and trinbutyl

phosphine (l*69g; 8*4 m* mole) were refluxed in diglyme for two hours.

Infrared monitoring indicated formation of the monosubstituted

derivative only over this period and reaction was ceased before the

disubstituted derivative appeared* Removal of the diglyme by distillation

gave a brown liquid residue which was chromatographed twice on an

alumina column using petroleum ether as elutant* Removal of the

petroleum ether gave a light yellow liquid which is almost pure

W(C0)cPBun .̂ Attempts to purify the liquid by distillation under 5 3



reduced pressure normally caused extensive decomposition and a 

darkening of the complex. No phosphine ligand was seen to distill off. 

Analysis Calc. C 51.8 H 6.86 Found C 54-55 H.6.94 Yield/v»5Ofo

Pentacarbonyl Molybdenum Trinbutyl Phosphine

Molybdenum hexacarbonyl (l»93g; 7-3 m. mole) and trinbutyl 

phosphine (l*40g; 6.9 m. mole) were refluxed for one hour. The reaction 

mixture was treated as in the chromium preparation and again the 

complex decomposed on attempted distillation. Analysis Calc. C 46*6 H-6.19 
Found C 46.99 H.6.16 Yield^5($ (calc.) 438 m/e (parent) 438

P entacarbonyl Tungsten T r in b u ty l Phosphine

Tungsten hexacarbonyl (2.l6g; 6.1 m. mole) and trinbutyl 

phosphine (l.l8g; 5*9 m. mole) were refluxed for two hours and the 

reaction mixture worked up and purified as above. The complex 

W(CO)^PBun  ̂is a light yellow liquid. Yield w50^ M.V7. 526 m/e 526

A c e to n it r i le  Reactions

The following monosubstituted complexes were also prepared by 

the method employing acetonitrile derivatives as intermediates.

Pentacarbonyl Chromium T r ie th v l Phosphite

Chromium hexacarbonyl (2.04g; 9*3 m. mole) and acetonitrile 

(40ml) were refluxed for forty hours. The acetonitrile was distilled 

from the reaction flask under nitrogen and more chromium hexacarbonyl
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(4*13g; 18*8 m* mole) was added along with acetone (30ml). This 

mixture was refluxed for thirty minutes after which, triethyl phosphite 

(4*83g; 29*1 m* mole) was added and reflux continued for nineteen hours*
The reaction mixture was cooled, filtered, the acetone removed at the 

vacuum and the residue taken up in pentane (30ml)* The pentane solution 

was filtered, reduced to about five ml* and chromatographed on a silica 

column* A sample of pure Cr(C0)^P(0Et)^ was obtained by eluting with 

petroleum ether as previously* Yields 30$

Pentacarbonyl Molybdenum Trimethyl Phosphite

Molybdenum hexacarbonyl (2*37? 9»0 m* mole ) and acetonitrile 

(40ml) were refluxed under nitrogen for four hours* The acetonitrile 

was distilled off and molybdenum hexacarbonyl (4*41g» 16*8 m. mole) and 
acetone (30ml) were added* This mixture was refluxed for thirty 

minutes and trimethyl phosphite (3*54g> 28*5 m* mole) was added* This 

was refluxed for nineteen hours and worked up and purified as in the 

chromium preparation above* Yield

Pentacarbonyl Molybdenum Triethyl Phosphite

The preparation is exactly analagous to the molybdenum trimethyl 

phosphite case, starting with molybdenum hexacarbonyl (2*01g; 7*6 m* mole), 

adding (4*23g; 16*0 m* mole) and reacting with triethyl phosphite 

(4,68g; 28*2 m* mole)* The purification procedure gives the complex. 

Yield~5C$



Pentacarbonyl Molybdenum Triisopropyl Phosphite

Preparation as for other molybdenum complexes above starting 

with molybdenum hexacarbonyl (2.04gj 7.7 m. mole), adding 
(4«10g; 15*5 m. mole) and reacting with triisopropyl phosphite 
. (5*30g; 25*5 m. mole). Work up and purification gave >Io(C0)̂ P(0Pr̂ )̂

in Yield ̂ 5°^*

Trisdimethylamino Phosphine Complexes

Monosubstituted Tdp complexes were prepared according to the 
8lmethod of King using methylcyclohexane as refluxing solvent. The 

complexes were all white solids obtained pure by sublimation and having 

properties corresponding to those reported by King.

Disubstituted Complexes 

Chromium and Molybdenum Complexes

All reactions are carried out under an atmosphere of nitrogen.

Tetracarbonyl Chromium Bis Trimethyl Phosphite

Chromium hexacarbonyl (2.04̂ ; 9*3 m. mole) and trimethyl 

phosphite (2.25g; 18.2 m. mole) were refluxed in diglyme for three 
hours. The diglyme was reduced in volume by distillation at vacuum 

and the cooled mixture put in an ice box. A mass of white solid was 

seen to form in the solution and rapid filtration gave a white solid 

which may be recrystallised from a chloroform ethanol mixture on
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cooling to 0°C. The solid is trans Cr(C0)̂ jp(0Me).^2*
M.P. 83-4°C. Analysis Calc. C 29.1 H 4.37 Found C 29*31 H 4*30 Yields 60fo

Tetracarbonyl Molybdenum Bis Trimethyl Phosphite

Molybdenum hexacarbonyl (2.27g; 8.6 m. mole) and trimethyl 

phosphite (2.l6g; 17*4 m. mole) were refluxed in diglyme for two hours. 

The reaction mixture was treated as in the chromium case and a white 

solid which is trans-Mo(C0)̂ fp(0Me)̂ }2 wasobtained on recrystallisation. 
M.P. 92^3°C Analysis Calc. C 26.4 H 3*96 Pound C 26.40 H 4*10 Yield'~'50/0

Tetracarbonyl chromium Bis Triethyl Phosphite

Chromium hexacarbonyl (2.l6g; 9*8 m. mole) and triethyl 

phosphite (3*36g; 20.3 m. mole) were refluxed in diglyme for ten hours. 

Work up was as before, again giving a white solid which is trans- 

Cr(C0)4[p(0Et)3}2.

M.P. 68-9°C Analysis Calc. C 39*5 H 6.05 Pound C 39*35 H 6.10 Yield~3<$

Tetracarbonyl Molybdenum Bis Triethyl Phosphite

Molybdenum hexacarbonyl (2.21g; 8.4 nu mole) and triethyl 
phosphite (2.84g; 17*2 m. mole) were refluxed for ten hours in diglyme.
It was found that this reaction was unusually susceptible to oxidation 

and it consequently gave very low yields. Use of a nitrogen leak 

bubbling through the reaction mixture and maintaining the diglyme at 

130° rather than at reflux temperature improved the yield although the 

final mixture always had a deep blue colouration. Removal of diglyme
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at the vacuum and chromatography of the residue on a silica column 

with petroleum ether/benzene as elutant allowed separation of the 

pure complex trans-Mo(CO)^|p(OEt Removal of the ether/benzene
mixture gave a solid residue which may be recrystallised as above*

M.P. 74-5°C Analysis Calc. C 35*6 H 5.57 Pound C 35.61 H 5*63 Yield^lO/0

Tetracarbonyl Chromium Bis Triisopropyl Phosphite

Chromium hexacarbonyl (l.88g; 8*5 m. mole) and triisopropyl 

phosphite (3*82g; 18.2 nu mcle) were refluxed in diglyme for six hours. 

Work up vias straightforward as for trimethyl phosphite derivatives.

The pure complex is white solid Cr(CO)^|p(OPr1)̂ ]̂ *

M.P. 98-9°C Analysis Calc. C 45-3 H 7-21 Pound C 45*16 H.7*32 YieldsA-Ofo

Tetracarbonyl molybdenum Bis Triisopropyl Phosphite

Molybdenum hexacarbonyl (2.13g» 8.1 m. mole) and triisopropyl 

phosphite (3«41g» 16*4 nu mole) were refluxed for six hours in diglyme. 
Purification of the complex was as for the chromium analogue.

M.P. 96-7°C Analysis Calc. C 42.3 H 6.72 Pound C 42.41 H 6.82 Yield**40$

Tetracarbonyl Chromium Bis Triethyl Phosphine

Chromium hexacarbonyl (2.12g; 9*7 nu mole) and triethyl 

phosphine (2*38g; 20.0 m. mole) were refluxed in diglyme for forty eight 

hours. The yellow solution was reduced to about 5̂ 1 by distillation 

and cooling to 0°C gave large yellow crystals of disubstituted 

Cr(CO) fpEtJ}?* 'P*ie crystals (anything up to lOOmg) formed best fromH- <3 ^
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a solution of hexane.

M.P. 63-4°C Analysis Calc. C 49*0 H 7*5 Pound C 48.86 H 7*50 Yield,*30$

Tetracarbonyl Chromium Bis Triisooropyl Phosphine

Chromium hexacarbonyl (2.01g; 9*2 m. mole) and triisopropyl 

phosphite (3*02g; 18.8 m. mole) were refluxed in diglyme for ten hours. 

The reaction mixture was distilled at vacuum and the liquid residue 

taken up in petroleum ether (10ml). This was chromatographed on an 

alumina column to separate the trans disubstituted derivate from the 

cis configuration which appears in the infrared spectrum of the crude 

product. This separation procedure was found to be necessary for all 

the phosphine complexes as relatively large amounts of the cis complex 

are seen for both triisopropyl and trinbutyl phosphines. After eluting 

with petroleum ether, this was removed at vacuum and the oily product

yellow solid.

M.P. 123-4°C Analysis Calc. C 54*7 H 8.70 Found C 54*63 H 8.73 Yield*30$

Tetracarbonyl Molybdenum Bis Triisopropyl Phosphine

Molybdenum hexacarbonyl (2.20g; 8.3 m. mole) and triisopropyl 
phosphine (2.75g; 17*2 m. mole) were refluxed in diglyme for ten hours. 

Work up and purification was as for chromium complex. Complex is green. 

M.P. 151—2 dec. Analysis Calc. C 50*0 H 7*98 Found C 50*18 H.8.04

0recrystallised from ethanol-chloroform at 0 C.

Tetracarbonyl Chromium Bis Trinbutyl Phosphine
Chromium hexacarbonyl (l.83g» 8.4 nu mole) and trinbutyl



phosphine (3«46g; 17*2 m« mole) were refluxed in diglyme for twelve 

hours and the reaction mixture treated a,s in the triisopropyl phosphine

M.P. 39-40°C Analysis Calc. C 59*2 H 9-51 Pound C 59*12 H 9*56 Yield*/30$

Tetracarbonyl Molybdenum Bis Trinbutyl Phosphine

Molybdenum hexacarbonyl (l*94g? 7*4 nu mole) and trinbutyl 

phosphine (3*03g; 15*0 m. mole) were refluxed in diglyme for twelve 
hours and the pure complex obtained as in the analagous chromium case 

above. It is a yellow solid Mo(C0)̂ £pnBu^2«
M.P. 41-2°C Analysis Calc. C 55.0 H 8.82 Found C 54*95 H 8.75 Yield/*30$ 

Tungsten Complexes

Tetracarbonyl Tungsten Bis Trimethyl Phosphite

Tungsten hexacarbonyl (2.29g» 6.5 m. mole) was heated with 
trimethyl phosphite (10ml) to reflux temperature for five hours. The 

mixture was cooled to 0°C and the resultant white crystals filtered 

off and purified by sublimation (l00°c/0.1mm).

M.P. 96-7°C Analysis Calc. C 22.06 H 3*30 Pound C 22.11 H 3*32 Yield*/80$ 

Tetracarbonyl Tungsten Bis Triethyl Phosphite

reflux temperature in triethyl phosphite (10ml). Refluxing for five

preparations. A green-yellow complex Cr(CO)^jpBun^jwas obtained, 

Tungsten hexacarbonyl (2.42g; 6.9 m. mole) was heated to

hours followed by cooling to 0°C gave white

These were purified by recrystallisation from n-hexane.
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Tetracarbonyl Tungsten Bis Triisoprop.yl Phosphite

Tungsten hexacarbonyl (2*29Si 6*5 nu mole) and triisoprcpyl 

phosphite (10ml) were refluxed together for seven hours* Treatment of 

the reaction mexture as in the other tungsten preparations gave white

the pure product*

M.P. 95~6°C Analysis Calc C 37*0 H 5-89 Pound 37.04 H 5-79 Yield~fcC$

Tetracarbonyl Tungsten Bis Triisoprop.yl Phosphine

Tungsten hexacarbonyl (2*37» 6*2 m. mole) and triisopropyl 

phosphine (2.08g; 13*0 m* mole) were refluxed in diglyme for forty 
eight hours. The diglyme was removed at vacuum and the residue 

chromatographed on an alumina column using petroleum ether as elutant.

The petroleum ether was removed at vacuum and the residue recrystallised 

from chloroform-ethanol at 0°C. V^CO^PPr1^^ is a green-yellow solid. 

M.P. 180-1°C Analysis Calc. C 42.9 H 6.82 Pound C 42.88 H 6.87 Yield~2Cffc

Tetracarbonyl Tungsten Bis Trinbutyl Phosphine

Tungsten hexacarbonyl (2.26g; 6.4 m. mole) and trinbutyl 
phosphine (2*68g; 13*3 m. mole) were refluxed in diglyme for forty 
eight hours. The mixture was worked up as in the analagous trisopropyl 

phosphine-tungsten preparation* Pure W(C0) [̂PBun & yellow solid. 

M.P. 44-5°C Analysis Calc. C 48.0 H 7*71 Pound C 48.22 H 7*81 Yield ̂ 30*

O -»
Disubstituted Tdp complexes were prepared by the method of Kinĝ '1'.

ReciystalUsing from n-hexane gave
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Purification was by sublimation.

The preparations reported above are for optimum conditions 

as determined during this study. Other molar ratios, solvents or 

reflux times may give the same products but generally in lower yield 

and less successfully.
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ELECTRONIC SPECTRA

Introduction

The rapid advance in the preparative chemistry of transition 

metal carbonyl derivatives has been paralleled by expansion and 

development of associated spectroscopic techniques. In some cases, 

spectroscopy forms an integral part of the synthetic procedure as in 

the use of infrared spectra to monitor product formation. Other 

spectroscopic investigations are prompted by a desire to clarify and 

develop theoretical considerations of known complexes. The application 

of electronic absorption spectroscopy is predominantly in the latter 

sphere•

Until comparatively recently (c. 19̂ 5)> ultraviolet and 

visible spectroscopic work in the field of transition metal chemistry 

was mainly confined to studies of d— >d electronic transitions, these 

studies providing valuable empirical compatability with crystal field 

theory and thus assisting in structural investigations. The tardy 

emergence of electronic absorption spectroscopy in the field of metal 

carbonyl chemistry may be attributed to three main factors. Spectra 

obtained in the ultraviolet and visible region are generally broad 

and asymmetric and in the case of metal VT hexacarbonyls and their 

derivatives, the d— *d and lower charge transfer transitions may occur 

in the same region of the spectrum and with comparable extinction 

coefficients. Further, to interpret the spectra and to use the data 

thus obtained in a meaningful way, it is necessary to construct a



plausible energy level diagram for the metal complex system being 

studied.

Considering first the shape of the peaks generally obtained

in an absorption spectrum of a metal carbonyl complex. As electronic

transitions take place between two electronic levels of a molecule,

each of which possesses vibrational leveIsjwhich even at room

temperature must be populated by electrons in accordance with

Boltzmann’s Law, the observed spectrum must represent a range of energy

transitions involving each of these vibrational energy states.

Thus, the spectra show broad bands rather than the sharp peaks

characteristic of single energy transitions. Considerable,overlap of

peaks in such spectra is therefore to be exx̂ ected and consequently,

few of the observed bands are totally symmetric. This effect may

merely cause distortion of a band outline or, in the case of greater

overlap, one or more of the peaks in a spectrum may only be discernible

as shoulders on the energy ’’tail" of a more intense peak. In this

latter case, some difficulty may be experienced in determining both

the frequency ) and the true intensity of such peaks,max
Several approaches have been adopted to the problem of

analysing complex spectra in terms of a combination of curve areas

involving standard distribution curves such as the Gaussian type and 
88their derivatives. An early example of the use of Gaussian curves

in analysing a spectrum is provided b}r the treatment of some arsenic89derivatives by Cullen and Hochstrasscr. Since then, Gaussian
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analysis lias been widely used as a tool for simplifying spectral

outlines. For example, Alexander and Gray employed it in a study
GOof the electronic spectra of some hexacyanometalate complexes,"

while Gray and Beach used the technique to analyse the electronic
klspectra of the metal VI hexacarbonyls which are the parent carbonyls 

of the complexes being studied in this work.

The use of first and second derivative functions has also

been employed to analyse complex bands including those in electronic
91 92 93absorption spectra. 9 It has been shown from infrared studies

that absorption band characteristics vary with slit width, tending

towards a Lorenzian curve form for narrow slit widths and containing

more Gaussian character at larger slit settings. Slit width, however,

has little effect on the shape of a band in the electronic spectral

region, Franck-'Condon rules being the determining factor in these

cases.

Generally, analysis of a spectrum involves an unquantifiable, 

subjective factor which may be very important when postulating the 

number of peaks which compose a curve. This aspect of curve analysis 

will be considered further when the spectra of the metal carbonyl 

derivatives are being discussed. Meanwhile, it may be stated that 

the advantages of obtaining separate assignable peaks must be tempered 

by inaccuracies deriving from inexperience of the researcher or 

incorrect initial assumptions.

The second important difficulty in interpreting electronic



spectra is the necessity for a suitable theoretical interpretation

of the observed transitions. One of the principle reasons for the

decline in popularity of the valence bond theory was the difficulty

experienced in adapting it to interpret electronic transition spectra.

Molecular orbital theory has been developed as the most effective

theoretical approach to many aspects of transition metal complex

chemistry and has been used extensively in the interpretation of
41«̂*-4,94—96electronic absorption spectra. * " Much of the work in

molecular orbital theory is necessarily qualitative and approximate.

The complexity of energy level diagrams of all but the most symmetric

molecules, coupled with the unavailability of necessary experimental

data has required the development of a semi-empirical approach to

energy level calculations on transition metal complexes. Early

development of molecular orbital theories involving semi-empirical
Q7 98parameters followed two main pathways. Parisier, Pople and Parr" *

evolved a molecular orbital approach designed specifically to relate

electronic spectra and electronic structure in unsaturated organic
99molecules. Wolfsberg and ITelmholz devised a semi-empirical theory 

suitable for transition metal complexes, which they used to correlate 

energy levels and electronic spectra of MnO^- and.CrO^“. Their method 

has since been widely used in transition metal chemistry*^ and 

similar more quantitative methods have also been employed.It 

should be noted that the energy difference between two one electron 

levels does not obey the relation E = h\> although the energy



spectra is the necessity for a suitable theoretical interpretation

of the observed transitions. One of the principle reasons for the

decline in popularity of the valence bond theory was the difficulty

experienced in adapting it to interpret electronic transition spectra.

Molecular orbital theory has been developed as the most effective

theoretical approach to many aspects of transition metal complex

chemistry and has been used extensively in the interpretation of
41* ’i4 * 94—96electronic absorption spectra. 1 ' Much of the work in

molecular orbital theory is necessarily qualitative and approximate.

The complexity of energy level diagrams of all but the most symmetric

molecules, coupled with the unavailability of necessary experimental

data has required the development of a semi-empirical approach to

energy level calculations on transition metal complexes. Early

development of molecular orbital theories involving semi-empirical
07 93parameters followed two main pathways. Parisier, Pople and Parr' 1

evolved a molecular orbital approach designed specifically to relate

electronic spectra and electronic structure in unsaturated organic
99molecules. hTolfsberg and Ilelmholz devised a semi-empirical theory

suitable for transition metal complexes, which they used to correlate

energy levels and electronic spectra of MnO^- and CrO^“. Their method
100-102has since been widely used in transition metal chemistry and

similar more quantitative methods have also been employed.It 

should be noted that the energy difference between two one electron 

levels does not obey the relation E = halthough the energy



difference "between states does. However, in a series of similar 

complexes, one electron transitions are all assumed to have similar 

nature and to be analogous to transitions between states.

Despite the extensive work in the field of seiui-quantitative 

molecular orbital theory, its application remains constrained by 

the symmetry of the complex considered. Thus, of the types of 

complexes treated in this work, none has been successfully treated 

*>y semi-empirical methods although the more symmetric parent 

hexacarbonyls have been investigated thoroughly.

A further difficulty in interpreting the electronic spectra

of metal VI hexacarbonyls and their derivatives is the occurrence of

d— =>d bands and charge transfer peaks in the same region of a spectrum

having comparable extinction coefficients at room temperature. This

has caused considerable difficulty in assigning the peaks in these

regions, as the normal classification of electronic absorption peaks

by intensity considerations is no longer valid. The assignment of

very strong ( £  5000) or very weak (£ 1-100) peaks in absorption

spectra is reasonably familiar and straightforward.Peaks of

intermediate extinction coefficient ( £ 00-5000) present a more
difficult problem. Early work tended to assign any peak in this

108region as a weak charge transfer transition. More recently, certain 

quite intense bands have been assigned by various authors as d— >d 

transitions"*"̂ * and consequently it is no longer sufficient to 

quote the extinction coefficient of a peak, obtained at room



temperature, as conclusive proof of a spectral assignment. Little

work has "been done on considering electronic absorption spectra in

this region of intermediate intensity and such studies have tended

to concentrate on square pyramidal cobalt II,trigonal bipyramidal 
112nickel II and other similar complexes. The ligand field

separations in these complexes have been evaluated and the observed

energies of the transitions have been correlated in some cases with

the calculated ligand field energies. Such correlations have

supported the assignment of intermediate intensity bands as d—^d

rather than charge transfer transitions. These developments may be

extended to transition metal carbonyl complexes and used as a basis

for improving assignments in their electronic absorption spectra in

regions of intermediate extinction coefficient values.

The monosubstituted and trans disubstituted phosphine

derivatives of group VI metal carbonyls all have fairly complex
44electronic absorption spectra, some peaks of which have caused

44controversy concerning their assignments. For example, Walker has 

assigned a peak in the region 26,500cm  ̂- 50,000cm  ̂in complexes 

IM(C0)j_ and trans L^M^O)^ (M = Cr, Mo, ¥; L various phosphines) 

as the charge transfer peak analogous to the peak of M(C0)^ (M = Cr,
\ -1 74Mo, W) at 35»000cm . However, Darensbourg and Brown from infrared

intensity work and considering the electronic absorption spectra of a 

limited number of molybdenum complexes, have concluded that the 

hexacarbonyl peak at 55,000cm  ̂has its analogue at approximately



34,500cm in the phosphine complexes.

Until now, studies of electronic absorption spectra of 

phosphine substituted group VI metal carbonyls have been reported 

at room temx>erature only. It seemed clear that considerably more 

information could be obtained from a study of electronic transition 

spectra taken at different temperatures. Therefore, in an attempt 

to clarify the assignment of bands in the room temperature spectra 

of phosphine complexes of chromium, molybdenum and tungsten carbonyl 

an investigation of their electronic absorption spectra at liquid 

nitrogen temperatures was undertaken. Further, the data obtained 

could be collated and would then be available for correlation with 

other spectroscopic data. Such a study could also be expected to 

contribute to the discussion of possible TT -bonding participation in 

the metal carbon and metal phosx>horus bonds in metal carbonyl 

derivatives and the effect of the phosphine substitutions on such 

bonding.



LOW TEMPERATURE SPECTRA. AMD SELECTION RULES

Electronic absorption spectra of metal VI hexacarbonyl 

complexes and their phosphine derivatives represent electronic 

transitions of various types. These may be considered under two 

distinct headings. Transitions may occur between orbitals 

essentially localised on the metal atom giving rise to forma 11 y 

(Laporte) forbidden energy bands. These are termed Ligand Field 

transitions as they are best understood by the application of the 

principles of Ligand Field theory to the splitting of the metal 

orbitals in the given environment. They are also known as d— >d 

transitions. The other main class of transition observed involves 

removal of an electron from one localised molecular orbital to 

another molecular orbital localised on a different centre of the 

molecule. Such transitions are known as charge transfer bands and 

may be classified by reference to the location of the initial and 

final levels involved. Thus, in the complexes studied, charge 

transfer transitions from metal orbitals to suitable combinations of 

the TT- antibonding (TT*) orbitals of the carbonyl groups are 

considered while charge transfer from the ligands into the metal 

orbitals is not discussed. The energy of the tg TT" bonding (TTb) 

molecular orbital of M(C0)^ (M = Cr, Mo, W) obtained by reference to 

the ionisation potential of carbon monoxide suggests that the lowest 

energy ligand to metal charge transfer in such complexes is greater



— 1 ] 13than 60,000cm ♦ As we expect such transitions to have similar

energy values in the phosphine complexes, such hands are outwit.h the

energy range considered.

Studies of the electronic spectra of metal VI hexacarbonyls^1 
44and their derivatives have shown that metal-ligand charge transfer

and ligand field hands may occur in the same energy region of the

spectra. This is the 35*000-25*000cm 1 region which is the section

of the spectrum of most interest in this work. A study of the spectra

obtained at low temperature and comparison of these with room

temperature spectra may allow an assignment of the peaks to the

appropriate type of transition involved. It is therefore necessary

to consider the selection rules applicable to each type of transition

and consequent effects of tenqperature lowering on spectra obtained

according to these selection rules.

The two classes of electronic transition (d— >d and charge

transfer) have different selection rules. Considering only electric

dipole transitions, such transitions are observed to give peaks of

high or low intensity according as the dipole moment operator transforms
197as one component of translation x, y, z or not . A pure electronic 

transition may occur if an electric dipole transition may take place 

according to the required selection rules. Thus the transition 

associated with an electric dipole moment will be allowed only if the 

matrix element Q = J ^ aM % a x  is non zero where Q is the transition 

moment, M the dipole moment operator and ‘slf , \L> . are the wave functions



- Go ~

of the initial and final states respectively. For the condition

above to "be satisfied, the representation of the integrand

must be totally symmetric for at least one of the orientations of H.

Tlius the selection rule is such that the representation of

must transform as one of the translation vectors T , T or T .x y z
Transitions between states of the same parity are therefore forbidden 

(laporte’s rule).

In a purely centrosymmetric environment this rule would give 

charge transfer transitions as allowed and d— >̂d transitions as 

forbidden although the spin selection rule win cli states that only 

transitions between states having the same spin value are allowed 

must also be considered. However, both charge transfer and d~^d 

bands are assigned in spectra of centrosymmetric molecules such as 

M(C0)6 (M = Cr, Mo, W) and in the types of complex studied in this 

work, various types of symmetry species are involved. The Laporte 

rule implies that a charge transfer transition may be orbitally 

allowed while d-—^d transitions may be forbidden or partially allowed 

according to the symmetry of the molecular environment. In 

centrosymmetric environments such as that for trans L M(C0)^ 

(approximately), the interaction of vibrational states with electronic 

states may give rise to "vibronic” bands which have non zero transition 

moments due to vibration having symmetry representation of odd parity 

being included in the representation of M>^. Transitions between 

two "dn levels in a non centrosymmetric environment are also partially
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allowed because the d orbitals 110 longer have a symmetric reference 
system with a symmetry centre. Thus we expect d— *d transitions to 

be observed despite the Laporte rule, centrosymmetric molecules 

giving d-^>d bands of lower intensity than those of non centro symmetric 
molecules.

The development of these selection rules in terms of the 

transition moment may be related to the intensity of the peaks 

observed in a spectrum by considering the expression for the oscillator 

strengths, f, of the transitions involved. These may be directly 

expressed in terms of the transition moment as both f and Q may be 

related to the dipole strength D. This gives

f = const.V. 3.1

where V  is the frequency of the transition. These and other 

relationships which allow the use of experimentally observed parameters 

in theoretically important relationships will be discussed more fully 

later. As f is proportional to the area under the transition curve 

(for a plot of extinction coefficient against frequency) it is seen 

from equation 3*1 that when the transition moment is zero, the area 

under the corresponding curve is also zero and the extent to which the 

transition is allowed determines the area under its spectral peak.

While the above treatment gives the strictly formal selection 

rules, the approximations employed do not necessarily reflect the 

true physical situation. Thus, for example, a formally forbidden 

electronic transition may have its selection rule relaxed by



interaction of a vibrational wave function with the electronic wave 

function of one or both of the initial or final states concerned. 

Effects of this type must be considered in any attempt to assign the 

spectral peaks obtained for complexes as in this work where the 

environment may affect the ideal selection rules.

The Laporte selection rule requires d®*^d transitions to be

orbitally forbidden while such transitions may be observed in the

spectra of most metal carbonyl derivatives and have been assigned by 
41Beach and Gray for the metal VI hexacarbonyls. Relaxation of the 

selection rule may be the result of several possible mechanisms. For 

a molecule with no centre of symmetry, there can be no transition 

designated even-even as it is not meaningful to refer to even or odd 

symmetry species in such an environment. This is applicable to 

complexes such as the mono substituted LM(CO)^ which belong to the 

non centrosymmetric group Cj • In complexes such as trans L9M(C0); , 

symmetry Rjyy where the centre of symmetry allows the d-orbitals to 

be classified as even with respect to inversion, the appearance of 

d—«*d bands must be due to some other mechanism. Two possibilities 

have to be considered, the first of which attributes d— fcd band 

intensity to some permanent removal of the centre of symmetry by 

small distortions of the molecule or a lowering of the symmetry by 

asymmetric ligands. Thus, while trans LoM(C0)^ is ideally of 

symmetry, if L is not radially symmetric or the bond lengths or angles 

are distorted,the centre of symmetry may be effectively removed. This



would allow relaxation of the Iaporte selection rule. The more 

common explanation accepted for the appearance of d— * d hands in 

the spectra of centrosymmetrie complexes invokes temporary removal 

of the centre of symmetry by an odd vibration. This is the mechanism 

of vibronic coupling whereby the molecule absorbs a quantum of 

radiation corresponding to the energy of an odd parity vibration 

which promotes the molecule to an excited state which is no longer 

centrosymmetrie. The Laporte rule is therefore invalid and the d— =>d 

transitions may then be observed. The intensities of these observed 

bands which arise from formally forbidden transitions may be accounted 

for qualitatively by symmetry mixing of the even d-orbitals with odd 

orbitals which transform similarly in the symmetry group concerned, 

thus removing their even character. This is more important for non- 

centrosymmetrie molecules and molecular orbital formation between 

ligand p and metal d-orbitals is probably the most important factor 

in centrosymmetrie cases. It is generally true that d— *d transitions 

are more intense for molecules with no centre of symmetry although 

’intensity stealing1 from charge transfer transitions close in ene rgy  

may increase the intensity of the d— %>d bands. The interaction of 

d— s»d and charge transfer transitions in this way is inversely 

proportional to their energy separation as may be shown by perturbation 

the ory•

In principle, it is possible by experimental techniques to

assign a peak as due to a charge transfer or d— >d transition although
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would allow relaxation of the laporte selection rule. The more 

common explanation accepted for the appearance of d— * d hands in 

the spectra of centrosymmetric complexes invokes temporary removal 

of the centre of symmetry by an odd vibration. This is the mechanism 

of vibronic coupling whereby the molecule absorbs a cpiantum of 

radiation corresponding to the energy of an odd parity vibration 

which promotes the molecule to an excited state which is no longer 

centrosymraetric. The Laporte rule is therefore invalid and the d— =>d 

transitions may then be observed. The intensities of these observed 

bands which arise from formally forbidden transitions may be accounted 

for qualitatively by symmetry mixing of the even d-orbitals with odd 

orbitals which transform similarly in the symmetry group concerned, 

thus removing their even character. This is more important for non­

ce ntrosymmetrie molecules and molecular orbital formation between 

ligand p and metal d-orbitals is probably the most important factor 

in centrosymmetrie cases. It is generally true that d— *>d transitions 

are more intense for molecules with no centre of symmetry although 

'intensity stealing' from charge transfer transitions close in energy 

may increase the intensity of the d—-%>d bands. The interaction of 

d— **d and charge transfer transitions in this way is inversely 

proportional to their energy separation as may be shown by perturbation 

theory.

In principle, it is possible by experimental techniques to

assign a peak as due to a charge transfer or d— >d transition although
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it is rarely XDOSsible to say which specific transition is involved. 

Three main approaches to this problem of classifying transitions as 

seen in ultraviolet spectra have been developed, each of which is 

dependent for its efficacy on the orbital selection rule. The first 

of these methods involves the examination of the spectrum of a cooled 

sample in an attempt to observe resolution of the vibronic structure 

of the bands. An allowed transition shows a v1(0) v”(o) origin

followed by a progression in the toally symmetric mode. Orbitally 

forbidden bands, however, must show only a very weak line at 

v ‘(0) v”(0) followed by a totally symmetric mode superimposed on

a quantum of an odd vibration. Thus, if the vibronic structure of a 

band may be seen, it may be possible to distinguish ligand field 

transitions (d«~̂ »d) from charge transfer transitions. A more recent 

technique which may be applied to this type of work is the recording 

of the fluorescence spectrum for the state involved. This fluorescence 

will almost exactly correspond to the absorption of radiation while 

being in the opposite sense, i.e. the former is an emission spectrum.

A forbidden transition will exhibit a gap in a superimposed plot of ihe 

absorption and emission spectra due to the forbidden vf (0)<— v’MO) 

transition while orbitally allowed transitions will have spectra 

overlapping at the position of the first vibronic component. The 

third approach is the study of the variation of oscillator strength 

or, more generally, of maximum extinction coefficient and half band 

width with respect to changing temperature. It is expected that



-  65 -

on cooling a complex in solution, its electronic absorption spectrum 

will alter in form in a manner which may be correlated with the types 

of transition involved. It is, therefore, necessary to consider the 

effects of cooling a sample on the forbidden and allowed bands which 

appear in its spectrum.

A charge transfer transition as has been stated is orbitally 

allowed and at room temperature, such a transition is composed of an 

origin line v ’ (0) <£-— v"(0) along with transitions involving other 

vibrational states v’(l) 4—  vM(l), v'(2) » v"(2), etc. This applies

to transitions in which the internuclear distances remain constant.

The extent of the vibrational structure will depend on the amount by 

which the ground state and excited state internuclear distances differ 

If there is a considerable change, a transition of type v,(2)«— v"(0; 

or v' (3 )«- v"(o) will be more probable than v’(0) <$r— v" (0) according 

to the Franck-Condon theory which states that intense vibrational 

transitions occur when ground and excited states have high probability 

functions at the same internuclear distance. It is possible for more 

than one vibrational mode to be excited, causing several corresponding 

vibrational transitions. Thus, while an allowed electronic transition 

consists of a vibrational progression (e.g. 3f~0", 2'-0", l’-0", O’-O" 

arising from a totally symmetric mode only, it is possible for any 

normal mode to give a vibrational sequence (e.g. l'-l", 2’-2", 3T-3M). 

This range of possible transitions (progressions extending to energies 

higher than 0’-0", sequences to lower energies) gives rise to the



characteristic broad bands observed in electronic absorption spectra. 

(Other effects such as spin orbit coupling may also cause band 

broadening.)

At room temperature, a certain (small) number of the 

vibrational states v”(l), v"(2), etc. of the electronic level will 
be occupied according to Boltzmann's distribution law and this allows 

the l'-l", 2'-2" transitions to appear in the room temperature 

spectrum. Cooling the sample will cause an alteration of the Boltzmann 

population, the v"(o) state being occupied preferentially to v"(l), 

v"(2), etc. states. This will cause the v'(o)4— v"(o) transition 

(or in the case of changing internuclear distance, the corresponding 

transition of highest probability) to gain intensity while the 

v'(l)*- v"(l) and similar transitions will lose intensity. The peak 

appearing in the spectrum will therefore tend to sharpen up, losing 

its lower energy tail, and gain intensity at its frequency maximum

on cooling. The area under the transition curve which is proportional

to the oscillator strength, f, must however, remain constant. The 

value of f, as is stated below, may be related to the effective number 

of electrons involved in a transition and is hence unchanged by 

temperature variation since only the vibrational states involved alter 

on cooling while the effective number of electrons undergoing the 

electronic transition is unaffected.

A ligand field or d— ►d transition which is formally forbidden

will have no v'(0) v"(0) transition and at room temperature will
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consist of transitions of the type v ’(o)<=®« V"(l), V 1(1) <j—• v" (2 ) ,

etc. which give a broad hand in the spectrum. The vibrational

levels will correspond to one or more perturbing vibrations which are

responsible for removing the strict laporte selection rule. Cooling

the sample will again cause the population of the vM (0)
ground vibrational state preferentially, in this case favouring the

strictly forbidden v’(o)«<—  vM(o) transition. The oscillator strength

of a vibronic transition decreases as the population of the perturbing

vibrational state decreases on cooling, according to the hyperbolic 
, , _ 114,115cotangent law 7

f(T) = f(0) coth (hV/2kT) 3.2

where f(o) is the oscillator strength at 0°K and V  is the frequency
of the perturbing vibration. Further, as the energy of the

v'(0) 4— " V M(l) transition is lower than that of the v ’(l)^— v ,T(o)
transition, cooling the sample will tend to cause a shift of the

vibronic band to higher energies due to the increased probability of

the higher energy transition at low7 temperatures. This relationship

has been known for many years and was first used by Holmes and HcClure'

to distinguish between charge transfer and d— fr-d peaks. They derived

equation 3*2 as applied to forbidden transitions by modifying a
117treatment of Sulzer and Wi eland for allowed transitions having

Gaussian shaped bands. A recent study of the variation of oscillator
138strength with temperature change ' used this relationship to study 

some fairly intense formally forbidden bands in the spectra of



IrBr^ and SnBr^ •

A decrease in tlie f value of a forbidden transition is thus 

well understood but unlike the allowed transitions, the behaviour of 

the extinction coefficient and half band width of its spectral curve 

are not readily predictable for temperature changes. The value of 

Vmax for any transition may remain constant on cooling the sample 

while the decreased spread of the transitions involved gives a lower 

f value at low temperatures. At room temperature vibrational levels 

v"(l), v"(2) etc. are populated and allow7 the occurrence of secpiences 

based on v’(l) <3—  v11 (0) 2’-l", 3f-2" and, to lowrer frequencies

v ’(o) 4—  v”(l) l’-2M, 2*“3M * While cooling the sample causes

vf (0) 4-**1 v"(l) to be less probable, v' (l) 4-” v'T(o) must become 

correspondingly more probable. The intensity gained by the latter 

transition may counterbalance the loss of intensity of the former as 

indicated by the absorption spectrum and hence V  max may not decrease 

on cooling but is certainly expected to show a shift towards higher 

frequencies. The lower probability of vibrational states v"(l), 

v"(2) etc. being occupied also reduces the sequences observed and as 

a result causes sharpening of the band.

From equation 3*2 it may be seen that the ratio f(T)/f(o) is

dependent on the value of the perturbing vibrational frequency in any

vibronic band. Thus, it is possible to evaluate f(300)/f(o) for any

intensity producing normal mode as has been done in the study of
118McCaffery and coworkers. Some examples are given in table 3.1.



TABLE 3 a  (REF. 118)

FREQUENCY OF 
PERTURBING 
VIBRATION 

(cwT )

f(300)/f(0-10) f(300)/f(90)

700 1.07 1.07

500 1.20 1.18

300 1.62 1.59

200 2.24 2.07

100 4.25 3.00

80 5.28 3.02

40 10.5 3.30
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It is evident that the intensity of a vihronic hand in a room 

temperature spectrum may vary according to the specific frequency 

involved in its perturbation and when discussing a series of 

complexes involving metals and ligands of very different masses, it 

is necessary to take account of the change in energy values of 

analogous vibrations in such a series. There is, however, no reason 

to assume that vibronic interaction arises from the perturbation of an 

electronic level by one single vibration. Two or more vibrations 

may be involved producing a complex relationship between oscillator 

strengths at different temperatures. For this reason, it is not 

usually possible to determine which skeletal deformations combine 

with any electronic state to give a vibronic transition. Using the 

more general pror>erties of charge transfer and d— ^d transitions at 

different temperatures does, however, allow meaningful assignments 

to be made for peaks which, on the evidence of their intensities at 

room temperature, could be of either type.
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ENERGY LEVEL DIAGRAM

Ideally, the assignment of observed peaks in a spectrum would

be carried out using a quantitative molecular orbital diagram, ouch

a diagram may not be constructed for complexes at present. As an

aid to assigning electronic transitions a qualitative approach must suffice

at present. Complexes of the type ll(C0)rL and M(C0).L may be . D t £

considered to be of sufficiently high symmetry (C; and D,, respectively)

to allow construction of a qualitative molecular orbital energy level

diagram as an aid to interpretation of their electronic spectra.

Y/hile a very good semi quantitative energy level diagram has appeared'11

for M(CC)g (M - Cr, Mo, V/), no such approach has been found possible

for even their simplest substituted octahedral complexes. A satisfactory

qualitative approach may be developed to treat the relevant region of

the electronic spectrum as has been employed in a previous study of
hhsome i>hosi)hine substituted metal VI hexacarbonyls . The validity 

and reliability?- of this qualitative scheme may be checked by the more 

positive assignments of spectral peaks using the extra information 

from srjectra obtained at low temperature.

A brief account of the derivation of the energy level schemes 

for monosubstitilted and trans disubstituted phosphine metal VI carbonyl 

derivatives will now be given. The procedure is similar for both 

complex structures and involves a derivation of the molecular orbitals 

from the combination of metal valence orbitals and 7f- antibonding
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(7T'') orbitals of trie carbonyl groups. The reference axes and ligand 

numbering system is toe same in both cases and is shown in figure 3*1 
for the LM(CO)_ complexes.

’ a  s s‘\ l / 1
M

/ i \ .I c |
/ ?50

Figure 3.1

In LoM(C0), species, the second L group is in position 5> i.e. in theCm

trans position.

It is necessary to classify both the metal valence orbitals

and carbonyl If* orbitals according to the symmetry elements of the

group concerned. Symmetry elements for the Cj species are a and

two CL axes coincident with the z axis, two O ' planes in the xz and 2 7 v  x

yz planes and two O"^ planes bisecting the O ' planes and containing

the z axis. The D,, species has, in addition, four CL axes fomed by

the intersection of the 0" and O ' _ planes with the xy plane and alsov cl x J

a CT^ plane in the xy plane. The orbital basis set used comprises 

metal nd and (n + l)p orbitals along with the TT* orbitals on each of 

the carbonyl groups. The procedure for constructing the meta1-ligand 

combinations possible is to obtain t’ e transformation properties of 

the various carbonyl fT * combinations and combine these with metal 

orbitals of suitable symmetry.
Thus, considering first the monosubstituted case LM(C9)->



- 72 -

three distinct classes of carbonyl IT * orbitals may bo identified 

and classified in C, symmetry. The TT* orbitals located on C0(l - 4) 
in the xy plane transform as (a0 + b0 + e); those on Cn(l - 4} but 

perpendicular to the xy plane (i.e. TTzy) transform as (a-, -I- + e);

and the IT* orbitals located on CC'(3) transform as (e). Each of these 

transformations is an irreducible representation belonging to symmetry 

group Ĉ _. In this group, rieial py,-p̂ r, x̂z»  ̂ orbitals transform 

as (e) and therefore may combine with all three IT * groups; pr and2j
d x, orbitals transform as (a, ) and d transforms as (b0) allowing z _L xy 2 ^
overlap with If *(z) C0(l - 4) in the case of the former pair and with.

TT*(x, y) C0(l - 4) in the latter case. The Ug ligand combination

cannot interact with any metal orbital as no orbital has suitable

symmetry and interaction of the metal d̂ *_ ̂  orbital (b, transformatiox y -*■
with the ligand tr x'(z) ,C0(l •- 4) b^ combination gives net zero overlap 

as there is cancellation of two ecpial interactions having opposite 

signs.

Having obtained the possible metal-ligand combinations allowed 

fey symmetry, a simple energy level diagram may be constructed for thes 

combinations. The molecular orbitals are formed by overlap of a netal 

orbital with a combination of the ligand orbitals which gives one 

more stable bonding molecular orbital and one less stable antibonding 

orbital. The energies of these molecular orbitals may be found by 

application of second order perturbation theory which gives

TI 2S  TI. .
3. = n . . + <  tt- ij2rT1 11 >*. II. . -II.Energy jl. = IL . + n _ ~

0=i ^ii 1 J
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wliere JL^ is toe coulomb energy of the i^1 orbital uncorrccted for 

overlap and TL̂  = N.p.^l where |3 is the resonance integral between 

orbitals i and j, p is the number of overlapping orbital pairs and N 

is a normalising factor. Taking the coulomb energies to have order 

(n + l)p ^JT'KCOj^nd in agreement with the semiquantitativc 

treatment of the metal Vi hexacarbonyls al lows evaluation of the 

second order energies using equation 3.3. Taking account of metal- 

p-ligand orbital interaction and arranging the orbital energies in 

increasing order gives the qualitative energy level diagram for metal- 

carbonyl*TT * orbital interaction as shown in figure 3.2, An analogous 

procedure to that outlined above may be used to construct a similar 

energy level diagram for trans disubstituted complexes in D; ̂  symmetry.

The resultant energy level diagram is shown in figure 3.3.

¥e must now consider the general aspects expected for the 

electronic absorption spectra of the metal carbonyl phosphine derivatives. 

Both d-d and charge transfer transitions are expected in the spectral 

region considered ( 45,000 - 25,000 cm )̂. As phosphines occur below 

carbonyl in the spectrochemical series, it is expected that the lower 

ligand field in the derivatives will cause the d*d bands to be at 

lower energies than in the metal VI hexacarbonyls. Metal to ligand 

transitions occur around 34,000 cm  ̂in the hexacarbonyls and these are 

expected to be at lower energies in the case of the derivatives. Using 

the molecular orbital diagrams in figures 3.2 and 3.3, possible charge 

transfer transitions may be indicated. The orbital selection rule



a, t u *  co (i-4)7/ \ 
/ eCir*co(i,3;i,<dl i

V/ ✓
/  /  ' V

6»»rtP / /  \ \\ \ 
\ »w\

\  W
U\ v \

\V b z Ctt* coO-4)J \\v ,  v \  v
W\ ' \\\\ 1 \  V
\ \ \  / .  s  C t t * c o Q A 2 A ') ]  \  \ \  

\ \ \  i \  \ W
'\/\/ 'v \  \\
\ \  t \  Qa^b.t.TT^Col_________________ T T ^ C O
/A \ e  Ctt cocs)3___/ V \ ✓ / //

' M  y  / ! ’

!i \ \ . e.CTT*coC<>v,vO] X  / //
// \ /  //

"  \  /  ' /
I f  /

! /  \  a,6r»Cogi-»ll /  //
I f11 ! '

J /
^  /  'V\ / /V\ ,N N // /

N\ V y eCTT dxz.elyg.1 / /
\ C-n- dx3] /
t» ’’j d̂ T̂ orbi u'l positions are uni-mown. 

Figure 3*2

\

Hie a



//

at«(fr*Co()-»)1 
/ •

/ '
/ \

X&ufTr*coO,B-,i,»)l \
/
/

\
*\ V \ X

/ X  ' '/ ✓ ' x X/ ✓ \ .
" \ '\X ' \
n \  '
\\ Qrr^Cod-^)] \ \
\\ i— 3  \ v *x\ / \ \ \X\ /  ̂ \ xXX / \ \ \X X *  V X t\  X X \\\ x\

\ \  /  / ■ S x \ \ \
\ \l / ' \ A
' t. I . V ' *'jto
/ y ' S / S
t K  \

\ \  I  eg Crr*CoCi>3;Vi)] \  
«\ / / V  '

V V -baUt.Qr.̂3 fo* y i ______
*  / /

-#V \  //I.
i '  \  s  •  !•

/ /  \ \  e u C t t * c o Q 3 ; M ) 1  X  /,'/ 

!/ \ / //
;! \ QruCTr*Co(l-4)l /  / /

/
\ N ss
\ €.«> Lfrdxz.dv&l

/ / 
/ / 
/ /

\
\
\

o U1 axz.civ&J / / J /
/

s /
\  b a a L T T d ^ ]  /’-24 -

Figure 3.3
?he a, , K  fifp* JorMtal positions are m ’aio Ja



- 74 - '

(see above) based on tbe symmetries of the initial and final wave 

functions gives the selections shown in tables 3.2 and 3.3 for mono 

and trans disubstituted derivatives respectively. It may be seen 

from this that the lowest energy charge transfer transition in both 

mono and trans disubstituted complexes is to a ligand combination of 

carbonyls in the xy jilane. Thus, we exjiect a corresponding charge 

transfer band for both derivatives on the model. Previous worh * on 

some phosphine substituted complexes suggested that this first charge 

transfer band is present in the spectra of both derivatives, supportin 

the molecular orbital diagrams given. The position of this band was 

further related to possible IT—bonding effects of the phosphine 

substituent. This study extends and modifies these results and gives 

clarification of the assignment of spectral bands in the 30,000 cm 
region as either charge transfer or d-d transitions.
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EXPIHtU 31NTAL

The e le c tro n ic  sx>ectra were recorded on Pye Unicam SP 70CC

U lt r a v io le t  and V is ib le  Sx^ectrophotometer g iv in g  a l in e a r  energy scale

abscissa (cm ^ ) ,  o rd in a te  in  absorbance u n i ts .  These sr>ectral o u t lin e s

were measured and the absorbance noted a t  re g u la r  energy in te rv a ls ,

no rm a lly  each cj00 cm ^ and each 200 cm ^ in  the reg ions o f x>eak

maxima. The e x t in c t io n  c o e f f ic ie n ts  a t  each o f these p o in ts  was then

c a lc u la te d  and a graT)h o f e x t in c t io n  c o e f f ic ie n t  ( S  1 cm ^ mole ^')

a g a in s t energy ( V  cm was drawn. The e x t in c t io n  c o e f f ic ie n t  obta ined

133f o r  low tem perature spec tra  wore co rre c te d  as in  p rev ious s tud ies

by m u lt ip ily in g  each £ . va lue  by the a p p ro p ria te  constant (O .o lh ) fo r

the temx>erature -180°C.

The c e l l  was an P., 1 ,1 .C, TTI -  01 screw sealed m eta l c e l l ,

f i t t e d  w ith  qua rtz  windows and a te f lo n  spacer. This was supported

by a s ta in le s s  s te e l r e f r ig e ra n t  vesse l which f i t t e d  in to  an ou te r

ja c k e t having sodium c h lo r id e  windows. The sample was in je c te d  by

syringe  in to  the c e l l  and the ou te r ja c k e t and c e l l  h o lde r f i t t e d
_2

to g e th e r. The u n i t  was then evacuated to  app rox im a te ly  10 mm. T-g 

and a f te r  f iv e  m inutes, the r e f r ig e ra n t  vesse l was f i l l e d  w ith  l iq u id  

n itro g e n , the ve sse l having a "p is to n  l ik e "  o b je c t c a lle d  a "mushroom" 

w ith  a jw lyu re thane  base. I t  was necessary to  coat the c e l l  w ith  

s i l ic o n  grease to  jjre ve n t loss  o f s o lu t io n  under vacuum. V/hen the 

l iq u id  n itro g e n  had ceased to  b o i l  o f f  r a p id ly ,  the mushroom was



removed and the cooling process continued. After approximately one 

hour cooling, the sample reached a temperature of approximately -1' 0°C 

(measured by a copper-constantin thermocouple) when the low temperature 

spectrum was recorded. There was a tendency for condensation to form 

over the cooled cell and this was removed using a blow dryer. It was 

found that the vacuum tight x^operty of the cell was sensitive to 

many of the physical conditions involved in the procedure. Thus, 

cooling the cell without the mushroom, or too quickly, changing the 

spacer (i.e. dismantling the cell) or returning the cell to room 

temperature too quickly all caused the cell to leak considerably.

The most serious of these conditions was the dismantling of the cell 

which caused severe leakage over a long period. It was decided for 

this reason that a 0,01 cm. spacer should be used at all times, using 

concentration variation to scan peaks having widely differing extinct5 oj 

coefficients. The result of cell leakage was formation of one or more 

bubbles in the sample which caused light scattering, thus preventing 

the recording of the spectrum. It was sometimes possible to heat the 

cell slightly by hot air when a bubtie formed, thus lowering the 

viscosit}' of the solution and allowing the bubble to float to the top 

of the cell. This procedure, while eliminating light scattering, gave 

spectra of solutions with misleading concentrations and thus any loss 

of solution was considered unsatisfactory whether a spectrum was 

obtained or not.

The choice of solvent was principally determined by the
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requirements o'1 the lev temperature technique. A solvent in which 

the complexes wrere soluble and which '.formed a clear glass at -180°C 

was required and two mixed solvents were found to be suitable, A 

methylcyclohexane - isopentane mixture and ether - isopentane - 

ethanol (P.P.A.) mixtxire each form a glass at low temperatures and .s 

methyleye1ohexane. - isopentane is the less polar, it was chosen to 

minimise any possible complex - solvent interaction. The solvent was 

purified by washing with a mixture of concentrated sulphuric and 

nitric acids, followed by washing with water, drying over calcium 

sulphate and distillation from sodium wire. A ratio of j : 2  

methylcyclohexane - isopentane wras used although other ratios also 

give glasses at low temperatures, host of the complexes were found 

to be soluble in this hydrocarbon solvent, but the trimethylphosphite 

derivatives ware only slightly soluble at lowr temperature (particularly 

the trans disubstituted complexes). As the other low temperature 

solvent, P.P.A, showed similar solubility results, the trimethylphosphite 

complexes were recorded at optimum concentrations in methylcyclohexane - 

isopentane, this giving satisfactory spectral results.
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RESULTS ;;d  d i s c u s s i o n

Tlie electronic absorption spectra of jnono and trans disabstiluted 

phosphine complexes of the group VI metal carbonyls LM(CC)^ and 

L9M(CC), vere recorded at room temperature (295°K mean) and in a 

cell cooled by liquid nitrogen (93°k mean). The frequency of the 

observed peaks (in cm and the extinction coefficients ( S i  cm*"̂  

mole have been tabulated for monosubstituted complexes in Table j , !t 

and for trans disubstituted complexes in Table 3*5 at the end of this 

chapter. The phosphine ligands considered in this study are Tdp, 

trimethylphosphite, triethylphosphite, triisopropylphosphite, 

triisopropylphosphine and trinbutylphosx)hine. The spectra obtained 

as plots of optical density against wavenumber ( V  cni ^) have been 

replotted as graphs of extinction coefficient against wavenumber and 

are shown in Appendix 3.1

The only major study of the ultraviolet spectra metal VI
Vtphosphine carbonyl complexes previously undertaken was that of talker 

who obtained the spectra of mono and trans disubstituted complexes 

for ligands Tdp, trixfpenylphospkine, triphenylphosphite and 

tricyclohexylphosphine at room temperature only. Tie also presented 

the spectra of the trans disubstituted trinbutylphosphine derivatives.

The present study extends this previous work to ligands of various 

bonding abilities‘which form complexes having spectra uncomplicated 

by ligand absorptions.

The form of the spectra obtained has been found to depend
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much more on the nature of hoth the ligand and the metal ion concerned

than has been found to be the case in other studies of analogous
121 h h . lhcomplexes of amine and phosphine complexes. The spectra of

the monosubstituted complexes show less dependence on the ligand or mein

involved than do the trans disubstituted spectra. Tims, at room

temperature, phosphine and phosxfhite monosubstituted complexes of

chromium, molybdenum and tungsten have similar spectral outlines

although spectra obtained at low temperatures indicate that the peak

in the 29,000 cm  ̂region gains intensity on cooling in triallcyl-

phosphine and Tdp complexes and loses intensity in triallcylphosphite

complexes. It is also noted that monosubstituted complexes of chromium

have spectra which are somewhat less resolved in the 36,000 - 26,000 cm
region than spectra of molybdenum and tungsten complexes. This effect

hhhas been reported previously. The general features of the spectrum 

of a monosubstituted complex Hl(C0)^ at room temperature and low 

temperature are shown in figures r̂nd 3*5 for phosphine and phosphite 

ligands respectively.

The trans disubstituted complexes gave spectra having one of 

four spectral outlines, dependent on which meta1-ligand combination 

was present. Molybdenum and tungsten complexes are completely analogous 

and differ considerably from the chromium complexes while in each of 

these cases, phosphine complexes show a spectral outline very different 

from that of corresponding phosphite complexes. Examples of these 

spectra are given in figure 3.6a - d along with their observed
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behaviour on c o o lin g  the sample.

I t  may be seen from the diagrams th a t many o f the peaks occur 

as shou lders and c e r ta in ly  none o f them occurs as a separate t r a n s it io n  

band. I t  was th e re fo re  considered th a t curve a n a lys is  us ing  some 

com bination o f Gaussian d is t r ib u t io n s  m ight p r o f i t a b ly  be employed to  

separate the spectrum in to  a se ries  o f in d iv id u a l t r a n s i t io n  bands.

I t  was c le a r  from  the graphs o f V  versus S  th a t some o f the s p e c tra l 

forms would be more re a d i ly  analysed in  th is  way than o th e rs . Thus, 

the m onosubstitu ted  complexes and the tra n s  d is u b s t itu te d  phosphite  

complexes o f chromium which a l l  have spectra  showing complex ove rlapp ing  

in  the 36,000 -  26,000 cm ^ reg io n  were expected to  be less  re a d i ly  

ana lysab le  than spectra  o f the tran s  d is u b s t itu te d  phosphine complexes 

w ith  t h e ir  more reso lved  peaks. An in v e s tig a t io n  o f the use o f Gaussian 

curves fo r  ana lys ing  these types o f e le c tro n ic  a bso rp tion  spectra  in  

genera l was th e re fo re  xmdertaken and some examples o f curve a n a lys is  

a p p lie s  to  the spectra  o f s p e c if ic  complexes are discussed below.

A h y p o th e tic a l curve based on spectra  o f the tra n s  d is u b s t itu te d  

phosphine complexes o f chromium hexacarbonyl Cr(CC) w a s  drawn 

and th is  o u t lin e  recons tru c ted  by means o f ove rlapp ing  Gaussian bands. 

The technique in vo lve s  f i r s t  choosing the number o f Gaussian curves 

re q u ire d  to  c o n s tru c t the s p e c tra l o u t lin e  and by v a ry in g  th e ir  r e la t iv e  

in te n s i t ie s ,  reproducing  the observed in te n s it ie s  a t each p o in t along 

the s p e c tra l o u t l in e .  This is  a process o f t r i a l  and e r ro r  and has no 

unique s o lu t io n  as may be seen from f ig u re  3*?a -  c which in d ic a te s
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tlie results of three such analyses on a single curve. It might be 

argued that the analyses largely agree in that they each show two 

prominant peaks A and C along with three lesser bands, one of which,

E, is always the largest of these latter, Xhile this is true, it is 

precisely the two smaller peaks, 3 and 3, which are the most important 

products of sv:ch a Gaussian analysis. The form of the spectrum with 

maxima at X and Y and a pronounced shoulder at Z clearly suggests 

that absorption maxima corresponding to some transitions are associated 

with the areas under these points in the curve. Indeed, such factors 

are employed as a basis for the curve analysis. The purpose of the 

Gaussian analysis is to reveal absorption maxima which are hidden in 

the spectral outline because of their lower intensities. Thus while 

the analysis has been seen to resolve these absorptions, the disparate 

intensities of the peaks 3 and 3 would seem to indicate that this 

technique has severe limitations when used to analyse spectra of such 

complexity. One further consideration is the use of such spectral 

analyses in comparing spectra obtained at different temperatures. As 

t’*e analysis of these spectra is designed to clarify assignments of 

observed peak's to electronic transitions by considering their intensity 

behaviour on cooling the sample, difficulties in determining the 

intensity of peaks similar to B and D in the example make meaningful 

comparisons of intensity changes effectively impossible. For example, 

the intensity of peak 3 is seen to increase twofold on comparing 

figure 3.?a with figure 3.7o both of which represent analyses of one
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spectrum taken at room temperature.

Another criticism pertaining to Gaussian analysis is that 

concerning the number of peaks chosen as representing the curve shape. 

This is an important consideration when analysing spectra involving 

a high degree of band overlap as is found in many of the spectra being 

examined in this work. Essentially, the problem is one of circularity 

of argument. To make a plausible guess at the number of transitions 

(and hence the number of Gaussian peaks) which combine to produce a 

spectrum, it is necessary to have a reasonably detailed knowledge 

of the allowed transitions and their relative ordering in any one 

energ}̂  region. however, it is this data concerning possible electronic 

transitions which we are attempting to obtain from the spectrum by 

Gaussian analysis. Hence by choosing to construct a curve from, say, 

five Gaussian peaks as in the example above, we have introduced an 

arbitrary factor with little evidence for its justification. Thus, 

any intensity results subsequently obtained must be considered as 

limited in ai>plication by this essential ad hoc assiimption.

It was therefore considered that application of Gaussian 

analysis to the complex spectra obtained for most of the metal carbonyl 

derivatives would be impracticable. The inability to estimate the 

number of transitions involved coupled with the complication of 

considerable energy ntailM overlaps ma.de it impossible to analyse sucn 

spectra with any confidence. Some of the spectra, however, were 

considered to have band outlines with sufficient resolution to allow
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as reasonable an estimate of the number of peaks involved as had

been obtained in other reported work.^1 Furthermore, Gaussian

analysis had been attempted previously on one such spectrum without 
4 4success using a computer analysis of spectral details known as the 

nBird-SandersM curve analysis Programme while the general technique 

of Gaussian analysis lias been growing in popularity as more complex 

spectral curves are studies. Consequently, an attempt was made to 

obtain Gaussian curve analyses of the absorption spectra of these 

complexes, the results of which are tabulated in Table 3*6 and shown 

diagramatically in Figure 3»9i - vii. Also shown in Table 3*6 is an 

analysis of the observed behaviour of the curve parameters on cooling 

the sample, in terms of percentage changes.

The spectra treated in this Gaussian analysis work were those 

of complexes Tdp2Cr(C0)4, (PSt3)2Cr(C0)4, (l>(»ie)3J2Cr(CO)4, Tdp2>Io(cn)4 

and TdpKo(CO)^. The plots of extinction coefficient against frequency 

obtained for the spectra of these complexes were subjected to analysis 

by a mechanical curve analyser which combined a series of curves to 

give the best reproduction of the spectral outline. Before considering 

the parameters obtained for the complexes studies, it is necessary to 

consider the quantitative approximations employed in the theoretical 

approach.
The extinction coefficient, 8, of a point on the absorption 

spectrum of a solution is obtained from the well known Beer — Bouguer — 

Lambert relationship for solutions assuming only solute molecules absorb
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D = log IQ/I = £.c.l.

where D is the optical density, 1̂  and I are the intensities of the 

incident and transmitted light respectively c is the molar concentration 

of the solution and 1 the path length in cm. A graph of £  versus V 

(frequency cm ) when analysed into Gaussian curves may he treated 

as a series of single curves each possessing the characteristic 

properties £, max and A V  where £, max is the maximum value of the 

extinction coefficient of that curve and A V  is its half hand width 

(i.e. the energy width in cm  ̂at £  = \  £. max). This is shown in 

figure 3*8.

t m»lt cm

Figure 3.8
Using these properties of the curves it is possible, using simple 

relationships derived from a cjuantum mechanical analysis of the problem, 

to compute values for many of the important properties of the transitions 

being considered. Thus the area unv’er one such curve may oe shown to
^122,123

A = J o £.dV = const. £ fflax & V  

•fork by Kuhn and Braun using an appropriate Gaussian distribution gave
1 *"*4A = 1,0645 p  AV . The oscillator strength f of a transition 

** max
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is a very important property which in classical electromagnetic 

theory was associated with the excitation of specific electrons by an 

electromagnetic field. The f value of any transition was taken as a 

measure of the effective number of electrons involved in any spectral 

band and quantum mechanics allows an expression of f which has the 

same theoretical significance as in classical theory. It has been
Ipq 796shown * “ that

f = mc“'/n'Trê  ̂  k,d*J 

where e and m are the charge and mass of the electron respectively, 

c is the speed of light, n the number of solute molecules per cc. and 

k the absorption coefficient (gaseous). This, when the constant term 

is evaluated and the expression converted to apply to solution spectra 

involving £  rather than k gives, assuming the initial and final states 

to be degenerate
f = 4.32 x 10~9 j S  dV = 4.32 x 10~9 x A 

This allows practical values of f to be obtained and as f is characteristic 

of the effective number of electrons taking part in a transition (i.e. 

of the relative allowed or forbidden character of a transition) it is 

an interesting parameter in a study such as this. Further characteristics 

of the transitions which may be derived are the dipole strength and 

Einstein coefficients of absorption and emission.
The dipole strength D for a transition from level n to level m

where E { E is defined as D /G = Q  ̂where Q “ J*^nx m nm run nm *  n
9 2 2 2the transition moments and = Qririy + QnTTy +  ̂represents

>  x.'Ol n't1 T m1
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TdpA-Cr(CO),

Gaussian Analysis of Jloom Temperature 

Electronic Absorption Sx>eetrum

45,000-35,000cm"1
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F I G U R E  3.9(ii)

Tdp̂ Cr'(CO)̂

Gaussian Analysis of Low Temperature 

Electronic Absorption Spectrum

45,000-35,OOOcnf1
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the degeneracy of the final state. The Einstein coefficients are

characteristic of the molecule and represent the probability of

absorption (B ) and emission (A ) of electromagnetic radiation, nm mn "
They may be related to the dipole strength D , as the probability 

of a transition taking place is related to the transition moment Qnm
The spectra of TdpoCr(C0)^ and (PEt^)gCr(CC)^ were analysed 

from 48,000 - 25,000 cm  ̂by considering regions 48,000 - 35*000 cm  ̂

and 35*000 - 25,000 cm  ̂sex>arately. Tdp^Mo^O)^ and Tdp(Mo(CC')j- 

were analysed from 35,000 - 25,000 cm  ̂only and I-(OMe)̂  9Cr(C0)^ 

from 48,000 - 35,000 cm In the latter case, the form of the 

spectrum below 35,000 cm  ̂did not allow meaningful analysis. The 

discussion of the spectra will deal mainly with the 35,000 - 25,000 cm  ̂

region which is the electronic absorption region in which, it is expected 

that curves having low extinction coefficient occur and may be revealed

by Gaussian analysis. Such weal peaks were observed to be resolved

and a discussion of the parameters obtained for these curves is now 

given. The peaks are identified by letters which are shown on the

diagrams in the figures 3«9-(i) ~ (vii).

Tdp9Cr(C0), : Gaus s1an analysi s

The spectrum is shown in figure 3*9 (i) and (ii) and the 

parameters listed in table 3.6 (i) and (ii). The spectrum obtained at 

room temperature comprises two intense peaks (c[ and ej between 38,000 

and 27,000 cm"1 and three very weak peaks (a, b and cj at lower energies. 
On cooling the sample, peaks a, b and c lose intensity and show lower



oscillator strengths. Tnese and all other changes aro shov/n in

table p. 6, boon percentevge and direction of the change being given.

The f values of a, b and c at room temperature are characteristic of

vibronic d-d transitions in these complexes (rwacf̂ J although the

possibility of forbidden charge transfer bands giving rise to

vibronic bands with similar f-values cannot be discounted. The

observed behaviour on cooling supports the assignment of a, b and c

as d-d transitions. It is of interest to note that while ismax
roughly halved in each case, the half band width varies in its behaviour 

from peak to peak. Thus, it is halved for peak _c while remaining 

approximately constant for peaks a, and b. This variation of 

behaviour may be attributed to the effect of cooling on d-d transitions 

as described above when temperature effects were considered. The 

increase of V  • on cooling expected for d-d bands is also seen andUlclX t

in comparison with the V  shift of peak d is large (850 cm ^max —
approximately for the former cases, 300 cm  ̂for the latter). Peak

d is assigned below as a charge transfer transition and the relative

variations in V  on cooling for peaks (a, b, c) and peak d support max — — — —
the assignment of (ja, b_, c_) as d-d transitions.

Peak d increases its extinction coefficient slightly on 

cooling, retaining its original halfband width. The oscillator 

strength remains approximately constant supporting assignment of 

peak d as a charge transfer band. The peak is seen to decrease 

considerably in both intensity and halfband width, on cooling and
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consequently the f-value is much reduced. however, consideration of 

the spectral outline treated by Gaussian analysis indicates that only 

the outline up to about 32,000 cm is considered. Analysis of the 

spectrum above 32,000 cm 1 (figure 3.9(ii), table 3.6(ii)) shows the 

area between 40,000 and 30,000 cm  ̂as one comprising a strong wide 

absorption h at room temperature with weaker peaks £ and jp at lower 

energies which overlap the peak je in the region of 31,000 cm~* due to 

a long energy ’’tail”. On cooling, the spectrum sharpens up at

35,000 cm  ̂causing less overlap with peak _e. The apparent loss of 

intensity observed for peak e_ on cooling may therefore have been 

caused by this sharpening of a higher energy peak. Auch of the 

intensity of peak e_ at room temperature is derived from the energy 

tail of peak h and it is therefore not possible to use the results of 

the Gaussian analysis in this region. The great difference in form 

of peaks Ip, £ and jf seen on cooling the sample is probably attributable 

to the failure to consider the remainder of the spectrum. Thus we 

may support the assignment of peak cl as a charge transfer transition and 

peaks a_, Ip and cp as d-d transitions using this Gaussian model wnile 

little may be said about the intermediate region j?6,000 — pp,000 cm 

where the overlap has not been effectively resolved. -owever, it may 

be seen that a summation of the oscillator strengtns below 35»GG0 cn 

shows a decrease on cooling while above 35, G00 cm tnis sum snows an 

increase. As the behaviour of a sum of oscillator strengtns on cooling 

depends on the relative changes in eacn oi t ie individual r̂ansit-ioi-s,



- 89 -

this observation allows us to say*that the transitions above 35,000 cm”1 

are predominantly charge transfer while those below 35,000 cm”1 

contain a significant amount of d-d character.

Tdp^Mo(CO)^ ; Gaussian analysis

Details of this spectrum are given in figure 3.9(iii) and 

table 3*6(iii). The spectral outline is similar to that of Tdp0Cr(CC)? 

although, as the overlap effects differ, Gaussian analysis is more 

applicable in the 35,000 - 25,000 cm 1 region in which we are interested. 

There is less overlap from higher energy i)eaks and the Gaussian peaks 

at room temperature may be compared with those appearing for the 

cooled samr)le to give a more meaningful correlation in this case.

The spectra obtained at both room temperature and low temperature 

are seen to comprise four Gaussian peaks. There is one intense peak £ 

at about 28,500 cm”1 with a medium intensity peak d to higher energy 

and another lb to- lower energy. There is also a peak ei in the

25,000 cm”1 region. Cooling the sample causes little change in the 

halfband widths of any of the peaks but the extinction coefficients 

of d_ and £ decrease considerably while that of Tp increases sligntly 

and of £ decreases slightly. The oscillator strength of peak a 

(^10 combined with its observed behaviour on cooling tne sample 

suggest that it represents a d-d transition. The value of f'-1*

£ is seen to shift to higher energy by about j>50 cm on cooling 

which must be compared with very much smaller shifts observed for b̂, £
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and d (lOO, 100 and 50 cm  ̂respectively). This would be expected if 

a is a d-d transition and the other peaks are charge transfer 

transitions.

The oscillator strengths of peaks and jc are relatively high
, _o
{c*/10 ) and remain fairly constant 011 cooling and are therefore

assigned to charge transfer transitions. Peak d. has a high oscillator 

strength at room temperature which is seen to decrease on cooling by 

approximately 30$ of its original value. This comjmres with a decrease 

of 66$ by peak a_ and it is probable that the behaviour of peak jd is 

being affected by the energy tail of peaks at higher energies. 

Unfortunately, the spectrum at energies greater than 35*000 cm  ̂lias 

not been analysed but from the form of the spectrum (Appendix 3«l(xxx)) 

it is clear that overlapping must occur in the region of peak cl. Thus 

the behaviour of peak jd may be taken as analogous to that of peak e_ 

in the complex Tdp^Cr(CO)^ i.e. sharpening of the peak at approximately

40,000 cm  ̂causes'apparent loss of intensity on cooling.

A comparison of the analysis of spectra of complexes 

TdpoCr(C0). and Tdp0I*Io(CO), allows correlation of certain peaks. Thus
d, U -J:

it is reasonable to correlate peaks and je in the chromium complex 

with peaks b_ and _c in the molybdenum complex with d_ and h_ respectively 

being the lowest energy charge transfer e &Td d a9 {jT-00(1-4^g aZ yz*
on the energy level diagram outlined above. Teaks je and _c are assigned

as the next charge transfer band e fit d d 1 - e jTT*C0(l,3; T,4}1
o* 2.35 y z  u.

while peaks at higher energies in both complexes (_f, etc.) are
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assigned as charge transfer transitions although the donor-acceptor

levels cannot he given. The relative energy ordering of the transitions

depends on the coulomb and interaction energies of the orbitals and

only the first two transitions may be defined for trans disubstituted

complexes. It is more difficult to correlate the lower energy peaks

(a, b, c_) in Tdp^Cr(CO)^ and the single peak a. in Tdp9Mo(C0);j because
the analysis is less reliable for these peaks and factors such as

spin-orbit coupling must be considered. Peaks a. in each complex show

corresponding behaviour on cooling and occur at similar regions in

the respective spectra. Thus peak in the chromium derivative

corresponds to a shoulder on the extreme end of the low energy tail of

peak d while ucaks b and c have V  closer to that of the charge— — — max
transfer x̂ eak cl. The position of the peak a, in Tdp9'Io(C0)̂  at

25,430 cm  ̂also suggests that the corresponding peak in the chromium 

complex will be at a lower energy t■ an this as the d-level splittings 

will be greater in the molybdenum complex, however, as the d-d 

transition energies depend on the ordering and energies of at least 

four levels in complexes with Dj, j symmetry (see figure 1.2) it is not 
possible to compare two such environments with any confidence.

Gaussian analysis is therefore indicative but inconclusive in the low 

energy region that the peaks a in both Tdxv>Cr(C0)̂  and Tdp9Mo(C0),t 
represent d-d transitions and it is interesting to note that the ratio 

f(300)/f(90) for peaks a is 2.5 and 2.9 for the chromium and molybdenum 

complexes respectively. This result would be expected for d-d
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transitions arising from an analogous vibronic effect in two similar
T —1complexes. J-n both complexes, the region below 35,000 cm is seen 

to have a lower value for the summation of oscillator strengths at 

low temperature than at room temperature. This is taken as evidence 

of some d-d character in this region, although the main peaks are 

assigned to charge transfer transitions.

TdpHo(CP)^ : Gaussian analysis

The monosiibstituted complexes in general have spectra showing 

a high degree of overlap in the 35,000 - 25,000 cm * region. 

Consequently, Gaussian analysis is difficult and this complex is the 

only monosubstituted derivative treated in this way. Although overlap 

is significant, resolution of the main peaks is fairly clear from the 

spectral outline allowing the analysis to he effected. For details 

of the spectral parameters and outline see Appendix 3.l(xii) figure 

3.9(vi) and table 3.6(vi).

Five Gaussian peaks are combined to reproduce the spectral 

outline at both room temperature and low temperature and as the spectra 

obtained for different temperatures show a reasonable correspondence, 

it is possible to correlate the Gaussian analyses. There are -hree 

intense peaks e_, £ and b at energies 33,850, 30,850 and 28,350 cm  ̂

respectively at room temperature and two very weak peaks one, cl, buried 

in peak c_ and another, a., occurring on the low energy tail of peak bp 

Cooling the sample gives a similar spectrum having three intense and
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two weak peaks although peaks (I and £ are seen to alter their relative 

positions in the two analyses. The positions for peak d at room
—  1temperature and lovr temperature respectively are 31,800 and 30,950 cm"*"

and for peak £ are 30,850 and 31,150 cm \  the other parameters for
these peaks being consistent with their assignment to these particular

frequency values. This is probably an anomaly of the analysis as the

peak d is a very weak peak arising from a shoulder in the observed

spectral outline at the position of peak £. The significance of peak

d will not be discussed in view of its anomalous position coupled with

its low intensity although this should have little effect on the

discussion of the parameters of peak c except, of course, its V  _—• max
position.

Peak a lias a very low oscillator strength at room temperature

(**10 "*) and while it remains approximately constant on cooling the

sample, this is principally due to an increased spread in the transition

as the S  decreases. This leads to the assignment of peak a as a max ~
d-d transition and again, a larger shift in V  is observed for this° ° max
peak than for peaks 1), £ and £ which are assigned as charge transfer 

bands (see below). Comparison of peak a in this complex with peak £ 

in Tdp^Mo(CO)^ shows the former to occur at higher energy than the 

latter (26,900 and 25,450 cm  ̂respectively). This is expected as the 

phosphine exerts a lower ligand field than carbonyl,- causing decrease 

in the d-d transition energies as the degree of substitution increases. 

The peak b has a high oscillator strength, at room temperature
/ — 9(*•10 ") and cooling causes sharpening of the pea’: and an increase in
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e  . The f-value increases from 0.014 to 0.018 which is consistent cmax
with assignment as the first charge transfer band elTfd d 1 —xz J2 f

â Jjr *C0(1-4)3* Comparing this peak with the first charge transfer 

assigned for Tdp^fc^CO)^ shows that it occurs at slightly higher 

energy in the monosubstituted complex (20,350 versus 26,750 cm” ).

This may be correlated with the smaller7T*bonding effect in phosphine- 

metal bonds as compared to carbonyl metal bonds. These observations 

support the requirement of the energy level diagrams of figures 3«2 

and 3»3 for the first charge transfer transition to be to the radial

carbonyls in both mono- and disubstituted complexes. This was previously
(44) sobserved by V/alker on the basis of spectral outlines of room

temperature spectra. The &  of the peaks assigned as the first x A max
charge transfer transition in both mono- and disubstituted derivatives

are comparable and this was quoted as evidence for the assignment as

d-d peaks were expected to be more intense in the noncentrosymmetric

monosubstituted complexes, however, consideration of possible vibronic

effects which have uroduced d-d peaks with €  significantly highermax
than those quoted (up to 3>000 1 mole * cm 1 versus 1,500 1 mole 1 cm "*■) 
and general caution concerning assignments from room temperature spectra 

only had questioned the validity of these assignments which are 

confirmed by the present work. Evidence from both the spectral outline 

and Gaussian analyses of spectra taken at room temperature and low 

temperature clearl3r indicates that peak lb of both Tdp9Ik>(C0)̂  and 

TdpMo(C0)p. is charge transfer in nature.
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The rem a in ing  two peaks o f TdpKo(CO)^ to  be considered £  and 

£  eacn snow a s l ig h t  f a l l  in  o s c i l la to r  s tre n g th  on c o o lin g  the sample, 

the e x t in c t io n  c o e f f ic ie n t  decreasing in  each case and rhc ha lfband  

w id th  decreasing  fo r  £  w u ile  rem ain ing approx im ate ly  constan t fo r  

peak £ . I t  is  expected th a t  the in te n s ity  o f peak £  w i l l  be a ffe c te d  

by the energy t a i l  o f  h ig h e r energy peaks a lthough i t  has a h igh  

o s c i l la to r  strength , a t  room tem perature (O.Op) which remains h igh  a t 

low tem perature (0 .0 4 ) .  Each o f the peaks £  and £  can be assigned 

as charge t ra n s fe r  t r a n s it io n s  on the  bas is  o f th e ir  h igh  f-v a lu e s  

as the decrease in  o s c i l la to r  s tre n g th  on co o lin g  is  in s u f f ic ie n t  to  

support a d-d  assignment fo r  peaks o f such h igh e x t in c t io n  c o e f f ic ie n t  

(3,780 fo r  £ , 2,090 fo r  £ )  and h igh  o s c i l la to r  s tre n g th s . I t  is  

in te re s t in g  to  compare the spectra  o f the mono- and tra n s  d is u b s t itu te d  

Tdp d e r iv a t iv e s  in  the re g io n  o f 34,000 cm ^ where th e ir  spectra  

d i f f e r  co n s id e ra b ly . The tra n s  d is u b s t itu te d  complexes have r e la t iv e ly  

low e x t in c t io n  c o e f f ic ie n ts  in  th is  re g io n  which p r in c ip a l ly  comprises 

overlap  o f the charge tra n s fe r  peaks on each side w h ile  m onosubstitu ted  

complexes have h igh  e x t in c t io n  c o e f f ic ie n ts  a t app rox im a te ly  34,000 cm  ̂

due to  an in ten se  peak which occurs as a shoulder on the h ig h e r energy 

charge t ra n s fe r  peak. Th is r e s u lt  is  genera l f o r  bo th  Tdp and phospkine 

complexes o f chromium, molybdenum and tungsten carbonyl d e r iv a t iv e s ,  

the phosphite  complexes showing ra th e r  com plicated behaviour which 

w i l l  be d iscussed la te r .  However, cons ide rin g  the m o lecu la r o r b i t a l  

energy le v e l diagrams in  f ig u re s  3 .2  and 3 .3  and the in fo rm a tio n  in
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ta b le s  j»2 and p .3 i t  is  seen th a t  the m onosubstitu ted complex has 

more a llow ed t r a n s it io n s  than the tra n s  d is u b s t itu te d  complex and 

fu r th e r  th a t  the m o lecu la r o r b i t a l  eTT*C0(5) in v o lv in g  the a x ia l 

carbonyl occurs a t energ ies above the (p ,p  -  XT*) in te ra c t io n  le v e lx y
e7T"':C 0 ( l,3 ;  2 ,4 ) .  Th is  im p lie s  th a t m eta l lig a n d  charge t ra n s fe r  

t r a n s it io n s  in to  t h is  e“|T*C0(5) o r b i t a l  w i l l  occur a t  ene rg ies 

f a i r l y  c lose  to  those o f the lower charge t ra n s fe r  bands in  

m onosubstitu ted  complexes w h ile  tra n s  d is u b s t itu te d  complexes which 

have no such o r b i t a l  w i l l  have no t ra n s it io n s  o f correspond ing energy. 

This would cause the s p e c tra l o u t lin e s  to  d i f f e r  in  the manner observed.

(PSt^)0Cr(CO)^ : Gaussian analysis

The s p e c tra l c h a ra c te r is t ic s  o f th is  complex are g iven  in  

f ig u re  3 .9 ( iv ) ,  (v ) and ta b le  3 .6 ( iv ) ,  ( v ) .  The spectrum below

35.000 cm ^ showed the bes t reso lved  o u t lin e  tre a te d  by Gaussian 

a n a ly s is . As p re v io u s ly ,  however, the re g io n  o f t '  e spectrum a t about

34.000 cm ^ is  analysed w ith o u t re fe rence  to  po ss ib le  energy t a i l  

overlaps and consequently , re s u lts  in  t h is  re g io n  must be considered 

u n re lia b le .  The spectrum a t  lower energ ies is  s tra ig h tfo rw a rd , the room 

temperature spectrum showin . two s trong  peaks cl and b_ o c c u rr in g  a t 

30,750 and 27,350 cm ^ re s p e c t iv e ly  and another f a i r l y  in tense  peak

£  a t 33,650 cm’"'1' in  the "overlap  re g io n " .  C ooling the sample g ives a 

spectrum in  which the two peaks lb and jd remain the dominant fe a tu re s  

w h ile  peak e is  seen to  decrease s ig n i f ic a n t ly .  Two fu r th e r  peaks £
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and a_ are observed a t  28,800 and 24,500 cm ^ re s p e c t iv e ly  which have 

no correspond ing  peaks in  the room temperature spectrum.

The peak je is  c le a r ly  a ffe c te d  by overlap  as may be seen

from the spectrum analysed a t  h ig h e r ene rg ies . Thus the s p e c tra l

o u t lin e  a t  room tem perature shows considerab le  overlap  o f peaks h and

f_ in to  the re g io n  o f peak w h ile  a t  low tem perature, the e f fe c t  o f

co o lin g  is  to  reduce the ove rla p  s ig n i f ic a n t ly .  I t  is  th e re fo re

expected th a t  the peak e_ w i l l  lose in te n s ity  on c o o lin g  and no

assignment can be made on th is  b a s is . I t  should he noted th a t  the

spectrum o f t h is  complex p rov ides a fu r th e r  example o f r e la t iv e ly

low e x t in c t io n  c o e f f ic ie n t ,  fo r  tra n s  d is u b s t itu te d  complexes in  the

in te rm ed ia te  s p e c tra l re g io n  around 34,000 cm The parameters

derived  from  the  spectrum o f th is  complex and th e ir  observed behaviour

on c o o lin g  show some unexpected re s u lts .  Thus peaks _b and _d both

show a decrease in  o s c i l la to r  s tre n g th  on c o o lin g , s u f f i c ie n t ly  la rge

in  the case o f peak 1) to  suggest assignment as a d-d t r a n s i t io n  desp ite

the la rg e  o s c i l la to r  s tre n g th  (0 .0 2 8 ). The decrease in  f-v a lu e

fo r  peak d is  reasonab ly  s l ig h t  and due e n t i r e ly  to  a sm a ll decrease

in  £  . The p o s it io n  o f V  remains app rox im a te ly  cons tan tmax A max

suggesting a charge t ra n s fe r  t r a n s it io n  a l t '  ough no sharpening o f the 

band is  seen. Peak b shows a decrease o f 10p in  £  and a decrease 

o f 3Op in  the h a lfb and  w id th  which g ives a 40;.: decrease in  f-v a lu e  on 

c o o lin g . Comparison o f the spectra  w ith  t ’ ose o f the d is u b s t itu te d  

Tdp d e r iv a t iv e s  d iscussed above and o the r d is u b s t itu te d  chromium
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phospliine d e r iv a t iv e s  suggests f i a t  the two p a r t ly  reso lve d  peaks

in  the spectrum a t  freq uenc ies  30,750 and 27,400 cm” 1 (30,300 and

27,450 cm 1 a t  low tem pera ture) are charge t ra n s fe r  bands. The

complexes (FP r^)gC r(C u)^ and (PBu^)pCr(CO)^ c le a r ly  show two

analogous peaks which increase in  e x t in c t io n  c o e f f ic ie n t  on c o o lin g

and show genera l charge t ra n s fe r  c h a ra c te r. F u rth e r, i f  the f i r s t

charge t ra n s fe r  in  the tr ie th y lp h o s p h in e  complex is  a t  30,750 cm ^

( i . e .  peaVpdJ i t  would he d i f f i c u l t  to  e x p la in  why i t  is  s h if te d  from

the low est energy charge tra n s fe rs  assigned fo r  the tr i is o p ro p y lp h o s p h in e

and tr in b u ty lp h o s p h in e  complexes -  27,000 and 27,200 cm ^ re s p e c t iv e ly .

I t  is  s ig n i f ic a n t  th a t  peak jp o f the tr ie th y lp h o s p h in e  d e r iv a t iv e  has

\)  a t  27,400 cm ^ which m ight be expected fo r  t h is  complex on the Kmax 9 o x  j.

bas is  o f ana logy w ith  these o th e r s im ila r  complexes. Comparing f ie  room 

tem perature and low tem perature s p e c tra l analyses o f (F E t^ )QC r(C 0)^, 

i t  seems u n l ik e ly  th a t  peaks jc and â  should be seen o n ly  a t  low 

tem perature as is  observed, since peak a. c o r re la te s  w ith  the d-d 

t r a n s it io n  in  the Tdp complexes having a s im ila r  f-v a lu e  to  these 

(8 x lCT4) and peak c_ is  s u f f ic ie n t ly  in tense  a t  low tem perature to  

be expected to  occur a t  room tem perature a ls o . I t  would appear th a t  

a peak in  a p o s it io n  s im ila r  to  peak jc should be in c lud ed  in  f ie  

Gaussian a n a ly s is  o f the room temperature spectrum and p o s s ib ly  a 

peak correspond ing  to  peak a_ should be in c lu d e d , th is  would have 

the e f fe c t  o f decreasing the va lues o f the o s c i l la to r  s tre n g th s  o f 

peaks jb and cl a t room tem perature by reducing  th e ir  ha lfband  w id th s .
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These c o n s id e ra tio n s  u n d e rlin e  the n e c e s s ity  to  t r e a t  Gaussian 

analyses w ith  ca re , p r in c ip a l ly  us ing  i t  as an a d d it io n a l technique 

w h ile  always ta k in g  account o f the genera l trends in  analogous 

complexes as d e rive d  from  th e ir  s p e c tra l o u t lin e s  a t room tem perature 

and low tem pera ture*

C’texi ~ loCr(C0)^ : Gaussian a n a lys is

Th is  complex has an unreso lved o u t lin e  below 35,000 cm” '  which 

could n o t be ana lysed by Gaussian peaks. As th is  d e r iv a t iv e  is  expect 

to  have a s tru c tu re  s im ila r  to  th a t  o f the d is u b s t itu te d  Tdp and 

tr ie th y lp h o s p h in e  complexes discussed above and to  be e le c tro n ic a lly *  

s im ila r ,  the curve below 35,000 cm ^ is  considered as com pris ing 

two charge t ra n s fe r  peaks comparable to  those observed in  the more 

reso lved  spec tra  o f these o the r complexes, p o s s ib ly  a long w ith  e th e r, 

weaker peaks the o r ig in  o f which is  le ss  understood and which th e re fo r  

cannot be d iscussed . The s p e c tra l o u t lin e  and o the r data f o r  th is  

complex arc to  be found in  Appendix 3 * l ( ^ ix ) ,  f ig u re  3*9 and ta b le  

3 . 6 ( v i i ) .  The unreso lved  nature  o f th is  spectrum is  a t t r ib u te d  to  a 

sm all energy d iffe re n c e  between the two low est charge t ra n s fe r  peaks 

which produces s u f f ic ie n t  ove rlap  to  e lim in a te  peak re s o lu t io n .  T; is  

and o the r s im ila r  spectra  w i l l  be d iscussed in  f u l l e r  d e ta i l  when, ike  

s p e c tra l o u t lin e s  o f a l l  the complexes s tud ie d  are compared and p x r t ly  

assigned below . The re g io n  o f the spectrum o f th is  complex analysed 

by Gaussian peaks extends from  3 5 ,G00 cm  ̂ to  30,000 cm ^ and is  

p robably u n re lia b le  a t  h ighe r energ ies due to  so lve n t a bso rp tion  eff-ec
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Peak a_ at. ,600 cn has a high oscillator strength which

increases slightly on cooling indicating a charge transfer transition

as expected in this region. Pea1: b has on E value o" 25.100 1 cm~ max " ‘ ’
mole  ̂at room temperature and an oscillator strength of 0.48. It is

certainly a charge transfer band although trie Gaussian peak behaviour

on cooling shows a decrease in £ and halfband width andmax
consequently in f-value. This may best be explained as the result of 

using Gaussian distributions without reference to overlap effects of 

higher energy peaks or solvent absorption. It is important when 

discussing a Gaussian analysis of any spectral region to know the 

spectral outline at higher energies if such an outline overlaps the 

region being discussed. Thus it is possible to derive more consistent 

results for energies intermediate between charge transfer and d-d 

spectral regions than it is in the charge transfer region bounded to 

higher energies by a region of unknown overlap effect.

Conclusions

Prom the study of Gaussian analysis as applied to the above 

complex spectra some important results may be derived. These analyses 

require careful study and may be misleading if obtained for only one 

complex of a possible series. They can be used to uncover peaks 

masked by more intense bands although very often the quantitative 

values obtained for intensity and oscillator strengths are too snail 

to be compared meaningfully at different temperatures. From the spectra 

analysed, assignments have been derived and are compared with results
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obtained in this study by considering only spectral outlines at room

temperature and low temperature without Gaussian analysis and also
44with results obtained previously from spectra taken at room

temperature only. The values are listed in table 3.7* Results

obtained from a treatment of the spectral curves without Gaussian

analyses are consistent for studies A and 3 talcing account- of the

difference in conditions and instrumentation. It is seen, however,

that Gaussian analyses give ̂   ̂_ values generally higher than thosemax
obtained directly from spectra, although both d-d transitions quoted

show the reverse effect. This is a consequence of the band overlap

and it is generally true that overlap of two peaks of approximately

equal intensity will cause the lower to have an apparent V  value  ̂ v A x max
higher than its true value due to the intensity produced by the overlap

of the low energy and high energy tails of the higher and lower bands

respectively. Overlap of a very small band with one of higher intensity

will give no such effect and may cause the apparent V  to be lower ° x max
than its true value as seen in the table.
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ROOM TMMTMRATURS AND LOV TELTLibxTlblE SPECTRA OF THE COMPLEXES

The study of the technique of Gaussian analysis was undertaken

as a feasibility study for its possible use with spectra recorded for

complexes LM(C0)j_ and trans LoM(C0)^ M = Cr, Mo, hr; L = P(0Me)~,

P(OEt)̂ , P(0I'>r1)̂ , PPr̂ , PBû . The results obtained and the critique

of the approach in general combined with the form of the spectra

obtained for these latter complexes suggested that in the majority

of cases, Gaussian analysis would be either impossible to applj' or

meaningless as a result of overlap, approximations used and the other

factors discussed above. However, study of the spectral outlines

obtained indicated that some assignments could be made without the

use of Gaussian analysis by observing the effect on the spectral

outline of changing the sample temperature and by comparing and

relating the spectra obtained for the entire series using a standard

approach to electronic absorption spectra. The spectral outlines are

reproduced in Appendix 3«1 and values for £ and V  given in x xx max max
tables and 3 *3 * It should be noted that the values of £ andmax
V given are obtained directly from a plot of £* versus V * no max ° J

correction being made for peak overlap. As overlap is approximately 

equal in comparable spectra and is accounted for qualitatively as far 

as possible, any interpretations and assignments should be consistent 

in the series. The general outlines of the spectral curves have been 

given under certain categories in figures 3»̂ » 3*5 and 3*6 and the
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spectra of the complexes are now discussed in relation to these 

outlines.

I • onosubsti tute d Comp1exe s

The only previous report of the electronic spectra of Group VI

metal carbonyl monosubstituted complexes containing the ligands
74discussed here was m  a paper by Darensbourg and Brown who presented 

the spectra of P(0Me)„Mo(C0)j_ and p(0Et)^Mo(C0)^ at room temperature 

only. The spectra of the other monosubstituted complexes in this 

work are reported for the first time at both room temperature and low 

temperature. These spectra may best be discussed in two main groups, 

treating complexes with phosphite and phosphine ligands sex>arately.

It may be seen from the spectral outlines that chromium complexes in 

each group generally have less resolved spectra than corresponding 

molybdenum or tungsten complexes. Normally, however, the resolution 

is sufficient to allow discussion of these chromium spectra and 

comparison with more resolved analogous spectra supports the relevance 

of such discussions.

The spectra of the phosphite derivatives in the region of 

intermediate intensity 33,-00 - 23,000 cm * have the general form shown 

in figure 3.3 for P(0Et)JIo(CC)^. Thus, there is a peak at energies 

just below 35,000 cm-*, peak C, which, shows an increase in extinction 

coefficient on cooling the sample along with sharpening of the peak. 

This band is observed as a partly resolved peak in molybdenum and
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tungsten complexes and as an unresolved shoulder in chromium complexes.

In the former case, the effect of cooling is to increase the

resolution of the peak and as the peaks at higher energies are

expected to sharpen and thus contribute less to the intensity of peak

C at low temperature, the increase in €  of peak C leads to itsmax
assignment as a charge transfer transition. For chromium complexes,

the intensity variation on cooling is less obvious due to the greater

overlap but t’ e imcorrected extinction coefficient increases in all

cases on cooling giving a more clearly resolved shoulder and this

suggests assignment as the charge transfer peak analogous to the

resolved peak C in molybdenum and tungsten complexes.

The behaviour of V on cooling as used above in Gaussianmax
analysis to support a d-d (increase in V on cooling) or a chargeJ xX max °
transfer (V constant on cooling) assignment is less useful for x rmax
studies of plain spectral outlines as c' anges in overlap effects are

probably more effective in altering the apparent V value than are A J max
vibrational band effects. Th.us although the peaks assigned as charge 

transfer transitions, such as peaks C discussed above, show little

change in their values, this is also seen to be the case formax
peaks assigned as d-d transitions (see below). From table 3*4 it nay 

be seen that the peak at 3-4,450 cm * in the spectrum of F(Che)^Cr(CO)^ 

appears to move significantly to lower energy on sample cooling 

(33,500 erf”*). It is generally true that complexes (both mono- and 

trans disubstituted) of trimethylphosphite are much less soluble in
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the hydrocarbon solvent used for low temperature spectral studies 

(methylcyclohexane/isopentane) than are complexes of the other 

phosphites used. The solubility of these trimethylphosphite 

complexes in other solvents forming glasses at liquid nitrogen 

temperatures (e.g. ether/isopcntane/ethanol) is found to be similar 

to that in the hydrocarbon glass and hence spectra of these complexes 

taken at low temperatures are found to be affected by scattering 

caused bj7" the tendency of the complex to crystallise out of the' 

glass. The solubility of the complexes increases in order Cr<hO-o 

and the anomalous position of the peak C in p(0IJe)̂ Cr(cn)̂  at low 

temperature may be due to the effect of an increase in absorption 

by scattering which causes a distortion of the spectral outline.

This problem of low solubility of the complexes in the low 

temperature glass coupled with the general difficulty of obtaining 

reliable, reproducible spectra led to the investigation of an approach 

to the use of optimum concentrations in running low temperature 

spectra. As the technique used to obtain the spectra is time 

consuming, it is of value to obtain the maximum amount of information 

from any one complex concentration. The use of a single path length 

(0.01 cm) is found to be most convenient as it eliminates the 

necessity to dismantle the cell to replace the spacer between the 

plates (see discussion of experimental procedure above for the 

importance of this). The spectrum of a single complex was thus 

obtained at various concentrations using a single path length (O.Cl cm)
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and graphs of 3  versus V drawn for each concentration. Comparison

of these graphed outlines indicates a difficulty inherent in

discussing the type of spectral outlines •'being studied. If the

concentration is low, the extinction coefficient of peaks appearing

as shoulders may be insufficient to produce a detectable shoulder.

However, as the concentration is increased in an attempt to observe

these shoulders, the more intense peaks on which the shoulders are

seen also gain intensity and if the concentration is too high, the

gradient of the plot (£ - V) ^oy be sufficiently high to cause

difficulty in distinguishing a weak shoulder from spurious noise or

from irregularities arising from experimental error in the position

of the points. It is found that there is a relatively small

concentration range in which peaks of intermediate intensity

occurring in energy region 35»OQO ~ 25,000 cm \  may be observed
-2satisfactorily. This concentration range is 1,25 - 1*75 x 10 M for

_omonosubstituted and 2.2 - 3*0 x 10 "M for disubstituted complexes.

The values of £ and V  given for the peaks have been obtained max max
on the basis of close examination of spectra taken at various 

concentrations bot'i as directly plotted on the spectrophotometer and 

as graphed in the form £  versus V , The effect of cooling is helpful 

in detecting the charge transfer bands but less useful for detecting 

very low intensity d-d bands as it tends to conceal them even more 

effectively, When the peaks have been observed the spectral 

assignments are, of course, based on the effects observed on cooling
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the sample including the decrease in extinction coefficient seen for

the d-d peaks. Thus the spectrum of ?(CKe'LCr(C0).. shown in
' J  J

Appendix 3«l(i) is the optimum plot obtained, lower concentrations 

giving less resolution and higher concentrations causing complete 

precipitation of the complex in the low temperature glass.

The peaks D which occur at energies between 31>000 and 

31,800 cm  ̂are seen at room temperature as partly resolved spectral 

shoulders in tungsten complexes, as unresolved but observable shoulder 

in molybdenum complexes while the spectra of chromium complexes have 

a less simple structure in this energy region. Cooling the sampleJL O G? X

produced greater resolution of the spectra in each case, with the

extinction coefficient either increasing or remaining constant. It

is not possible to comment on any change in half band width on cooling

the sample as this peak is not sufficiently resolved at either room

temperature or low temperature to allow such a comparison. It is

therefore on the basis of the change in extinction coefficient that

this peak is assigned as a charge transfer transition, however, as

the charge transfer peak, C, is seen to sharpen on cooling, the

contribution of its low energy tail to the intensity of peak I* should

decrease on cooling and hence the increase in 0  for peak pmax
indicated definite charge transfer behaviour. It is interesting to

note that :he increase in £  on cooling expressed as a percentagemax
of the £  at room temperature is greater for peak D than for peak C max
This is so because the overlap of the very high intensity peaks above
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35,000 cm * with peak C is relatively greater than overlap of pea": C

with peak 3. Thus the apparent increase in £  on coolin'- will hemax "
greater for the peak with less overlar, because less of the £" max
increase will be absorbed to replace the overlap intensity in that

case. This is an important consideration when assigning the peaks

lower in energy than peak D as, theoretically, it could be argued

that some charge transfer peaks might lose intensity on cooling due

to a decrease in overlap intensity of a greater magnitude than the

increase of intensity arising from the cooling effect. The observed

behaviour of £  for the peaks C and D each of which involves max
significant overlap supports the unambiguous assignment of peaks

showing a decrease in £  on cooling as d-d peaks (see below'.max ° x
The number of peaks observed at energies lower than that cf 

peak 3 varies in monosubstituted phosphite complex spectra generally, 

two peaks appearing for tungsten complexes and only one peak for 

chromium and molybdenum complexes. The peak E is seen to occur at 

energies around 29*300 cm  ̂and in each case, the £  v value 

decreases significantly on cooling. This peak is assigned as a d-d 

transition and its high intensity is attributed to the effect of ike 

noncentrosymmetric environment of the metal combined with the 

nonradial symmetry of the phsophite ligand which will be discussed 

later in relation to the appearance of formally forbidden modes in 

the infrared spectrum of phosphite complexes. In the energy region 

below 27,5C0 cm~\ no transitions are observed for chromium or
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molybdenum complexes while each of the tungsten derivatives is seen

to have a very weak peak F in this region. The intensities of these

very weak F peaks (< 600) as compared to the intensities of the

higher d-d bands (^l600) in the same complexes suggest that they may
represent spin forbidden, orbitally forbidden triplet transitions,

this assignment being supported by the detection of such peaks in the
klspectra of tungsten complexes only. .Deach and Gray found bands of

a similar nature for the molybdenum and tungsten hexacarbonyls which

they assigned as triplet d-d transitions, the intensity of the band

in tungsten hexacarbcnyl being greater than that in molybdenum

hcxacarbonyl. The spectrum of chromium hexacarbonyl showed no such

transition. Cooling the sample causes a decrease in the £  of° 1 max
peak F for the trietliylphosphite and triisopropylphosphite complexes

while the trimethylphosphite complex has no corresponding peak in its

low temperature spectrum. This apparent loss of peak F on cooling

is attributed to an increase in the V  value as discussed for d-dmax
transitions previously. If the value of V  , increases sufficiently,max
the peak may become masked by the higher energy peaks and thus appear 

to be lost although it must be said that the peak F of the triethyl- 

phosphite complex increases its V nins by 600 cm  ̂on cooling and 

remains resolved. Thus the peak F of the trimethylphosphite complex 

may simply have an extinction coefficient which is too low to be 

observed in the low temx̂ erature spectrum.

The spectral peaks in monosubstituted phosphite complexes
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having in te rm e d ia te  in te n s it y  va lues are th e re fo re  assigned as the

above d is c u s s io n  in d ic a te s .  Peaks A and 3 are h igh  energy n e ta l-

lig a n d  charge t ra n s fe r  t ra n s it io n s  repo rte d  fo r  completeness. Peaks

C and D are m e ta l- lig a n d  charge t ra n s fe r  hands, peak D be ing the

low est energy charge t ra n s fe r  e(cl d ) — ■ >  a .u l* C C ( l-4 '\  Pea!: 2xz yz a *
is  a sp in  a llow ed  d-d t r a n s i t io n  and peak P, observed o n ly  in  

tungsten complex spec tra  maybe a sp in  fo rb id d e n  d-d t r a n s i t io n .

I f  the spec tra  o f m onosubstitu ted complexes in v o lv in g  the 

phosphine lig a n d s  tr iis o p ro p y lp h o s p h in e , tr in b u ty lp h o s p h in e  and 

Tdp are s tu d ie d , the observed bands may be discussed as in  the 

phosphite complexes. A ty p ic a l s p e c tra l o u t lin e  is  shown in  

f ig u re  3Ji f o r  PPr^i-o (CC)^. A lth  ough the s p e c tra l o u t lin e  ob ta ined  

fo r  each o f the phosphine complexes is  s im ila r  to  the genera l spec tra  

shape o f the phosph ite  complexes a t  room tem perature, the low 

temperature spec tra  are seen to  va ry  in  the re g io n  a t  app rox im a te ly

29,000 cm*"'*’ . As d iscussed above, the peak 2 o f phosphite  complex 

spectra  (**29 ,300  cm"1) is  assigned as a d-d t r a n s it io n  and is  seen 

to  decrease in  in te n s it y  on c o o lin g . The peak D in  the spec tra  o f 

phosphine complexes occurs between 23,400 and 29,100 cm \  ga ins 

in te n s ity  on c o o lin g  the sample and is  seen to  sharpen up suggesting  

assignment o f t  is  peak as the charge t ra n s fe r  t r a n s it io n  analogous 

to  th a t  represen ted  by peak D in  phosphite  complex spec tra  (a t  

**31,500 cm"1) .  No peaks are observed to  lower energ ies o f  peak T) in  

the phosphine complexes o f chromium or molybdenum and no &—& bands
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are assigned in  the spectra  o f these complexes as the peaks a t h ig h e r

energ ies a l l  show charge t ra n s fe r  c h a ra c te r. The tungsten  d e r iv a t iv e s

however, are seen to  have a peak E o f very low in te n s ity  a t 26, c: ~

in  the room tem perature spectrum o f ?Fr*hT(CG),- and a t 25,900 cm-1

in  PBu^,i(C 0 )^ .  The spectrum o f the t r i  i  sopropylphosphine complex

a t low tem perature coa lu  n o t he ob ta ined as the complex p re c ip ita te d

out o f the g lass  a t  low tem perature b u t the tr in b u ty lp h o s p h in e  complex

showed a decrease in  the in te n s it y  o f peak E on c o o lin g , accompanied

by increase  in  V  from  25,900 cm * to  26,300 cm 1. The Tdp max

complexes o f chromium, molybdenum and tungsten each, show a weak d-d

t r a n s i t io n  w h ile  the triis o p ro p y lp h 'o s p h in e  d e r iv a t iv e  o f chromium has

a ve ry  weak shou lde r a t  26,950 cm 1 observed a t  room tem perature o n ly .

The appearance o f d -d  bands p r im a r i ly  in  tungstenphosphine complexes

o n ly  (e xc lu d in g  Tdp complexes) as compared to  t h e ir  occurrence in

the spec tra  o f chromium, molybdenum and tungstenphosph ite  d e r iv a t iv e s

and the much sm a lle r e x t in c t io n  c o e f f ic ie n ts  in  the form er case nay be

a t t r ib u te d  to  the g re a te r r a d ia l  symmetry o f phosphines as compared to

phosph ites . F u rth e r evidence fo r  th is  d iffe re n c e  as the o r ig in  o f

the d i f f e r e n t  &  va lues is  de rived  from  the r e la t iv e  in te n s it ie s  
max

o f the fo rm a lly  fo rb id d e n  b^ mode o c c u rr in g  in  the in fra re d  spectra  

o f these complexes. Th is mode is  observed by re la x a t io n  o f the s t r i c t  

symmetry s e le c t io n  ru le s  govern ing v ib ra t io n a l t r a n s it io n s  and i t s  

in te n s ity  depends on the e x te n t to  which the symmetry o f the lil(CC ),. 

m olecule d i f f e r s  from  the id e a l C, group. On t  is  b a s is , phosphites



- 112 -

are s ig n i f ic a n t ly  le ss  "sym m etrica l" than phospliines ( i . e .  the f iv e

carbonyl groups experience a lower sym m etrical environm ent in  the

phosphite complexes. See below fo r  fu r th e r  d iscu ss io n ) as the

r e la t iv e  in te n s i t ie s  o f the b^ modes are in  the approximate r a t io

4 to  1, phosph ite  to  phosphine. The lower va lue  o f the energy o f

the d-d t r a n s it io n s  in  phosphine complexes is  expected as a r e s u l t

o f the lower lig a n d  f i e l d  o f the phosphines as compared to  the

phosphite  lig a n d s . The appearance o f a d-d t r a n s i t io n  in  Pltr^Cr(C0)^_

is  c o n tra ry  to  the above argument a lthough  i t s  in fra re d  spectrum has

2an anomalous shape in  the E + energy re g io n  which may be due to  

lowered symmetry. Th is is  d iscussed la te r  a long w ith  o the r aspects 

o f the in fra re d  spec tra  o f these complexes. The fa c t  th a t  Tdp complexes 

each show d-d bands is  in  accordance w ith  o b se rva tion  o f b^ modes o f 

h igher in te n s i t y  in  t h e ir  in f ra re d  spectra  than those in  the spec tra  

o f t r ia lk y lp h o s p h in e  d e r iv a t iv e s .

Peaks D in  the phosphine complexes are assigned as the low est 

energy charge t ra n s fe r  t r a n s it io n s  and the peaks C and D1 to  h ig h e r 

energ ies a lso  behave as charge t ra n s fe r  t r a n s it io n s  on c o o lin g . The 

lowest energy charge t ra n s fe r  t r a n s it io n  is  found, a t  lower energ ies 

fo r  complexes in v o lv in g  phosphine lig a n d s  compared to  those w ith  

phosphite  lig a n d s  and the importance o f t h is  a long w ith  i t s  r e la t io n  

to  the bonding between the m eta l and phosphorus atoms w i l l  be d iscussed

la te r .  The p o s it io n  o f these low est energy charge t ra n s fe r  peaks
4 h

has been re la te d  to  the IT- bonding ability o f the lig a n d  ' and on
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th a t  bas is  phosphines are less  Tr*bonding than phosphites and hence 

the f i r s t  charge t ra n s fe r  band occurs a t lo v e r energy fo r  the 

phosphine complexes. Thus i t  was found th a t phosphine ligan ds  

tr ip h e n y lp h o sp h in e , tr ic y c lo h e x y lp h o s p h in e , tr ip h e n y lp h o s p h ite  and 

Tdp when arranged in  o rder o f charge t ra n s fe r  energy lo w e rin g  

a b i l i t y  fo r  mono s u b s t itu te d  complexes Idl(CO)^ (M = Cr, No, If) had 

the same o rde r as th a t  fo r  carbonyl frequency low ering  a b i l i t y .  This 

o rder was found to  be the same fo r  the chromium, molybdenum and 

tungsten complexes. I f  th is  tec lm ique is  a p p lie d  to  lig a n d s  s tu d ie d  in  

the p resen t work, i t  is  found th a t  the order o f the lig a n d s  in  charge 

t ra n s fe r  energy lo w e rin g  a b i l i t y  d i f f e r s  fo r  chromium, molybdenum 

and tungs ten  complexes and shows no obvious r e la t io n  to  the o rde r o f 

th e ir  a b i l i t y  to  lower the carbonyl s tre tc h in g  frequenc ies  in  the 

m onosubstitu ted  complexes. I t  is ,  however, tru e  th a t i>hosphines 

show” a g re a te r  a b i l i t y  to  lower both the f i r s t  charge t ra n s fe r  band 

energ ies and the carbonyl s tre tc h in g  frequenc ies  than phosph ites .

This ho lds  f o r  the lig a n d s  considered in  th is  work and those in  

k e f,  44 and such an o rd e rin g  is  observed fo r  each o f the group ITT 

m eta l complexes. From these re s u lts ,  i t  may be deduced th a t  w h ile  

phosphorus ( i l l )  lig a n d s  which have bas ic  d iffe re n c e s  in  t h e ir  

e le c tro n ic  s tru c tu re s  (e .g . phosphines and phosph ites) may be seen 

to  have c o n s is te n t d i f f e r in g  e f fe c ts  on p ro p e rt ie s  such as the 

carbonyl s t re tc h in g  frequenc ies  or the p o s it io n  o f the low est energy 

charge t ra n s fe r  peaks o f the m onosubstitu ted complexes o f group VI



- 114 -

m etal ca rbon y ls , such d iffe re n c e s  are n o t n e c e s s a r ily  s e n s it iv e

S i sub sti tu te  d Coi?y I exe s

The spec tra  ob ta ined fo r  tra n s  d is u b s t itu te d  complexes -a r  

in  s p e c tra l o u t lin e  accord ing  to  the m eta l and lig a n d  in v o lv e d .

T e traca rbony l chromium d iphosph ite  d e r iv a t iv e s  show v e ry  p o o rly  

reso lved  s p e c tra l o u t lin e s  in  energy re g io n  35»000 -  25,000 cm

in d ic a te d  by an increase in  the g ra d ie n t o f the curve a t  low ener_, 

on c o o lin g . The e x t in c t io n  c o e f f ic ie n t  remains app rox im a te ly  ecus

p ro p e rt ie s  d iscussed below fo r  the o the r trans d is u b s t itu te d  

complexes leads to  assignment o f a t le a s t one charge t ra n s fe r  peal* 

in  th is  energy re g io n . I t  is  n o t po ss ib le  to  g ive  even a o u a liirh : 

a n a lys is  o f the peahs under the s p e c tra l o u t lin e s  us in g  o n ly  the 

spectra  ob ta ined  w ith o u t such comparisons, as the poor re s o lu t io n  

prevents an estim ate  o f the number o f peahs in  the o u t l in e .  C-v.pa

enough to  a llo w  r e la t iv e  o rd e rin g  o f s im ila r  ligan ds  (e .g . two

p h o s p h ite s ). The re levance o f these re s u lts  to  bonding th e o rie s  

and ideas a p p lie d  to  the m eta l'V T  carbonyl d e r iv a t iv e s  c o n ta in in g  

phosphorus ( i l l )  lig a n d s  w i l l  be developed more f u l l y  in  a la te r  

chap te r.

shown in  f i g u r e ,These o u t lin e s  are

Cooling the sample g ives sharpening o f the peah a t  low est energy

in  the e n t ire  re g io n  and comparing -these re s u lts  w ith  the spec tr 
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of these spectra  w i t  > the o u t lin e s  ob ta ined fo r  analogous molybdenum 

and tungsten  phosph ite  complexes suggests th a t  more than one peah 

occurs fo r  the chromium complexes in  the energy re g io n  35,000 -* Ot/ O  ** ^ 7

25,000 cm b u t t h is  cannot be s ta te d  u n e q u iv o c a lly  on the evidence 

a v a ila b le ,  (See below fo r  a te n ta t iv e  c o r re la t io n  between reso lve d  

and unreso lved  spec tra  o f th is  ty p e .)

D is u b s t itu te d  complexes o f molybdenum and tungsten  carbonyl 

phosphites have spec tra  which are more f u l l y  reso lve d  than thosie o f 

the analogous chromium complexes and these form er spec tra  may be 

discussed in  r e la t io n  to  the spectra  o f the correspond ing m onosubstitu ted  

complexes. They may subsequently be compared w ith  the unreso lved 

spectra  o f the d is u b s t itu te d  chromium complexes. The spec tra  a t  room 

tem perature show th ree  peaks in  the re g io n  35,000 -  23,000 cm ~, one 

a t about 34,500 cm \  a peak o f s im ila r  in te n s i t y  a t  about 31,000 cm ^ 

and a low energy shou lder around 28,500 crn ^ in  each. case. In  each 

o f the sp e c tra , the o u t lin e  between 28,000 and 29,000 cm ^ is  p a r a l le l  

to  the a x is  ( i . e .  cons tan t) which g ives the shou lder a t  28,500 cm  ̂

an a r t i f i c i a l l y  angu la r shape. This e f fe c t  must be due to  the ove rlap  

o f the two low est energy peaks a lthough i t  is  a ve ry  unusual s p e c tra l 

o u t lin e  and may p o s s ib ly  be a r e s u l t  o f a peak c o in c id e n t w ith  the 

v a l le y  between the two low est energy charge t ra n s fe r  peaks. Any such 

peak would be charge t ra n s fe r  in  nature  bu t the p resen t a n a ly s is  is  

in s u f f ic ie n t  to  a llo w  d e f in i te  d e te c tio n  o r assignm ent. C ooling the 

sample causes an increase in  £  fo r  each o f the peaks w h ile  i t  is
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d i f f i c u l t  to  observe the e f fe c ts  o f c o o lin g  on the band w id th  due

to  the h igh  degree o f ove rlap  in v o lv e d . None o f the peaks is

s u f f i c ie n t ly  w e ll reso lve d  to  show pronounced sharpening on c o o lin g

bu t the increased re s o lu t io n  on c o o lin g  is  in d ic a t iv e  o f a decrease

in  h a l f  band w id th  in  a d d it io n  to  the increase in  £  . In  themax

spectra  o f the molybdenum complexes, the re  is  evidence o f a fo u r th

peak appearing a t 33,380 cm ^ a t low temperature o n ly . Th is  is  no t

seen in  tungsten  complexes a lthough the more reso lved  peaks in  the

low tem perature spec tra  o f both molybdenum and tungsten complexes

are more asymmetric than the peaks a t  room tem pera ture . The peak

a t 28,300 cm ^ is  assigned as the low est energy charge t ra n s fe r  hand

and occurs a t  lower energ ies than the corresponding band in

m onosubstitu ted  phosphite  complexes. These f i r s t  charge t ra n s fe r

bands are c o rre la te d  w ith  the charge t ra n s fe r  t r a n s it io n  in  the

m etal YT hexacarbonyls o ccu rr in g  a t app rox im a te ly  34,500 cm A

prog ress ive  lo w e rin g  o f th is  t r a n s it io n  energy is  thus observed as

phosphite  lig a n d s  rep lace  the carbonyl groups. The assignment o f the

pea1: a t  28,500 cm  ̂ in  the tra n s  d is u b s t itu te d  phosphite  d e r iv a t iv e s

is  based on the increase o f £  and sharpening o f the peak a t loww  max

tem perature as shown by a sm a lle r " t a i l ” to  low energ ies fo r  the

shoulder a t  28,300 cm F u rth e r, comparison o f the £  va lues o f * max

the peaks a t  28,508 and 31,500 cm  ̂ in  tra n s  d i -  and m onosubstitu ted 

complexes re s p e c t iv e ly  show th a t  these peaks have comparable e x t in c t io n  

c o e f f ic ie n ts .  Th is is  expected fo r  charge tra n s fe r  bands w h ile  d-d
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bands are expected to  be more in tense  fo r  m onosubstitu ted complexes.

The peak a t  29,300 cm  ̂ in  mono sub s t  i  tu te  d phosphite  cor.pl exes

which is  assigned as a d-d t r a n s it io n  may be c o rre la te d  w ith  a ve ry

much weaker peak observed fo r  on ly  the more so lub le  tungsten

disubstituted derivatives. ^ ( C O ) ^  'x as a 26,C?0 cn~‘
in  i t s  room tem perature spectrum w ith  £  = 330 which is  a p p a re n tlyx max x* .

lo s t  a t low tem pera ture , the e x t in c t io n  c o e f f ic ie n t  a t  26,000 cr.  ̂

decreasing to  2C0. This peak is  assigned as a d-d t r a n s it io n ,  bu t 

the co m p le x ity  o f the d - o r b ita l  s p l i t t i n g  and o rd e rin g  in  t h i r d  

se rie s  t r a n s i t io n  m eta l atoms preven ts  a m eaningfu l d iscu ss io n  of 

the o r ig in  o f t h is  t r a n s it io n  or i t s  r e la t io n  to  the d-d t ra n s it io n s  

assigned in  m onosubstitu ted  complexes.

The peaks o c c u rr in g  a t energ ies above the low est charge t ra n s fe r  

band in  these complexes e x h ib it  charge t ra n s fe r  behaviour on c o d in g  

the sample a lthough  the re  may be d-d t ra n s it io n s  b u rie d  in  these 

peaks. I t  is  n o t fe a s ib le ,  on the bas is  o f the spectra  ob ta ined , to  

assign these h ig h e r energy peaks to  s p e c if ic  charge t ra n s fe r  

t r a n s it io n s  as such assignments would re q u ire  a s u ita b le  s p e c tra l 

a n a ly s is  and a more q u a n t ita t iv e  m o lecu la r o r b i t a l  diagram than is  

a v a ila b le  a t p re se n t. The comparison o f spectra  o f these molybdenum 

and tungsten d is u b s t itu te d  phosphite d e r iv a t iv e s  w ith  analogous 

chromium complexes suggests th a t  the energy d iffe re n c e  between the 

f i r s t  two charge t ra n s fe r  peaks ( i . e .  o f low est ene rg ies) is  less in  

the chromium case causing a h ighe r degree o f overlag  and less
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re s o lu t io n .  In  the complexes £ r ( 0 E t } - ]0Cr(CO)^, [ r ( 0 ? r ^ )  ] 9Cr(C?}»» 

a p o o rly  re so lve d  shou lder nay he de tected  on the lo ir  energy side 

o f the 30,500 peak which nay he c o rre la te d  w ith  the shou lder a t

28.500 cm in  complexes o f molybdenum and tungsten . From these

co n s id e ra tio n s , the low est energy charge tra n s fe r  peak in  tra n s

d is i ib s t i tu te d  chromium phosphite  complexes is  assigned in  the re g io n

o f 29,500 cm ^ a lthough  i t  should "be added th a t  the la rg e  ove rla p

e f fe c t  o f two peaks o f comparable in te n s ity  may lead to  an increase

in  the apparent &  va lue o f the lo v e r energy peak as d iscussed max x

fo r  Gaussian peaks and th e re fo re  th is  assignment may be artificially 

high.

The s p e c tra l o u t lin e s  ob ta ined fo r  d is u b s t itu te d  phosphine 

complexes may a lso  be tre a te d  in. tvo  groups, the chromium complexes 

taken s e p a ra te ly ,fro m  the molybdenum and tungsten  complexes. The 

chromium complexes have r e la t iv e ly  v e i l  reso lved  spectra  in  the

35,000 -  25,000 cm * re g io n  shoving tvo  in tense  peaks a t  app rox im a te ly

30.500 and 27,500 cm ^ fo r  FEt.-, PPr^, F3u~. In  the la t t e r  tvo  cases, 

each o f these peaks gains in te n s ity  and sharpens on c o o lin g  le a d in g

to  th e ir  assignment as charge tra n s fe r  t ra n s it io n s  w ith  the lo v e r 

energy peak be ing  the f i r s t  charge t ra n s fe r  band correspond ing to  the 

peak E in  the m onosubstitu ted  phosphine d e r iv a t iv e s .  The t r i e t h y l -  

phosphine d e r iv a t iv e  which shovs charge tra n s fe r  behaviour on c o o lin g  

fo r  the lo v e r  energy peak, w h ile  the h ig h e r energy peal: appears to  

lose in te n s i I*' has been discussed above in  the Gaussian a n a lys is
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s e c tio n . The p o s it io n  and in te n s ity  o f the assigned as tk>.̂N *■ v JL' ”* « w

f i r s t  cl large t ra n s fe r  hand, are seen to  c o rre la te  w ith  those o f the

n on osubs titu tod  d e r iv a t iv e s  in  the same manner as was observed in

the phosph ite  complexes. Thus the energy o f the f i r s t  charge

tra n s fe r  band decreases on p rog ress ive  s u b s t itu t io n  o f ca rbonyl by

phosphine and the in te n s it y  is  comparable in  each d e r iv a t iv e ,  f.s

expected, the d is u b s t itu te d  phosphine complexes have the low est

charge t ra n s fe r  a t  energ ies le ss  than those o f the s im ila r  phosph ite

d e r iv a t iv e s ,  bolybdenum and tungsten phosphine complexes have spectra

o u t lin e s  v e ry  s im ila r  to  t ’ -ose o f the chromium complexes a lthough
_  1

there  is  a re g io n  o f ve ry  low in te n s ity  a t  jh9GG0 - 32,000 cm " in  

the la t t e r  which is  less  xironounced in  the chromium case. The spectra  

o f the molybdenum and tungsten complexes show the low est energy charge 

t ra n s fe r  peak w e ll reso lve d  a t about 26,500 cm ^ along with, a ve ry  

wide shou lder to  h ig h e r energ ies which a lso  e x h ib its  an increase in  

in te n s ity  on sample c o o lin g  and g e n e ra lly  is  more f u l l y  reso lved  a t 

low tem pera tu res. These peaks may be c o rre la te d  w ith  the charge 

tra n s fe r  bands observed fo r  the chromium d is u b s t itu te d  phosphine 

d e r iv a tiv e s  and a comparison o f the energ ies and in te n s it ie s  o f ike 

lowest charge t ra n s fe r  peak w ith  those o f the correspond ing peak in  

the m onosubstitu ted  phosphine complexes shows the expected low ering  

in  energy f o r  the d is u b s t itu te d  ccmplex and comparable in te n s ity  

va lues f o r  each d e r iv a t iv e  as observed p re v io u s ly .

Thus the e le c tro n ic  abso rp tion  spec tra  o f mono- and tra n s



d is u b s t itu te d  m eta l V I carbonyl phosphorus ( i l l )  complexes have been 

s tud ied  and c la s s if ie d  on the bas is  o f spectra  obta ined a t room 

temperature end low tem perature and p a r t ic u la r ly ,  the low est energy 

charge t ra n s fe r  band in  each complex has been assigned w ith  g re a te r 

c e r ta in ty  than was p re v io u s ly  p o s s ib le . I t  has been found p o ss ib le  

to  use sample c o o lin g  as a convenient technique fo r  im proving 

assignments in  s p e c tra l reg ions where d-d and charge t ra n s fe r  

t r a n s it io n  energ ies may ove rlap  and the in te n s i t y  a t room tem perature 

is  o f an in te rm e d ia te  v a lu e . Th is s tudy supports the m o lecu la r 

o r b i t a l  diagrams developed fo r  m e ta l-ca rb on jd  TT*an tibond ing ( tr  * )  

o r b i t a l  in te r a c t io n  as a p p lie s  to  the charge t ra n s fe r  bands in  the 

spectrum, the low est charge t ra n s fe r  assigned fo r  the mono- and 

tra n s  d is u b s t itu te d  complexes be ing  from the m eta l o r b i ta ls  in to  

the same com bination  o f the o r b ita ls  on the r a d ia l  carbonyl groups.



E le c tro n ic  Spectra o f M onosubstitu ted  Complexes. Tab le .



SOLVENT : l^TNYI.OYCL.OI'CTLLMD : ISO-EErTANE 3:2 by volume

CC1IPLEN 11001■ r rpyp* ry»-r-v.->ATLlIE L0' T rVnrl rD rA

P(OMe)3Cr(CC)5 (b ) A
A max 
234

V Jiiax 
43,700

&  max 
38,000

A max V  max

B 250 40,000 sh

C 290 34,450 5,600 299 33,500

*D 322 31,050 2,400 320 31,200

E 343 29,200 1,300 (a)

P (0E t)5Cr(CG)5 A 228 43,900 30,000 224 44,700

B 249 40,200 24,000 244 41,000

C 287 34,850 5,850 287 34,900

D* 321 31,150 1,800 318 31,450

*D 331 30,250 1,350 330 30,350

(c)E 342 29,300 1,100 342 29,300

P(0Pt1 )^C r(C 0)^ A 229 43,750 24,000

B 251 39,800 21,500
C 286 34,950 5,450 235 35,000

D1 318 31,400 2,100 317 31,550
*D 334 29,900 1,500 328 30,450

(c)E 331 28,500 720 351 28,500

Lowest energy charge transfer band.
Precipitation of complex prevents spectral observation* 
Low solubility gives un’vnovn scattering effects.
No pea1: seen at low temperature. Vmax and if
for corrn ..risen with S.T. clata.



TABLE 3.4 (Contd.)

COMPLEX

PPr^Cr(C0)5

PBu^Cr(C0)5

TdpCr(CO)̂

ROC'M TEITERATUBE IB

A max V max Emax A max \)max £nax
A 233 42,950 26,500

B 256 39,000 21,500

C 302 33,100 1,700 301 33,200 1,600

D’ 326 30,700 1,100 317 31,500 1,200

*D >£• CO 28,700 1,000 337 29,700 1,250

E .371 26,950 420 (a)

A 226 44,100 25,700

B 251 39,800 29,000

c 296 33,750 3,400 296 CO 0 0 3,600
(c)D’ l_i 00 31,400 2,000 318 31,400 2,300

*D 344 29,030 1,700 CO 29,600 2,200

A 218 45,800 43,000 216 46,400 54,000
B 253 39,600 25,000 250 40,000 34,000
C 295 33,850 2,600 295 33,900 2,700

D1 318 31,200 1,300 320 31,400 1,400
*D 341 29,300 1,200 337 29,700 1,400



TABLE 1.4 (Contd.)

C' rrvy *-■> HOOK TS-IPITJITCIffi LOTT ATT

Xmax \>Z«IX £ max Xmax Vmax
AA-X 233 42,900 49,000
13 236 39,100 21,500
C 288 34,700 7,900 290 34,500 11,000
*D 315 31,730 ' 2,800 315 31,800 3,300
E 338 29,600 1,800 339 29,430 1,500

>(OEt)3Ko(CC)5 A 233 42,900 47,000 232 43,000 50,000
B 2 55 39,200 32,000 245 39,300 36,000
C 288 34,650 C 0  A  A0,0 y 288 34,650 n  0 ^ 0C , *■-, 0, O

*D 314 31,800 3,000 315 31,750 3,100

E 342 29,300 1,900 339 29,450 1,400

P(PPri)3Mo(C0)5 A 234 42,750 53,000 233 42,900 56,000

B 255 39,200 30,000 232 39,700 *7 r\ r \ f \  37, -0

C 290 34,500 6,000 200 34,500 t ,

*D 318 31,500 2,600 317 31,600 O O A A

E 343 29,150 1,500 340 29,400 1,300



TABIJ 1.4 (Contd.)

nrv\ rr^-r «cr\rtr.,-L,iv

PBr^Mo(C0)5

PBu£:ro(co)_ 3 ' o

Tdpi:o(co)5

"*•* A  i
-it- .L iJ. ..L"_

r-> « mrr^'n
Ui-L L-Lli; LC• t <T»T_n *

Xmax V t;uix £nax Xmax Y?max €,v’ax
A* 213 46,900 27,000

A 234 42,700 23,000
3 254 39,400 32,500
C 296 33,250 2,500 296 33,850 2,800
Df 313 31,900 1,850 320 31,300 1,900
*D 346 28,900 1,200 345 29,000 1,500

A 234 42,200 71 Of>Aj vlj U
r»
.U 254 39,400 35,000
C 297 33,650 3,800 298 33,600 h Q9f)

D' 323 31,000 2,400 322 -» A r  r\jljOpvi O opr>

*D 346 28,350 * 1,950 348 28,750

A 228 43,800 38,400
B 255 *so 000 28,600
C 0 0 9 34,200 4,100 202 34,250 4,400

D1 318 31,450 2,650 322 31,000 2,150

*D 346 23,800 1,000 346 20,950 0  r, a r»i



m  * ’-st rp rr i t rt l i \j>,4 (Contd, j

comit

P(03t)3'?(CG)_

PCoPr̂ KccOg

^00 I T  FJ»'TT» rr->i7t-r>  ̂*TT|’Tr>*p

X nax \> nax £ max
A 229 43,600 62,000

B 254 39,350 19,000

C 287 34,800 6,S00

*D 320 '31,250 0 OAO 
“ , ° u j

E 343 29,150 1,700

TP 372 26,900 360

A 9~f> 43,500 69,000

3 254 39,350 18,000
C 288 34,700 6,200
*D 319 31,450 2,800
E 343 29,150 1,700

F 369 27,100 450

A 231 43,350 52,000

B 254 39,350 17,000

C 288 34,650 r: rronj , j
*D 319 31,300 2,?C0

ttiAj 344 29,100 1,600
F 372 26,900 550

x f\*.T rryrrr-j a

Xmax V max

007 34,800 9,coo
312 32,050 1, AAA-r , v C L

342 29,350 1

(c)

287 34,800 6,200
313 31,950 **' J - w

341 29,000 *?

365 27,550 rrr: ̂

2P8 34,650 — onn 2,--
313 31,950 <-> «-r> r>

i '■■■'

339 29,450 1-*• , ' ~
370 0*1 r\r\r\

J. / , wu 350



PPr^f(CO}5

pa^(co)5

Tdp’?(CO)5

T:‘.BIE 3.4 (Contd,)

30( m-rrr| nryr̂lATUItE T Ot t mTn mrT» i.UU'.V ±:.Ll'iy~i„i
•i nrrrf -̂T-i

X max \̂ max E max Xmax max E  max
A 231 43,250 24,000
B 250 39,900 20,000
C 292 34,250 2,500 293 34,100 4,300
D* 325 30,800 2,100 324 30,600 0 p.nn- - , — \y

*D 352 28,400 1,700 351 28,450 0 oop

E 376 26,600 320 (c)

A 231 43,250 38,600
B 251 39,850 29,500
C 290 34,400 3,000 288 34,700 3,700
D* 323 00CO0 2,100 325 30,700 2,900

*B 351 28,450 1,700 350 28,500 2,400
E 386 25,900 350 380 26,300 250

A 227 44,100 73,000 226 44,250 —lo
i ‘■■-t 000

B 250 40,000 45,000 250 39,900 000

C 290 34,400 4,050 294 34,000 5, 200

D1 327 30, 6-50 2 ,900 325 30,800 3, 630

*D CO 28,700 2,250

CO 28,750 . 0 , 850



T A B L E  5*5

Electronic Spectra of trans Disubstituted Complexes. Table.



TABL3 3.5 : T'U'IS DISU3STITUT.5D C0I:?L2XE3 

SQLVSITT : ' ST'Tf J.CYCLOIIS'C: 11TS ; ISOISIIT^S 3:2 by volume

C01TL! ’H A A l f  r n v T \  fT Y f - r r '*  *  HOTtt.Ui, I i-i LOVr TEMPTZUTTS1

A max V̂ max £max X max max £  max
(p(®e)3)2Cr(C0),t(’o) 249 40,150 32,000

* 337 20,700 1,650 336 29,750 1,650

[p(0St)_]2Cr(C0)4 230 40,000 33,000

. 309 32,350 2,000 (c)

329 30,400 1,700 328 30,500 - , w *

* 339 29,500 1,500 339 29,500 1,400

^(CPrbjlgCrCco)^ 252 39,700 34,000

329 30,400 1,650 330 30,250 2,100

* 341 29,300 1,550 340 29,400 1,800

(PSt3)2Cr(C0)4 227 44,000 15,000

258 38,700 30,000

325 30,750 1,620 325 30,800 1,500

* 365 27,400 1,950 364 27,450 2,000

408 24,450 220 (c)

(PPr3)2Cr(C0)4 260 38,400 24,000

329 30,350 1,850 328 30,450 2, 400

* 370 26,950 2,000 364 27,500 2, S00



TABID 5>5 (C ontd .) 

ROOM T EI’IPEIL\TURD LOV7 TEItPE?u\Tr: :D

(PBu”)2Cr(C0)4
A max ^roax £  max Amax' ^)max £  max260 38,500 30,000
327 30,600 2,000 325 30,800 2,300

* 367 27,250 2,300 364 27,500 3,200
M p 0Cr(CG),

£?(OMe)„]0Mo(CO),(lO 220

[?(03 3*2'.ro(co).

265 37,700 13,000 266 37,600 18,000

308 32,400 1,300 308 32,450 2,000
339 29,500 890 345 29,000 920

* 364 27,450 1,080 362 27,600 1,120
414 24,200 200 (c)

} 220 45,500 25,000
250 39,900 70,000
290 34,400 2,700 (a)
318 31,400 2,950

* 346 28,900 2,250
251 39,800 73,000

.290 34,500 2,350 290 35,000 3,000
298 33,500 2,750

303 33,000 2,300
308 32,500 2,550

322 31,100 2,300 329 30,400 2,550
* 356 28,100 1,650 352 28,400 1,850



TV3"' 3.1) (Contd.)

CCMI'T.'.K

[ r (0 P r i ) J 2M o(C 0)4

(n>r^)2!-:o<co)4

H0( TI3!FT A m T T T ”>771
-i J. U- uijj LCr.r mTTi fTv*7r*”) k mtT->ri

I j.jI trt.1 L-

A max V  max £cax X max 4)raax max
252 39,600 77,000
286 35,000 2,050 283 35,350 3,000

(c) 300 33,250 2,600

32 4 30,900 2,050 327 30,600 2,900

* 354 28,250 1,700 348 28,700 2,300

220 45,400 23,000

260 38,450 60,000

337 29,700 1,350 337 29,650 1,850

* 379 26,400 2,200 375 26,700 5,500

TdPoj;o(cc),

258 3S,750 63,000

338 29,600 1,500 332 30,150 1,500

* 376 26,600 2,200 374 26,750 2,700

261 38,300 35,000

298 33,500 1,900 300 33,400 1,800

342 29,260 2,050 GO 29,580 l  onr,J. J i., U». 1

* 370 27,000 2,800 369 27,100 2,800

410 24,420 420 410 24,430 240



COMPLEX

[p(0Ke)3]2V7(C0)i,i(l))

(p(ost)3]2'.'(cc)4

[p(0Pri)3]2V?(C0)4

(PPr3)2W(C0)4

TABLE 3.5 (Contd.)

HOOM TCriPEIli LO1.f mm rr ■
V ±£A'l ui-YTU3E

^ max 
247

\ }  max 
40,800

£  max 
81,000

Xmax \X’iax max

290
320

' 34,400 

31,300
2,550

2,250
(a)

350 28,600 1,400

248 40,700 78,000

291 34,300 2,900 237 34,800 3,100

323 31,000 2,800 327 30,600 3,000

350 28,600 1,900 348 28,700 1,900

248 40,600 74,000

296 33,700 1,800 290 34,450 2,300

329 30,400 2,200 ' 327 30,600 2,700

356 28,100 1,600 351 28,500 1,900

254 39,300 67,000

339 29,500 1,600 337 29,600 2,100

380 26,300 2,100 376 26,600 3,100



TdBIT? 5*5 (Contd« )

C0KPL3X BOOM TSCBBUTICIE LO" T^OBZUTF:

Araax V max € X~ax V nax £ nax
(P33o^)2V(CO)4. 252 39,600 76,000

335 29,900 1,500 337 29,700 2,000

357 28,000 1,800 358 27,900 2,400
* 379 26, 400 2,200 379 26,350 _ 3, '±00

Tdp2T7(C0)444 255 39,200 50,500

300 33,350 1,550
338 29,600 2,400

* 370 27,000 3,200
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A P P E N !) I X 3.1

Electronic Spectra of: llonosiibstituted. 

and trans Disubstituted Complexes. Diagrams,



APPENDIX 5.1

SPECTRUM
NUI1B2D SPECT:lUiI

(i) P(C!'e)3Cr(C0)5 (six)

(ii) P(OEt)3Cr(CO)5 (xx)

(iii) P(0Pr1)3Cr(C0)5 (xxi)

(iv) PPr^Cr(CO)^ (xxii)

(v) PBu^Cr(CO)^ (xxiii)

(vi) TdpCr(C0)5 (xxiv)

(vii) P(OKe)3Mo(CO)5 (xxv)

(viii) P(OSt)3Ko(CO)3 (xxvi)

(ix) H 0 ^ r i ) f ^ ( C 0 ) 5 (xxvii)

(x) PPr^!o(C0)5 (xxviii)
(xi) PBu^!o(C0)5 (xxix)
(xii) TdpMo(C0)5 (xxx)
(xiii) r(o-e)3Y(co)5 (xxx)

(xiv) ?(OEt)3̂ (CO)5 (xxxii)

(xv) p(npfi)3̂ (co)5 (xxxiii)

(xvi) PPr^(C0)5 (xxxiv)

(xvii) PJ3û 7(CO)5 (xxxv)

(xviii). TdpT.7(C0)3 (xxxvi)

(xxxvii)

(r(r:;:e)31 pcr(c r),; 

£r(0ttt)^2Cr(C0)4
fl>(0I>ri)3l2Cr(cn)4

tPPr^)2Cr(C0)4

(EBu^)2Cr(CC),

Tdp2Cr(C0)4
[11(f":e)3)2:'o(cr')

^(OPtj^HoCCO)
[p(0I’ri)3‘]2t?o(C0

(rTM2Ho(co)7i

(m i3)2?'o(co)4

Tdp2Ko(C0);i

jV(0He)̂J2/(C0)4
(p(CBt)3]2',:(CG),i

Cp(on-i)3l2v7(cc)4
(? r^ )2"(co),t

(p.tu”)2'/(co)4

Tdp2vr(co)4

(P3tylpr(C0)4
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C H A P T E R  4 
NUCLEAR MAGNETIC RESONANCE SPECTRA AND MASS SPECTRA



NUCLEAR MAGNETIC HESONANCE SPECTRA

Introduction

The study of nuclear magnetic resonance spectra of substituted 

metal carbonyl derivatives of the type discussed here has been

concentrated in two principal directions. These concern the and
31 31P resonance spectra respectively. The P studies were referred to

in the general introduction and an attempt has been made to relate 

the - 183W coupling constant to the position of the E mode in the

infrared spectra of complexes of type Kvr(C0)r where L is a variety of
28phosphorus (ill) ligands. Further studies on cis and trans

disubstituted group VI metal carbonyls^~^ and complexes L M(C0)^
80where L = P(OMe)^, PMê ; M = Cr, Mo or \\r; n = 1 - 4 have been 

carried out and the phosphorus-31 N.M.R. parameters discussed in 

relation to the bonding properties of these complexes. The results 

and discussions are complex and inconclusive and no phosphorus-31 
resonance results have been obtained in this work. Yvhile this is 

principally due to the extensive work already reported in this field, 

the low solubility of many of the complexes in this work made them 

unsuitable for observing the phosphorus resonance as its signal 

strength is much less than that of a proton resonance and very 

highly concentrated solutions are required in the former case.

The other principal study of nuclear magnetic resonance results 

concerning metal carbonyl phosphine complexes is of proton



magnetic resonance spectra and the phenomenon of 'virtual coupling’

in these spectra. This effect has been observed for complexes with
128two phosphorus atoms in trans positions , and is due to spin

information transmitted via the metal atom. The effect has been

reported for transdisubstituted Tdp complexes of chromium, molybdenum
81and tungsten carbonyls by King and for analogous complexes of the

ligand P^CHIg^CCEj by Verkade and coworkers.They each

observed a splitting pattern for the methyl and methylene protons

respectively which is identical to that expected for two equivalent

phosphorus atoms coupled to the protons. The magnitude of the
157virtual coupling may be related to Jpp* Mann and Ogilvie, Jenkins 

131and Verkade have reported studies on these coupling effects using
i iequations developed by Harris and the nomenclature of Haigh.

The proton magnetic resonance spectra of the complexes 

IM(C0)p. and trans 1^(00)^ where M = Cr, Mo or W and L = P(OMe)-,
j i -

P(OEt)̂ , P(0Pr )y PPr̂ , PBoj have been recorded and measured and

the parameters are listed in Table 4.1. The parameter values and

spectral patterns are discussed in relation to reported values and

spectra of similar complexes. One more recent development in NKR
13work on metal carbonyl derivatives is the use of C resonance

techniques and parameters for some of the complexes studied in this

work are given in table 4.2 along with recently reported values for
13some closely related complexes. Theoretical interpretation of C 

spectral work is presently being developed and an introduction to



TABLE 4.1

1H N.M.R. PARAMETERS

All spectra are recorded in CDCl^ using tetramethylsilane as internal 
reference.

COMPOUND CHEMICAL SHIFTS (*C)

OC H 0 H
P(0Me)3 6.51d (11.7)

P(OMe)3Cr(CO)5 6 .37a (11. 2 )

P(OMe)3Mo(CO)5 6 . 39d (11. 6 )

P(0Me)3LW(C0)5 6.35a (11.7)

(p(0Ke)3)2Cr(C0)4 6 . 35a (11. 4 )

(p(0Ke)3)2Mo(C0)4 6.39t (11.8)

(p(0Ke)3J2'f(C0)4 6.42t (11.9)

P(0Et)_ 6.12q (7.7) 8.73t (7 .6)

P(0Et)_Cr(C0)_ 5.98q (7.5) 8 . 68t  (7 . 0 )

p(0Et)3Mo(cn)5 6 . 01q (7 . 6 ) 8 . 68t  (6 . 9)

P(0Et)3W(C0)5 5.92q (7 .5) 8 . 68t  (7 . 5 )

(p(0Et)J2Cr(C0)4 6 , 00q (7 . 0) 8 . 70t  (7 . 0)

(p(0Et)3J2Ko(CC)4 6 . 02*  (3 . 6 ) 8 . 68t  (7 . 2 )

(p(OEt) )2W(C0)4 6.04* (3 . 7 ) 8.68t (7 .3)



TABLE >1.1 (Contd.)

COMPOUND CHEMICAL SHIFTS ( X )

«. H ft H

C. P^Pr1^  5.58s (7.0) 8.73d (5.8

P(OPr1)jCr(CO)_ 5.34s * 8.69d (5.7

P(OI>r1),Mo(CO)_ 5.55s (6.1) s.70d (6.3

P(OPr1) V,T(CO)5 5.45s * 8.69d (6.5

^(OPr1) )2Cr(C0)4 5.38s * 8.69d (5.3

(p(0Er1)3J2Mo(C0)4 5.41s (6.0) 8.72d (6.5

(r(0Pr1)3)2’i(C0)4 5.45s (6.0) S.71d (6.2

dT PPri 8.27 * 8.96d,d

PPr^Cr(CO)5 8.2 * 8.74d,d

PPr^Mo(CO)^ 7.8 * 8.77d,d

PPr^Kco),. 7.8 * 8.78d,d3 0

(PPr^)2Cr(i/)4 7.6 * 8.70d,d
(PPr^)2Mo(C0)4 7.8 * 8.73d, d

(PPr^)2¥(C0)4 7.7 * 8.73d,d



TABLE 4.1 (Contd.)

COMPOUND CHEMICAL SHIFTS ( X )

e  r  p b i u
J

EBu“Cr(C0)5 8.47 * 9.08 *

FBu2Mo(C0)g 8.45 ('•'lO)* 9.04 (*«*5)*
PBa^(C0)5 8.56 * 9.09 *
(EBug)2Cr(C0)4 8.47 (~ll)* 9.08 (~4)*

(PBu“)2Mo(C0)4 8.45 * 9.08 *

(K3u“)2W(C0)4 8.50 (~7)* 9.06 («~5)*

t  Second order spectra

Figures in brackets are loeak sei>aration in cps. ( adjacent peak 

Splitting patterns: d doublet; d,d doublet of doublets; t

q quintet; s septet,
* Complex signal. Multiplicity or peak separation doubtful.

j

triplet;
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its importance in studies such as this will be given along with the 

discussion of the parameters obtained*

hi N.M.R. RESULTS

The spectra were obtained on a Perkin Ebner R*10 60 Mc/s 

spectrometer using deuterochloroform as solvent and tetramethylsilane 

as internal reference* The observed parameters are given in Table 4.1 

grouped according to the ligand.

Trimethylphosphite derivatives

As is seen from table 4*1A, the ligand, each of the

monosubstituted derivatives and the trans disubstituted chromium

complex show a doublet, the molybdenum and tungsten disubstituted

complexes each having a triplet pattern. The ligand doublet arises
31 1from spin-spin coupling P - H of the phosphorus-31 with the three 

equivalent methyl protons* Co-ordination of the P(OMe)^ ligand to a 

group VT metal carbonyl causes the N.M.R. signal to shift downfield 

(i.e. to lower %  values) while the spin-spin coupling pattern remains 

unchanged* Environment effects on coupling constants are discussed 

below in relation to similar previous observations* The spin-spin 

coupling patters of the trans disbustituted complexes differs in the 

chromium case from that in the molybdenum or tungsten cases* The 

latter complexes have an apparent triplet pattern, approximate intensity 

ratio 1:1*5:1, the two outer peaks having a lower half band width



than the central peak in each case. The disnbstitnted chromium 

derivative shows essentially a doublet pattern although there is 

a small asymmetric peak between the outer bands.

standard coupling theory and possible secondary phosphorus coupling 

effects transmitted through the metal atom in the disubstituted 

cases. As has been stated above the occurrence of a doublet in these 

spectra is readily understood by phsophorus hydrogen coupling theory 

which the apparent triplet patters arise from complex overlapping of 

resonance lines. The observed patterns for trans disubstituted 

complexes imply that phosphorus-phosphorus coupling is small for the 

P-Cr-P system and fairly high for the P-Mo-P and P-W-P systems. This 

was previously observed to be so in trans disubstituted Tdp complexes.

greater for the complexes than for the trimethylphosphite ligand while 

generally the shifts for monosubstituted complexes are very similar 

to those for the trans disubstituted derivatives. This downfield 

shift on complexing may possibly be related to the magnitude of the

noted that formation of a quaternary salt from a neutral phosphine 

gave a downfield shift of ^-protons in substituents on the phosphorus

These spin-spin coupling patterns may be understood using

The shift downfield from tetramethylsilane is seen to be

positive charge on the phosphorus atom. Hendrickson and cowcrkers138

atom while formation of a phosphine produced a similar

effect on the and £ -protons, the magnitude of the shift being
31 1less in the latter case. They also reported that the P — H spin—



spin coupling in a series of derivatives appeared to vary uniformly, 

increasing as the chemical shift moved to lower fields. Each of 

these factors was explained by spin-spin coupling theory and 

hybridisation effects. If the (T- electron contact contribution to 

the spin-spin coupling constant is taken as proportional to the 

s-character in the phosphorus hybrid orbital of the phosphorus- 

carbon bond, this contribution will depend on the electronegativity 

of the substituent groups. As this electronegativity increases, the 

positive charge on phosphorus will be enhanced as will the s-character 

in the P-C bond. If this greater s-character increases the contact 

contribution to the coupling constant then the observed increase in 

as the proton signals shift to lower fields is readily explained.r a
However, examination of the values given in Table 4.1A shows clearly 

that no correlation may be seen between chemical shift values and 

spin-spin coupling constants for the complexes considered in this 

study.

The chemical shifts for monosubstituted derivatives show a 

different order from shifts for the traxss disubstituted complexes and 

this suggests that correlation of phosphorus charge and chemical shift 

is not possible for a series of very similar complexes. Thus, it is 

difficult to explain why P(0Me)^W(C0)̂  has a greater chemical shift 

than corresponding chromium or molybdenum derivatives while 

(p(0Me)„]2¥(C0)̂  shows the lowest shift for the trans disubstituted 

complexes. Further, the coupling constants while showing the sane
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order for mono and trans disubstituted complexes have Jpg values 

increasing in order Cr<Mo<W and for the disubstituted derivatives 

only, coupling constant-chemical shift trends (j increasing, shift 

decreasing) are opposite to those reported by Hendrickson and coworkers* 

These results do not indicate whether the CT- electron contribution to 

Jpg is significant as they cannot be said to provide any measure of 

the positive charge on phosphorus* Consequently, the theory developed 

to rationalise coupling constants and chemical shifts in 

alkylphosphorus compounds is not useful in discussing organometallic 

complexes of the type considered here* As the parameters in Table 4*1 A 

are those for the phosphorus (ill) derivatives with the simplest 

proton arrangement, it is fairly clear that the proton magnetic 

spectra of more complex derivatives will be of limited use in bonding 

discussions* This limitation combined with second order splitting 

effects has restricted the study of proton N.M.R* spectra to observation 

of the parameters and discussion of virtual coupling effects. The 

phosphorus-31 N.M.R. work carried out by groups such as Ogilvie,
i«ri 28

Jenkins and Verkade and Grim and coworkers has failed to establish
31an unequivocal relation between P N.M.R. parameters and metal- 

phosphorus bonding characteristics. This is also true for proton N.M.R. 

parameters.
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Triethylphosphite derivatives

Parameters from the spectra of the triethylphosphite ligand

and its complexes are given in Table 4.IB. As may be seen, the

methyl protons give a 1:2:1 triplet as expected for coupling with the
CHg protons while these latter protons show a quintet structure

having relative intensity 1:4:6:4:1* This may be explained by

assuming both and spin-spin coupling which produces
1*50two overlapping quartets* Baldeschwieler and Randall carried out 

a series of double resonance experiments which gave CH  ̂- CHg coupling 

in triethylphosphite equal to the P - CH^ coupling* Thus the CHg 

quintet is sharp and has approximately equal spacing to that of the 

methyl triplet* The phosphorus atom does not couple to the (B-carbon atom 

in the ethyl group (i.e* <^0).
In both the mono- and trans disubstituted complexes, the 

methyl signal has a spin-spin coupling pattern similar to that of the 

free ligand (i*e. a l:2sl)* The chemical shift is slightly greater 

for the complexes, the monosubstituted derivatives having identical 

shifts (8*68^) equal to that of the molybdenum and tungsten 
disubstituted complexes while (jKOEtJ^lgGrCco^ ^as = ^70-
Little information concerning bonding properties in the metal-ligand 

link may be derived from these parameters. The spin-spin coupling 

constants, while showing behaviour similar to that for trimethylphosphite 

complexes are equally unhelpful* The coupling constant decreases 

from ligand to complexes except for the disubstituted tungsten
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derivative which has the opposite effect. The CHg signal shows

more complex behaviour due to the phosphorus spin coupling effects

and virtual coupling is seen for the molybdenum and tungsten

disubstituted derivatives. The mono substituted complexes have CE^

signals similar to that of the free ligand (i.e. a 1:456:4:1 quintet)
and are shifted downfield with respect to the triethylphosphite*

*31The chemical shifts decrease in order Mo>Cr>W and P - H coupling 

constants (= J^) have a similar relation Mo> Cr = W. The 

disubstituted complexes have consistently higher chemical shifts 

and double resonance techniques would be necessary to assign peak 

separations* The trans disubstituted chromium derivative has a CĤ  

pattern which may best be described as an unresolved quintet* The 

five peaks are readily observed but they coalesce to give a wide 

unresolved pattern. The trans disubstituted molybdenum and tungsten 

derivatives have a CH^ pattern comprising nine peaks* intensity 

ratio 1:2:4:6:6:6:4:2:1 which must be attributed to the effects of 

virtual coupling across the P-ft-P bond.

Triisopropylphosphite derivatives

The proton magnetic resonance signals expected for 

triisopropylphosphite and its complexes are a doublet for the methyl 

protons and a septet possibly split by coupling to the phosphorus 

atom for the unique proton. The doublet is observed as a strong 

signal in the free ligand and in each of the complexes. No phosphorus-



proton coupling is seen in any of the compounds* The CH signal is 

generally very weak and consequently it was difficult to determine 

the multiplicity and relative intensity of the peaks making up the 

signal*

The chemical shift is again larger for the complex signals 

than for the free ligand both in the CĤ  and CH cases and the mono 

and trans disubstituted complexes have very similar shifts* It is 

interesting to note that the very well defined coupling pattern for 

the methyl protons is not split by the phosphorus atom (i*e* 0 )
while the coupling constant varies as W> Mo>Cr between 5*3

and 6*5 eps* In the triisopropylphosphite complexes, if the downfield 

shift is taken as related to the positive charge on phosphorus, some 

correlation with bonding ideas may be derived* The proton chemical 

shifts of the trans disubstituted chromium phosphite complexes are 

consistently greater than those for the analogous tungsten complexes*

The coupling constants when observed show

but as these are less well developed theoretically than chemical

shift ideas, no explanation for this order may be given at present*

The charge on phosphorus depends on the accepting and TT-donating 

properties of the central metal atom* The most recently reported 

discussion on the role of TT-bonding in the metal VI hexacarbonyls 

suggests the order W^Cr^Ho for "fT-backbonding ability^ • As the 

backbonding ability is less for chromium than tungsten it may be 

expected that the phosphorus is more positive in the chromium
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derivative giving the higher chemical shift. Brown and Ravlinson10  ̂

have carried out self consistent field calculations on the metal VI 

hexacarbonyls which indicate 0*~bonding ability increasing in order 
Mo, W^Cr which would, if the order is similar in the derivatives, 

suggest further enhancement of the phosphorus positive charge. The 

CH signal split by spin-spin interaction between the CH and (CH_)0 
groups gave a very complex pattern which could not be analysed using 

the spectra obtained. Thus virtual coupling effects were not seen 

although by analogy with the trimethylphosphite and triethylphosphite 

derivatives, this effect is probably present.

Triisopropylphosphine and trinbntylphosphine derivatives

The spectra of these ligands and derivatives showed rather

complex peak structures due to second order splitting and without a

construction of the theoretical N.M.R. spectrum expected for the

spin-spin splitting patterns (for example, as in a computer study
140 \by Swalen and Reilly ) it is not possible to gain significant 

information from the spectra.

Thus the metal VI carbonyl phosphite derivatives have first 

order N.H.R. spectra which may be interpreted by simple N.M.R. theory. 

Virtual coupling is observed when two phosphite groups are trans 

situated in a disubstituted complex of molybdenum or tungsten, this 

coupling extending through five bonds to the protons on the ji*carbon



only. Indeed, coupling of protons on the ^-carbon to the phosphorus 

of the same ligand is not observed. The chromium atom does not 

transmit spin data? molybdenum and tungsten atoms do. Trans 

disubstituted chromium complexes therefore have spectra very similar 

to those of the monosubstituted derivatives. The chemical shifts 

for protons in complexes is greater than in the free ligands and 

the observed order of chemical shifts for the group VI metal 

derivatives may be related to the positive charge on phosphorus. Such 

correlation agrees with present ideas on electron transfer within the 

metal-phosphorus bond. No information was found from the spectra 

of phosphine derivatives as these are more complex second order types.
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15C N.M.R. RESULTS AND DISCUSSION

The chemistry of phosphorus compounds has recently been

expanded to include a wide study of the carbon-13 N.M.R* of the

compounds* Previous N.M.R. studies have been primarily concerned

with the proton or phosphorus-31 nuclei as a probe to indicate
changes in bonding around the phosphorus. This has been discussed

in relation to the proton magnetic resonance data obtained in this

work and phsophorus-31 studies reported in the literature for some
13of the complexes considered here. The study of C nuclear magnetic

resonance has only recently been extensively used in phosphorus

chemistry and although the technique was used in a study of iron
141pentacarbonyl in 1958 , its general use in metal carbonyl chemistry

has been slow to develop. In the last two years, a number of papers

have appeared dealing exclusively with the carbon-13 N.M.R. spectra
142-144of transition metal complexes and a report of the spectra of

PPh^ and PPh^Mo(CO)^ has also appeared.
13While low abundance and low sensitivity of the C nucleus

13have made resonance studies relatively infrequent, C parameters 

are of interest in bonding studies of metal carbonyl derivatives.

This may be seen by considering the various factors which cause 

N.M.R. data to have relevance to bonding studies. The phosphorus 

(ill) ligands considered in this study have either a direct phosphorus- 

carbon bond or a phosphorus—oxygen—carbon bond. The carbonr-13 resonance 

is a direct "probe” of the electronic structure around the phosphorus
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atom© The increased number of parameters involving coupling

constants between - ^C, 18̂ W -^1P - etc, may be used to

expand our ideas about the tungsten-phosphorus bond,

Ramsey*s theory of chemical shifts^^^ postulates two

contributions to the shielding experienced by a nucleus, the

paramagnetic and diamagnetic shielctings. The size of these

contributions is related to the mass of the nucleus involved, being

approximately equal but of opposite signs in the case of proton

spectra. The paramagnetic shielding becomes more important as the

atomic number of the atom increases* Phosphorus, while having a

relatively high atomic number, has the complication of possible

d-orbital involvement to an unknown extent and this will have an

indeterminate effect on the obtained shifts. The carbon-13 nucleus

presents a good intermediate case and for this reason, work has been

concentrated on developing a coherent theory designed to rationalise

carbon-13 chemical shifts. Until recently, this work was confined

to the study of spectra of organic compounds and even now the
13application and interpretation of C resonance techniques is far 

from routine. The only spectra of complexes similar to those 

considered in this study was in the work by Gansow and Rimnra on 

triphenylphosphine molybdenum pentaearbonyl •

Spectra for some of the mono substituted and one of the trans 

disubstituted complexes along with those for the molybdenum and 

tungsten hexacarhonyls were obtained and the parameters from these
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are listed in Table 4*2. Spectra for the ligands P(0Me)y P(OEt)^ 
i nP(OPr and PBu^ are also reported# Spectra were recorded on a 

Bruker ECFX-13 22#63 MHz spectrometer# Liquid complexes were run 

neat and solids as saturated methylene chloride solutions using T*M.S# 

internal reference# Chemical shifts were obtained on a 12#5 KHz 

sweep over approximately one hour and coupling constants were run 

at 1#25 KHz sweep in from 3 to 20 hour runs# All spectra were proton 

noise decoupled using a wide band decoupler operating at 90 MHz,

Chemical shifts of carbonyl carbon atoms

As may be seen from Table 4#2A, the carbonyl carbon-13 shifts 

show little variation on formation of a complex from the metal 

hexacarbonyl or between complexes containing different ligands#

The signal shifts downfield on formation of mono substituted complexes

for example from 193*7 ppm* in tungsten hexacarbonyl to a maximum

of 200#4.ppm# for the trans carbonyl carbon-13 shift in trinbutylphosphine

tungsten pentacarbonyl# The single disubstituted complex studied

shows a further shift downfield from 206,4 ppm# in P(0Me)^Mo(C0)^

to 210#3 ppm# in jp(0Me)^l^io(C0)^9 These results maybe correlated

with the expected degree of metal to carbon backbonding within a

series of complexes of a single metal atom. Thus the chemical shifts

for the cis carbonyl groups in complexes IM(CO)^ increase in order

of L C0<P(0Me)^<P(0Et)^< PBu^ while the molybdenum complexes

have cis carbonyl shift order C0<P(0Me)^< P(0Et)^<disubstituted P(OMe)^.
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It is seen, therefore* that as the presently accepted ability for 

the group VI metal atom to backbond by TV-* overlap increases* the 

carbon-13 chemical shift in the carbonyl group decreases. The 

chemical shift of the cis carbonyl group is appreciably less than 

that of the trans carbonyl and in a preliminary report of work in 

this area*^ this difference was attributed to one of two possible 

sources. These were stereochemical effects and ligand electronic 

effects. Comparison of spectra of the monosubstituted complexes 

shows that ligand effects are an important factor.

Chemical shifts of other carbon atoms 
13The C chemical shift of carbon atoms in the substituent groups

of the phosphorus III ligands change only slightly on formation of

the complexes when compared to the free ligand values. The sen$e

of the change is not* however, consistent for all carbon atoms.

Trimethylphosphite derivatives show a shift of 49*7 ppm* in the free

ligand which increases to 52.1 ppm. in the mono substituted molybdenum

complex and to 52.8 ppm. in the analogous tungsten complex. The trans
13disubstituted molybdenum derivative has a C chemical shift of 

intermediate value (51*7 ppm.)* Thus, in these derivatives, complexing 

of the ligand causes shift of the carbon-13 resonance to lover fields, 

this shift being related to the central metal atom and the degree of 

substitution. Triethylphosphite derivatives have two carbon atoms in 

the substituent groups, each of which shows different chemical shift
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behaviour on complex formation. The chemical shift of the oxygen

bonded carbon atom increases on complexing from a value of 57*0 ppm.

in the free ligand to 62*1 ppm. in the mono substituted molybdenum
complex and to 61.8 in the monosubstituted tungsten derivative. It

is noted, however, that this shift is greater in the molybdenum

than in the tungsten complex. As the results for the monosubstituted

chromium complex and the disubstituted triethylphosphite derivatives

of chromium, molybdenum and tungsten are not yet available, it would

be premature, on the evidence quoted above, to seek to rationalise

the carbon-13 chemical shift behaviour for substituent carbons bonded

to oxygen in these complexes in terras of possible molecular factors

such as electronegativity or bond angle effects. This particularly

true when the results for the only triisopropylphosphite derivative

reported are taken into account. This shows for P(0Pr1)^Mo(C0)^ that
13the chemical shift of the C bonded to the oxygen in the ligand 

moves to higher fields on complexing, the free ligand value being 

67*2 ppm. compared to a value in the complex of 57*0 ppm.

It will be necessary to obtain the carbon-13 N.M.R. parameters 

for the other triisopropylphosphite derivatives of the group VI metal 

carbonyls before the significance of this result may become apparent. 

The chemical shifts of the carbonyl carbon atoms in P(0Pr^)^Mo(C0)^ 

are also seen to be somewhat anomalous when compared with the values 

in trimethyl phosphite and triethylphosphite complexes. The cis CO 

carbon shows an increase in chemical shift from P(OMe)^ to P(OEt)^



derivatives in both molybdenum and tungsten monosubstituted

derivatives, while the P(0Pr1)^Mo(C0)5 has a 1 Ĉ shift for the cis

carbonyl group which is lower than that for either of the other

phosphite derivatives. It is clear, however, that any discussion

of these chemical shift parameters must await more extensive studies*

The series of complexes Ilf(CO)̂  and trans LgMfCO)^ with

M = Cr, Mo and ¥ and L = P(0Me)3, P(0Et)5, P(0Pr4)3, P(0Ph)3, PPr4,

PBû , PPh^ and P(C^H^)3 have been submitted for carbon-13 N.M.R.

investigation although as in phosphorus-31 N.M.R. studies, the low

solubility of the derivatives may prevent spectral investigation.

Using results for these complexes along with those of, for example,
148durene which have been determined and reported it will, perhaps,

be possible to propose a theory of carbon-13 chemical shift effects.
31As the theoretical basis for understanding and predicting P

chemical shift remains fairly empirical and, indeed, qualitative after

many years of study on fairly readily obtained spectra, it would be

surprising if the analogous carbon-13 theory emerged without a similar

amount of experimental study and theoretical development.

The chemical shift of the ^-carbon in the phosphorus

substituent is seen to move to higher fields on complexing a phosphite

ligand which is opposite to the effect on the o(-carbon shift. A

recent study on carbon—13 end phosphorus—31 chemical shifts of some
149tertiary phosphines by Mann concluded that observed chemical shifts 

in these compounds behaved in a similar way to such shifts in the
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substituent alkane groups* It was suggested that such changes vere 

possibly dependent on bond angle changes. The carbon-13 chemical 

shifts for the n-butyl carbon atoms in PBo^ have been obtained in 

this study and chemical shifts for the complexed ligand in 

PBû V/(C0)̂  are reported. On complexing, the chemical shift of the 

01— carbon moves slightly to lower fields* The remaining three carbon 

atoms in the butyl structure have the opposite effect, moving to 

higher fields on complexing* Thus in both phosphine and phosphite 

derivatives, the c#-earbon has resonance at lower fields in the 

complexes than in the free ligand while the more remote carbon atoms 

show the opposing effect* This unique effect on the ot~carbon atoms 

may have some relation to the effect of the central metal atom on 

the electron distribution around the phosphorus atom and hence may 

contribute to bonding information concerning such metal phosphorus 

linkages.

Spin-spin coupling constants

Three types of spin-spin coupling effects have been studied

and reported for the complexes considered. These are the coupling 
31 13of P to the C atom of the carbonyl groups situated cis and trans

31 13to the phosphorus III ligand, coupling of  ̂P with C within the 

alkyl or alkoxy group of the ligand and, for tungsten complexes, the 

- 13c coupling mechanism. One of the most useful aspects of 

carbon-13 resonance studies is that the number of N.M.R. parameters



- 139 -

obtained for complexes such as those considered is significantly

higher than was previously possible using only ̂ 1P and magnetic

resonance* In particular, the transmittance of spin data through

various atoms in the systems is indicated by the spin-spin coupling

constants* These experimental results should provide information

which will help to rationalise bonding effects and some of the results

have a qualitative relation to metal ligand bonding theory as it is
presently accepted*

The values of |j(^*P » M - 13C) [ for a single metal atom are

related to the change in chemical shift on altering the ligand* As

the chemical shift increases, the coupling constant decreases for
31 13both cis and trans carbonyl interactions. The P - M - C cis

31 13coupling is appreciably less than the P - M - C trans interaction* 
31 13The other P - C coupling constants reported are those within the

ligand. The trimethylphosphite derivatives each show Jp^ values

appreciably less than that in the free ligand and the triethylphosphite

derivatives show a similar effect for the ei- carbon while the jS- carbon

coupling has the free ligand coupling lower than that in the complexed

ligand. It is interesting to note that for trans JjP(OMe)^]^Mo^O)^,

the phosphorus-carbon coupling is very low «  0*6 cps) giving an order

of |Jp^l for molybdenum complexes of free ligand>monosubstituted >

trans disubstituted.
The tungsten-carbon coupling constants are seen to have order

31 13IJWC |cis<|ĵ ,| trans which may be correlated with the P - M - C



couplings and the accepted YT-*backfaonding arguments* The | ^ q | trans

values obtained range from 138.5 to 142.1 ppm, in the carbonyl

phosphines and equals 125.0 ppm in W(C0)g. \jyC \ cis values are all

within 0.6 ppm. of the hexacarbonyl value. Thus trans interaction

constants are more sensitive to ligand change than are cis effects

as expected from simple TT"bonding theory. As coupling constant

information for these types of complexes becomes more readily

available, it may be possible to observe meaningful correlation
31 13among the three principle coupling mechanisms, P - W - C,

- W — and 185W - Meanwhile, it is essential that

results such as those reported here should be obtained and tabulated 

as an impetus to theoretical approaches which might clarify any 

trends and subsequently relate these to plausible bonding ideas.
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MASS SPECTRA

Mass spectra of metal carbonyl complexes are now frequently 

reported in the literature as* for example, in recent studies of 

manganese and tungsten complexes#̂ 5*166 this study, the mass

spectra of only a few of the metal VI carbonyl phosphine complexes 

are discussed in relation to previous similar results*

Generally, mass spectra provide two factors of primary 

importance concerning any molecule* The first is an indication of 

the molecular weight of a complex by means of the m/e value of the 

molecular ion. Frequently in a mass spectrum the highest m/e value 

may correspond to the molecular ion which gives the molecular weight 

of the molecule. Another application of mass spectral results is 

their use in indicating possible fragmentation patterns of the 

molecule. The position and intensity of the mass spectral peaks may 

be related to certain fragments of the molecule and, along with 

metastable peak positions these give an indication of the pattern of 

molecular breakdown under electron impact. Metastable ions are 

observed when an ion is impacted during flight and kinetic energy is 

removed by a neutral fragment. Thus for an ion mass which fragments 

to ion mass mg, conclusive proof of this fragmentation pattern is only 

provided when a metastable ion mass m* is observed, this metastable 

ion being related to the masses m^ and mg by the expression

m* = “22/mi
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It has not been possible in this study to give a complete fragmentation

pattern for any of the complexes considered* Only a very small number

of metastable peaks are observed mainly because the geometry of the

spectrometer is not primarily designed for such measurements* This

inevitably limits the information which may be derived from mass spectra

although it is possible, by analogy, to discuss the spectral results

in relation to possible fragmentation patterns* Thus the loss of
1

carbonyl groups has been reported by King for trisdimethylamino-

phosphine complexes of metal VI hexacarbonyls while other relevant

studies have been carried out on ajid

^(OMe)^] The parent hexacarbonyls have also been studied
169 170and show successive loss of carbonyl groups. 9 These studies 

along with others concerned with the phosphorus III ligand mass 

spectra*^**^ may be used to interpret the spectra being considered 

here*
As the spectra of the complexes could not be obtained readily 

for practical reasons and some previous closely related results have 

been reported, only a few of the complexes prepared are investigated.

The results, including possible fragment assignments are given in 

Table 4.3 and include those for [p(0Et)3]2Cr(C0)4 and [p(0Me)3]2W(C0)4 

which have been re-examined and, for the latter spectrum, partly 

reassigned*
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Results and discussion

P(0Et)^Cr(C0)■5
The m/e values along with suggested ion fragments are given

in Table 4.3A along with the relative intensities of the observed

peaks. No metastable peaks have been observed in this spectrum and

the fragment ions given in the table and discussed below are assigned

by comparison of positions and relative intensities with previously

recorded spectra of analogous metal carbonyl derivatives. Loss of

carbonyl groups successively is observed, each of the ions

P(0Et)^Cr(C0)n+ with n = 0 - 5 being observed. The P(0Et)^Cr+ peak

has the greatest intensity as has been observed for LM+ and L^M*

fragments in previous studies on similar complexes. However, the

fp(0Me)^]^+ fragment in the mass spectrum of i® °*
very low intensity. The P(0Et)^Cr(C0)^ is also seen to lose an

ethoxy group to form P^Ift^CrCco)^* and from this fragment, successive

loss of carbonyl is again observed. In this case, only the fragments

P(0Et)oCr(C0) + with n = 1, 2, 4 and 5 are recorded and the P(0Et)QCr+ ^ n 6
ion is not observed.

ion directly. This loss of acetaldehyde is analogous to the observed

Loss of an ethyl group from the P(0Et)^Cr+ is observed giving a 

fragment 0 = P(0Et)gCr+ which is probably a phosphonate. Loss of 

acetaldehyde is seen from this fragment and also from the P(OEt)^Cr+

loss of formaldehyde from P(0Me)^Cr+ in fragmentation of
168which a metastable peak has been observed .



The ethyl group loss has been observed both in this work and 
44previously for the corresponding trans disubstituted derivative 

|p(0Et)^}2 r̂ (̂ 0)4 and is confirmed by a metastable peak observed in 
each case*

fr(QBt)31sCg(C0\
The spectrum of this complex has been described in a previous

44study and that obtained here is very similar in most respects*

It has been found necessary, however, to reassign three of the 

fragments on the basis of their m/e value* The principal ion 

fragments of the spectrum are given in table 4.3B and in this spectrum, 

two metastable peaks are observed, one at m/e = 368*9 corresponding 
to loss of a CO fragment from P(0Et)^Cr(C0)̂ P(0Et)2+ and the other 
at m/e =* 328*2 which corresponds to loss of an ethyl group from the 
[^(OEtJ^gCr* fragment. Successive loss of carbonyl groups from the 

parent ion is not observed in this case while loss of an ethoxy group 

is seen as in the mono substituted complex spectrum* The successive 

loss of carbonyl from the fragment P(0Et)^Cr(C0)̂ P(0Et)2+ is seen, 
each of the ions P(0Et)^Cr(C0)nP(0Et)2+ n = 0 - 4 being observed*

This may be compared to the monosubstituted case where the 

P(0Et)2Cr(C0)^+ fragment was not observed, nor was the P(OEt)2Cr+ 
fragment. The £p(0Et)^]2Cr+ ion has the greatest relative intensity 
in this spectrum and loss of an ethyl group from this fragment is 

observed and a corresponding metastable peak is seen* Loss of



acetaldehyde is proposed as the subsequent step in fragmentation 

of £p(032t)̂ }2̂ r after ethyl loss and the resulting ion may lose a 

further ethyl group* Loss of acetaldehyde may also be seen from 

the P(OEt)^CrP(OEt )2 ion fragment although at the lower m/e values 

it is more difficult to assign the peaks without the evidence of 

metastable peak positions* Merely considering the m/e values does 

not allow unambiguous assignment of the ion structure and it is not 

possible to propose the fragmentation patterns to which each m/e peak 

may be related. Thus there is a fragment m/e value 236 which may be 

P(OEt)^CrOEt+ and may be derived from fragmentation of either 

P(0Et)3CrP(0Et)2+ or fp(OEt)3]2Cr+. The fragment m/e = 219 which was 

previously assigned as P(0Et)3Cr+ is most probably, from its m/e value 

HCrP(0Et)3+ which may be the result of acetaldehyde loss from 

P(0Et)3Cr(0Et)** Fragments at m/e of 190 and 174 are possibly due 

to an ion resulting from loss of an ethyl group from HCrP(0Et)3+ and 

the ion HCrP(0Et)2+ respectively* Loss of acetaldehyde from the 

fragment 190 may be seen as similar fragmentation to that observed 

for the fp(0Et)3l2Cr+ which also lost ethyl and acetaldehyde groups 

in succession*

P(0MeLw(CQL

This monosubstituted derivative shows successive loss of 

carbonyl groups from the parent p(0Me)3W(C0)j.+ and also loss of a 

methoxy group from this ion followed by successive loss of carbonyl



groups. In this molecule, each of the ion fragments PCOMe^wCco)^

and P(0Me)2W(C0)n+ n = 0 - 5 are seen as compared to the

P(0Et)3Cr(C0)3 molecule which showed only four of the possible

fragments in the latter case. Both the P(0Me)~W+ and P(0Me)oW+

fragments are observed and their relative intensities are fairly high

although the P(0Me)3W+ is not the strongest peak in the spectrum as

was the analogous peak in the P(0Et)3Cr(C0)3 spectrum. While the

fragments containing P(0Me)3 in the tungsten derivative are

significantly more intense than those containing P(0Me)2, this is not

true for analogous fragments of the chromium complex. Loss of a

methyl group followed by loss of ECHO from the P(0Me)3W+ ion is seen

and direct loss of HCHO from that fragment is also proposed. These

observations may be correlated with the mass spectrum of the free ligand,
168 173P(0Me)3 which has been assigned three fragmentation paths * as 

shown

- P(0Me)o+ HP0Me+ I

P(0Me)3 0P(0Me )2+---- HOPOMe+ II

•HP(0Me)2+----  HP(0)0Me+ III

Thus loss of the methyl group corresponds to fragmentation pattern II 

and loss of HCHO from P(0Me)3W+ may be seen as analogous to pattern 

III. Loss of HCHO from P(0Me)2W+ is not, however, observed in this 

complex. Two metastable peaks are observed for carbonyl loss, one in 

each of the fragmentation patterns involving P(0Me)3W(C0)a+ and 

P(0Me)2tf(C0)n+.
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4*1The spectrum of this complex has been discussed previously 

and shows similar loss of carbonyl groups from both [V(0Me )̂ j 2 ¥(C0)4+ 

and P(OMe)jW(CO)^P(OMe)2+ ion fragments as has been seen for the 

other metal carbonyl phosphite complexes. Loss of a methyl group is 

observed from [p(0Me)3l2W+ although the HCHO loss seen in 

(p(OMe),] 2Cr(C0)^ fragmentation is not seen in the analogous tungsten 

complex. The ion fragments are given along with relative intensities 

in Table 4.3D.

PPr^Cr(CO)5

The ion fragments and relative intensities are given in 

Table 4.3E, these principally consisting of fragments arising from 

carbonyl loss from PPr^Cr(CO)^^ and PPr^Cr(CO)^*. Metastable peaks 

are observed for two of the carbonyl losses, each of which is from a 

PPr3Cr(C0)n+ fragment. The PPr^ Cr(C0)n+ n = 0 - 5 fragments are 

seen along with fragments PPr2Cr(C0)n+ n » 0, 1, 2, 4 and 5* Generally, 

the PPr3Cr(C0)n+ fragments are more intense than the PPr2Cr(C0)a+ 

ions with the (C0)̂  fragment being the most intense. In the 

P(OMe)3W(CO)3 fragmentation, the (CO)̂  and (C0)2 containing fragments 

were more intense than that containing (C0)̂ . A metastable peak 

corresponding to loss of a C^H^ group from PPr^Cr* is also observed, 

the fragment formed being HCrPPr2+ which is analogous to the 

HCrP(0Et)2+ fragment observed for [pCOEt)̂ ] 2Cr(C0)4 fragmentation.



loss has been
assigned by analogy with reported fragmentation patterns of 

172trie thy lphosphine * No metastable peaks are observed for these
possible fragmentations.

This spectrum reported in Table 4.3F is fairly similar to 

that of the complex fp(OEt) ]̂ gCr(CO)^. No metastable peaks are 

observed and therefore the fragments are assigned by analogy with 

this latter complex and the other complexes reported previously.

Loss of isopropoxy group from the complex and successive loss of 

carbonyl groups from the resulting ion and from the complex itself 

is observed. Fragments [p(0Pr1)̂ ]2Cr(C0)̂ + n = 0, 1, 3» 4 and 

P(0Pr1)5Cr(C0)nP(0Pr1j2+ n = 0, 2, 3, 4 are seen compared to the 

triethylphosphite derivative in which only n = 0 or 4 fp(OEt)̂ ] 2Cr(C0) 

fragments were observed along with fragments P(0Et)^Cr(C0)aP(0Et)2+ 

n = 0 - 4. Loss of an isopropyl group followed by loss of W  

is .observed from (p(0Pr1)̂ ]2 r̂+ analogous to the loss ef ethyl group 

and CgH^O in fp(0Et)^32Cr(C0)4 *raSBieilta*kion* The fragment 
P(0Pr^)^Cr0Pr^+ is observed as is the P(0Pri)^Cr+ ion, the latter 

giving isopropyl and C^H^O loss.

Formation of the fragment HgPPr Cr+ and subsequent
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Conclusion

The spectra considered here are representative of both mono 

and trans disubstituted metal carbonyl phosphorus III derivatives*

The number of spectra reported has been limited only by practical 

difficulties of obtaining spectra* Clearlyf however, if no metastable 

peaks are observed, the more complex m/e regions cannot be assigned 

readily to ion fragments as various atom combinations may correspond 

to any one m/e value and fragmentation patterns cannot be constructed 

to eliminate any of these possibilities* The analysis of the spectra 

by analogy with other results is only helpful if the fragmentation 

is fairly clear which is not true of these complexes apart from the 

loss of carbonyl groups and loss of one of the substituent groups on 

the trivalent phosphorus* This is seen for all the complexes studied*

Experimental

Spectra were recorded on an AEI MS-9 mass spectrometer having 

ionising electron voltage of 70 and heated inlet temperature of

220 - 240°C.
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Mass Spectra of Complexes. Tables.



TABLE 4.3

4 > r-. OO OTT̂n'T̂OTT* f PT7*# ttbd*.) OA. i j v  -  UX P(0St)3Cr(C0)5
m/e values given are for the most abundant ion.

m/e ION
BEIAII
intmns:

A 353 P(02t)3Cr(C0) + 8

B 330 r(ost)3Cr(cc),t+ 1

C 313 P(0Et)2Cr(C0)5+ 2

D 302 P(CEfc)3Cr(CG)3+ 1

E 285 P(0Et)oCr(CC)A
Lu *jC

2

F 274 P(0St)3Cr(C0)2+ 2

G 246 P(0Et)3Cr(C0);I‘ 33

II 229 F(0Et)3Cr(C0)2+ 1

I 213 P(0Mt)3Cr+ 100

J 201 P(C2t)oCr(C0)+ 2

K 189 ■ I - Et 4

L 174 I - C^CITO 9

K 145 K - CTT̂ CIIO 
D

8

Mo n e ta s ta b le  peaMs observed *



m*T*Tn I, <7 I n „ (.1 \-• -Sj Vucntn.,]

T-, V f * o r ;  p-jp r*n//-\Tpi \ ̂
- J .  L - '  I  {'JiLt ;^Jo^ V ^ '- V f t

reiatf:
m/e ION T\inin>̂

A 496 fp(ost)3]2er(co)/i+ *9
3 431 r(0Et)3Cr(C0);P(0Et)o+ 15

C 483 r(03t)3Cr(CC)5I’(CEt)o+ 9

D 399 P(CEt)3Cr(C0)2P(0St)2+ 5
E 384 ^(0Et)^2Cr+ 100
F 367 P(OEt)3 Cr(CO)P(OEt)Q+ 0
G 355 S - Et 5
E 339 P ( OEt) „ Cr P ( OEt) n+ 

j  & 15
I 311 G - CIT-CPO 3 3
J 293 TT rtrr pr-rp

^ 3
E 282 I - Et 5
L 263 P(OSt)3Cr(CEt)+ 22
M 219 L - CE^CPO 42

N 190 M - Et 10

0 174 P(0St)oCrJT* 12
P 146 n - cifcho 14

I'etas tables 368.9 C ~>P -CO
388.8 E ~»Cr -Et



£ 4 . 3  (Contd.)

C. VAS2 SÎ CTSE-I OP P(0Me)^7(C0)^

m/e ION

TT

0

PPIATIVP-r-»,Trn'rr» t«~i -y r.-f\r
J.a. ! j. 1

A 448 P(OMe)^7(CQ)-+ 77
3 420 P(0Me)^7(C0)4+ 31
C 417 P(OKe) ̂ (C0)-+ 19
0 392 P(jOPe)3!-7(CO)3+ 85

E 389 P(0Me)2!7(C0)4+ 19
P 364 P(0Ke)3!7(CC)2+ 95
Ct 361 P (OMe )0*7 (CO )-+ 10

336 p(OKe)3'/(CO)+ 40

I 333 P(CMe)2V(C0)2+ 14

J 308 • P(OMe)3T.7+ 80

K 305 P(0Me)2'f(C0)+ 9
L 293 J - Me 11
M 278 J - TTCEO 19

N 277 P(Gtfe)2¥+ 46

0 273 L - HCHO 46

P 262 imyie* 100

Q 247 F,7P(0Me)+ * 41

MetastcVbles 340,3 P —V P — CO



RELATIVE
EsTEMSITT



TABLE 4.5 (Contcl.)

S. MASS SPECTRUM OF PI>r̂ Cr(C0)

KEIATIVS
m/e ION INTENSITY

a 352 PPr^Cr(C0)5+ 9
B 324 K>r*Cr(C0)4+ 2
C 309 PPr*Cr(C0),-+ 1
D 296 PPriCr(C0)_+ 

5 J
1

E 281 PFr^Cr(C0)jri+ 1
F 268 PPr^Cr(C0)2+ 2
G 240 PPr3Cr(C0)+ 19
n 225 PPrgCr(C0)2+ 1
I 212 PPr*Cr+ 100

J 197 PPr^Cr(C0)+ 2
K 170 ?Pr2Crn+ 2
L 169 PPr2Cr+ 1
M 128 n2PPr1Cr+ 1

N 123 M - Ej 2

Metastable peaks 297.9 A —>3 — CO
187.4 G - * I  -CO
136.4 I - * K  -C3II6



TABLE 4.5 (Contd.)

OF [r(0T¥i)_l9Cr(CC)i

RELATIVE
ion intensity

fp(OPr1)3]2Cr(CO);[+ 7

[l’(0Pr1)3]2cr(CC)3+ 2
PfGPr^CrfCO^PCOPr*)^ 9
Cr(CPci)3J2Cr(C0)+ 2
PlOPr1) Cr(CO) ?(GPr1)c)+ 1

[p(0!’ri)3l2Cr+ 100
P(CPri)3Cr(C0)2P(PPri)2+ 1

F - Pr1 4

P(OPr1)3CrP(OPr1)9+ 6

H - C3II60 32

I - Pr1 5

P(0Pr1)3CrBP(0Pr1)+ 1

X - Pr1 10

?(OPr1)3CrOPi’1 + 6

P(0?r1)3Cr+ 13

0 - Pr1 12

P - CJTr0 10A 6
CrOPTTO* 11



INFRARED SPECTRA AND METAL PHOSPHORUS BONDING
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INFRARED SPECTRA

The use of infrared spectra taken in the stretching carbonyl 

frequency region for monitoring reactions and distinguishing the 

configurations of derivatives formed in such reactions has been 

covered fairly extensively in the section dealing with preparative 

work while the general principles involved in using infrared spectra 

in conjunction with symmetry theory were outlined in the general 

introduction* The purpose of this section is to study the carbonyl 

stretching frequencies of the complexes in some detail* The rapid 

development in instrumentation and the continuing interest in relating 

such carbonyl frequencies and their parameters to changes in bonding 

characteristics have produced a series of increasingly accurate 

studies of carbonyl stretching frequency measurements* It has been 

observed in this study that to obtain a sample sufficiently pure to 

give acceptable infrared spectra in highly concentrated solutions 

requires extensive purification and in some cases may be virtually 

impossible* The occurrence of eis disubstituted derivative peaks in 

spectra of the trans disubstituted complexes has been briefly discussed 

in the treatment of the preparations of the latter derivatives* More 

recent developments concerning "anomalous” peaks which have been observed 

for complexes such as monosubstituted and disubstituted metal carbonyl 

derivatives containing phosphorus III ligands were reported by
COBigorgne and coworkers • They were the first workers to propose



factors other than low local symmetry as an explanation for the

appearance of peaks which are observed for a perturbed syusnetry,

although forbidden in the ideal symmetry itself*

The infrared spectra of the complexes obtained for very

highly concentrated solutions are reocrded in Table 5.1. The

frequencies are reported in cm”* and are accurate to ^0.2 cm*"*.

Spectral peaks in the region 2200 - 1800 cm * have been recorded for

cyelohexane solutions of approximately lO"2!! concentrations* This

compares with concentrations of approximately 5 x l(fSl to 10~^K

which give the E mode of such complexes a maximum absorption value

(i*e. <  transmittance). Many previous reports of the carbonyl

stretching frequencies in metal carbonyl complexes have been based

on solutions of low concentration and recorded on instruments of low

accuracy* However, some of the earliest work on the group VT metal

carbonyl ph©gphine complexes reported the possibility of unpredicted

peaks being present in the infrared spectra of these complexes* For
72example, Poilblanc and Bigorgne and Cotton and Kraihanzel in early 

studies each assigned peaks in infrared spectra to forbidden modes 

of the accepted symmetry species* These were, in fact, the B^ mode 

of monosubstituted IM(C0)3 and the (and in some eases modes

of transdisubstituted L^^CO)^ along with splitting of the E modes in 

each case. Since then, there have been many reported examples of
, i 66,67,134,135such peaks observed for similar complexes*



in

pa

EH

co
O
X<DI—f
£*6o
o-p
$•H-P
CQ

1*
CQ•Hfi
CQCldd-P
£d
■d
©-od-p
•H
-P
CQ

CQOdow s
uo
«H
CQ
CD•HOd
CD

C*
CD

£
fcDd•H

Ao-P
CDCl-Pw
r—I
frO.Pddo



Or
Z Z

5
EH

3
c n r - VO r - r - VC r - CO r - Cv r - O Ln r - r -

pH
m C l CO o o O G pH r- Ln tn hH *■ ■ 0 v:
co VP E'­ r - CO VC in CO r- m r - r - I - r - L._
c i o en C l tn pH C l VC CO C l c v : CT\• • • • • • • • • • • • ♦ • •cn •hT* vc VC rH _pi tn CO rH m rH tn L̂ .-■j1 in HH »ty m tn tn -r1
cn cn cn Cx cn CM C n cn cn C\ Cv cn '-'-s C*' CT\
pH pH rH pH pH pH pH pH pH pH pH rH — r* r—’

ml

P

Eh

p H pH

£

sEH
GO
CQ

3 VC m VD r - r - -Cf* Hf VO Ln L*\
i—i-r- CT* *7?

w cn „H VO m tn Cl CO o wEH Cl tn tn C! CM nr1

Cl VO o r- _r< tn Cl CO CO ^ ' C l w• • • • • • • « • • • » » •
<> r - rH c CO CO rH Ln o pH cc r-
r vd VO VO VO VC m m VO Ln b~\ •CT •r-1

cn cn cn Gx cn cn c< cn cn cn cn C \ c~. c*-* Cv>
pH pH pH p-l pH pH pH r-' pH pH pH rH r— r—.

EH

m  Ln in VC tn m r -

00 IC\ VO VO CO _ H in o
P H

CO > > > r*

IT\- HH VC CO Cl cn o tn Ln Ln C- ITx ir\• » • • • • • • • • • • • •
r~l tn 00 CO tn VO «>• tn Ln r—| r - CT\  ̂ ' o
CT\ on O'j CO On CO GO Ci 00 r - r - v^: [
CTN cn cn cn cn cn Cl cn cn cn cn CT\ CTn C  \iH pH pH rH rH pH pH rH rH r—' rH rH r- -:

CQ

a
o
@

Cl

3 t n C! C l C! t n t n C l t n C l t n t n t n c: C)

V v CO vc O pH t n VC r - Ln C l o C l C l c CO 'xO
EH rH pH pH pH pH pH pH rH pH «— —-

r - i n O Ln o vc C! G r - r - : : c ;
• • • • 0 • o • • • • • • • •

t n cn cn pH CO CO CTi r - VD CC r - v r Z" ■ Cl r -
<v r * r - r - l" - r - VO r - t n VD v : v*\ * o *o
> o o o G o c G co o G O c; zz c C-

C! C; Cl C-l C l C l r-. • C l C-: C ’ Cl C] 7“ c ■

EHEhCQ k .
B 4
P Ehr5 pH O o S2 o

Ln m m
o o ---*N
o o CJ

o
O

O S h
p' t ^

✓--X
& No

S t I*-
o o o

r-< p .

in
oo
L(otn

-p
H
O

m

o
o

tn
•p

o

'pf

m

in  cc
O

O  h
w  C Jtntn ^
-p * upo Goo o
P. Oh

Ln
o
o

£
o

in
o

in

£
o

L-\

tn o
in

o
o

m

o z:•h tn *h tn *h tnJ-I M Lt

m

~ t n  r  t n



rcs-pdoo

in
s
§Eh

s
h
*r<oM
CO

<3

EH

W

fafl

o
<3

EH
P3

rH CJ o CJ CO O VC CO 00 CO r - Ln in CN
pH pH rH (H rH rH 01 rH rH rH

O VC O r - CJ CO CO CJ CJ o CO vc O mLn in VC tn ■ r - CO Ln VC CN VC

o n CJ O CJ o tn tn Ln tn 00 Ln bn• • • • • • • 9 • • • • • • •tn rH CO VC CN C! i—i CC CN r-« •r* Ln r -
rH <M rH o rH CO O rH O VC i> r- CC1 r-
Cn C n CN CN CN CN CN CN CN CO CO co cc z~.
pH rH rH rH pH rH pH pH rH rH rH l-H

VO O O CO o rH O r—i Cl
rH rH rH rH rH rH rH

tn tn CJ C l tn tn r- tn tn

in m tn o i <uv•h vc in CN• • • • • • • • 9Hf CJ m rH CN CJ C n CO o
VO r- VC VC VC VC Ln VC VC
CN CN CN CN CN CN CN CN CN
pH pH rH rH rH rH rH rH rH

CO

$ocj
@

fcJD
<J o in ■4* in CJ Ln Cl c> o• • ■ • • • • • * •^  in •H (H o rH co 00 c n VC?  tn •H tn tn CJ tn tno O O o CC o cc c o

CJ CJ CJ Cl Cl CJ C; CJ CJ

MtHCO
BCOMA ►P

O *d CJ
CO

CO

ocj
dCJCl
tn
vo
o
'£T

cjo
o
#*̂HCl
tn
ov- 4o

-̂--N r— ,
/■—X o o ^—o o CJ oo '—r1 CJ
___' d oCJ W-- J 1"CM Cl C) C!
tn tn tn
O -p /-—1 -p H>■ Cl HO o O O•*,_/Ph Ci Ch cT

o
C J

uo
CJ

tn

oo
Cl

c jo
Cl co

tn tn tn d
/--- s / ---N CJ

>r—t ■rH •H CJ
dP- £ •h  tno c O d

s_y w „
Ch n P-t Z-i

co
CJ

b

C_ CJ CJ CJ
n-« 1

%c
/—V ‘ -V '•Hftn o_tn c m

rp--



Monosubstituted complexes

The complexes LM(CO)^ are each seen to have four peaks in

the carbonyl stretching region of their infrared spectra* If L is

considered to be a radially synanetric ligand, the overall symmetry

of the molecule is and only three active infrared modes are

required by symmetry studies for the carbonyl stretching motions*

These three modes comprise two modes (which interact) and an

E mode which in each of the monosubstituted complexes studied is seen

to be symmetric and unsplit* The observed mode which is not active

in pure symmetry environments is the mode. Its activity
52has been discussed recently by Bigorgne and coworkers • Their 

approach to the problem of explaining such anomalous peaks was 

confined to the two cases P(0Me)^Mo(C0)^ and PPh^Mo(CO)^ (although 

many other examples of other configurations and derivatives were also 

considered)* The infrared speetrum of the ligand trimethylphosphlte
136was seen to have three bands which were assignable to P - 0 vibrations, 

the two bands at lower frequency being taken as due to the E 

vibration in Ĉ  symmetry* This was considered as evidence that the 

three P - 0 bonds in trimethylphosphlte are nonequivalent* While the 

structure of ligand molecules of type P(OB)^ is not fully understood, 

this result for trimethylphosphite was used to propose a mechanism 

by which the B^ mode in monosubstituted molecules IM(CO),. could be 

activated. This mechanism involved the action of an asymmetric electric 

field deriving from the carbonyl bonds on the P — 0 — C — H bonds of
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the phosphite ligand© This electric interaction is not uniform as 

the three P — 0 bonds in the phosphite are not equivalent in their 

orientation with respect to any carbonyl group*

Considering the Bj, mode as indicated in Figure 5#If this can 

only be active if a molecular dipole moment exists in some orientation

Figure 5*1

with respect to the axis* For this to be true, there must be 

some asymmetric perturbation acting on the carbonyl groups and this 

was attributed to internal asymmetry of the ligands involved, in 

trimethylphosphlte as indicated above, the nonequivalence of the P - 0 

bonds and in the triphenylphosphine complex, an asymmetric interaction 

involving the phenyl rings. In this treatment, the local symmetry 

of the carbonyl groups in the molecule is considered to be retained, 

this contention being supported by infrared intensity and Roman 

polarisation results for some of the complexes treated. However, 

some of the results are not strictly applicable to the complexes 

discussed here and Bigorgne does not provide evidence that the local 

synanetry of the M(CO)^ and M(C0)^ groups in mono and trans disubstituted 

complexes respectively is retained in their phosphite derivatives. 

Further, as the complex trans HoiCO)^!^ exhibits the forbidden B^g



- Vj\ ~
mode (assuming symmetry) in its spectrum and this most he 

explained by a lowering of the symmetry of the carbonyl groups, it 

seems probable that symmetry lowering is at least partially responsible 

for the appearance of similar peaks in the spectra of complexes 

containing phosphorus III ligands. However, this contention is 

entirely non empirical and it is now necessary to present experimental 

evidence which supports the involvement of local symmetry lowering 

as opposed to asymmetric interactions between the carbonyls and 

phosphite ligand.

In the treatment of Bigorgne and coworkers it is noted that the 

appearance of the mode in the IM(CO),. type complexes is seen in 

the case of "asymmetric11 ligands only. These ligands included truly 

asymmetric structures such as PCl^Ph and PClfOE)^ along with ligands 

such as P(OMe)^ and the asymmetry of which derive from some

internal structural inequivalence factor which allows non equivalent 

interactions to occur with the carbonyl groups in the molecule. Other 

ligands such as trialkylphosphines PÊ  which have symmetrically 

arranged P - C bonds could not produce the non equivalent interactions 

on carbonyl groups and the infrared spectra of mono substituted complexes 

containing such ligands were reported as having no mode. In the 

present study, three trialkyl phosphite ligands and two trialkyl 

phosphine ligands were used and in each spectrum of a mono substituted 

complex formed with chromium, molybdenum and tungsten, a peak corresponding 

to the B^ mode was assigned. The B^ mode assigned in the spectra of
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the phosphite complexes occurs between 1985 and 1996 cm  ̂and varies 

with changing metal atom as does the E mode, i.e. Mo> Cr> W. This 

series is also observed for the mode of trialkylphosphine complexes 

while the frequency of the peak is between 1969 and 1979 cm"1. If the 

Cotton Kraihanzel parameters k̂ , k^ and k̂  are calculated using the 

2A^ + E frequency values and the frequency of the peak is then 

calculated using the appropriate secular equations, the obtained value 

correlates with the observed peak to within 5 cm”*. While such 

correlation does not prove the validity of the assignment of the B̂  

peak the assignment is reasonable on the basis of frequency and 

intensity values and the correlation reinforces this assignment.

Thus B^ modes are observed and assigned in the infrared spectra of 

complexes I>l(C0)̂  where L is a "symmetric" trialkylphosphine ligand 

and this is taken as evidence that the anomalous peaks occurring in 

metal carbonyl phosphine derivatives may at least partially derive 

from symmetry lowering rather than internal asymmetric interactions 

of the molecule.

It is interesting to consider the relative intensities of the 

Bj modes both within the phosphite series and on changing from 

phosphite to phosphine as ligand. Generally, the intensity of the 

mode decreases in order Cr>Mo>W which might be expected on the 

basis of an increasing metal atom bulk causing the perturbation of 

symmetry to be less effective. A further observation concerning the 

phosphite derivatives is that the intensity of the B̂  mode increases
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relative to the E mode in the series P(OMe)^< P(OEt)^<P(OPri)̂ . 

Perturbation of the M(C0)^ entity by phosphite ligands increases in 

order P(0He)^<P(0Et)^<P(0Pr^)^ due, in part, to ligand steric 

effects*

If the intensities of the modes observed in the spectra 

of mono substituted complexes with trialkylphosphine ligands are 

compared vith those obtained for the trialkylphosphite complexes, 

it is seen that while the modes are readily observed in the latter 

case at low concentrations, a highly concentrated solution is 

required in the former case. Generally derivatives have B̂  modes 

only one fifth as intense as those of P(OR)^ derivatives. This 

difference in intensity is readily understood as deriving from the 

degree of asymmetry inherent in the ligand. Thus phosphite ligands 

which have non equivalent P - 0 bonds give a fairly strong perturbation 

from symmetry while phosphines, which do not show this non 

equivalence give only weak symmetry lowering effects and hence a low 

intensity Bj mode.

Disubstituted complexes

Spectra obtained for the trams disubstituted complexes may 

be considered in a similar manner to those of monosubstituted complexes 

in that the number of carbonyl stretching frequencies observed is 

greater than that required by symmetry whieh would exist if the 

ligands were axially symmetric. The mode which is infrared active



in symmetry is seen along with two further peaks to higher

energies for phosphite complexes only* The E peak observedu
for phosphite complexes is generally asymmetric with a large half

width (5 - 10 cm *) suggesting incipient splitting of the two

components of the E^ mode* The phosphine derivatives have symmetric

peaks although at high concentrations, a peak due to a small

amount of the cis derivative causes asymmetry of the former peaks*

Thus the observed effect of phosphite ligands on metal carbonyl

derivative infrared spectra is present in both mono and trans

disubstituted derivatives while phosphine ligand effects have been

detected in monosubstituted complexes only. It is probable that the

and B̂  peaks arising from trans (ER^)g M(C0)^ M = Cr, Mo, \f

are present but undetected due to their low intensity and masking

by contaminant peaks*

The peaks in the energy regions at approximately 1965 cm”*

and 2040 em~* have been assigned to the and A^ modes respectively.

They each have reproducible intensity ratio® (compared to E^) although

the A, mode is very weak and comparison is thus difficult. The ■*•8
overall symmetry of the molecule may be lowered by the phosphite 

ligand as in monosubstituted complexes. Cotton-Eraihanzel approximate 

secular equations for trans 1^1(00)^ (Fig* l*l) require A ^ > B ^ > E ^  

and reducing the symmetry would provide spectra of the form obtained

One further study of the infrared spectra concerned assignments 

in the energy region containing &MC0 and VMC skeletal deformations.



T A B L E  5 . 2

& KCO and V MC Absorption Frequencies for Monosubstituted and 

trans Disubstituted Comr>lexes



TAJ33-S 5.2

A. MOKOSCBSTITUTED COMPLEXES

COMPLEX S MCO VMC

P(OMe)3Cr(CO)3 672, 654
p(oms)3mo(co)5 607, 580 400, 376

P(OKe)3¥(CO). 598, 571 400

p(OEt)^Cr(CO)^ 670, 654
P(OEt)3Mo(CO)5 604, 580 398, 374

P(OEt)3V/(CO)5 598, 574 384

P(OPri)3Cr(CO)3 675, 658
p(opri)3}:o(co)5 605, 581 404, 373

H 0 ^ r ± ) f ( 0 0 ) 5 599, 575 384

PPr^Cr(CO)5 678, 661

PPr3Mo(CO)3 612, 585 380

PPr^(CO)3 605, 577 385

PBu^Cr(CO)3 676, 656

PBu^Io(CO)3 610, 583 401, 380

P3uj7(CO) 601, 575 385



TABLE 5.2 (Contd.)

B. DISUBSTITUTED COMPLEXES

COMPLEX s MCO VMC
fp(0Me)3)2Cr(C0)4 679, 641
L(0Me)3)2Ko(C0)4 620, 571 400
fp(0!'e)3] 2'/(c0)4 615, 568 400

|p(OSt)3l2Cr(CO)4 679, 645
fp(0Et)3]2J'o(C0)4 620, 574 395
[p(0Et)3']2V?(C0)4 614, 568 395
fp(0Pri )3l 2W(C0)4 677, 644
[p(0Pri )3l 2Mo(C0)4 621, 575 400

rP(OEri )3] 2W(CO)4 616, 570 400

(PPr^)2Cr(C0)4 680, 640

(PI>r̂ )2Mo(C0)4 631, 577
(PPr^)2W(C0)4 627, 571 404

(PBa^)2Cr(C0)4 681, 641 391
(PBu“)2Mo(C0)4 630, 574 402

(m i” )9¥(co) 625, 570 404



152 153Previous studies 9 assigned the absorptions in phosphine

substituted hexacarbonyle to 700 - 500 cm-1 and V MC absorptions

in these complexes to 500 — 300 cm *̂ Applying the symmetry rules

to the complexes (assuming the ligands to be radially symmetric)

allows a calculation of the theoretical number of bands by group

theory* This has been reported by Adams for a wide variety of 
154complexes • For mono substituted complexes three \)MC and four

6MC0 bands are expected while the transdisubstituted complexes

should have one VMC and two 6 MC0 bands* There are many problems

encountered when attempting to obtain and assign spectra in this

region* The free ligands have absorptions in the region, which may

mask complex absorptions and coupling between vibrations of the same

symmetry is possible which may cause the spectra to be complicated.

Bands assigned as 6 * 0  and \?MC in the complexes are given in
Table 5*2* the former assigned by their higher frequency and greater

155intensity* Such assignments have been made previously by Manning
156and by Parker and Stiddard using this criterion* The former 

study discussed complexes IT CpFe(00)̂ 1, assigning the M(C0)o bending 

and stretching modes* Parker and Stiddard reported infrared data 

for methyl TT-cyclopentadienyl carbonyl complexes of manganese and 

iron as part of extensive work on spectra of metal complexes* This 

work includes rigorous assignment of metal carbonyl and other 

absorptions in lower energy regions which support the qualitative 

assignments given here* As the number of bands observed is generally



less than the number given by group theory it is difficult to assign 

the peaks with any certainty* The &MC0 absorptions occur at higher 

energies for chromium derivatives than for the molybdenum or tungsten 

derivatives* The 9 MC absorptions are observed in the region 

500 - 350 cm * for some of the complexes and each of the peaks 
observed occurs at approximately the same energy value, about 400 cm~ 

It is surprising that the size of the metal has such a small effect 

on the frequency value and further, no relation can be seen between 

the metal carbon stretching frequency and bonding characteristics. 

This is consistent with the metal ligand bonding discussion below 

which suggests that metal ligand CT-TT transfer alters in a complex 

way with substituent changes in these complexes*



METAL FHOSFHOBUS BONDING

Early discussion of the nature of the metal phosphorus bond 

in metal VI carbonyl derivatives containing phosphorus III ligands 

centred on the possible interpretation of observed parameters in 

terms of O'- and TT-bonding effects. Little work had been done on 

the molecular orbital theory of such complexes and thus the relative 

populations of the approximate molecular orbitals were unknown.

This necessitated a purely empirical approach to possible bonding 

characteristics. Thus, for example, the carbonyl stretching frequency 

values and subsequently derived parameters were obtained and observed 

trends were rationalised on the bctsis of qualitative approaches to 

metal-carbonyl and metal phosphorus bonding. Initially, lowering of 

the carbonyl stretching frequencies on phosphine substitution in a 

metal VI hexacarbonyl was attributed to the poorer TT-accepting 

ability of the phosphine with respect to the carbonyl. This argument 

was used to construct a table of ligands arranged in order of 

wTT-accepting” (i.e. carbonyl frequency lowering) ability. Studies 

of the carbonyl stretching frequency values of two series of metal
22 69carbonyl phosphine complexes * allowed the following series of 

phosphine ligands to be constructed

CO>PCl3>P(OPh)3>PPh3>Rle3>PEt3>PBu^ P O 3 
This series shows the order of V  (£̂ )~ ^(C0)*j complexes, M(C0)g

having the highest frequency and M(C0)3P O 3 the lowest (taking a
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weighted average of the peaks). These approaches to the bonding

properties of phosphines in such complexes were pursued by many

workers invoking a wider variety of spectral parameters in an effort

to observe a reliable ”proben for bonding characteristics of the

metal phosphorus link. These studies have been outlined briefly

in the general introduction where an historical view of the activity

in this field has been given with little comment on the validity

or merit of the approaches adopted.

Previous attempts to correlate experimental results with

theory were made to determine the amount of Or- and TT*overlap involved
in the M - P bond. Thus, force constant results were interpreted by 

137Cotton as evidence of TT-bonding ability for phosphine ligands.
19Angelici , however, interpreted the stretching carbonyl frequencies

of some phosphine mono substituted derivatives of tungsten hexaearbonyl

to show no such TT-bonding. These approaches both involved the study

of infrared stretching frequencies and derived parameters. Work of
34a similar nature carried out by Graham has proposed a method of 

attributing quantitative relative values to O--and Tf-bonding abilities. 

Graham’s technique requires calculation of the Cotton-Kraihanzel 

force constants for monosubstituted carbonyl derivatives of type 

114(00)̂ . The change in Cr-and TT-effects on changing ligands could 

be directly related to changes in the readily calculated force constants. 

The expressions are A  k^ = &CT + 2 ATT and A  = A(T + ATT where 

A  indicates a change from some reference value and k̂ , refer to 

the trans and cis carbonyls respectively. Solving these equations



for &IT f &TT give a series of values which claimed to reflect the

(T- and TT-bonding abilities of the ligands L in Jii(CO)̂ . While

such an approach is attractively simple, the extent of the

approximations employed make the quantitative results obtained

entirely unreliable*

In Table 5«3 the Cotton^Kraihanxel force constants and

Graham parameters are listed for a series of monosubstituted phosphine

complexes* As may be seen from the values of ACT and Alt

parameters the variation on ligand change is different for each of

the metal atoms and is small* The most important criticism, from

the point of view of analysing possible 0"— TT bonding effects, if that these

parameters and others derived in a similar manner do not produce new

information* They cannot be used as reliable indicators of bonding

properties or for comparison with other spectroscopic data*

The principle study in this work concerned the electronic

spectra of the metal VI carbonyl phosphine derivatives* A previous
44investigation of similar complexes proposed a possible correlation

between the position of the lowest energy charge transfer peak of

monosubstituted derivatives Ul(CO)j. and the TT~bonding ability of the

phosphorus III ligand L. Taking account of recent developments in

bonding theory relating to possible and TT**overlap effects in

metal-ligand linkages and the results of the present study on the

electronic spectra of an extended range of such phosphine complexes,

any simple correlation of this type is no longer justified on the
150available evidence* Work by Hall and Fenske on molecular orbital
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C otton-K ra ihanze 1 Force Constant Parameters and Graham ACT , A*TT 

Parameters f o r  M onosubstitu ted  Complexes



TABLE 5.3

COMPLEX k l k 2 k .X A<r A tt
C6H5Cr(CO). 13.04 15.77 0.32 0 0

P(0Me)3Cr(C0)5 15.80 15.94 0.30 -0 .4 2 0.59

P(O Et)3Cr(CO)5 15.75 15.90 0.30 -0 .4 5 0.58

P(C]?ri ) 3Cr (CO)^ 15.72 15.85 0.30 -0 .5 2 0.60

PPriCr(CO)^ 15.41 15.71 0.30 -0 .4 9 0.31

FBu^Cr(CO). 15.47 15.72 o • o -0 .5 3 0.48

c6h5ko ( co) 5 15.10 15.84 0.32 0 0

P(OMe) JMo(CO»)_ 15.86 16.03 0.30 -0 .3 6 0.57

P (0 E t)3Ko(C0)_ 15.81 15.99 0.31 -0 .4 1 0.56
P(CPri ) 3Ko(CO)5 15.76 15.95 0.31 -0 .4 4 0.55

PEr^!o(CO)5 15.43 15.84 0.31 -0 .3 3 0.33

P3u2k'o(C0)_
3 x o 15.53 15.84 0.31 -0 .4 3 0.43

W (C 0). 15.07 15.75 0.32 0 0

P(OKe)3 .f(CO)5 15.78 15.95 0.32 -0 .3 1 0.51
P(O Et)3’.7(CO)5 15.73 15.91 0.32 -0 .3 4 0.50

P (O P rL 3"(C 0 )5 15.69 15.87 0.33 -0 .3 8 0.50

PPrHf(C0)5 15.40 15.74 0.32 -0 .3 5 0.34

PB uiM co),. 15.45 15.75 0.32 -0 .3 8 0.38



calculations for M(C0)^xLx where M = Cr, Kn, Fej L = Cl, Br, 1} 

x « 1, 2 suggests that the carbonyl stretching force constants are 

affected by both the degree of TT-backbonding to the 2 TT carbonyl 

orbital and the degree of O'-donation from the 5 Of orbital in the 

bonded carbonyl group# This in turn indicates that electron 

distribution within metal-ligand bonds depends on the interaction 

of both mechanisms ( O'-and Tf-overlap)# Indeed, a series of semi- 

empirical molecular orbital treatments on various transition metal 

carbonyl derivatives carried out by Fenske and coworkers^^,̂ ^^t 

has produced convincing evidence that the previously accepted 

qualitative approaches to metal-ligand bonding in carbonyl complexes 

are unjustified on the theoretical bases proposed#

The very early ideas presented by Orgel and others, proposing 

a synergic bonding effect which allowed formation of a strong bond 

by mutual CT—TT bonding mechanisms are supported by the recent 

theoretical studies# Changing the electronic distribution around the 

metal atom by replacing one or more of the carbonyl groups by other 

ligands creates considerable alteration in the population of the 

and TT-carbonyl orbitals involved in the metal-carbonyl bond#

Two principle factors may be derived from these and other studies of 

bonding characteristics in transition metal carbonyl derivatives# 

First, it must now be considered desirable to obtain approximate 

overlap populations for model carbonyl complexes before any meaningful 

theory of O'-TT effect separation can be proposed# One of the most



interesting aspects of Fenskefs work is the improved ability to 

correlate parameters with changes in electron distributions and 

while such quantitative results derive from approximate molecular 

orbital methods, the approximations cannot be s,atd to invalidate 

the results* The second feature of this more precise approach to 

bonding in metal carbonyl complexes is a warning against facile 

theories of TT-bonding in such complexes* It is clear from the 

calculations that the effects of changing environment on electronic 

structure in metal carbonyls is of an extremely disruptive nature*

It is, therefore, improbable that the electronic spectral parameters 

reported here may be related directly to any raetal-ligand 17-bonding 

effects*

It is, however, interesting to note that the lowest energy 

charge transfer peaks and Cotton-Kraihanzel force constants for 

a series of monosubstituted complexes are in a similar order.

Monosubstituted phosphite complexes have higher energy charge transfer 

peaks and greater stretching force constants than similar phosphine 

complexes* However, if the individual phosphine and phosphite 

derivative parameters are considered, no consistent series is observed 

for the lowest charge transfer energy peak for the three group VI 

metal complexes* It may be said that infrared and electronic spectral 

parameters of these metal carbonyl derivatives are related. Complexes 

IM(CO)^, arranged in series, according to ligand L, increase as 

C 0 > P ( 0 R ) ^ > f o r  force constant and charge transfer parameter



results* A detailed understanding of these series with metal ligand 

bonding effects will, however, require further work on semi empirics I 

molecular orbital diagrams and a clearer understanding of bonding in 

metal carbonyl complexes*



C O N C L U S I O N
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CONCLUSION

The s tudy o f m eta l ca rhonyl phosphine complexes o f the type 

d iscussed above has been deve lop ing  fo r  some ten  years and in e v ita b ly  

the emphasis has changed as in s tru m e n ta tio n  and th e o re t ic a l concepts 

have developed and im proved. The study o f p re p a ra tiv e  work lias 

tended, re c e n t ly ,  to  take second place to  spec troscop ic  in v e s t ig a t io n s  

a lthough  methods o f im prov ing  p re p a ra tiv e  work are re g a in in g  im portance. 

An example o f t h is ,  re le v a n t to  complexes o f the type discussed here , 

i s  C h a tt ’ s re c e n t work on ca ta lyse d  p re p a ra tio n  o f some d i -  and 

t r is u b s t i t u te d  m eta l V I ca rbonyl phosphine d e r iv a t iv e s ' . The 

p re p a ra tio n s  re p o rte d  in  the p resen t work are a l l  s tra ig h tfo rw a rd , 

u s in g  d i r e c t  replacem ent o f the carbonyl groups by phosphorus I I I  

l ig a n d s . However, the care re q u ire d  in  m a in ta in in g  s u ita b le  c o n d itio n s  

f o r  re a c t io n  and fo r  o b ta in in g  pure complexes causes the p re p a ra tio n  

tim e to  be f a i r l y  long and i t  is  p o ss ib le  th a t  a more conven ien t 

p re p a ra tiv e  techn ique cou ld  e lim in a te  some o f the tim e consuming aspects 

o f such sim ple p re p a ra tio n s .

W hile the in fra re d  spectra  o f the types o f d e r iv a t iv e s  d iscussed 

are w e ll documented and haye been d iscussed and in te rp re te d  by man}'’ 

au th o rs , the u l t r a v io le t  spectra  which in  p r in c ip le  may p rov ide  more 

d i r e c t  in fo rm a tio n  on the e le c tro n ic  environm ent around the m eta l 

atom o f such complexes have no t been s tud ie d  e x te n s iv e ly . The reasons 

f o r  t h is  have been discussed above and the s tudy o f u l t r a v io le t  spectra
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may, in  the fu tu re ,  broaden in  scone to  in c lud e  s tu d ie s  o f spectra  

recorded a t  d i f f e r e n t  tem pera tures. This techn ique has been seen to  

a llo w  assignment o f peaks having in te rm e d ia te  va lues o f e x t in c t io n  

c o e f f ic ie n t ,  i . e .  in  the approxim ate re g io n  C '**'500 -  5,000 1 cm " mole ~ 

and i f  more d e f in i te  assignments may be ob ta ined  in  th is  way, c o r re la t io n  

o f energy t r a n s it io n s  w ith  energy le v e ls  w i l l  be more re a d i ly  ach ieved. 

As--the m o lecu la r o r b i t a l  th e o ry  fo r  m eta l carbonyl d e r iv a t iv e s  is  

deve lop ing  r a p id ly  and the tise o f p h o to e le c tro n  spectroscopy is  

becoming more common. S ig n if ic a n t  in fo rm a tio n  concern ing energy 

le v e ls  and o r b i t a l  fu n c t io n s  may be ob ta ined  from these, in te r p r e ta t io n  

o f u l t r a v io le t - s p e c t r a  should become more p rec ise  and hence more u s e fu l 

in  d iscu ss in g  the e le c tro n ic  behaviour in  complex m olecu les. Ike use 

o f curve a n a ly s is  by c o n s tru c tin g  a curve o u t lin e  from a com bination 

o f ( fo r  example) Gaussian d is t r ib u t io n  curves has, however, been seen 

to  be o f l im ite d  use fo r  re s o lv in g  the extreme ove rlap  observed in­

most o f the spec tra  considered. The range o f po ss ib le  Gaussian 

in te rp re ta t io n s  o f the curves is  o fte n  g re a te r than may be reasonab ly 

accepted and such analyses alone may n o t be accepted as r e l ia b le  

evidence o f unreso lved peak param eters. Use o f the Gaussian analyses 

in  c o n ju n c tio n  w ith  spectra  o f analogous d e r iv a t iv e s  may a l io : ;  a 

reasonable in te rp re ta t io n  o f the ove rla p  p a tte rn *  However, when spectra  

taken a t  d i f f e r e n t  tem peratures are considered, the e f fe c t  o f the 

tem perature .change on the band parameters may be le ss  t ’ an the 

expe rim en ta l e r ro r  p resen t in  Gaussian a n a ly s is . In  those cases g re :• t
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care must "be ta 1_en when any in te rp re ta t io n  is  suggested on the bas is  

o f tbe Gaussian analyses and fo r  ve ry  weak peaks (which are the 

p r in c ip a l types re so lve d  by curve a n a ly s is  o n ly )  the va lue  o f such 

analyses must remain v e ry  te n ta t iv e .

S tud ies o f in f ra re d  carbonyl s tre tc h in g  fre q u e n c ie s , u l t r a v io le t  

s p e c tra l param eters and p ro ton  N.M .ft. param eters seem to  in d ic a te  th a t  

no c o n s is te n t r e la t io n  may be detected  between these s p e c tra l param eters 

and the degree and type o f bonding changes in  the m e ta l- lig a n d  bonds 

in  these complexes. Th is is  in  agreement w ith, re ce n t s tu d ie s  which 

suggest th a t  the bonding in  such complexes v a r ie s  in  a manner which 

is  dependent on the lig a n d  in vo lve d  b u t which may n o t r e a d i ly  be re la te d  

to  in d iv id u a l bonding changes in  any one m e ta l- lig a n d  bond.

S evera l s tu d ie s  have been re p o rte d  011 the e f fe c t  o f changing the 

environm ent around a m eta l atom on the o r b i t a l  p o p u la tio n s  in  carbonyl 

groups bonded to  th a t  m e ta l. These suggest th a t  lig a n d  changes in  

s u b s t itu te d  m eta l ca rbonyls  cause the m e ta l- lig a n d  ^P* and T f-bond ing  

systems to  be a lte re d  in  such a way th a t  CT*- ove rla p  changes compensate 

TT-ove rlap  and v ic e  ve rsa . The most im po rtan t fa c to r  to  emerge from  

these most re c e n t s tu d ie s  is  th a t.a n y  spec troscop ic  r e s u lts  e ith e r  

re p re se n t a sm a ll cv,ange a r is in g  from opposing q u a n t ita t iv e  changes 

in  CT- and TT*o r b i t a l  p op u la tions  or in d ic a te  t r a n s it io n s  between energy 

s ta te s  (o r  approxim ate one e le c tro n  energy le v e ls )  which may n o t be 

de fin e d  even q u a l i t a t iv e ly .  The parameters f o r  the in fra re d  and 

u l t r a v io le t  spec tra  ob ta ined in  t '  is  s tudy may be re la te d  to  the form er



-  169 -

and la t t e r  cases re s p e c t iv e ly  and w h ile  the observed spec tra  arc 

d i r e c t ly  determ ined by the e le c tro n ic  and v ib ra t io n a l wave fu n c >ions 

o f the m olecu les, the parameters may no t be re la te d  in  any sim ple 

way to  changes in  in d iv id u a l bonding p ro p e r t ie s .  The s i tu a t io n  

w i l l  c e r ta in ly  improve as more p h o to e le c tro n  s p e c tra l r e s u lts  become 

a v a ila b le ,  P h o to e le c tro n  spectra  reco rd  e le c tro n  removal from  a 

m olecule p ro v id in g  energy measurements which .may be approxim ated to  

the one e le c tro n  energy le v e ls  in  the m o lecu le . Using th is  techn ique 

combined w ith  e le c tro n ic  a b so rp tio n  spec tra  which re co rd  t r a n s it io n s  

between energy s ta te s  and m o lecu la r o r b i t a l  th e o ry  which a llow s  

c o n s tru c tio n  o f approxim ate m o lecu la r wave fu n c t io n s , the u l t r a v io le t  

spec troscop ic  param eters may be expected to  c o r re la te  w ith  energy 

t r a n s it io n s  de rive d  from  the m o lecu la r o r b i ta ls  and p h o to e le c tro n  

sp e c tra .

I t  can be s a id , however, a t  p resen t th a t  the s ta tu s  o f 

u l t r a v io le t  spectroscopy as i t  is  used in  m eta l carbonyl d e r iv a t iv e  

s tu d ie s  is  v e ry  s im ila r  to  th a t  o f in f ra re d  spectroscopy as i t  was in  

the  m iddle 1960*s, The use o f u l t r a v io le t  spectroscoj>y has been less  

popu la r than th a t  o f in fra re d  spectroscopy because u s e fu l in fo rm a tio n  

is  more e a s i ly  de rive d  in  the la t t e r  case and in s tru m e n ta tio n  and re c o rd in g  

is  co rre sp o n d in g ly  s im p le r fo r  the in fra re d  sp e c tra ,
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APPENDIX

Trifluorophosphine derivatives of manganese and rhenium decacarbonyl 

Introduction

Monosubstituted and disubstituted trifluorophosphine

derivatives of manganese decacarbonyl (axially substituted) have
157been reported in the literature by Kasenally and more recently

158by Sheline and ceworkers • As these complexes and the analogous

rhenium derivatives provide convenient sources of spectroscopic data,

they may be used in force constant analysis of the parent carbonyl

molecules MngCco)^ and Re^CO)^* vas s^gg®8^** that infrared
and raman results of diaxial derivatives could provide sufficient

experimentally observed frequencies for a full carbonyl force

constant analysis. Some of the parameters obtained from this analysi

would then be employed in an analogous study of the decacarbonyls.

gLg has five carbonyl stretching modes (3 Haman and 2 infrared)

There are also five carbony1-carbonyl force constants associated

with this molecule and hence it is possible to use the observed

frequencies for full carbonyl force constant analysis. The ^(CO)^

molecule has seven carbonyl stretching modes (4 &aman and 3 infrared)

and nine carbonyle force constants. It therefore requires additional

data for carbonyl force constant analysis. This work is a natural
159extension to a partial analysis reported by Haas and Sheline using 

infrared results for (EFjJgMrigtCOjg and general interest in the



- 171 -

dimanganese decacarbonyl system and its infrared carbonyl stretching

frequencies* These studies have included infrared spectra of

carbon-13 carbonyl enriched samples'*^, a B&raan study of Mn^Cc
162and a force constant approach which treated axial and equatorial 

carbonyls as two separate groups (carbonyl factored approach). Each 

of these studies increased the precision with which the stretching 

carbonyl frequencies could be obtained and advanced the possibility 

of solving a complete carbonyl force constant analysis of the molecule. 

Indeed, Bor in his paper reporting stretching frequencies for carbon- 

13 enriched molecules*^ recalculated the nine possible carbonyl 

force constants from the infrared active and inactive modes thus 

obtained. However, the possibility of obtaining sufficient data from 

ftaman and infrared spectra of dimanganese decacarbonyl and its 

trif luorophosphine derivatives would allow an independent means of 

calculating force constants without determining the position of infrared 

forbidden carbonyl stretching modes. It would also be possible to 

extend this work to the dirhenium decacarbonyl by use of spectroscopic 

results from its PT^ derivatives. It was therefore decided that 

the reaction between ̂ (CO)]^ ^ = He and PF^ should be attempted

in order to obtain samples of M^CO^FF^ and (axially

substituted) suitable for infrared and raman studies.

Experimental

Sheline and coworkers in their report of the reaction between 

^(COJio and FF^ employed two principal techniques of reaction.



These were, reaction in a metal bomb with high temperature and 

pressure conditions and ultraviolet irradiation of a mixture of the 

reactants at approximately 100°C for three hours. The products from 

each of these reactions were found to be mixtures of derivatives 

having different degrees of substitution, A previous preparation 

using sealed glass earius tubes heated in a carius oven was reported 

by Kasenally to give the diaxial derivative only. This method was 

used as reported for both MhgfCO)^ and RegCCO)^ reactions with PF̂ .

Dimanganese decacarbonyl derivatives

Dimanganese decacarbonyl (Q,5g) was placed in a carius tube 

(12" x 1”) on a vacuum line and trif luorophosphine (approximately 2ml,) 

was condensed into the tube at -196°C, The carius tube was then sealed 

on the line and placed in a carius oven, heated at 120°C for 48 hours. 

After reaction, the tube was removed from the oven and placed in a 

dewar of liquid nitrogen. It was opened carefully by "hot spotting" 

and any excess trifluorophosphine was allowed to boil off at room 

temperature in a fume hood, A yellow solid was formed in variable 

yield along with a black residue which coated the carius tube and 

may be oxidation products. The solid melts at 65°C»

Analysis, Found Complex C 21,22 H 0,0 F 20,5 P 10,85

Cale. (EF_)2Mn2(C0)g C 18.82 H 0.0 F 22.36 F 12.15

Calc. C 24.00 H 0.0 F 12.62 P 6.90

As may be seen from the analysis figures, the product obtained is



clearly not (PF^)2Mn2(C0)g or (pp3 )>in2(C0)̂ , The infrared spectrum

in the stretching carbonyl region shows a great many peaks with a
-1very strong absorption at about 2010 cm , two medium absorption 

—1 —1peaks at 2034 cm and 2026 cm and many other weak peaks. All 

infrared spectra were run in cyclohexane using a Perkin Elmer 257

spectrophotometer calibrated using a polystyrene peak at 1603 cm”*,
157 X 1As Kasenally has assigned peaks at 2037 cm" and 2014 cm" to the

136diaxially substituted derivative while Sheline reports peaks at 

2029 cm’"*' and 2012 cm * as the strongest bands in this complex, it 

seems clear that the complex obtained in the above preparation is a 

mixture of the monosubstituted and disubstituted derivatives. It was 

expected that reaction of this product with PP  ̂would cause further 

substitution of carbonyl and hence an increase in the proportion of 

the disubstituted derivative in the mixture.

The product obtained as described above (0,2g) was placed 

in a carius tube on the vacuum line and trifluorophosphine (approx, 

lml) condensed into the tube. This was then sealed as before and 

heated for 48 hours at 120°C in the oven. The product, obtained as 

above, was a yellow solid which melts at 80°C and has infrared stretching 

carbonyl frequencies at 2014 cm"*' and 2026 cm *", the position of the 
latter peak being observed as a shoulder on the very intense peak.

It is clear from the infrared spectra that this complex differs from 

that obtained previously and the analysis figures confirm that the 

complex is the disubstituted derivative.
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Analysis C 19,13 H 0,0 F 22,01 P 11,87 

The monosubstitnted derivative was obtained from the first reaction 

product by two sublimations at 25°C/0,01 mm. This derivative has 

two principal infrared carbonyl absorptions at 2013 cm”* and

2034 cm”* and has melting point 86°C,

Dirhenium dodecacarbonyl derivatives

The method as described above was used in an attempt to 

prepare the analogous derivatives of Re^CO)^, nder similar 

conditions, no reaction was observed at 120°C over a period of four 

days. At 250°C over 48 hours a grey-white solid which was soluble in 

pentane and could be sublimed at vacuum (50°C/0,1 mm) was obtained.

The sublimed material was a white solid me lting at 44°C, This 

solid was found to be very unstable in air even when kept at low 

temperature. The infrared spectrum in the carbonyl stretching region

shows peaks at 2030 cm”* and 2062 cm”* but as there is considerable

Be2(C0)10 left, the spectra are not sufficiently clear to allow any 

assignments,

Raman spectra could not be obtained on a cyclohexane solution 

of the manganese derivatives as rapid decomposition was observed in 

the laser beam. The rhenium derivative obtained was impure and unstable 

and no Raman studies could be attempted on it. As the Raman data was 

essential to further development of the force constant analysis work, 

this had to be abandoned.
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