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Prepﬁration of metal curbonyl phosphine complexes of tore
n'(co)5 and trans LM (co)l M= Cr, Ho and W; L = P(( 9)3, ?(03 ;3,
P(OPr )3, PPr3 and P3u3 has been studied in a systematic wvay., irect
solventless reaction has been found a_plicable for prenaration ¢’ +the

trans disubstituted derivatives, especially those of tungsten w-ich
are difficult to obtain in other ways. Chromatography was used for
separation and purification of the complexes.

The ultravioclet spectra of the phosphine comnlexes have heen

recorded bhoth at room temperature and low temperature. The low

”

iemperature spectra were obtained using a sample cooled by liquis

B

il

nitrogen in a dewar., The observed change in the spectral cutline on

v,

sample cooling has been successfully related to the forbidden/zllewed

character of the electronic transition invoelved. Using this ex;2riments

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

e

. . . - ~1 s
for the ' energies approximately 35,000 - 25,000 cm = wvhere trarszition
energies may represent either d-d or charge transfer t;pe transitions
and the extinction coeificients at room tenncrature heve values inter-

mediate between aceepted d-d and charge transfer values. Thus the

.

lowest energy charge transfer transition has been assigned for thirty

complexes, in only three of which it has been previcusly reported and t
on the basis of spectra recorded at room temperature only.

Some revresentative examples of the ultravielet gpectra Daving
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several ovevrlapned, partially resclved bands were analysed using

a combination of Gaussian curves. This techniQue has become more
popular recently and has been applicd to complex spectra of derivatives
of the type studied here., The spectral outlines were not all suitadle
for curve analysis since in cases where the desree of overlap is very'
high, it is not possible to make a plausible assessment of the number
of.peaks involved, t"is informaticn being essential for the analysis,
Comparative critical studies have been carrisd out on the Gaussian
analyses obtained, taking account of the subjective factors of the
operator's decisions concerhiﬁg the number of peaks and their relative
intensities. This has been usecd in assessing botlh the validity and
usefulness of the peak information revealed by such analyses.,

Maclear mapnetic resonance snectra of the complexes have heen
recorded for »roton and carbon~13 resonance, The proton spectra of
the trans disubstituted plhosphite derivatives have heen related to tie
phenomendn of virtual coupling which is seen fox protonslon the

&~ carbon of the‘ligand substituent only. Analogous phosphiné
derivatives are scen to have sccond order splitting patterns which
would require further analysis, probably by ccmputer simglaiion, to
be discussed in relation to the phosphite spectra, The carbon-13
spectral parameters arve reported for these complexes for the first tire.
Chemical shifts of the carhon in the carbenyl groups and in the ligands
along with ecupling constaunts for phosphorus-carbon and tungsten~

B

carben ¢ upling ave given., Their

w



discussion is lindted by t'e undevelored ndtnrc of c¢hemical &0 04
1 tg carheﬁ*IS naznatic resonauce,

ne mass speetra of a limited nuzber of the complexes are
reported and a sitort discussiog of the possible fragmentaticn pztterns
is given, These potterns are derived by andlogy wvith previousls
reportcd patterns of similor cimplexes. The spectra of two
monosubstituted coirplexes are compared with those of the corresgonding
trans disubstituted derivatives and the differences in relative
intensities and m/e fragments observed ave discussed,

Infrared spectra of itle complexes ﬁa?e been recorded in the

stretching carbonyl region on solutions of very hiizh concentration

o

5

and formally forbidden peaks have been observed and assizned for rmeno-
and trans disubstituted phiosphite derivatives while only for the
“monosubstituted phosphine derivatives have such peaks been assigned,
The &:CC and Y MC ahsorptions have heen recorded although, as in
previous studies, fewer peaks are observed than are required by sroup
theory.

fetal phosphorus honding is discussed taliing account of the

L

UJVe, I.8. and N.}M,0. studies reported here along with recent

develonments in relevant molecular orbhital tlieory -and other reported

results concernings bonding in similar complexes. An assessment has

been made of the value of relating spectroscopic results directiy to

variations in the metal-ligand bonds, especially the metal-phosplhorus bond.
A short appendix deals with preparation of trifluoroplosphine

derivatives of Mp(C0O)1g ¥ = ¥n, Re.
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SUMMARY

Prepération of metal carbonyl phosphine complexes of type
u.:(co)5 and trans Lgrz(co)lk M=Cr, Mo and W3 L = P(O}\Ie)j, ?(ozat),j,
P(OPri),, PPri and FBul has heen studied in a systematic w Direct

3 3 3 Y a ways
solventless reaction has been found a;plicable for preparation of the
trans disubstituted derivatives, es;ecially those of tungsten which
are difficult to obtain in other ways, Chromatogzraphy was used for
separation and purification of the comnlexes.

The ultraviolet spectra of the phosphine complexes have heen
recorded both at room temporature and low temperature. The low
temperature spectra werce obtained using a sample cooled by liquid
nitrogen'in a dewar., The observed change in the spectral outline on
samnle 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 ' energics approximately 35,000 - 25,000 cm“l where transition
energies may represent either d-d or charge transfer type transitions

1

and the extinction coeificients at room temncrature have values inter-
'mediate between accepted d-d and charge transfer values. Thus the

lowest emergy charge transfer transitioﬁ has heen assigned for thirty
complexes, in only three of whieh it has heen previously .reported and these
on the basis of spectra recorded at room temperature only,

Some renresentative examples of the ultraviolet spectra having



several overlapped, partially resolved hands were analysed using
a combination of Gaussian curves. Thig technigue has hecome more
popular recently and has been applied to cowplex spectra of derivatives
of the'type studied here. The spectral outlines were not all suitable
for curve aualysis since in cases where the desree of overlap is very
high, it is not possible to make a plausible assessment of the number
of peaks involved, t“is information heing essential for tlie analysis.
Comparative critical studies have been carried out on the Gaussian
analyses obtained, taking account of the subjective factors of the
operator's decisions concerﬁiﬁg the number of peaks and their relative
intensities. This has been uscd in assessing both the validity and
usefulness of the peak information revealed by such analyses.

ﬂUClear magnetic resonance spectra of the complexes have heen
recorded for proton and carbon-13 resonance, The proton spectra of

9
12
H

the trans disuhstituted phosphite derivatives have been related to the
phenomenon of virtual coupling which is seen for protons on the

&~ carbon of the ligand substituent only. Analogous phosphine
derivatives are seen to have second order splitting patterns which
would require further analysis, probably by ccmputer simmlation, to
-be discussed in relation to thc phosphite spectra., The carﬁon—l}
spectral parameters ave reported for these complexes for the first tire.
Chemical shifts of the carbon in the carbonyl groups and in the ligands
along with coupling constants for phosphorus-carbon and tungsten-

. O N
carbon coupling are givea. Their
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discussion is limited by t"e undeveloned nature of chemical shift and
covpling theoff as they aprly ﬁé carhon-13 nagnetic resonauce.

The wass spectra of a limited nmmaher of the complexes are
reported and a short discqssion ¢f the possible frammentation patterns
is given., These-patterns are derived by analozy with previously

reported patierns of similar ccmplexes. The spectra of two

© g
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monosubstituted complexes are compared with those.of'the corresponding
trans disubstituted derivatives and the differences in relative-
intensities and m/e fragments observed ave discussed.

Infrared spectra of the complexes have heen recorded in the
stretehing carbonyl region on solutions of very high concentration
and formally forbidden peaks‘have been observed and assizned for meno-
and trané disubstituted phosphite derivatives while only for the
monosubstituted phosphine derivatives have such peaks been assigned,
The &I CC and ¥V XC absorptions have been recorded although, as in
previous studies, fewer peaks are observed than are required by group
theory,

Yetal phosphorus bonding is discussed taking account of the
U.V., I.R. and M.}M.2. studies reported here along with recent
.deve10pments in relevant molecular orbital theory ani otlher reported
results concerning honding in similar complexes., An assessnent has
been made of the value of relating spectroscopic results directly to
variations in the metal-ligand bonds, especially the metal-phosphorus bond,

A short appendix deals with prepsration of trifluoroplosphine

derivatives of }Q(CO)lo M = ¥n, Re.
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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 chémistry of
transition metal carbonyls and their derivatives. Some of the
trénsition groups have beeﬁ 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

1-3

have Been used extensively in metal complex chemistry 72 as a basis

for evolving theoretical work concerned with square planar complexes



of type MXnY4-n where X and Y are a variety of ligands. Complexes of
these group VIII metals have been known for many years, are comparativelxr
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. Blanchard4 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 rﬁle 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, Mo(CO)6

and W(CO) ¢ and their derivatives.
5, 6

have been

7

Early preparations of the metal VI hexacarbonyls

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

laterg. Substitution of carbonyl groups in the metal hexacarbonyls by



amine ligands was found to be readily observed.6'9’lo Phosphine

. 1
complexes of both nickel™ and manganesell were known before such
complexes of the group VI metal carbonyls were successfully prepared

in 1959.12¢13

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 14,15 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 toc 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 complexés 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
ﬁetal 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 (O)
atom which is a soft acid in these complexes. The classification of

the metal atom is based on work by Ahrland, Chait and Davies carried
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out in 1958.17

Early investigations of transition metal carbonyl complexes
showed clearly that some new theoretical concepts would be necesszary
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 exristed
in a low oxidation state or the ligands where weak basié donors such as
carbonyl or phosphorus trifluoride which showed no ability to bond to
non~transition metals. Some of the physical measurements availatle
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 > for the former compared to 21330m™t 3
for CO). Abnormally short bond lengths were also observed in sore
complexes. However, the most important factor concerning the develormen:
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 metfal
-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 fillez~
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This observation coupled with qualitative molecular orbital theory produced
the most elegént and useful concept of mutual reinforcement of O% and
T -orbital overlap in a single bond.
Bonding in metal carbonyls where the metal has a low oxidation
number may be represented as a single synergic effect involving O~-
and T = 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 Q"=
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
EMPTY |’ 1% W

CMEZ L

The donation of electron pairs from each of the ligand molecules
must cause éharge'build.up on the metal atom which would be expected
to cause instability by charge repulsion. The fact that such instability
is not observed has been explained19 by proposing a method of
transferring the charge from the metal back to the ligands. This is
Atermed "backbonding" and is accounted for by donation of electrons from
the Tr-bonding orbitals on the metal to empty Tl-antibonding orbitals
on the ligand.
FOLL  empyy
@, 5T @ 70
‘ @ P
&

r
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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 bonde. 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 1P-electrons_from the metal. In
this respect, phosphines differ from amines which have no such low
lying T~ acceptor orbitals. The greater stability of phosphine
complexes as compared to analogous amine complexes may possibly be due in
‘part to the participation of 1~ accepting orbitals only in the
phosphine complexes. In general, ligands of class B typel7 bond to
group VI metals most easily.

The existence of the metal carbonyls and their derivatives
is thus éttributed to the stabilisation of the ligand-metal 0°-bonding
structure by charge distribution into a Tr-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 ¢~ and T~ 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 T{= bonding as an important aspect of metal-~phosphine
bonding and those others who relegate T{-bonding to an entirely
insignificant position in any bonding theory. I will be discussing
the relation of my results to the postulates of both 0% and TC =
bonding in some detail, but it is of interest to comsider the
development of the various approaches.

Generally, there is acceptance of theidea that Tl-bonding
is involved to some extent in the bonding of derivativeé of metal
carbonyls including the metal phosphine bonds The explanation of
strong metal-carbonyl bonding requires this to be so and ligands of
type PR3 have analagous W-bonding abilities which are difficult to

19,20

discount. Some treatments seem t0 discound the existence of

Tr-bonding altogether but more frequently the controversy is concerned
with the ability to correlate accepted Tr-bonding ability with
observed physical measurements such as the carbonyl stretching
frequency values or derived propefties such as force constant
parameters. Thus, even very early in the development of bonding
theory, TT- bonding ability was related to infrared frequency values

12,21,22

in the carbonyl stretching region. Other instances where

M-bonding has been used as an explanation of observed effects include

3

the well known trans effect in platinum (II) chemistry2 and the relative

thermodynamic stabilities of cis~ and trans-isomers of type PtIIXzYz,
24

square planar complexes with X and Y various ligands '« Support for



the theory involving @~ bonding only has come from studies of nuclear

magnetic resonance phosphoruys 3l-proton coupling constants in

various metal phosphine complexes3’25’26

27

by Zumdahl and Drago '« Other nuclear magnetic resonance studies

along with theoretical work

have, however, been interpreted in terms of possible TW-bonding
correlationszs. Also of importance to the €-bonding approach is the
polarisation theory invoked to explain the trans influence of hydride

29

in various complexes “. Some infrared spectral work has also been
interpreted as relating to the U-bonding theory only30.

Recent work has‘produced conflicting evidence without any
clear indication that one orother theory is necessarily superior. It

has been shown31’32

that carbonyl stretching frequencies may be related
directly to the substituents on the phosphorous atom of a phosphine
substituted nickel complexe This relation involves the inductive
effect GT*) of the groups on the phosphorous atom and thus provides
evidence for tﬂe bonding theory. Other studies involving infrared
frequencies have provided results supporting this substituent relation
19’33. Evidence supporting the involvement of 1f-bonding has been put
forward by Graham34 who used Cotton and Kraihanzell!s approach21 to
obtain O+ and T~ 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 a =Tt bonding system which suffer from inaccuracies outlined by

35

Cotton and Kraihanzel ‘themselves21 and expanded by Jones®”. These
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approximations along with further aspects of theories concerned with
force constants will be 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
"2p" orbital electron densities in a series of phosbhorus complexe536,
molecular orbital calculations on a series of manganese complexes with

37

and investigation of the absolute raman

intensities of the group VI metal hexacarbonyls38. Thus metal phosphine

carbonyl and cyanide ligands

bonding remains an active and fertile field of study in organometallic
chemistry. While the probléms are by no means resolved, the weight
of evidence suggests that Tr= 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 ligandse This approach

was first applied to complexes by Van Vleck39’4o

and is a satisfactory
compromise between crystal field theory which allows no metal-ligand
orbital interaction and pure molecular orbital theory 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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A1-43 31 which metal nd, (n+l)s and (n+l)p orbitals

the past few years
are combined with O- and T7- bonding and antibonding orbitals of

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

figure lele 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
modele 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,‘3000m_l
has been calculated.44 and will be discussed later.

The effect of symmetry lowering on the relative ordering of

the d—érbitals splitting in a strong field (see below) is shown in

flgure 1.2 bl[di" 1—- de.]
= [dw)
1L aeefe)
F\jore .2

SymMmerRy On Cav Den
COMPLEX M(co)y LM  LaMUtd)y (teans).



From this it may be seen that the D,, trans L2M(CO) 4 and C LM(co)5

4h 4v
orbital orderings are qualitatively similar with the filled, triply
degenerate t2g orbitals in Oh 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 t2g level in Oh 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 elecironic
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
relativé strengths of the perturbations involved. Thus, both carbonyl
and phosphine ligands exert a strong field (i.e. are high in the
spectrochemical series45) 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 basise
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 irzn
the interelectronic repulsion forces which form the basis for the one

46

electron perturbation or Russell-Saunders scheme. When attempting

to interpret and assign spectral bands in complexes such as the group VI



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 approache. The present work is concerned
with several spectroscopic investigations of group VI metal hexacarbonyl
derivatives of type LM(co)5 and trans L2M(CO) 4 M is Cry Mo or W and L
is a phosphorus (III) 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 studiese The basic concepts and
techmiques 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.
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The basis of theoretical treatments of the infrared specira
of metal carbonyl derivatives is the application of the powerful methods
of group theory and molecular symmetry to the structures of the complexes
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 <o be
classified into one of a finite number of symmetry point groups. Such

47 as t

symmetry groups may be treated using formal group theory heir
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

48

Cross ™ while Cotton in an excellent treatmenﬁ49 has considered the
development and application of group theory to the more qualitative aspecis
of chemical spectroscopy. Most group theoretical work concerning

the interpretation and assignment of infrared speétra of me{al carbonyl
derivatives has comprised a qualitative interpretation of the number
pf bands expected from vibrations of the carbonyl groups in the
appropriate symmetry. Studies concerning vibrations other than those
of carbonyl groups or other skeletal deformatioﬁs 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



- 14 -

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
groupse The molecular point group of a derivative may be chosen in
two ways which may be illustrated with reference to the monosubstituted
case LM(co)5 derived from the octahedral M(CO)6. If L is considered
as a radially symmetric ligand, the molecule belongs to the C4v group
while if L is assumed to be spacially asymmetric and the symmetry of
the entire molecule is then considered, LM(CO)5 belongs to a symmetry

group lowered with respect of C v and determined by the symmetry of

4
the ligand. The possibility of symmetry lowering and other effects
éausing formally forbidden modes t0 be observed in a spectrum make it
essential that structure correlations based on, for example, the carbonyl
stretchiﬁg region only, take account of these anomalies. Kany
observations of formally forbidden peaks have been reported for

complexes of the type M(CO)6_ L M=Cr, Mo, WL is a P(III) ligand,

nn
g = 1og 21150,51

52a53.

and recently the origin of such peaks has been discussed
Such treatments are complicated by other comsiderations such
as the possible appearance of bands belonging to 13CO substituted

54 55,56

species” ' 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 derivativese. 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
monitor reactions or to identify a complex. Work by Orgel57 and
Cotton and Kraihanze121 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 assiznmentis
to the normal modes involved in the vibrations and Cotton and Krainhanzel
developed a relatively simple model for analysing and assigning
carbonyl stretching frequencies of complexes derived from octahedral
molecules (i.es of type MX6_nLn). The latter work allowed an approximate
calculation of the force constant parameters involved in carbonyl
stretching by substituting observed spectral frequencies in approximate
secular equations obtained by standard vibrational analysis48.

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,y.and secondly, the carbonyl frequencies were
considered to be pure, that is non interacting with any other skeletal
deformatione. Itwas further assumed that orbitals involved in @%=bonding
could not mix with T{= bonding orbitals (this from their respective
symmetries) and this "factoring out" of T-bonding led to the formulatioz

of five conditions concerning carbonyl force constants, stretch~siretch



interaction constants and T[- accepting ability of the ligands. Use
of these conditions reduced the number of force constants involved to

the three shown in figure 1.3 kl’ k
Ty,
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Figure 1.3

Aésuming that the coupling between carbonyl groups is non
mechanical to obtain a simplified G matrix and using combinations of
the force constants k,, k2 and ki to construct the F matrix allowed
evaluatioh of the factored secular equationse. Further, using the
approximation ki = kc = t/2 (derived from orbital sharing argumentse
kc’ kt are interaction constants between two carbonyls cis and trans
to each other respectively) approximate secular equations which are
shown in table l.1 were obtained. These secular equations are useful
in that they provide a simple means of calculating approximate force
constant parameter values for kl’ k2 and ki 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 frequencye. These correlations may, however,
be misleading and it has been found necéssary to employ other methods

for assigning spectral peaks with certainty.
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This treatment of Cotton and Kraihanzel has been used
extensively to calculate approximate force constant parameters

. . . 58-60
from carbonyl stretching frequencies,

ard from these parameters,
observed trends in physical and spectroscopic properties have been
accorded plausible explanations. While the use of Cotton-Kraihanzel
parameters was widely accepted, it was recognised that the inherent
approximations in the methcd caused it to be less than ideazl. Thus,
certain workers reported anomalous results in calculating force

constant parameters on the Cotton-Fraihanzel model which they attributed

51,6162 Later, specific studies of the relation

to its approximationse.
of Cotton-Kraihanzel force constant parameters to the values of these
parameters as calculated on a more rigorous basis were urrertaken by
Jones63 for m(co)é and by Bower and Stiddardéh for M(CO)6 and
LZM(CO)A M = Cr, Mo, W in each case. A modified treatment of the
carbonyl stretching frequencies of monosubstituted LM(CO)5 complexes
M = Cr, Mo, W when all four of the stretching modes (Zal + bl +e)
are observed was proposed by Stone and coworkersés. 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£>k2 for
M(CO)6 M = Cr, Mo, w32 and is thus in errore Recent reports of

66,57 using this approach are

improved force constant calculations
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 treateds The
pauncity of data available for the ultraviolet spectrz 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
s0e The infrared spectra of the complexes have been recorded more
accurately than previously and consideration of formally forbidden
peaks aléng 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.
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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

69

complexes. The mechanisms and other

properties of these reactions have also been studied.7o’7l’68 Thermal

of both amine68 and phosphine

reaction has been used more extensively to obtain monodentate
phosphine complexes72—74 probably becausé it is a more adaptable
technique required for the diverse reactivities shown by different
phosphines, These direct techniques have been popular as straightforwarc
methods of obtaining structurally and chemically interesting substituted
" carbonyl derivatives from stable, readily available reactants. I

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
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the required compound. The intermediate may be a neutral complex of
the type M(CO)nLé_n M = Cry Mo, W eog. IﬂI(CO)n(MeCN)6_n n = 3, 4, 575
which will lose the relatively weakly co-ordinated acetonitrile ligand
to accommodate the strongly bonding phosphine ligand. Alternafely,
the intermediate may be anionic of the type Cr(CO)52‘ or Cr(CO)slf 16,71
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 this study are monosubstituted and

trans—-disubstituted phosphine carbonyls M(CO)5L and trans-LzM(CO)4

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.

-A recent paper78 reports the use of sodium borohydride as a catalyst

in reactions of Group VI metal carbonyls with some phosphines. While
this technique reduces the time and elaboration required to form
trisubstituted phosphine derivatives and allows co-ordination of some
otherwise unfavourable bidentate ligands, in view of my results, it does
not represent an advance in the mode of formation of mono- and disubstituted

complexes, Direct reaction under controlled conditions is more rapid
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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
seems to have been carried out. Poilblanc and Bigorgne79’721n 1961
reported the first preparation of metal VI carbonyl complexes
containing tertiary phosphites other than triphenyl phosphite.13
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 195913 and such complexes were found to be stable
and easily made., An early study by Magee and oo--workers73 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
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being determined by the reactant molar ratios and in some cases the
time of reaction and the nature of the ligand. Preparations usinz
solvents of different boiling points as reflux agents have been
developed mainly by Piolblanc and Bigorgne and in a recent paper80
they report the preparation of M(CO)6_n P(OCH3)3 o 0= 1-4 M = Crylo,i,

The superiority of direct reaction for the preparation of ihe
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 soluticn
causing unexpected difficulties., While {riphenyl phosphine and
triphenyl phosphite ligands tended to react rapidly and form statle
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 preluce to
spectroscopic and other studies of these complexes and have only
limited intrinsic interest, it was considered desirable to invesiizate
such reactions in an attempt to produce a routine technique which would
- eliminate previous drawbacks. The relatively small number of complexzes
of this type appearing in the literature seemed to support this line of
work.

Preparation of trisdimethyl aminophosphine derivatives of
chromium, molybdenum and tungsten carbonyls have been reported8 using
ethylcyclohexane as a reflux medium. This method is not improved Ior

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 botﬁ the monosubstituted and trans—
disubstituted complexes causing extensive separation and purification
problemns. 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
LM(CO)5, one essential condition for reaction is that there should be
a slight excess of the hexacarbonyl. A molar ratio M(CO)6: PR, of
approximately l.1 : 1,0 is found to be ideal. If the molgr 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
4 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 argumenis 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
(eeg. a particular temperature of reflux) although more often simply
as a convenient reaction medium. Solvents such\as nethylcyclohexane
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
" geparation 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 phosphineé was first reported
in 1961.82 Earlier83 the mode of action of diglyme in such reactions
had been postulated as being the formation of an intermediate DIGLYEIE.I-I(CO)3

which subsequently reacted to give elimination of diglyme and co-ordination
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of a ligand., The solid DIGLYHE.M(CO)3 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

15

direct reflux of the hexacarbonyl in acetonitrile - and used as
intermediates in metal VI carbonyl phosphine complex formation?o 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
derivative.84 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
Amonosubstituted or disubstituted derivative according to the molar ratics
involved., The trisacetonitrile complex (CHBCN)3M(CO)3 will form complexes
of the type (CH3CN)2ML(CO)3 which will tend to decompose rather than
form LM(CO)S. (A1l the acetonitrile derivatives are seen to decompose
readily). This problem has been overcome using a very convenient

technique.S5 Formation of the trisacetonitrile derivative is followed



by addition of an amount of the hexacarbonyl sufficient to cause

formation of the required substituted derivative,

M(CO)6 + Me CN (excess) ESEEE&>(MG CN)SM(CO)3 (1)

reflux

Then (lMe CN)3M(CO)3 + 2M(co)6 Ay v—— 3(ie CN)M(CO)S (2)

or 2(ife ON);H(C0), + H(CO) reflux o 3y cN) H1(C0) , (3)

acctone

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 mefal tricarbonyl intermediate. The reaction
may be monitored either by following the evolution of gas as collected in an
0il 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
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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 rz) 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 chlorofor=
ethanol mixture but the ftrinbutyl phosphine complexes were all found o
be liquids which decomposed at high temperatures without distillirng,
These latter derivatives were purified by chromatography as already
stated but could not be obtained completely pure, possible contaminants
being uncomplexed phosphine and residual solvent.

Preparation of the disubstituted complexes has, until now, teen
very similar to preparation of the monosubstituted complexes. Thus,
_ generally a molar ratio of M(CO)6:PR3 1:2 is refluxed for a certain
time in a solvent and the product extracted by a variety of technicues.
Investigation showed this approach to havé some considerable disadveniagss
if conditions were not chosen with some care., The use of hydrocarzon
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. Diglymé was found to shorten the reaction time and for
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chromium and molybdenum hexacarbonyl reactionsg could be used very
conveniently. The high temperature of reflux (1600C), 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
1o 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 conditionse Such difficulties
have been experienced by other workers8o. It is interesting to note
that from some kinetic work Angelici and Graham86 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)6 + L ey M(CO)5L + CO is

Rate = Ky [M(oo)6] + k, [M(co)6][L]

kl is the rate constant for an SNl

as the rate determining step and k2 refers to an SN2 reaction possibly

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

reaction involving loss of carbonyl

2

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 places Such oxidation is observed extensively in the
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reaction mixtures of refluxing tungsten hexacarbonyl with phosphite
ligands. Purther 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 acetonitrilé complex intermediate was found to give very low yields and
required about four days to complete the reactione 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[ﬁﬁimethyl
phosphite (110°C) triethyl phosphite (150°C) triisopropyl phosphite
(17000), approximate reflux temperatures in bracket§7 in the absence
of solvent for a period of six hours gave a high yield (about 80%) of
the trans disubstituted complex along with a small amount of the
monosubstituted and trisubstituted derivatives. Cooling to OOC caused
crystallisation of the trans-disubstituted product preferentially
and filtration followed by recrystallisation gave the pure producte.
There was no indication of any oxidétion products over the six hour

reaction period and indeed, on further refluxing for twenty four hours,
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no oxidation was observede 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 lowa

Purther investigation of direct solventless reactions showed
that the reaction M(CO)6 + L (excess) ————> trans L2M(CO)4 is
applicable for M = Cr, Mo or W and L = P(OHe)3 P(OEt)3 P(OPri)3 PBun3PPri3
with the metal reactivities in order Mo> Cr>We It is difficult to
put the phosphines in order of reactivity as the trimethyl phosphite
and triethyl 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 colum,
petroleum ether elutant as for monosubstituted complex separation) and

on continued elution, the cis disubstituted derivative coming off the



colume. 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 stable14. The trisdimethylamino phosphine derivatives
L2M(CO)4 M = Cr, Mo or W all show trans configuration when formed by
direct reaction in solventgl. 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 D4h (L considered to be radially symmetric) and should have

one active infrared frequency in the carbonyl stretching regione The
cis derivative has C2v symmetry and is expected to have four such peakse
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 techniques
However, use of combination spectra and proton nuclear magnetic resonance
spectra allowed definite characterisation of the configuration involved.

Poilblanc and Bigorgne87

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 4:l. 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 amlthis has been found to be the case

in this worke. From very accurate specira 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 gome equilibration set up in the trans disubstituted
complex in solution giving a mixture having iscmer 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 trams:cis ratio. It is therefore not
possible to say whether the trans-cis eguililration is a property of
the solid sample or of its solutione

The possibility that the observed cis derivative is merely
impurity from the reaction must also be considereds The relative
intensities of the highest energy carbonyl stretching peaks Al and
R . .

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 reactionse. 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



preparations which might be expected to produce similar ratios of
trans:cis isomerse 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
considered8o ﬁe 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
LH(CO); and trans LM(CO), where X =Cry, Mo or W and L = P(OMe)3,
P(OEt)s, P(OPri)B, PPri3 or PBtin3 and it seems probable that such
preparations may be extended to other phosphines in the PR3 group
where R is an alkyl or alkoxy group. In summary, monosubstituted
complexes may best be prepared by refluxing the metal VI hexacarbonyl
and the phosphine in l.l: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 altermatively 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 thercfore

preferable. Preparation of trans-disubstituted complexes of tungsten



carbonyl may be effected by direct reaction of the phosphine and

the hexacarbonyl at about 13000. Such direct solventless reactions
have been reported for some amine derivative preparations6o 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.

78

The 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.
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EXPERIMENTAL

Purification Procedures

Diglyme was allowed to stand over sodium hydroxide and then
distilled under reduced pressure from sodium wiree Methylcyclohexane
and Analar petroleum ether were distilled from sodium wire before use.
Acetonitrile was first dried with calcium chloride then distilled from
phosphorous pentoxides 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
peaks. Accurate spectra (iO.2cm-l) 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 (1.99g; 9.1 m. mole) was heated to
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reflux temperature (160°C) in diglyme under a stream of dry nitrogens
When the diglyme was refluxing smoothly, trimethyl phosphite (1.04g;
8.4 me mole) was injected by syringe. The mixture was refluxed for
thirty minutes, infrared spectra of aliquots being taken every ten
minutes. Peaks in the carbonyl stretching region characteristic of

both monosubstituted ~ 2070, 1960cm - 1

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)s The liquid residue was taken up in 40-60°

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

using 40—-60o petroleum ether as elutant. 100ml samples were collected

and the first five of these were found to contain only the monosubstituted

complex. Continued elution with petroleum ether gave lesser amounts

of the monosubstituted complex. Removal of the petroleum ether using

a rotafy evaporator left a clear liquid which was distilled at vacuume

- Unreacted trimethyl phosphite was recovered in the first fraction

distilled and a pure sample of the monosubstituted complex Cr(CO)sP(OMe)3

was obtained as a clear liquid.

BP 9600/ 3mm Analysis Calce C 30.4 H 2.85 Found C 30.71 H 2.74 Yield~50%
Preparations of M(CO)SL with ¥ = Cry, Mo, W and L = P(OMe)B,

P(OEt)3 and P(OPri)3 are entirely analagous with that given above. The

following complexes viere also prepared as above, relevant differences

being given as required. All reactions were carried out in an

atmosphere of ¢dry nitrogen.
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Pentacarbonyl Molybdenum Trimethyl Phosphite

Molybdenum hexacarbonyl ( 2.16g; 8+2 me mole) and trimethyl
phosphite (O.99g; 840 me mole) were reacteds 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)5 P(OMe)3. The complex is a
clear liquid.

B.P. 68°C/0.25 Analysis Calce C 26.7 H 2.5 Found C 27.78 H 2.64 Yieldw 60%

Pentacarbonyl Tungsten Trimethyl Phosphite

Tungsten hexacarbonyl (2.43g; 6.9 m. mole) and trimethyl phosphite
(0.82g; 6.6 me. mole) were refluxed for ninety minutes. The infrared
spectrum as previously, indicated mono- and disubstituted complex
formation. Purification as before gave W(CO)SP(OMe)3 as a clear liquid.

BeP. 98°C/ 3mm Analysis Calc. C 21.4 H 2,01 Found C 21.41 H 2,18 Yield~ 407

Pentacarbonyl Chromium Triethyl Phosphite

Chromium hexacarbonyl (2.04g; 9.3 m. mole ) and triethyl
phosphite (1.48g; 8.9 me 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(CO)SP(OEt)s.

B.P. 76°C/0.1mm Analysis Calce C 36.9 H 4.19 Found C 38.18 H 4.50 Yield~50%

Pentacarbonyl Molybdenum Triethyl Phosphite

Molybdenum hexacarbonyl (1.94g; T3 me mole) and triethyl
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phosphite (l.14g; 649 me 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 Eo(CO)SP(OEt)s.

BeP. 80°C/0.1mm Analysis Calce C 32.8 H 3.74 Found C 33.47 H 3.79 Yield~50%

Pentacarbonyl Tungsten Triethyl Phosvhite

Tungsten hexacarbonyl (2.21g; 6.3 m. mole) and triethyl phosphite
(1.02g; 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 W(CO)BP(OEt)3.

B.P. 114°C/lmm Yield~50% M.7. (calc.) 490 m/e (purent) 490

Pentacarbonyl Chromium Triisopropyl Phosphite

Chromium hexacarbonyl (1.80g; 8.2 me mole) and triisopropyl
phosphite (1e71g; 842 me mole) were reacted for twenty minutes and the
crude product obtained as in the trimethyl phosphite case. Distillation
allowed remofal of excess triisopropyl phosphite and gave a pure sample
of Cr(CO)SP(OPri)3 which was a slightly yellow liquid.

B.P. 104°C/ 3mm Analysis Calce C 42.0 H 5.26 Found C 44.01 H 5.74 Yield~50%

Pentacarbonyl Molvybdenum Triisopropyl Phosphite

Molybdenum hexacarbonyl (2.07g; 7«7 me mole) and triisopropyl
phosphite (1.54g; 7.4 me 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(CO)sP(OPrl)S.



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. lOOOC/O.2Smm Mnalysis Calce C 36495 H 4.31 Found C 37.9 H 4.74 Yieldw60%

Pentacarbonyl Tungsten Triisopropyl Phosphite

Tungsten hexacarbonyl (2.0lg; 5.7 me mole) and triisopropyl
phosphite (le.l4g; 5¢5 me mole) were refluxed for twenty minutes.
Removal of diglyme, chromatography and distillation of the crude

product gave a clear liquid W(CO) P(OPrl)S. B.P. 120°C/ 3mm Yielde 50%

MW, (cale.) 332 m/e {parent) 532

5

Pentacarbonyl Chromium Triisopropyl Phosphine

Chromium hexacarbonyl (1.86g; 8.5 me mole) was refluxed with
trisopropyl phosphine (1.30g; 8.1 me mole) in diglyme for sixty minutese
The infrared spectrum of the mixture was followed very closely and the
reaction was stopped before formation of the disubstituted complex was
seene The diglyme was removed by distillation under vacuum and a white
solid residue was seen 10 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% to
give pure Cr(CO)BPPri3.

M. P. 130—13500 dece Analysis Calce C 47+T7 H 5498 Found C 47.73 H 5.82
Yielda~ 30%
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Pentacarbonyl Molybdenum Triisopropyl Phosphine

Molybdenum hexacarbonyl (1.97g; T+5 me mole) and triisorropyl
phosphine (1+19g; 75 me mole) were refluxed for thirty minutes and
the diglyme removed. The resulting solid was purified as above +o
give a white solid Mo(CO)SPPri3.
M.P. 140-150°C dece Analysis Calce C 42.4 H 5.3 Found C 42.4 H 5.50

Yieldm £05

Pentacarbonyl Tungsten Triisopropyl Phosphine

Tungsten hexacarbonyl (2.33g; 6.6 me mole) and triisopropyl
phosphine (1.02g; 6¢4 me mole) were refluxed for forty five minuies

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

.?r3.

was again obtained and this recrystallised to give pure W(CO)SD»

M.P. 150-160° dec. Yield~60% M.W. {calc.) 4% m/e (pavent) 7%

Pentacarbonyl Chromium Trinbutyl Phosphine

Chromium hexacarbonyl (1.90g; 8.7 m. mole) and trinbutyl
phosphine (1.69g; 8.4 me 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 Ihe
disubstituted derivative appeared. Removal of the diglyme by distillaticm
gave a brown liquid residue which was chromatographed twice on an
alumina colwm using petroleum ether as elutant. Removal of the
petroleum ether gave a light yellow liquid which is almost pure

W(CO)5PBun Attempts to purify the liquid by distillation undex

3'
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reduced pressure normally caused extensive decomposition and a
darkening of the complexe No phosphine ligand was seen to distill offe.

Analysis Calcs C 51.8 H 6.86 Found C 54455 He6494 Yieldw~50%

Pentacarbonyl Molybdenum Trinbutyl Phosphine

Molybdenum hexacarbonyl (1.93g; 7«3 me mole) and trinbutyl
phosphine (1.40g; 649 me mole) were refluxed for one houre. The reaction
mixture was treated as in the chromium preparation and again the
complex decomposed oﬁ attempted distillatione Analysis Calce C 4646 H.6.19

Found € 46.99 H.6.16 Yieldw50% !'.i. (cale.} 438 m/e (parent) %38

Pentacarbonyl Tungsten Trinbutyl Phosphine

Tungsten hexacarbonyl (2.16g; 6«1 me mole) and trinbutyl
phosphine (1.18g; 5¢9 me mole) were refluxed for two hours and the
reaction mixture worked up and purified as aboves The complex

W(CO)5PBun is a light yellow liquide Yield50% M.W. 526 m/e 526

3

Acetonitrile Reactions

The following monosubstituted complexes were also prepared by

the method employing acetonitrile derivatives as intermediatese.

Pentacarbonyl Chromium Triethyl Phosphite

Chromium hexacarbonyl (2.04g; 93 me 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; 1848 m. mole) was added along with acetone (30ml). This

mixture was refluxed for thirty minutes after which, triethyl phosphite
(4+483g; 29+1 me 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)e. The pentane solution
was filtered, reduced to about five ml. and chromatographed on a silica
colum. A sample of pure Cr(CO)sP-(OEt)3 was obtained by eluting with

petroleum ether as previously. Yields 30%

Pentacarbonyl Molybdemum Trimethyl Phosphite

Molybdenum hexacarbonyl ( 2¢37; 9.0 me mole )and acetonitrilg
(40ml) were refluxed under nitrogen for four hours. The acetonitrile
was distilled off and molybdenum hexacarbonyl (4e41lg; 1648 me mole) and
acetone (30ml) were added. This mixture was refluxed for thirty
minutes and trimethyl phosphite (3.54g; 28.5 me mole) was addeds This
was refluxed for nineteen hours and worked up and purified as in the

chromium preparation aboves Yield ~40%

Pentacarbonyl Molybdenum Triethyl Phosphite

The preparation is exactly analagous to the molybdenum trimethyi
phosphite case, starting with molybdenum hexacarbonyl (2.01g; Te6 me mole),
adding (4+23g; 1640 me mole) and reacting with triethyl phosphite
(4.68g; 2842 me mole)e The purification procedure gives the complex.

Yield~50%
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Pentacarbonyl Molybdenum Triisopropyl Phosphite

Preparation as for othef molybdenum complexes above starting
with molybdenum hexacarbonyl (2.04g; 7«7 me mole), adding
(4+10g; 15¢5 me mole) and reacting with triisopropyl phosphite
. (530g; 2545 me mole)s Work up and purification gave }Io(CO)SP(OPri)3

in Yield ~50%.

Trisdimethylamino Phosphine Complexes

Monosubstituted Tdp complexes were prepared according to the

.81 .
method of King =~ using methylcyclohexane as refluxing solvente. The
complexes were all white solids obtained pure by sublimation and having

properties corresponding to those reported by Kinge

Disubstituted Complexes

Chromium and Molybdenum Complexes

All reactions are carried out under an atmosphere of nitrogen.

Tetracarbonyl Chromium Bis Trimethyl Phosphite

Chromium hexacarbonyl (2.04g; 93 m. mole) and trimethyl
phosphite (2.25g; 18.2 m. mole) were refluxed in diglyme for three
hourse The diglyme was reduced in volume by distillation at vacuum
and the cooled mixture put in an ice boxe. 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 01(00)4&40Me);}2.

M.P. 83?ﬁpC. Analysis Calce C 29.1 H 437 Found C 29.31 H 4.30 Yield~ 60%

Tetracarbonyl Molybdenum Bis Trimethyl Phosphite

Molybdenum hexacarbonyl (2.27g; 8.6 me mole) and trimethyl
phosphite (2.16g; 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(CO)4[P(OMe)3]2 wasobtained on recrystallisation.

M.P. 92=3%C Analysis Calce C 26.4 H 3.96 Found C 26.40 H 4,10 Yield~ 50%

Tetracarbonyl chromium Bis Triethyl Phosphite

Chromium hexacarbonyl (2.16g; 9.8 m. mole) and triethyl
phosphite (3.36g; 2043 m. mole) were refluxed in diglyme for ten hours.
Work up was as before, again giving a white solid which is trans-
Cr(CO)4[P(OE’c)3] "

M.P. 68-9°C Analysis Calce C 39.5 H 6.05 Found C 39.35 H 6.10 Yield ~30%

Tetracarbonyl Molybdenum Bis Triethyl Phosphite

Molybdenum hexacarbonyl (2.21g; 8.4 m. mole) and triethyl
phosﬁhite (2.84g; 17+2 me mole)iwere 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 colouratione Removal of diglyme
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at the vacuum and chromatography of the residue on a silica columm
with petroleum ether/ benzene as elutant allowed separation of the

pure complex trans-Mo(CO)ArED(OEt)S]z. Removal of the ether/benzene
mixture gave a solid residue which may be recrystallised as aboves

M.P. 74=5°C Analysis Calce C 35.6 H 5.57 Found C 35.61 H 5.63 Yield~10%

Tetracarbonyl Chromium Bis Triisopropyl Phogphite

Chromium hexacarbonyl (1.88g; 8.5 me mole) and triisopropyl
phosphite (3.82g; 18.2 m. mcle) were refluxed in diglyme for six hours.
Work up wasstraightforward as for trimethyl phosphite derivatives.

The pure complex is white solid Cr(CO)‘4[P(OPri)3—I o*

M. P. 98-9°C Analysis Calce C 453 H 7421 Found C 4516 He7.32 Yielda 40%

Tetracarbonyl molybdenum Bis Triisopropyl Phosphite

Molybdenum hexacarbonyl (2.13g; 8.1 m. mole) and triisopropyl
phosphite (3.41g; 16.4 m. mole) were refluxed for six hours in diglyme.
Purification of the complex wasas for the chromium analogue.

M. P 96-7°C tnalysis Calce C 42.3 H 6,72 Found C 42.41 H 6.82 Yield# 40%

Tetracarbonyl Chromium Bis Triethyl Phosphine

Chromium hexacarbonyl (2.12g; 9.7 me mole) and triethyl
phosphine (2.38g; 20.0 m. mole) were refluxed in diglyme for forty ecight
hours. The yellow solution was reduced to about 5ml by distillation
and cooling to 0% gave large yellow crystals of disubstituted

cr(co) 4[PEt3]2. The crystals (anything up to 100mg) formed best from




a solution of hexanee.

M.P. 63-4°C Analysis Calce C 49.0 H 7.5 Found C 48.86 H 7.50 Yieldas30%

Tetracarbonyl Chromium Bis Triisopropyl Phosphine

Chromium hexacarbonyl (2.0lg; 9.2 me 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 columm to separate the trans disubstituted derivate from the
cisconfiguration which appears in the infrared spectrum of the crude
producte 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
recrystallised from ethanol-chloroform at 0°C. Cr(CO)4[PiPr3ltis a
yellow solid.

M. P. 123—400 Analysis Calce C 54.7 H 8.70 Found C 54.63 H 8.73 Yield ~30%

Tetracarbonyl Molybdenum Bis Triisopropyl Phosphine

Molybdenum hexacarbonyl (2420g; 843 m. mole) and triisopropyl
phosphine (2.75g; 172 m. mole) were refluxed in diglyme for ten hours.
Work up and purificationwasas for chromium complex. Complex is green.

M. Po 151-2 dece A.nalySiS Calce C 50;0 H 7.98 Found C 50-18 H08004

Tetracarbonyl Chromium Bis Trinbutyl Phosphine

Chromium hexacarbonyl (1.83g; 8.4 me mole) and trinbutyl
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phosphine (3+46g; 17.2 me. mole) were refluxed in diglyme for twelve
hours and the reaction mixture treated as in the triisopropyl phosphine

preparationse A green~yellow complex Cr(CO)4[?Bﬁ?J£ms obtainede.

Melpreparations. A green~yellow complex Cr(CO) 4[PBun3} Jas obtained-da’ 307

Tetracarbonyl Molybdenum Bis Trinbutyl Phosphine

Molybdenum hexacarbonyl (1.94g; 7.4 me mole) and trinbutyl
phosphine (3.03g; 15.0 ms 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(CO)4[?nBu;]2.

M.P. 41-2°C Analysis Calce C 55.0 H 8.82 Found C 54.95 H 8.75 Yield e 30%

Tungsten Complexes

Tetracarbonyl Tungsten Bis Trimethyl Phosphite

Tungsten hexacarbonyl (2.29g; 6.5 me 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 (100°C/0.1lmm).

M.P. 96—700 Analysis Calce C 22,06 H 3.30 Found C 22.11 H 3.32 Yield ~80%

Tetracarbonyl Tungsten Bis Triethyl Phosphite

Tungsten hexacarbonyl (2.42g; 6.9 m. mole) was heated to
reflux temperature in triethyl phosphite (10ml)e Refluxing for five
* hours followed by cooling to 0°C gave white crystals of W(CO)4[P(OEt)512.

These were purified by recrystallisation from n-hexanes
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Tetracarbonyl Tungsten Bis Triisopropyl Phosphite

Tungsten hexacarbonyl (2.29g; 6.5 me mole) and triisoprepyl
phosphite (10ml) were refluxed together for geven hourse Treatment of
the reaction mexture as in the other tungsten preparations gave white
crystals of W(CO)4[?(OPri)3]2. Recrystallising from n-~hexane gave
the pure product.

M.P. 95-6°C Analysis Calc C 37.0 H 5.89 Found 3704 H 5.79 Yield~80%

Tetracarbonyl Tungsten Bis Triisopropyl Phosphine

Tungsten hexacarbonyl (2.37; 6.2 m. mole) and triisopropyl
phosphine (2.08g; 1340 me mole) were refluxed in diglyme for forty
eight hourse. The diglyme was removed at vacuum and the residue
chromatographed on an alumina columm using petroleum ether as elutante.
The petroleum ether was removed at vacuum and the residue recrystallisecd
from chloroform-ethanol at 0°C. W(CO)4(PPri3)2 is a green-yellow solid.

_ M.P. 180-1°C Analysis Calce C 42.9 H 6.82 Found C 42.88 H 6.87 Yieldaszli

Tetracarbonyl Tungsten Bis Trinbutyl Phosphine

Tungsten hexacarbonyl (2.26g; 6.4 me 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 trisorropyl
phosphine~tungsten preparation. Pure W(CO)4{PBun3]2 is a yellow solide

MePo 44-5°C Analysis Calce C 4840 H T.71 Found C 48.22 H 7.81 Yielda 30

Disubstituted Tdp complexes were prepared by the method of Kingo‘.
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Purification was by sublimation.
g
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 tramsition
metal carbonyl derivatives has been paralleled by expansion and
development of associated spectroscopié techniques., In some cases,
spectroscopy forms an integral part of the synthetic procedure as in
the use of infrared spectra to monitor producﬁ formation., Other
spectroscopic investipgations 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. 1965), 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 VI 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. Turther, 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. 4As electronic
transitions take place between two clectronic levels of a molecule,
each of which possesses vibrational levels,which even at room
temperature must be populated by electrons in accordance with
Boltzmann's Law, the ohserved 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 expected and consequently,

bfew of the obhserved 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 ())max) and the true intemnsity of such peaks.

Several approaches have been adopted to 1he problem of
analysing complex spectra in terms of a combination of curve areas
involving standard distribution curves such as the Gaussian type and
their derivatives.88 An early example of the use of Gaussian curves
in analysing a spectrum is provided by the treatment of some arsenic

89

derivatives by Cullen and Hochstrasser. Since then, Gaussian
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analysis has been widely used as a tool for simplifying spectral
outlines, For example, Alexander and Gray employed it in a study
of the electronic spectra of some hexacyanometalate camplexes,gO
while Gray and Beach used the technique to analyse the electronic
spectra of the metal VI hexaca]c‘bonylslll which are the parent carboayls
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

absorption spectra., It has been shown93 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, T'ranck-Condon rules being the determining factor in these
cases.,

Generally, analysis of a spectrum involves an unguantifiable,
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 heing 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
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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 heen used extensively in the interpretation of

] 1A -
11, 5k, 04 96 Much of the work in

electronic absorption spectra.
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
parameters followed two main pathways. Parisier, Iople and Parr97’98
evolved a molecular orbital approach designed specifically to relate
electronic spectra and electronic structure in unsaturated organic
molecules, Wolfsberg and Helmholz99 devised a semi-empirical theory
suitable for transition metal complexes, which they used to correlate

energy levels and electronic spectra of HnOQ and,Croaz. Their method

100-102
a

has since been widely used in transition metal chemistry nd

similar more quantitative methods have also been employed.lo) It
should be noted that the energy difference between two one electiron

levels does not obey the relation & = hy) although the energy
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molecules. Wolfsberg and iTelmholz”” devised a semi-empirical theory

suitable for transition metal complexes, which they used to correlate

energy levels and electronic spectra of Mn04= and,Cr04=. Their method

100-102
a

has since been widely used in transition metal chemistry nd

similar more quantitative metliods have also been employed.lo) It
should be noted that the energy difference between two one electron

levels does not obey the relatiom E = hy) although ithe energy




difference between states does., lNowever, 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 semi-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
by semi-empirical methods although the more symmetric parent
hexacarbonyls have heen investigated thoroughly.hl’104_106

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

96’107 Peaks of

spectra is reasonably familiar and stiraightforward.
intermediate extinction coefficient (& ~500-5000) present a more
difficult problem, Early work tended to assign any peak in this
region as a weak charge transfer transition.lo8 More recently, certain
quite intense bands have been assigned by various authors as d-—-»d

109,110

trangitions and consequently it is no longer sufficient to

quote the extinction coefficient of a peak, obtained at room




- 56 =

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,111 trigonal bipyramidal

nickel 11112 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—=3d
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
electronic absorption spectra,44 some peaks of which have caused
controversy concerning their assignments, For example, Walker&& has
assigned a peak in the region 26,5000m_1 - j’O,OOOC:m'-l in complexes
m(co)5 and trans LQM(CO)4 (M = Cr, Mo, W; L various phosphines)
as the charge transfer peak analogous to the peak of M(CO)6 (M = Cr,
Mo, W) at 35,0000m71. However, Darensbourg and Brown74 from infrared
intensity work and considering the electronic absorption spectra of a

limited number of molybdenum complexes, have concluded that the

hexacarbonyl peak at 35,000cm-1 has its analogue at approximately
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34,5000m~1 in the phosphine complexes.

Until now, studies of electronic absorption spectra of
phosphine substituted group VI metal carbonyls have been reported
at room temperature only. It seemed clear that considerably more
information could be obfained from a study of electronic transiﬁion
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, molykdenum and tungsten carbonyls,
an investigation of their electronic absorption spectra at liquid
nitrogen temperatures was undertaken. TFurther, the data obtained
could he collated and would then be available for correlation with
other spectroscopic data. Suéh a study could also be expected to
contribute to the discussion of possible T ~bonding participation in
the metal carbon and metal phosphorus bhonds in metal carbonyl
derivatives and the effect of ithe phosphine substitutions on such

bonding.




1

LOW TEMPERATURE SPECTRA AND SELECTION RULLS

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 formally
(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 ffom metal orhitals to suitable combinations of
the T=-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 t2u»TT-bonding (TTb)

molecular orbital of M(CO). (M = Cr, Mo, W) obtained by reference to

5 (

the ionisation potential of carbon monoxide suggests that the lowest

energy ligand to metal charge transfer in such complexes is greater
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-1 11
than 60,000cm . 3 As we expect such transitions to have similar

energy values in the phosphine complexes, such bhands are outwith the
energy range considered.

Studies of the electronic spectra of metal VI hexacarbonylslLl
and their derivativesaQ have shown that metal-ligand charge transfer
and ligand field bands 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
tenperature spectra may allow an assignment of the peaks to the
appropriate type of transition involved, It is therefore necessary
to consider the selection rules aiplicable to each type of transition
and consequent effects of temperature lowering on spectra obtained
according to these selection rules,

The two classes of electronic transition (d—»d and charge
transfer) have different selection ruies. Considering only electric
dipole transitions, such {ransitions are observed to give peaks of
high or low intensity according as the dipole moment operator transforms
as one component of translation x, y, z or not127. 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‘\PQM‘{'bd’c is non zero where Q is the transition

moment, M the dipole moment operator and \¥af \P.b are the wave functions
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of the initial and final states respectively. Tor the condition
above to be satisfied, the representation of the integrand \paN\yb
must be totally symmetric for at least one of the orientations of M,
Thus the selection rule is such that the representation of \pa\Pb
must transform as one of the translation vectors Tx’ Ty or Tz.
Transitions between states of the same parity are therefore forbidden
(Laporte's rule). |

In a purély centrosymretric environment this rule would give
charge transfer transitions as allowed and d—»d transitions as
forbidden although the spin selection rule which states that only
transitions between states having thie same spin value are allowed
must also he considered., However, both charge transfer and de=>d
bands are assigned in spectra of centrosymmetric molecules such as
M(CG)G (M = Cr, Yo, W) and in the types of complex studied in this
work, various types of symmetry species are involved., The lLaporte
rule implies that a charge transfer transition may be orbitally
allowved while d—-~3d transitions may be forbidden or partially allowed
according to the symmetry of the molecular environment, In
centrosyrmetric environments such as that for trans LQM(CO)4
(approximately), the interaction of vibrational states with electironic
states may give rise to "vibronic" bands which have non zero transition
moments due to vibration having synmetry representation of odd parity
being included in the representation of \pa}F$%. Transitions between

two "d" levels in a non centrosymmetric environment are also partially
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allowed because the d orbitals no longer have a symmeiric 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 centrosymmetric
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

£ = const. ¥. (Vo MV 3.1
where W 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
truebphysical situation. Thus, for example, a formally forbidden

electronic transition may have its selection rule relaxed by
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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 he considered in any attempt to assign the
spectral peaks obtained for complexes as in this work where the
enviromment may affect the ideal sclection rules,

The Laporte selection rule requires depd transitions to be
orbitally forbidden while such transitions may be observed in the
spectra of most metal carbonyl derivativés and have becn assigned by
Beach and Grayﬁl‘for the metal VI hexacarbonyls. Relaxation of the
selection rule may be the result of several possible mechanisms. Tor
a molecule with no centre of symmetry, there can he no transition
designated even-even as it is not meaningful to refer to even or odd
synmmetry species in such an environment. This is applicable to
complexes such as the mono substituted IM(CG)5 wnich belons to the
non centrosymmetric group C&v' In complexes such as trans IQM(CC)a,
symme try D&h’ 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 bossibilities
have to be considered, the first of which attributes d-=>d band
intensity to some permanent removal of the centre of symmetry by
small distortions of the molecule or a lowering of the symmetry by

asymuetric ligands. Thus, while trans LOH(CO) ig ideally of D&h

4

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

are distorted,the centre of symmctry may be effectively removed, This




would allow relaxation of the laporte selection rule. The more
common explanation accepted for the appearance of d=-»d bands in
the spectra of centrosymmetric complexes imvokes 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
whicﬁ promotes the molecule to an excited state which is no longer
centrosymmetric., 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-
centrosymmetric molecules and molecular orbital formation between
ligand p and metal d-orbitals is probably the most important factor
in centrosymmetric 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
propqrtional 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 possible 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 ccoled
sample in an attempt to observe resolution of the vibronic structure

of the bands. An allowed transition shows a v'{(0) €= v"(0) 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 cn

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 fluorescexnce
will almost exactly correspond to the absorption of radiation while
being in the opposite sense, i.e. the former is an emission specirum,

A forbidden transition will exhibit a gap in a superimposed plot of ihe
absorption and emission spectra due to the forbidden v'(0) &= v"{0)}
transition while .orbitally allowed transitions will have spectra
overlapping at the position of the first vibronic component. The
third aynproach is the study of the variatiog of oscillator strerngth

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

width with respect to changing temperature, It is expected that
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on cooling a complex in solution, its electrenic absorption spectrun

will alter in form in a wanner 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) é= v"(0) along with transitions involving othér
vibrational states v'(1) &= v"(1), 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 hy
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) e~ v"(0) will be more probable than v'(0) <= v'(0) according
to the Iranck-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 he excited, causing several corresponding
vibrational transitions. Thus, while an allowed electronic transition
consists of a vibrational progression (e.g. 37-0", 2'-0", 1'-0", 0'-0")
arising from a totally symmetric mode only, it is possible for any
normal mode to give a vibrational sequence (e.g. 1'=1", 2'-2", 31.3"),
This range of possible transitions (progressions extending to energies

higher than 0'-0", sequences to lower energies) gives rise to the
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characteristic broad bands observed in electronic absorption spectra,
(Other effects such as spin orbit coupiing 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 1'-1", 2'-2" transitions to appear in the room temperature
spectrum. Cooling the sample will cause an alteration of the Boltzmann
population, the v"(0) state being occupied preferentially to v"(1),
v'(2), etc. states. This will cause the v'(0) &= v"(0) transition
(or in the case of changing internuclear distance, the corresponding
transition of highest probability) to gain intensity while the
v'(1) &= v"(1) and similar transitions will lose intensity. The pealk
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 cvoling 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'(O)(—-'V”(G) transition and at room temperature will
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consist of transitions of the type v'(0)ge= v'(1), v'(1)e= v"(2),
etc, which give a broad band 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 v"(0)
grouhd vibrational state preferentially, in this case favouring the
strictly forbidden v'(0) <= v"(0) transition. The oscillator strensth
of a vibronic transition decreases as the population of the perturbing
vibrational staté decreases on cooling, according to the hyperbolic
cotangent lawllli'l15
£(1) = £(0) coth (h¥/2kT) 3.2
where £{0) is the oscillator strength at 0°K and W is the frequency
of the perturbing vibration, TFurther, as the energy of the
v'(0) @ v"(1) transition .is lover than that of the v'(1)<= v"(0)
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 low temperatures. This relationship
has been known for many years and was first used by Holmes and Ichlure116
to distinguish between charge transfer and despd peaks, They derived
equation 3.2 as aj;plied to forbidden transitions by modifying a
treatment of Sulzer and 's‘iielandll7 for allowed transitions having
Gaussian shaped banﬂs. A recent study of the variation of oscillator

strength with temperature changel}'8 used this relationship to study

some fairly intense formally forbidden bands in the spectra of




IrBr6= and SnBr6=.

A decrease in the f value of a forbidden transition is thus
vell understood bhut 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
VYmax for any transition may remain constant on cooling the sample
wvhile the decreased spread of the transitions invelved gives a lower
f value at low temperatures. At room temperature vibrational levels
v"(l), v"(2) etc. are populated and allow the occurrence of sequences
based on v'(1) @~ v"(0) 2'-1", 3'-2" and, to lower frequencies
v'(0) €= v"(1) 1'-2", 2'-3" . VWhile cooling the sample causes
v'(0) 6—-v"(1) to be less probable, v'(1) &= v"(0) nust 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 ¥ max may not decrease
on coolihg but is certainly expected to show a shift towards higher
frequencies. The lower probability of vibrational states v"(1),
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 £(r)/£(0) is
dependent on the value of the perturbing vibrational frequency in any
vibronic band, Thus, it is possible to evaluate f£(300)/£(0) for any
intensity producing normal mode as has been done in the study of

icCaffery and coworkers.118 Some examples are given in table 3.1,




TABLE 3.1 (REF. 118)

FREQUENCY OF
ﬁm;;;%g?f £(300)/£(0-10) £(300)/2(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 3430




- 09 -

It is evident that the intensity of a vibronic band 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
analagous 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 he involved producing a complex relationship between oscillator
strengths at different temperatures. For this rcason, it is not
usually possible to determine which skeletal deformations combine
with any electronic state to give a vibronic transition. Using the
more general properties of charge transfer and d=—3%d transitions at
different temperatures does, however, allow meaningful assignments
to be made for pealts which, on the evidence of their intensities at

room temperature, cculd be of either type.
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ENERGY IXVIZL DIAGRAY

Ideally, the assignment of observed peaks in a spectrum would
be carried out using a cuantitative molecular orbital diagram. Such
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 }(CO).L and M(CG)QL may be

|- .
If) 2

considered to be of sufficiently high symmetry (C&v and th respectively)
4 {31
to allow construction of a qualitative molecular orbital energy level
diagram as an aid to interpretation of their electronic spectra.
7 i1
While a very good semiquantitative energy level diagram has appeared
for M(CC)6 (¥ = Cr, Mo, ¥), no such approach has heen found possible
for even their simplest substituted octahedral complexes. A satisfaclory
1 1 )
gualitative approach may be developed to treat the relevant recion of
he electronic spectrum as has been employed in a previous study of
. . Tt A
some phosphine substituted metal VI hexacarbonyls ~. The validity
and reliability of this qualitative scheme may be checked by the more
rositive assignments of spectral peals using the extra information
from spectra obtained at low temperature.

A brief account of the derivation of t:e energy level schemes
for monosubstituted and trans disubstituted phosphine metal VI carbonyl
derivatives wiil now be civen. The procedure is similar for hoth
complex structures and involves a derivation of the molecular orbitals

from the combination of metal valence orbitals and T{- antibonding
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(yr*) orbitals of the carbonyl groups. Tie r~ference axes and lizand

nwibering system is the same in bot! cases and is shown in figure 3.1
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Tigure 3.1
In LQE-E(CO)Q species, the second L group is in position 5, i.e. in the
trans position,

It is necessary to classify both the metal valence orbitals
and carbonyl W * orbitals according to the symmetry elements of the
group concerned, Symmetry elements for the Clzv species are a C_,é and
two C2 axes coincident with the z axis, two O‘V nlanes in the xz and
yz planes and two CT'(1 planes bisecting the O'V planes and containing

the z axis., The D"-h species has, in addition, four C? axes formed by
"z #

n

the intersection of the U"v and O"d plenes with the xy plane and also
a G‘h plane in the xy plane., The orbital basis set used comprises
metal nd and (n + 1)) orbitals along with the 'n‘%'orbitals on eacl: of
the carbonyl groups. The procedure for consiructing the metal-lisand
combinations possible is to obtain t'e {ransformation properties o
the various carbonyl T * combinations and combine these with netal
orhitals of suitable syrmetry.

o)

Thus, considerin; first the monosubstituled case L’-.’(w,’_l,

-~
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three distinct classes of carbonyl ¢ * orbitals may he identified

and classified in C&v syvmetry. The W * orbitals located on C0(1 - %)
in the xy plane transform as (a2 +h, + ¢); those on Co(1 - 4} but
perpendienlar to the xy plane (i.e. rﬁz%) transfoim as (o.1 + by + e
and the W* orhitals located on CC{5) transforn as (e}, Tach of thesc
transformations is an irreducible representation belonging to symnmetry

§ - 1 3 o "
group C, . In this group, nmetal Py D

v g g Gy d orbitals transform

y xz’ Tyz

as (e) and therefore may combine with all {hree 1 ¥ groups; p, and

d 2 orbitals transform as (a,) and d__ transforms as (b,,) alloving

Z 1 Xy 2 <
overlap withr *(z) Co(1 - 4} in the case of the former pair and with
1i

Tr*(x, y) CO(l - 4) in the latter case. The and combination

%2

cannot interact wilh any metal orbital as mo orbital has suitable

syrmetry and interaction of the metal dx‘~v; orbital (bl transformation
- J

with the ligand Tr“(z)CCO(l'— %) b1 combination gives net zero overlap

as there is cancellation of two equal interactions having opnosite

signs.

Having obtained the possible metalwligand combinations allowed
by syrmetry, a simple energy level diagram may be constructed for these
combinations. The molecular orbitals are formed by overlap ¢f a netal
orbital with a combination of the ligand orbitals whieh gives one
more stabhle bonding molecular orbital and one less stable antibending

orbital. The energies of these molecular orbitals may be found by

application of second order perturbation theory which gives

H..z
¥ b nl 1 L= 4
inergy E, = Hii + < ! ﬁf——:lﬁ—~ Je3
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. . . .th .
where ﬂii is the coulomb energy of the i~ orbital uncorrected for

overlap and Uij = N.p.ig where ;3 is the resenance integral between
orbitals i and j, p is the nuwber of overlapping orbital pairs and X
is a normalising factor, Taking the coulomb energies to Lave order

(n + 1)p >|T"*(CO)> nd in agreement with the semiquantitative

treatment of the metal VI hexacarboenyls allows evaluation of th

second order energies using equation 3.3. Taking account of metale
p-ligand orbital interaction and arranging the orbital energies.in
increasing order gives the qualitative enerpy level diagram for metal-
carbonyl Iv * orbital interaction as shown in fizure 3.2, An analegous
procedure to that outlined above may be used to construct a similar
energy level diagram for trans disubstituted complexes in D&h syumetry.,
The resultant energy level diagram is shown in figure 3.3.

We must now consider the general aspects expected for the
electronic absorption spectra of the metal carbonyl vhosphine derivatives.
Both d-d and charge transfer transitions are expected in the spectral
region considered ( 45,000 - 25,000 cm-l). As phosphines occur helow
carbonyl in the spectrochenmical series, it is expected that the lower
lizand field in the derivatives will cause the d»d bands to be at
lower energics than in the metal VI hexacarbonyls., ietal to ligand
transitions occur around 34,000 cm—1 in the hexacarbonyls and these arc
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
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{sce ahove) hased on the symmetries of the initial and Jinal wave
functions gives the selections showvm in tables 7.2 and 3.5 for mono
and trans aisubstituted derivatives respectively., It may be seen
from this that the lowest energy charge transfer transition in both
mono and trans disubstituted cemplexes is to a ligand combination of
carbonyls in the xy plane. Thus, we expect a corresponding charge
transfer band for both derivatives on the model, Previous work&h on
some phosphine substituted complexes suggzested that this first charge
transfer bhand is present in the snectra of hoth derivatives, supporting
the molecular orbital diagrams given. The position of this band was
further related to possible TM=bonding effects of the phosphine
substituent. This study extends and modifies these results and gives
clarification of the assigmment of spectral bands in the 30,000 cm—1

rezion as either charge transfer or d-d transitions.
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E{PERTITNTAL

The electronic spectra were recorded on Pye 'nicam SP 70CC

Ultraviolet and Visible Spectrophotometer ;jiving a lincar ecnerzy scale
. -1 2 . . .
abscissa (cm ), ordinate in absorbance units. These spectral outlines
were measured and the absorbance noted at regular euer;y intervals,
~1 . v on -1 . ., . .

pormally each 500 em = and each 200 em ~ in the regions of peak
maxima. The extinction coefficients at each of these points was then

1 1y

calculated and a sraph of extinction cocfficient (& 1 em ~ mole™ )

. -1 . . e _—
against energy (Y cm ) was drawvn. The extinction cocfficient obtained
) . ) . e 133
for low temperature spectra were corrected as in previous studies
by nmltiplying each E value by the appropriate constant (0,812) for

1 b . O O
the temperature -130°C,

The cell was an J.I,I.C. T - 01 screw scaled metal cell,
fitted with quartz windows and a teflon spacer. This was supported
by a stainless steel refrigerant vessel which fitted into an cuter
jacket having sodiuwm chloride windows. The sample was injected by
gyringe into the cell and the outer jactet and cell holder fitted

rr

together, The unit was then evacuated to approximately lO-zmm. g
and after five minutes, the refrigerant vessel was filled with liquid
nitrogen, the vessel having a "piston like" object called a2 "mushroom"
with a polyurethane.base. It was neccessary to coat the cell with

silicon grease to prevent loss of solution under vacuum. ‘hen the

liguid nitrogen had ceased to hoil off rapidly, the mushroom was




-
Y

i

removed and the cooling process continued. .After approximately one
hour cooling, the sample reached a temperature of approximetely ~170%
(mcasured 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 property of the cell was sensitive to
many of the physical conditions involved in the procecure., Thus,
cooling the cell without the nmushroom, or too cuickly, ¢ anzing the
spacer (i.c. 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 cum. spacer should he used at all times, using

< extinction

(=}

concentration variatien to scan peaks having widely differin
coefficients. The rcsult of cell leakage vas formation of one or more
bubbles in the sample which caused light scaitering, thus preventing
the recording of the spectrum. It was sometimes possible to licat the
cell slizhtly by hot air when a bhuble formed, thus lovering the

1 o~

viscosity of the solutien and allowing the hubble to float to the togp
of the cell, This procedure, wiile elimineting light scaltering,
spectra of solutions with misleading concentrations and thus any loss
of solution wxs considered unsatisfactory vhether a spectirun vas

ohtained or not,

The choice of solvent was prineipally determined by Lhe
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reguivenments ¢ the low temperatvnre toemique. A solvent in wihieh
the complexes were soluble and which formed n clear gloss at -120"¢
was required and two mixed solvents were found to be suitable, A
methylecyclohexane - isopentane nmixture and ether - isopentane -
eticnol (Z.7.0.) mixture eacl form a glass at low tewmporatures and s
wmethylcyclohexane -~ isopentane is the less polar, it was chosen to
minimise any possible cemplex = solvent interaction., The solvent vas
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 3:2
methylcyclohiexane -~ isonentane was used althiough other ratios also
cive glasses at low temperatures., Host of the complexes were found
to be soluble in this hydreocarbon solvent, but the trimethylphosphite

derivatives were only slightly soluble at low temperature (particularly
the trans disubstituted complexes). As the other low temperature
solvent, I.77.A. showed similar solubility results, the trimethylphos;:ite

complexes were recorded at optimun concentrations in methylcyclohexane -

isopentane, this giving satisfactory spectral results.
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The electronic absorption speetra of meno and trans disubstitivted
phosphine complexes of the group VI metal carbenyls IE(CC)S and
< 0 > .
LDIu(Cu)!£ were recorded at room temperature (295 K rean) and in a
.. . =0y - .
cell cooled b licuid nitrogen (S3°X mean). The frequency of the
. . -1 o . . eps s -1
observed peaks (in em ~) and ihe extinction coefficients (&€ 1 em
"'1\ . n . . s ~ 1
mole ~) have been tabulated for monosubstituted complexes in Table 3.%
and for trans disubstituted complexes in Table 3.5 at the end of this
chapter. The phosphine ligands considered in this siudy are Tdp,
trimethylphosphite, triethylphosphite, triisopronylphosphite,
triisopropylphosphine and trinbutylphosphine. The spectra obtained
. \ . . -1y,
as plots of optical density against wavenumnber ('ﬂ cn ) have been
replotted as graphs of extinctlion coefficient azainst wavenmmber and
are shown in Appendix 3.1
The only major study of the ultraviolet spectra metal VI
. . o (!
phosphine carbonyl complexes previously undertaken was that of Valker
who obtained the spectra of mono and trans disubstituted complexes
fer ligands Tdp, triphenylphosphine, triphenylphosphite and
tricyclohexylnhosphine at room temperature only., ¥e also presented
the spectra of the trans disubstituted trinbutylphosphine derivatives.,
The present study extends this previous work to ligands of various
& v & =4
bonding abilities which form cemplexes having spectra uvncomplicated

by ligand absorptions,

The form of the spectra obtainced has been found to depend
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much more on the nature of hoth the ligand and tlhe metal ion concerned
than has been found to be the case in other studies of analogous

. 121 L W,
conmplexes of amine and phosphine '/

complexes. The spectra of

the monosubstituted complexes show less dependence on the ligand or netnl
involved than do the trans disubstituted snectra. Thus, at room
temperature, phosphine and phosphite monosubstituted complexes of
chromiwn, molybdemun and tungsten have similar speclral outlines
although spectra obtained at low temperatures indicate that the peak
‘in the 26,000 cm_1 region gains intensity on cooling in trialiyl-
phosphine and Tdp complexes and loses intensity in triallkylphosphite
complexes., It is also noted that monosubstituted complexes of chromjwm
have spectra which are somewhat less resolved in the 36,000 - 26,000 e
region than spectra of molyhdenwa and tungsten complexes. Tiis effect

o o . L
has been reported previously.

The general features of the spectrum
of a monosubstituted complex HI(CO)5 at roem temperature and low

temperature are shown in figures 3.4 and 3.5 for phosphine and phosphite

ligands respectively.

The trans disubstituted complexes gave.spectra having one of
four spectral outlines, defendent on which metal~ligand combination
was present, YNolybdepum and tungsten complexes are completely analogzous
and differ considerably from the chromium complexes while in cach of
these cases, phosphine complexes show a spectral outline very different
from that of corresponding phosphite complexes, Examples of these

spectra are siven in figzure F.6a - d along with their observed
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behaviour on cooling the sample.

It way be scen from the diegrams that many of the peaks occur-
as shoulders and certainly none of them occurs as a separate transition
band. It was therefore considered that curve analysis using some
combination oi Gaussian distributions might profitably be employed to
separate the spectrum into a series of individual transition bands.

Tt was clear from the graphs of H versus & that some of the spectral
forms would be more readily analysed in this way than others. Thus,

the monosubstituted complexes and the trans disubstituted phosphite
comnlexes of chromium which all have spectira showing complex overlanping
in the 36,000 - 26,000 — region were expected to be less readily
analysable than spectra of the trans disubstituted phosphine complexes
with their more resolved peaks, An investigation of 1he use of Gaussian
curves for analysing these types of electronic absorption spectra in
general was therefore undertaken and some examples of curve analysis
applies to the spectra of specific complexes are discussed below.

A hypothetical curve based on spectra of the trans disubstituted
phosphine complexes of chromium hexacarbonyl Cr(CG)4(RBP)2 was drawn
and this outline reconstructed by means of overlapping Gaussian bands.
The technique involves first choosing the number of Gaussian curves
required to construct the spectral outline and by varying their relative
intensities, reproducing tle observed intensities at each point along
the spectral outline. This ié a process of trial and error and has no

unicue solution as may be seen from figure 5.7a - ¢ which indicates




FIGURE37(a)(c)

Examples of Gaussian Anaiyses of a

SinglevCurve.Gutline







FIGURE 3.7
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the results of three such analyses on a single curve., It mizht be

1
1

argued that the analyses largely agree in that they each show two
prominant peaks A and C along with three lesser hands, one of which,
Iy is alwvays tlhe largest of these latter. hile this is true, it is
precisely the two smaller pea'ts, B and D, which are the wost important
‘products of such 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 exployed as a basis for the curve analysis. The purnose of the
aussian analysis is to reveal absorption maxima which are hidden in
hie spectral outline because of their lower intensities. Thus while
the analysis has been seen to resolve these absorptions, the disparate
intensities of the pealts B and D would seem to indicate that this
technigue has severe limitations when used te analyse spectra of such
complexity, Cne further consiileration is thec use of such spectral
analyses in ccmparing spectra obtained at different temperatures. s
the analysis of these spectra is designed 1o clarify assignments of
observed peaks to clectronic transitions by considering their intensity
behaviour on ccoling the sample, difficulties in determining the
intensity of peals similar to B and D in the example make meaningful.
comparisons of intensity changes effectively impossible. For example,
the intensity of peak B is scen to increase twofold on comparing

figure 3.7a with figure 3.7b both of wiich represent analyses of one
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spectrum taken at room temperature,

Another criticism pertaining to Gaussian analysis is that
cencerning the number of peaks chosen as represcnting the curve shape.
This is an important consideration when analysing spectra involving

a high degree of

band overlap as is found in man; of the spectra being
exanined in this work. EIssentially, ti:e problem is one of circularity
of argument. To make a plausible guess at the number of transitions
(and hence the number of Gaussian peals) which combine to produce a
spectrum, it is necessary to have a reasonably detailed lmowledge

of the allowed transitions and their relative orderinyg in any one
energy vegion., Towever, it is this data concerning possible electronic
transitions which we are attempting to obtain from the spectrum by
Gaussian analysis. Ience 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 application by this essential ad hoc assumption.

It was therefore considered that anplication of Gaussian
analysis to the complex spectra obtained for most of the metal carbonyl
derivatives would be impracticable. The inability to estimate the
nunber of transitions involved coupled with the complication of
considerable energy "tail" overlaps made it impossible to analyse such

spectra with any confidence. Some of tlie spectra, however, were

considered to hove band outlines with sufficient resolution to allow
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as reascnable an estimate of the number of peaks involved as had
been obtained in other reported work.41 Fhrthermofe, Gaussian
analysis had been attempted previously en onc such spectrum without
success!i using a computer analysis of spectral details lkmown as the
"Bird-Sanders™ curve analysis Yrogramme while the general technique
of Gaussian analysis has 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 showm

A

diagramatically in Figurve 3.9i - vii., Also shown in Table 3.6 is an
analysis of the ohseirved belhaviour of the curve parameters on codling
the sample, in terms of percentage changes.

The spectra trecated in this Gaussian analysis work were those
of complexes pozCr(CO)a, (PEtB)QCr(CO)Q, [b(CMe)BJQCr(CO)a, po2no(co)4
and poNb(CO}5. The plots of extinction coefficient against frequency
obtainedvfor tte 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. Deflore considering
the parameters obtained for the complexes studies, it is necessary to
consider the guantitative approximations employed in the theoretical
approach,

The extinction coefficient, 8 , of a point on the absorption

spectrum of a solution is obtaiuved from the well known Beer -~ Bouguer -

Lambert relationship for solutions assuming only solute molecules absorb
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D = log IO/I = E.c.l,
where D is the optical density, I0 and I are the intensities of the
incident and transmitted light respectively, ¢ is the molar concentration
of the solution and 1 the path length in em. A zraph of € versus V
-1y . .
(frequency en ) when analysed into Caussian curves nmay be treated
‘as a series of single curves each possessing the characteristic
properties € mox and OV vhere € nox is the maximum value of the
extinction coefficient of that curve and AV is its half band width
. " . . T _—1 E i \ e . 4 .
(1.e. the energy width in cm = at = maxj, This is shown in

figure 3.8.

E'MQK

Imeleem Ay “iimm

¥ (em-1)
Figure 3.8

Using these properties of the curves it is possible, using simple
relationships derived from a quantwn mechanical analysis of the problem,
to compute values for many of the important propertics of the transitions
beins considered. Thus the area un'er one such curve may be shown to

- n
b0122,12) A =f° €.dy = const, smax by

L ' .
= = const Vv
A J;E-d\’ const. €& O
York by Kuhn and Braun using an appropriate Gaussian distribution gave

A= 1,06045 E AY .124 Thie oscillator strength f of a transilion
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 elcctrons 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

25,126 -
125,126 that

_shown
f = mcg/n'l\'e2 S k.dw

where e and m are the charge and mass of the electron respectively,

¢ 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 anply to solution spectira

“involving & rather than k sives, assuming the initial and final states

to be degenerate .

f = 4,32 x 107 fe dy = 4,32 x 1070 x A

This ailows practlical values of f to be obtained anc as f is characteristic

of the effective nunher of electrons taking part in a transition (i.e.

of the relative allowed or forbidden character of a transition) it is

an interesting porameter in a study such as this, Further characteristics

of the transitions whic: may be derived are the dipole strength and

Finstein coefficicnts of absorption and emission.

The dipole strength D " for a transition from level n to level m
A (=] m

o 2

2 0 .
the transition moments and m = Qnmx + Qnmy + Qnmz . G represents

2 ~ * .
T CE i i = v G = X, d
vwhere E {E is defined as D /G =@ where @ "‘P éi *cl'srm ‘]
2
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the degeneracy of the final state., The Hinstein coefficients are
characteristic of the molecule and represent the prohability of
absorption (Bnm) and emission (Amn) of electromagnetic radiation.
They may be related to the dipole strength Dnm’ as the probability
of a transition taking place is relat~d to the transition moment Qnm'
‘The spectra of TdPQCr(CG)4 and (PEtB)QCr(CG)4 were analysed
from 48,000 - 25,000 ot by considering regions 48,000 -~ 35,000 et
and 35,000 - 25,000 cm  separately. napHo(Cn), and Tap(io(Ct),
were analysed from 35,000 -‘25,000 cm-'1 only and E-‘(OMe)3 2Cr(CG)é

from 48,000 - 35,000 em . In the latber case, the form of the

spectrum below 35,000 em ~ did not alloy meaningful analysis. The
discussion of the spectra will deal mainly with the 35,000 - 25,000 cm~1
rerion which is the electronic absorption regien in which it is expected
that curves having low extinction coefficient occur and may bhe revealed
by Gaussian analysis., Such wear peaks were observed to be resolved

‘and a di;cussion of the parameters obtained for these curves is now

given, The peaks are identified by letters which are shown cn the

diagrams in the figures 3.9(i) - (vii).

ponCr(CC)ﬁiz Gaussian andlysis

The spectrum is shown in figure 3.9 (i) and (ii) and the
parameters listed in table 3.6 (i) and (3i). The spectrum obtained at
room temperature comprises two intense peals QQ and g) between 30,000
and 27,000 cmm1 and three very wealk peaks (Q, b and g)‘at lowver energies,

Cn cooling the sample, peaks a, b and ¢ lose intensity and show lowver
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oscillator strengths. These and all other chances are shown in
table 3.6, hoth percentase and direction of the change being given,
The £ values of 2, b and g at room temperature are characteristic of

vibronic d-d transitions in t:ese complexes (A10 3) althong the
possibility of forbidden charge transfer bands giving rise to
vibronic bands with similir f-values cannot be discounted. The
observed behaviour on cooling supports the assignment of az, h and ¢

[

as d-d transitions. It is of interest to note that while & " is

max ‘
roughly halved in each case, the halfband width varies in its behaviour
from peak to peak. Thus, it is halved for peal” ¢ while remaining
approximately constant Tor 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 efieccts were considered. The

increase of Y -
max

P

on cooling expected for d-d bands is also seen and
.

. . . . . v . ~ "1
in comparison with the Y shift of pealk d is large (0'50 cnl

max
aDproximétely for the former cases, 300 cm"1 for the latter). Teak
d is assigned below as a charge transfer transition and the relative
variations in vmax on cooling for peaiss (_g, b, _c_) and pealk d support
the assignment of (ay by ¢) 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 bénd. The peak e is secen to decrease

considerably in both intensity and halfband width on cooling and




consequently the f-value is mmuch reduced. Towever, consideration of
the spectral outline treated by Gaussién analysis indicafes that only
s o -1 . . .
the outline un to about 32,000 enm is considered, .nalysis of the
spectrum above 32,000 e (figure 3.9(ii), table 3.6(ii)) shows the
area hetween 40,000 and 30,000 cm-l as one comprising a strong wide
absorption h at room temperature with weaker peaks g and £ at lower
energies which overlap the peak e in the region of 31,CC0 cmfl due to
a long energy "“tail"., ©On cooling, the spectrum sharpens up at

-1 . .
35,000 e © causing less overlap with peak e, The apparent loss of

intensity observed for peak ¢ on cooling may therefore Lave heen
caused by this sharvening of a hisher cnergy peak, :uch of the
intensity of peak e at room temperature is derived from the energy

.

tail of pea 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 h, = and f seen on cooling the sample is probably attributable
to the failure to consider the remainder of the spectrum. Thus we

may sucport the assignment of peak d as a charge transfer transition and
peaks a, b and ¢ as d-d transitions using this Gaussian model while
little way be said about the intermediate region 36,680 - 33,000 crr
vhere the overlap has not been effectively resolved. Towever, it may

be seen that a swmation of the oscillator strengths below 35,0CC cm—l
shows a decrease on cooling wh:ile above 35,000 en” this sun shovs an
increase. As the behaviour of a sum of oscillator strengths on cooling

. Al .n T, 4 r' ."l, + 1 1 n
depends on the relative changes in eaci 0% ihe individual transitioens,
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I
-

. » ' 1 . .
tiis observation allows us to say that the transitions above 35,080 en
are predominantly charge transfer while those below 35,000 cm._1

contain a significant amount of d-d character,

TdhLMo(CO)Z : Goussian analysis

Details of this spectrum are given in figure 3.9(iii) ard

table 3,6(iii). The spectral outline is similar to that of Tdp,Cr C“\
although, as the overlap effects differ, Gaussian analysis is more
applicable in the 35,000 -~ 25,000 cm~1 rezgion in which we are interested,
There is less overlap from higher energy peaks and the Gaussian peals

at room temperature may he compared with those appearing for tie

cooled sample to give a more meaningful correlation in this case.

The spectra obtained at both room temperature and low temperature
are scen to comprise four Gaussian peaks. There is one intense pzalk ¢
at about 28,500 cm—l with a medium intensity peak d to higher energy
and another h to. lower energy. There is also a peak a in the
25,000 et region, Cooling the sample causes little change in the
halfband widths of any of the peaks but the extinction coefficients
Of 4 and a decrease consicerably wiile that of b increases slightly
and of ¢ decreases slightly. The oscillator strength of peak a
(“’10-3) combined with its obseryed behaviour on cooling the sample

suggest that it represents a d-d tr nsition. The value of 1,max for

- -1 -
2 is scen to shift to higher energy by about 350 cm = on cooling

vhich must be cormpared with very rmuch smaller shifts observed fer b, ¢
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‘ S | . : ,
and d (100, 100 and 56 em ~ respectively). This would be expected if
a is a d-d transition and the other peals are charge transfer

transitions.,

The oscillator strengths of pealis b

and ¢ are relatively high
-2 \ . . . -

(W1077) and remain fairly constant on cooling and are therefore

assigned to charge transfer transitions. Yeak d has a high oscillator

strength at room temperature whicl: is scen to decrease on cooling by

approximately 30! of its original value., This compares with a decrease

©
of 66% by peak a and it is probable that the behaviour of peak d is
‘being affected by the energy tail of peaks at higher energies.
N -1
Unfortunately, ihe spectrum at energies greater than 35,000 cm ~ has
not been analysed but from the form of the spectrum (Appendix 3.1 (xxx))

it is clear that overlajping mmst occur in the regicn of peak d. hus

7
the behaviour of peak d may be taken as analogous to that of peak e

in the complex 'PdpQCr(CO)!t i.e. sharpening of the peak at approximatély
40,000 01-11_1 causes apparent loss of intensity on.cooling.

A comparison of the analysis of spectra of complexes

’

pozCr(CO)lk and 'l‘dr.\,)};'o(CO),L allows correlation of certain peaks, Thus

EN

it is reasomable to correlate peals d and ¢ in the chromium complex

with peaks b and ¢ in the molybdenum complex with d and b respectively

s g I . ®00 ...!\s}
being the lowest energy charge transfer e bT x7 yz — aouﬁl' co(1-4)

on the energy level diagram ouvtlined above. DPeaks e and ¢ are assigned

as the next charge transfer band egﬁ'l’ﬂxﬁ jJ—b e &r*b(—‘(l 335 2 -z/]

while peaks at il

)

3 - - - . o \ -y
er cnergics in Dot'. complexes (_;:, oy ete.; are
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. 3 n y \ . 4,
assigned as charge transfer transitions althouzh the donor-accentor
levels camnol be given. The relative cnergy ordering of the transitiors

K

depends on the coulomb and interaction enecrgies of i:e orbitals and
only the first two transitions may he defined for trans disubstituted
complexes, It is more difficult to correlate the lovwer energy peaks
Qb h, g) in 'j'.‘(?LpQC}:'(CC)[i and the single peak a in pooMo(CO)h because
the analysis is less reliable for these peaks and factors such as

4]

spin-orhit coupling must be considered, Peaks a in each complex show
corresponding behaviour on coeling and occur at similar regions in

e respective spectra. Thus peak a in the chromium derivative

jo

1

corresponds to a slhioulder on the extreme end of the low energy tail of

eak d while peaks b and ¢ have VY closer to that of the charce
- . - - max ©

e

m1
ks

3

transfer peal d. te position oi the peak a i pogﬁo(CO)4 at

25,450 cm.-1 also suggests that the corresponding pea’ in the chromium
complex will be at a lower energy than this as the d-level splittings
will be greater in the molybdenum complex. Iowever, as the d-d
fransition energies depend on the ordering and energzies of at least

. R . N o oeg e
four levels in cemplexes with D, symmetry {see figure 1.2) it is not

4h
possible to compare two such environments with any confidence,

Gaus:ian analysis is therefore indicative but inconclusive in the low
energy region that the peaks a in both ’l‘d.ngJ:‘(CO),1 and poQMo(CO)&
represent d-d transitions and it is interesting {o¢ note that the ratio

f(300)/f(9ﬂ) for peaks a is 2,5 and 2.9 for the chromium and molyhdenum

comiplexes respectively, This result would be expected for d-d



)

-9

transitions arising from an analoyous vibronic effect in two similar
1 3 A o ‘-1 -

complexes., In both complexes, tle region below 35,000 e © is seen

to have a lover 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 tihe main peaks are

assigned to charge transfer transitions,

poMo(CO}s ¢ Gaussian analysis

The monosubstituted complexes in general have spectra showing
a high degree ofboverlap in the 35,000 - 25,000 cm—l region.
Consecuently, Gaussian analysis is difficult and this complex is the
only monosubstituted derivative treated in this way. :Although overlar
is significant, resolution of the main pealks is fairly clear-from the
spectral outline allowing the analysis to he effected, Tor details
of the spectral parameters and outline see Appendix 3.1(xii) fiure
3.9(vi) and table 3.6(vi).

Tive Gaussian peaks are combined to reproduce the spectral
outline at both room temperature and low temperature and as the spectra
vobtaiﬁed for different temperatures show a reasonable correspondence,
it is possiblé to correlate the Gaussian analyses. There are ilhiree
intense peaks e, ¢ and b at energies 33,850, 30,850 and 28,350 Cm—l
respectively at room temperature and two very weak peaks one, d, buried
in peak ¢ and another, a, occurring on the low energy tail of peak b.

3

Cooling the sample gives a similar spectrum having three intense and
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twvo wealk pealks although peaks d and ¢ are seen to alter their relative

positions in tlie two analyses. The positions for neak d at room

-

-

temperature and low'tempcrature respectively are 31,800 and 30,050 c ~
and for peak ¢ are 30,850 and 31,150 cm-l, the other parameters for
these peaks bein; consistent with their assignment to these particular
frequency values. This is pgrobably an anomaly of the analysis as the
peak d is a very wealt peak arising from a shcoulder in the ohbserved
spectral outline at the position‘of peak ¢. The significance of pealk

d will not he discussed in view of its anomalous position coupled with
its low intensity although this should have little eflect on the
discussion of the parameters of peak ¢ except, of course, its‘vmax
position,

Peak a has a very low oscillator strength at room temperature
(0VI0-3} and while it remains approximately constant on cooling ile
sample, this is principaily due to an increased spread in the transiticn
as the smat decreases, This leads to the assignment of peak a as a

d~-d transition and again, a larger shift in ”m&x is observed for this

<

peak than for peals b, ¢ and e vhich are assigned as cherge transfer

bands (see helow). Comparison of peak a in this complex with peak

Joo

in Tdp n’.o(CO)!f shows the former to occur at higher energy than tle

-
...
[t]

latter (26,900 and 25,450 cm—l resnectively). This is expected as
phosphine exerts a lower lizand field than carbonyl, causing decrease
in the d-d transition energies as the degree of substitution inereases,
The peak b has a high oscillator strength at room temporoinre
(m1072)

) and cooling causes sharpening of the pea't and an increase in



-0l -

€ max The f-value increases from 0,01% to 0,018 which is counsistent
with assigmment as the first charge transfer band oEﬂ’ dx7dy2]—,

AT
al[ﬂ‘%CG(l-é)J. Comparing this peal with the first charge transfer
assigned for poQI'-Io(CO)4 shiows that it occurs at slightly higher
energy in the monosubstituted complex (22,350 versus 26,750 cm-l).
This may be correlated with the smaller T-bonding effect in phosphine-
metal bonds as cowmpared to carbenyl metal bonds, These observations
sunport the requirement of the energy level diagrams of figzures 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

(1)

3
observed by ‘/alker on the basis of spectral outlines of room

temperature spectra. The E;max of the neaks assigned as the first
charge transfer transition in both mono- and disubstituted derivatives
are comparable and this was quoted as evidence for the assignment as
d-d noaks were expected to be more intense in the noncentros ymetric
monosubstituted complexes. owever, ccnsideration of possible vibronic
effects which have produced d-d peaks with ianmx significantly higher
than those quoted (up to 3,000 1 mole—I cm—1 versus 1,500 1 mole-'l cm—1>
and general caution concerning assignments from room temperature s ectra
only had questioned the validity of these assignments which are
confirmed by the present work, Evidence from hoth the spectral outline
and Gaussian analyses of spectra taken at room lemperature and low

temperature clearly indicates that pealk b of both poOMO(CO)& and

Tapio(CO). is charge transfer in nature.
J
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The remaininz two peaks of po}fo(CC\5 to be censidered ¢ and
¢ each show a slight fall in oscillator sirenzth on cooling the sample,
tre extinclion coefficicnt decreasing in each case and e halfhand

width decreasing for ¢ while remaining approximately ccnstant for

peak e¢. It is expected that the intensity of peak e will be affected

by the energy tail of higher emergy peaks altlough it has a high
. v -\ v e . LTI )
oscillator strength at room temperature (0,05) which remains high ot

low temperature (0.0%). Dach of the peaks ¢ and e can he assighed

as charge transfer transitions con the basis of their high f-values

as the decrease in oscillator strength on cooling is insufficient

[

0
support a d-d assizmment for pealls of sucl hig: extinction coefficiont

(3,780 for ey 2,000 for g) and high oscillator stremgpths, It is

o

£

interestiny to compare the spectra of the mono- and trans disubstituted
m N c o 4n s o -1 . .
Tdp derivatives in tlie region of 34,000 cn = vhere their spectra

differ considerably, The trans disubstituted comnlexes have relatively
v Y J

low extinction coefficients in this region which principally comnrises

h ] hJ

overlap of the charze transfer peaks on each side while monosubstituted

v

complexes have izt extinction coefficients at 534,000 en

due to an intense pealr whiic™ occurs as a shoulder on the higher ener y
charge transfer pealk., This result is general for both Tdp and phosphine
complexes of chromiwm, molybdenum and tunzgsten carbonyl derivatives,

the phosnhite com: nlexes showing rather cemplicatel behoviour which

will be discussed later. Hoﬁéver, considerinz t:e molecular orhital

—~

energy level! diagrems in figures 3.2 and 5,5 and the information in

o



1
0
(@)
1

tables 3.2 and 3.3 it is scen that {le moncsubstituted complex Tzs
more allowed transitions then the trans disubstituted complex ang
further that the molecular orhital e W#Ce(5) involvins the exial
carbonyl occurs at energies above the (Px’py - Ir*) interaction level
eTr%CG(l,B; 9,&). This implies {l:aat metal licand charge transfer
transitions into this eqr¥*CC{5) orbital will occur at energies

fairly close ﬁo tose of the lover charge transfer Dands in
nonosubstituted complexes while trans disubstituted complexes wﬁich
have no such orbital will have no transitions of corres;onding energy.

This would canse the spectral outlines to differ in the manner chzerved.

(rot., nCr(0024 : Goussian analysis

The speciral characteristics of this complex are given in
figure 3.9(iv), (v) and table 3.6(iv), (v). The spectrum below
-1 . .
35,000 cm = showed the best resolved outline treated by Gaussian
analysis. As previously, however, the region of te spectrum at ahout
-1 . . . 3
34,000 em ~ is analysed without reference to possible energy tail
overlans and conseguently, results in this region nust be considered
unreliable. The spectrum at lower cnergies is straightforward, tiie roox
temperature speetrum showin  two strong peaks d and b occurring =t
I X 2 o I — — o
-1 . . .
30,750 and 2 0 em = respectively and another fairly intense peak
’ H pS J &
=z -1 . " s on' 3 1, Q.
e at 33,650 cm =~ in the'"overlap region", Cooling thie sample gives a
spectrum in which the two peaks b and d remain the dominant features

while veak e is scen to decrease significantly, Two further pea’s ¢
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and a are observed at 28,800 and 2%,500 cm—l respectively which have
no corresponding peaks in the roonm temﬁeratnre spectrum,

The pealk e is clearly aflfected by overlap as may he seen
from tlie spectrum analysed at higher cenergies, Thus the spectral
outline at room temperature shows considerable overlap of pealts h and
1 into the region of peak e while at low temperature, the effect of
coolinz is to reduvce the overlap significantly, It is therefore
expected that ihe peak e will lose intensity on cooling and no '
assigment can be made on this hasis, It should be noted that the
spectrum of this complex provides a further examnle of relatively
"lov extinction coefficient, Tfor trans disubstituted complexes in the
intermediate spectral region around 34,000 cm-.l. The parameters
derived from the spectrum of this complex and their observed behzaviowr
on cooling show some unexpected results, Thus peaks b and d hoth
show a decrease in oscillator strength on cooling, sufficiently largze

in the case of peak b to sugrest assigment as a d-d transition despite

the larze oscillator strength (0,028}, The decrease in f-value

for peak d is reasonably slight and cdue entirely to a small decrease

in & . The position of ¥
riax mnax

rnax

remains apuroxinately constant
suggesting a charge transfer transition alt’ ough no sharpening of the

band is seen., Peak b shows a decrease of 107 in S ax and a decrease

na

n

of 30" in the halfband width which gives a 40" decrease in f-value on
coolinz, Comparison of the spectra with t'ose of the disubstituted

Tdp derivatives discussed above and other disubstituted chromiun
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phosphine derivatives suggests that the two partly resolved peaks
in the spectrum at frecuencies 30,750 and 27,405 cm—'1 (32,800 and

] -1 . \ N
27,450 em © at low temperature, are charge transfer bands. The
complexes (PPr%)ZCr(CO)ZL and (PBu?)QCr(CO)4 clearly show two
analogous peaks which increase in extinction ceefficient on cooling
and show general charge transfer character. Turther, if the first
charge transfer in the triethylphosnhine complex is at 30,750 ém—l
(i.e, pea%fg) it would bhe difficult to explain why it is shifted from
the lowest encrgy charge transfers assigned for the triisopropylphosphine
and trinbutylphosphine com;lexes - 27,000 and 27,200 cmfl respectively.,

4
1

It is significant that peak b of the triethylphosphine derivative

s

-1 . . .
v at 27,400 em ~ which might be expected for this complex on the

max

basis of analogy with these other similar complexes. Comparing the room
temperature «nd low temperature spectiral analyses of (PEtj)QCr(CO)4,
it seems uhlikely tﬁat rpeaks ¢ and a should he scen only at low
temperatﬁre as is observed, since peak a correlates with the d-d
transition in the Tdp complexes having a similar f-value to these

(e x 10-4) and peak ¢ is sufficiently intense at low temperature to
be expected to occur al room temperature-also. It would appear that
a peak_in a position similar to peak ¢ should be included in the
Gaussian analysis of the room temperature specetrum and possibly a
reak corresponding to peak a should be included. This weuld have
the effect of decreasing the falues of the oscillator strengths of

peaks b and d at room temperature by reducing their halfband widt's.
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These considerations underline the nccessity to treat Gaussian
analyses with care, principally using it as an additional techmnigue
while always taking account of the general trends in analogous
complexes as derived from their spectral outlines at room temperature

and lov temperature,

j;(OI ~l,Cr(C”), ¢ Gaussian analvsis

This complex has an unresolved outline below 35,000 em - hich

could not be analysed by Gaussian peaks., .s this derivative is exzpectad

nooL

to have a structure similar to that of the disubstituted Tdp and

1

triethylphosphine conplexes discussed above and to he electronice?

- . - -1 . . . s
similar, the curve bhelow 35,000 cm = is considered as comprising:

1+
H

two charge transfer pea'ts comparable to those observed in ihe nore

resolved spectra of these other complexes, [ossibly along with citer,

& v ©

. . n

wealter peaks the origin of which is less understood and which t

cannot be discussed. The spectral outline and other data for
complex arc to be found in Appendix 3.1(xix), fizure 3.9 and tad

3.6(vii). The unresolved nature of this specirum is atiributed 2 2

¥

small enercy difference between the twe lowest charge iransfer [ozlis
vhich produces sufficient overlap ta eliminnte peoak resclution. Tris
and other similar spectra will be discussed in fuller detail whez (le

speetral ouilines of all the comploxes studied are compared and —iTily”

o

assirned below., The rezion of the spectrum of this coemplex anairyse?
. [~ TA YA _1 ~ _1 .
by Gaussian peaks extends from 35,70C cm = to 50,000 cm © and is

probably unreliable at higher energzies due to seolvent absorption 27
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- ~1 . .
% a ot 36,600 em T has a hish oscillator stren-

~
— o (=]

e
increases slightly on cooling indicatins a charze transfer tranzition
as expected in this region. Teat b has an e value o 253,100 1 en
-1 . 0 . . -u . . LY a - .
mole = at room temperature and an oscillator strengt’: of G,42, It is

certninly a charge ircensfer band although the Gaussian peak bel:zviour

on ccoling shows & cdecrease in E’wqx and halfband width aend
S Lat

consequently in f-value, This may best be exrlained as the result of

using Gaussian distributions without reference to overlap effects of

|j)
[

higher onerzy peaks or solvent absorption. It is important wen

discussing a Gaussian analysis o:

b

any speciral region to Imow the

|-h .

hicher energies if such an cutlin

spectral outline at e overleps the

reiion beinyg discussed, Thus it is nossible to derive more consistent

S

hi

results for energies intermecdiate between charge transfer and ¢-d
spectral regions than it is in the charge transfer region bounded to

higher energies by a rezion of unlkmown overlap effect.

Conclusions

Trom the study of Gaussian analysis as applied to the above
complex spectra some important results may be cerived. These analyses
recuire careful study and may he misleading if obtain2d for only one
complex of a possible series, They can be used to uncover Deaixs
masked DLy more intense bands although very often the quaniitative
values obtained for intensity and oscillator strengths are too szall

to be compared neaninzfully at different temperatures. Trom the spectra

analysed, assignments have been derived and are compared with results
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obtained in this study by considering only speciral outlines at roon
tenperature and low temperature without Gaussian analysis and also

. . el
with results obtained »revicusly =~ from spectra taken at room
temperature only. The values are listed in table 3.7. 2Results
obtained from a treatment of the spectral curveaz without Gaussian
analyses are consistent for studies A and B takinz account of tle
difference in conditions and instrumentation. It is seen, however,
~ )

that Gaussian analyses give Y values generally higher than those

max
obtained directly frem spectra, although hoth d-d transitions guoted
show the reverse effcet, This is a consecuence of the band ove-lap

and it is generally truc that overlap of two peaks ol approxinately
egual intensity will cause the lower to have an apparent \)rmrx value
higher than its true value due to the intensity produced by the overlap
of the low energy and hizh energy tails of the higher and lower hands
respectively., Overlap of a very small band wiih one ol higher intensity

will give no such effect and may cause the apparent ”max to be lower

than its true value as seen in the table. .
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ROOH TEMPERATURE AND LOY TENPTHATU?“ SPECTRA OF TiE COMPLEXES

The study of the technique of Gaussian analysis was undericlen
as a feasibility study for its possible use with spectra recorde2 for

complexes LM(CO), and trans LQH b\)4 ¥ =Cr, Yo, W3 L= P(OMG)S’

P(G”t) , P(OPr )= PPxi, PBug. The results obtained and the criiigue

of the approach in general combined with the form of the spectrsa
obtained for these latter complexes suzsested that in the majority
of cases, Gaussian analysis would be either impossible to apnly or
meaningless as a reéult of overlap, annroximations used and the other
factors discussed above., Towever, study of the spectral outlines
"obtained indicated that some assignments could be made without tle
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 starndard
approach to electronic absorpltion spectra. The spectral outlines are
reproduced in Appendix 3.1 and values for E’max and ’,max given in
tables 3.4 and 3.5. It should he noted that ihe values of Emaf ond

qux given are obtained directly from a plot of T versus P s DO
{&

correction being made for pealc overlap. As overlap is approximetail

equal in comparable spectra and is accounted for qualitatively as far
as possible, any interpretations and assignuents sbiould be consist
in the series. The general outlines of the spectral curves have heen

given under certain categories in figures 3.4, 3.5 and 3.0 and tle




_]_03_

spectra of the complexes are now discussed in relation to these

outlines.,

Monosubstituted Complexes

The only previous report of the electronic spectra of Group VI
metal carbonyl monosubstituted complexes containing the ligands

. . . P L
discussed here was in a paper by Darenshourg and Brown' ™ who prescnted
o DOva) 1 0 Yoar

the spectra of I One;sho CC 5 and (0D t;,;o CF) 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
temnerature., These spectra may best be discussed in two main groups,
treating complexes with phosphite and phosphine ligands separately.
It may be scen from the spectral outlines that chromium complexes in
each group generally have less resclved spectra than corresponding
nolybdenum or tungsten complexes, Normally, however, the resolution
is sufficient to allow discussion of these chremivm spectra and
‘comparison with more resolved analogous spectra supports the relevance
of such discussions,

The spectra of the phosphite derivatives in the region of
. . - . e e nr 0o —]— ] . .0 -
intermecdiate intensity 35,000 - 25,000 em = lLave the gemeral form siown
in figure 3.5 for “(C“t},XO(C-,_. Thus, there is a pea% at energies
Just below 35,000 cm-l, peak C, which shows an increase in extinction
coefficient on cooling the sample along with sharpening of the peals,

This band is observed as a partly resolved peak in molyhdenum and
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tungsten complexes and as an unreselved shoulder in chromium complexes.
In the former case, the effect of cocling is to increase the

)

resolution of the pealt cnd as the pealks at higher ener
expected to sharpen and thus coeatribute less to the intensity of reak
C at low temperature, tlie increase inia}rqv of peak C leads to its

ax
assizmment as a charge itransifer transition. Tor chromium complexes,
the intensity variation on cocling is less olrwious due to the ;greater

overlan hut t'e uncorrected extinction cocefficient increases in all

cases on cooling givinz

a more clearly resolved shoulder and this

v

suggests assigmment as tho charge transfer peak analogous to the

resolved peaix C in wmolybdemun and tungsten complexes.

[o3
5

The behaviour of VY cooling as used above in Gaussian

max
. . . . AY 1
analysis te support a d-d {increase inVy —_— coolinz; or a charge
ple
. AY . .
transfer (\,Nﬂx constant on coolinz,; assisnment is less useful for
LCl

studies of plain spectral outlines as ¢ anges in overlap effects

probably more effective in altering the apparentv1>rgx value than are

vibrational band effects. Thus althonzh the pgaks assigned as charge
transfer transitions, such as peaks C ¢ ussed ahove, s@low little
change in their'\)nmx values, this is also seen to be the case for
peaks assigned as d-d transiticns (see below). From table 3.4 it may
be seen that the peak at 3%,450 cm_'1 in the spectrum of l(...eJBCr(CC)5
~appears to move significantly to lower energy on sauple cooling

(33,500 cnrl). It is generally true that complexes (voth mono- and

trans disubstituted) of trimethylphosphite ars rme’r less soluble in
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the hydrocarbon solvent used for low temperature spectral studics
(methyleyclohexane/isopentane) than are complexes of the other
phosphites used. Thg solubility of these trimethylphosphite
complexes in other solvents forming glasses at liquid nitrogen
temperatures (e.g. ether/iso;entane/ethanol) is found to be simila
to that in the hydrocarbon glass and hence spectra of these complexes
talien at low tempcratures are found to be affected by scattering
caused by the tendency of the complex to crystallise out of the
glass. The solubility of the com;lexes increases in order Cr{ W&i%
and the anomalous position of the peak C in P(OMG)BCr(C0)5 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
tenperature glass coupled with the general difficulty of obtaining
reliable, reproducible snecctra led to the investigation of an approach
to the use of optinum concentrations in running low temperature
vspectra. 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 ol 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 hetween the
plates (see discussion of experimental procedure ahove for the
importance of this). The speétrum of a single complex was thus

obtained at various concentrations using a single path length (0.01 en)




and graphs of E versus ¥ drawn for each concentration., Comparison
of these graphed outlines indicates a difficulty inherent in
discussing the type of spectral outlines heing studied. If the
concentration is low, the extinction cocefficient of peaks appearing
as shoulders may be insufficient to produce a detectable shoulder.
fovever, as the concentration is increased in an attemnt to observe
these snoulders, 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 (€ - ¥) may 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 pealis of intermediate intensity

~

occurring in energy region 35,000 - 25,000 em 7, may be observed

. . . . . - -2

satisfactorily, This concentration range is 1,25 - 1.75 x 10 "} for
" . -2., . .

monosubhstituted and 2,2 - 3.0 x 10 "M for disubstituted complexes.

The values of &€ N

2HCEA

and \)max ziven for the pealks have bheen obtained
on the basis of close examination of spectra talken at various
concentrations both as directly plotted on the spectrophotometer and
as graphed in the form € versus ¥ . The effect of cooling is helpful
in detecting the charge transfer bands hut less useful for detecting
very low intensity d-d bonds as it tends to conceal them even more

effectively., Vhen the pealks have been observed the spectral

assignmments are, of course, bascd on the effects obscrved on cooling
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the sample including the decrease in extinction coefficient seer fTor
the d-d pea’s, Thus the spectrum of ﬁ(CKe)er(CQ)5 shovn in
Appendix 3.1(i) is the optirmm plot obtained, lower concentrations
giving less resolution and higher concentrations causinz complete
precipitation of the complex in the lov temperature slass,

The peaks D which occur at energies between 31,000 and
31,800 cm.‘1 are seen at room temperature as partly resolved spectral
shoulders in tungsten complexes, as unresolved bhut observable shoulders
in molyhdenum complexes while the spectra of chromium c¢:mplexes hove
a less simple slructure in t'is cnerzy region. Cooling the sample
produced greater resolution of the spectfa in each case, with the
extinction ccefficient either increasing or remaining constant. It
is not possible to comment on any change in half band widt: on cooling
the sample as this pealt is not sufficiently resoived at either room
temperature or low temperature to allow such a comparison, It is
therefore on the hasis of the change in extinction coelficient that
this peal is assizned as a charge transfer transition. Ilowever, as
the charge transfer pealk, C, is scen %o sharpen om cooling, the
centribution of its low enersgy tail to the intensity of peak D should

£

decrease on ccoling and hence the increase in € fer pealr D

max

indicated definite charge transfer behaviour, It is interesting to

(]

note that :he increase ins:',m,‘v on cooling expressed as a percentage
143

"he

of the £ at room temp-rature is greater for peak D than for peak C.

max

This is so hecause tlhe overlap of the very izl intensity pealts above
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35,000 e~ with peak C is relatively greater than overlap of

with peat D, Thus the apparent increase in,iirnx on cooling will Te

jtas

areater for the peak with less overlap because less of the 1

QX

increcase will he absorbed to replace the overlap intensity in ih.t

case. T:is is an importanl consiceration -ien assizning the pezalis
lower in energy than peal D as, theoretically, it cculd be argued
that some charge transfer pea’:s might lose intensity on coolin. due
to a decrease in overlap intensity of & greater mognitude than tle

increase of inte: gity arising fron: the ccoling effect, The observed

behaviocur of iixnﬁ for the pealks C and D each of which invelves

Chaa
significant overlap supports the uwnamrhisnovs assisjmment of pea’is
showing a decrease in.ii on cooling as d-d peaks {see helou,.
max
The number of peaks observed at enerpgies lover than trat cof

nealr D varies in monosubstituted »hosrhite complex spectra generaily,

Fiy P

two peaXks anpearing for tungsten complexes and only ome pealk Ifor

R )

ciromivm and molybdenum complexes, The peak I is seen to occur at

. -1 .
energies around 29,300 em ~ and in each case, ﬂneiirrp’velue

A

1

decreases siymificantly on cooling., This pealk is assigned as a -d
transition and its hish intensity is attributed to ile effect of ile
noncentrosymmetric envircmment of the metal combined with the
nonradial symmetry of the phsopiite ligand which will he discussed
later in relation to the appearance of formally forbidden modes in

the infrared spectrum of phosphite complexes. In the energy rezion

- -1 . . .
below 27,500 em ~, no transiticens are observed for clhromiun or
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molybdemun complexes while each of the tungsten derivatives is scen
to have & very wea’x peak T in this region. The intensities of thesc
. > Y. (/f,(\,n\ aacd e n s L oLy
very weak I' prais Go0) as compared te the intensities of the
igher d-d bands (> 1650) in the same cemplexes sugpest that they may
represent spin forbidden, orbitally forbidden triplet transitions,
this assigmuent being supported by the detection of such peaks in the
- . . ; - - ~ ¥ el 1 kl [&1 . N
spectra of tungsten complexes only. 3Seach and Gray = found bands of
a similar nature for the molybdenmum and tvngsten hexacarbonyls which
they assicned as triplet d-d transitions, the intensity of the band
in tungsten lexacarbonyl beins greater than that in molybdenunm
hexacarbonyl. The spectrum of chwomium hexacarbonyl showed no such

transition. Cooling the sample causes a decrease in the iirwax of

.

peak F for the triethiyylphosphite and triisopropylphosphite complexes
while the trimethylphosphite;complex has no corresnonding peal in its
low temperature spectruan. This.av“arent loss of “eai I' on cooling
is attributed to an increase in the "nax value as discussed for d-d
transitions nreviously., If the value of "max increases sufficiently,
the peak may become masked by the higher energy peaks and thus appear
to be lost althoush it must be said that the peak F of the triethyl-
. . . -1 .
phosphlte complex increases its )’max by GOO em ~ on cooling and
remains resolved. Thus the pealt I of the trimetiyylphosphite complex
may simply have an extinction coefficient which is too low to be
observed in the low trmperature spectrum.

The spectral peaks in monosubstituted phosphite complexes
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. .

having intermediate intensitly values are itherefore assigzned as the
ahove discussion indicates. Tealis A énd 3 are high ecunergy wmetal-
lizand charge transfer transitions reported for completeness. Yeals
C and D are metal-ligand charge transfer bands, peak D heing the
lowest enerszy charge trausfer e(dxzdyz) — alElT*CC(l--’il Tealt T
is a spin allowed d-d transition and peak ¥, ohserved only in
tungsten complex specira maybe a spin forbidden d-d transition.

If the spectra of monosubstituted ccmnlexes involving tie

phosphine ligands triisopropylnhosphine, trinbutylnhosphine and

Tdp are studied, the cbserved bands may be discussed as in the

phosphite complexes, 4 typical spectral ontline is slowm in
figure 3.4 for IPr; "o(C“) Although the spectral outline obtained

UI

n

for each of te phosphine complexes is similar to the gereral speciral
shape of tihie phosphite complexes at room temperature, t:e low
temperature spectra are seen to vary in the rezion at a;proximately
29,000 cm—l. As discussed above, the peak I of phosphitie coemplex

Iy . . s .
spectra (~29,300 e ~) is assigned as a d-d transition and is seen

to decrease in inion51tv on cooling. The peak D in the sjectra of
phosphine complexes ocenrs between 25,400 and 20,100 em 7, zains

intensity on coolinz the sample and is seen to sharpen up sugzesting
assignment of t is peak as the charge transfer transition anmaleogous
to that reprosented by peat D in phosphite complex specira (at

~31,500 cm"l). No peaks are observed to lover erergies of peak P in

/]

the phosphine complexes of cliromium or nolyhdenum and no d-d bond

s
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are assigned in the spectra of these complexes as ihe peaks at T:izher
encrgies all show charge lransler character, The tungsten deriveiives

3 anl

however, are scen to have a peak T of very low intensity at 26,077 ¢

A

S -1
in the room temperature spectrum of Sirs 7(Cb}r and at 25,900 cm

in P“u (CC) The spectrum of the triisopropylphosphine complex
at low temperature could not be obtained as the couplex precipitated
out of the glass at low temperature hut the trinbutylphosphine ccmplex
showved a deocreasce in the intensity of pealt I on cooling, accompanisd

: . 0x onn =l [
hy increase ln"’nwv from 25,900 en = to 26,300 em ., The Tdp

QLA

complexes of chromium, molybdenum and tungsten each show a wear d-d
transition while the triisopropylphosphine derivative of chromiuz as

n
<

~e —1
a very weak shoulder at 20,950 cm = observed at room temperature only,

The appearance of d-d hands primarily in tungstenphosphine complexes

m .L‘

only (exclul ing Tdp conploxes) as compared to their occurrence in

1

the spectra of chromiwm, molybdenum and tungstenn‘o hite derivatives
and the much smaller extinction coefficients in the former case may be
attributed to the greater radial syrmetry of phosphines as compared to

PR . Y . .

phosphites. Turther evidence for this difference as the origin of
the different ianmx values is derived from the relative intensities
of the formally forbidden by mode oceurring in the infrared specira
of these complexes, This mode is observed by relaxation of the siriet

syrmetry selection rules governing vibrational transitions and its

intensity depends on the extent to wiich the symmetry of the n:(er)

. .o

molecule differs from tihe ideal C,JtV croup. Un tis basis, phosph
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are significantly less "symmetrical™ than phosphines (i.e. the Tive
carbonyl groups ecxperience a lower symmeirical enviromment in the
phosphite complexes. BSee below for further discussion) as the
relative intensities of the b1 modes are in the approximate ratio

~
1

L to 1, phosphite to phosnvhine, The lover value of the cnergy of
the d-d transitions in phosphine comnlexes is expected as a result
of the lower ligand field of the pbos,f'n es as compared to the
phosphite ligands., he appecarance of a d-d transition in PPr, Pr(C )r
is contrary to the above argument although its infrared spectrum has
an anomalous shape in the E + A? energy region which may he due to
lowvered symmetry. This is discussed later along with other aspects
of the infrared spectra of these complexes, The fzet that Tdp comnlexes
each show d-d bands is in accordance with observation of bl modes of
higher intensity in their infrared spectra than those in the spectra
of trialkylphosphine derivatives,

feaks D in the phosphine complexes are assigned as the lowest
energy charge transfer transitions and the peaks T and D' to higler
energies also hehave as charge transfer transitions on cooling. The
lovest energy charge transfer transition is found at lower cnergies
fof complexes in#olving phosphine ligands compared to those with
phosphite ligands and the importance of this along with its relation

to the bondinr between the metal and phosphorus atoms will be discussed
< .

later, The position of these lowest energy charge transfer peaks
1 g

W

has been related to the TWe bonding ability of tihe liganc and on
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that basis phiosphines are less Tr=honding than phosphites and hence
the first charge transfer band occurs at lover enersy for the
phosphine complexes, Thus it was found that phosphine licands
triphenylphosphine, tricyclohexylphosphine, triphenylphosphite and
Tdp when arranged in order of charge transfer energy lowering
ability for monosubstituted complexes IM(CO)5 ( = Cr, Yo, W) had

the same order-as that for carbonyl freguency lowering ability. This
order was found to be the same for the chromium, molybdenum and
tungsten complexes, If this technigue is arplied to lizands studied in
the present work, it is found that the order of tﬁe ligands in charge
transfer enerzy lowering ability differs for chromium, molybdenunm
and tungsten complexes and shows no obvious relation to the order of
their ability to lower the carbonyl stretching frequencies in the
monosubstituted complexes. It is, hovever, true that phosphines

show a greater ability to lower both the first charge transfer band
energies and the carbonyl stretching frequencies than phosphites.

- This holds for the ligands considered in this work and those in

lef, 4% and such an ordering is ohserved for each of the group VI
metal complexes., Trom these results, it may be deduced that while
phosphorus (III) ligands which have basic differences in their
electronic structures (e.q. phosphines and phoSphifes) may be seen

to have consistent differins effects on propsrties such as the
carbonyl stretching freguencies or 1he positlion of the lowest eneryy

charze transfer pec’:s of {'ie monosubstituted ccmplexes of group VI
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metal carbonyls, such differences are not nccessarily semsitive
enough to allow relative ordering of similar ligands {e.g. two
phosphites;. The relevance of these results to honding theories
and idecas applied to the metal VI carbonyl derivatives containir
phosphiorus (I71) lizands will he developed more fully in 2 later

chapter.,

Disubstituted Tomnlexes

}-1.
U)
(_n
Py
o
P
]
=
(33
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o
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n

'
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The sypectra obtained feor trans 4

in spectral outline accorcding to the metal and lirzand involved.

These outlines are shown in fijure 3.52, b, ¢ znd 2 for ?(?St\:]ﬁ_r

1
i - e ] ~ .
(rrry),cr(ce),, [.(Oﬂ't}q],,;.o(c‘_}h and (PPr.}. Mo(CC) W respectival-,

)
it

Tetracarhonyl chromiuvm diphosphite derivatives show very poorly

resolved spectral cutlines in enerszy region 35,000 - 23,000 ¢

Cooling the samle gives sharpening of the peak at lowest ererzz: :s

(=20

indicated by an increase in the gradient of the curve at low erer_ies
J [ =

on cooling., The extinction coefficient remains approximately consizxn

in tle entire repgion and comparing 'hese results with

in tlhie entire reszion and cosmmaring these results Wi
Pruperuvies wiscusstu peiow 1ol vue cUL‘l\,i (B IST IR ¢S B LI

complexes leads to assignment of at least one churze

o

in this energy region., It is not possible to give even a qualiiziira

aralysis of the pealts unier the spectral outlines uwsin; omly {he
pectra ohtained without such comparisons, as the poor rescluticn

vrevents an esbimate of the number of pea%s in {he outline, Cor ard
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of these spectra with ihe outlines ohtained for analozous molybdcinim
and tungzsten phosphite cemplexes sugrests thatl more than onc peak
occurs for the chromiun complexes in the energy region 35,000 -
25,000 cm“1 but this cannot be stated unequivocally on the evideice
available. (See helow for a tenﬁative correlotion hetween resolved
and unresolved spectra of this tyme.)

Disubstituted cmuplexes of nolybdenum and tungsten carbonyl
phosphites have spectra wiiich ave more fully resolved than those of
the analogous chremium complexes and these former spectra may be
discussed in relation to the spectra of the corresronding monosuhstituted

complexes, They may subsequently be cempared with the unresolved

spectra ol the disubstituted cliromium complexes. The spectra at room
1

IR} -
]

temperature show three peaks in the regzion 35,000 - 25,000 em ~, one

= -1 p s s . . -1
at about 3%,500 em 7, a peak of similar intensity at ahout 31,000 cm

) na N -1 . 1 1 -
and a low cnergy shoulder around 23,500 cm in each case., In each
: . RN -1 .

of the spectra, the outlline between 28,000 and 29,000 em = is parallel
to the ¥ axis (i.e. € constant) which gives the shoulder at 28,500 cm
an artificially angular shape. This efTect must be due to the overlap
of the two lowest energy peaks although it is a very unusual spectral
outline and may possibly he a result of a peak coincident with tle
valley between the two lowest energy charge transfer peaks, Any such
peak would be charge transfer in nature but the present analysis is
insufficicnt to allow definite detection or assignmment, Cooling the
_ for eachi of (e mnealts while it is

sample causes an increase in Elwq

-
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difficult to cbserve the effects of ccoling on t.e band width due

)

to the high degree of overlap involved. Yome of t.c peaks is

)-:.
[2]

iently well resolved tc show pronounced sharpening on cooling
but the incre:sed resolution on coolinz is indicati—e of a decrease
n half band width in addition to the increase in & . In the
max
spectra of the molybdenum complexes, there is evidence of a fourth
1 Z 0 -1 Vg g
peak appearing at 33,300 cm & at low temperature only, This is not
seen in tungsten complexes although t'ie more resolved peaks in the
low temperature spectra of both molybdenum and tungsten cemplexes
are more asymmetric than the peaks at room temperature, The pea’
0g -1
at 28,500 cm = is assigned as the lowest energy charge transfer band
and occurs at lower energies than the corresponding band in
nonosubstituted phosyhite complexes., These first charge transfer
bands are correlated with the charge transfer transition in the
. . - -1
metal VI hexacarbenyls occurring at approximately 3%,500 em =, A

rogressive low 5= of this {ransition energy is thus observed =s

U
phosphite lizands repvlace the carbonyl groups. The assignment of the

-1 . .. . . , \ . . .
pea’t at 28,500 em ~ in the trans disubstituted shosphite derivotives

2 nin=
* o

is based on the increase of & and s of the peak at low

max
temporature as chovm by a smaller "tail" to low enpergzies for the
b ~n -1 . . . ) .
shoulder at 28,500 em ~, Turther, coupariscn of the smax values of
13 ¢ - : —1 . . -
the peas at 22,500 and 31,500 et ~ in trans di- and monosubstituted

complexes respectively shov that these pea’ts have comparable extinciion

coefficionts., This is expected for clarge transfer bands while d-2
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bands are cxpected to be more inlense for monosubstituted complzzes.
m - V. Nno oTo ,—1
The peaik at 2%,300 em © in monosubstituted plosz:ite corrlexes
which is assigned as a d-d transition may be correlated with a vory
ruch weazer peak observed for only the more soluble tunzsten

. - g i -
disubstituted derivatives, [ (erret), \C" , nas a peal at 26,770 em

in its room temperature spectrum witl

350 whic'i is apperently
-1

max

lost at low tenperature, the extinction coefficient at 26,000 co

decreasing to 200, This peak is assigned as a d-d transition, bt

the comnlexity of the d-orbital splitting and ordering in third

series transition metal atoms prevents a mecaningful discussion of

tn

he origin of this transition or its relation to the d-d tramsizion
assigned in monosubstituted complexes,

The peaks occurring at energies above the lowest charge iransfer
band in these complexes exhibit charge transfer hehaviour on cocling
the sample although there may be d~d transitions buried in these
peaks., It is not feasible, on the hasis of the spectra obtaineld, tc
assign these higher cnergy peaks to specific charge tramsfer
transitions as such assignments would require a suiiable spectr:1
analysis and a morc quantitative molccular orbital diagram than is
available at present. The comparison of spectra of t'ese molybizanuz
and tungsten disubstituted phosphiﬁe derivatives with arnalogous

chromiwn complexes sugzests that the energy difference bhetween tle

e

joo]

first two charge transfer peaks (i.e. of lowest energies; is less i

the chromium case causing a higher degree of overla; end less
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i In th ar r{nz ] i e
resolution. In the complexes [ CEt ., )4, (orr ) ﬁ_ (;_1,,
a poorly resolved shoulder may he detected on the low enersy side
of the 3C,500 peak which may be correlated with {le shoulder at

oA _1 s {1
28,500 em © in complexes of molybdenunm and tungsten, Trom these
considerations, the lowest enerzy charze transfer vpa- in trans
disubstituted cl:romium phosphite comnlexes is assigned in the rezion

nY T -1 1 i1
of 29,500 em = although it should be added that the large overlap
effect of two peaks of comparable intensity may lead to an increase
in the appareni,iaxrax value of the lower energy peek as discussed
for Gaussian peaks and therefore this assigiment may be artificially
high,

y

The speetral outlines obtainecd for disubstituted phosphiine

complexes may aiso he treated in two greups, the chromium complexes

tond

[t

taken seperatelw, from the mwolybdenum z2nd tuncsten comnlexes, e
J ¥ S 3

chromium comnlexes have relatively well resolved spectra in the
= An = ~n ~1 . NN . . s T
35,080 - 25,000 e~ region showing two intense peaks at ajproxinatels

-,

y the latter tiro cases,

L
-t

-~ ~1 - : n
0,500 and 27,500 em = for TTt., P7r MHBul. I
] v’ )’ H 3

LY 1.

3 ~

each ci these peoks Zains intensity and sharpens on cooling lead

-:v

to tlieir assizy

ment as charge transfer iransitions with

enerzy peak Being the first che

kn}

peak B in the nonosubstituted

3,4 1.

phosphine Jerivative which
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osition and intensitey

. .
v of the peals assi

seen to correlate wii™ those of the
ronnsubstituted lerivitives in the same wmanner as was observed in
he phosphiite complexes, Thus the cnergy of the first charze

transfer band decreases on progressive substitution of carbonyl r

”

phosphine and tl.e intensity is comparable in each derivative, s

expected, the disubastituted nhiosphine complexes have the lowest
charge tranafer at cnergies less than those of the similar phospite

derivatives. !olybdenum and tungsten phosnhine complexes have sy

outlines very similar to those of the chromium complexes altheus™

\
there is a region of very low intensity at 34,020 - 32,000 c¢n = in
the latter which is less pronounced in thie chronium case, The s;ectra

of the molybdenun and tungsten complexes show the lowest energy clarge

e
=

) -1
transfer pea’s well resolved at abeut 26,500 em = aleng with a ve

wide shoulder to igher energies whicl: also exhihils an increase in

intensity on sample cooling nnd generally is more fully resolved =t
low temporatures. These pealis may he correlated with the chorge
transfer bands observed for the chromiwm disubstituted phosphine
derivalives and a comparison of the energies =nd intensities of e
lowest charge transfer pea’s with those of the corresponding nea in
the menosubstituted phosphine complexes shkows the expected lowering

k]

in energy for the disubstituted cemplex and comparable intensity

Y

values for each derivative as observed previously.

Thus the electronic albsorption spectra of meno- and trans
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disubstituted metal VI carbonyl phosphorus (III) complexes have heen
studied and classified on the basis of spectra obtained at rocom
temperature »nd low temperature and particularly, the lowest energy
charge transfer band in each cumplex hes been assigned with sreater
certainty than was previously possible, It hos been found possible
to use sample cooling as a convenient technigue for improving
assignments in spectral regions where d-d and charge transfer
transition energies may overlap and the intensity at room temperature
is of an intermediate value. This study supports the molecular
orbital diagrams developed for metal-carbonyl M=antibonding (v %)

&
orbital interaction as applies to the charge transfer bands in the
spectrﬁm, the lowest charge transfer assigned for the mono- and
trans disubstituted complexes being from the metal orbitals intq

the same combination of the orbitals on the radial carbonyl groups.




Electronic Spectra of onosubstituted Complexes, Table,




TABLE 3.4 @ MONOSUBSTITUTED COITITXES
SOTVINT ¢ METTYLOYCLOUINANT ¢ ISCPTHTANE  3:2 by volume
CIILmy ROCH  TEIDTIATURE LOW TIP-RATI T

Anax W max Emax Anax  Ynax E, rax
P(Oﬁe)er(CC)s(b) A 23k 43,700 38,000

B 250 40,000 sh
C 290 34,450 5,600 299 33,500 3,400
*D 322 31,050 2,400 390 31,200 3,900
E 343 29,200 1,300 (a)
P(OEt)ZCr(CC)ﬁ A 228 43,900 33,000 02k 4,700 32,070
B 249 43,200 24,C00 2%, 41,000 27,500
C 287 3%,850 5,850 287 34,000 3,378
D' 321 31,150 1,800 318 31,450 2,700
*¥D 331 30,250 1,350 330 30,350 1,330
(e)E 322 29,300 1,100 342 29,300 350
P(OPri}BCr(CO)5 A 229 43,750 24,000
B 251 39,800 21,500
C 286 34,950 5,450 285 35,000 5,500
D' 318 31,400 2,100 317 31,550 2,150
*¥D 33k 29,900 1,500 328 30,450  1,€700
(e)= 351 28,500 720 351 28,500 120

*  Lowest energy charge transfer bhand.
a) Trecipitation of complex puovents spectral ehservation,
b} ILow solubility zives unknown scattering effects,
¢} No pecak seen at low temperature. )\ s Y. and € if ~uofe? zra2
. . - max? Ymax nax .
for comp.rison with T.T. data.
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ABLE 3.4 {Contd,)

RCCM TEMTERATURRE

A max

233
256
302
326

343

371

341

Y max
42,950

39,000
3%,100
30,700
28,700

26,950

Ll,100

2,800
33,750
31,400

29,050

45,800
39,600
334850
31,200

29,300

a max

26,500
21,500
1,709
1,100
1,000

420

25,700

26,000

LOW T
Amax  Ymax
301 33,200
317 31,500
337 29,700

(a)
206 33,800
318 31,400
338 20,600
216 46,400
250  4G,000
295 33,900
300 31,400
337 29,700

Yy g AT T T
,;.?JLJ_ | R

E max

5k, 000
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Anmax
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ne
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P ST R
Vrax
52,930

39,100

ATURD
emax
49,000
21,500
7,900

© 2,800

LOW TIPZRATULD

A nax

Y rmax

s eXx
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I tart hnatd TALNE mTmTT sy IO TYRMTaTYTIT
CL-L‘.A, I BRCBLEN L it s [ o

Amax  Ymox € oax Amax  Ymax € ra
P"r;"O(C")5 A' 213 46,900 27,000

A 234 42,700 23,000

B 25k 39,X00 32,500

C 296 33,950 2,500 296 © 33,850 2,0
D' 313 31,900 1,850 320 31,300 1,
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APPEXNDIX3,L

Electronic Spectra of Monosubstituted

and trans Disubstituted Complexes. Diagrams.,
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CHAPTER L

NUCLEAR MAGMETIC RESONANCE SPECTRA AND MASS SPICTRA
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NUCLEAR MAGNETIC RESCNANCE 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 lH and

31

3lP resonance spectra respectively. The P studies were referred to

in the general introduction and an attempt has heen made to relate

the tp - 183

W coupling constant to the position of the E mode in the
infrared spectra of complexes of type LH(CO)S where L is a variety of
phosphorus (III) ligands.28 Further studies on c¢is and trans

127

disubstituted group VI metal carbonyls and complexes IhM(CO)6-n

where L = P(OMQ)B, Pe,; M=Cr, Mo or Wy n =1 - 480 have béen

3;
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., While 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
two phosphorus atoms in trans positionsl28, and is due to spin
information transmitted via the metal atom. The effect has been
reported for transdisubstituted Tdp complexes of chromium, molybdenum
and tungsten carbonyls hy King81 and for analogous complexes of the
ligand P(OCHé)3C0H3 by Verkade and coworkers, 120 They each
observed a splitting pattern for the methyl and methylene protons
‘respectively which is identical to that expected for two equivalent
phosphorus atoms gouplea to the protons. The magnitude of the
virtual coupling may be related to JPP' Mann157 and Ogilvie, Jenkins

131

and Verkade have reported studies on these coupling effects using

30 and the nomenclature of Haigh.158

equations developed by Harrisl
The proton magnetic resonance spectra of the complexes
IM(co)5 and trans LG(co)4 where M = Cr, Mo or W and L = P(OMe).j,
P(OEt)B, P(OPri)B, PPr;, PBu? 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 NMB
work on metal carbonyl derivatives is the use of 130 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
130

some closely related complexes. Theoretical interpretation of

spectral work is presently being developed and an introduction te




TABLE 4,1

1u NoR. PARAMETERS

All spectra are recorded in CDCl3 using tetramethylsilane as internal

reference,

COMPOUND CHEMICAL SHIFTS (¥)
1 | g o
A (0e)s o 6.51d (11.7)
P(0te ) 5Cr (C0) 5 - 6.37a (11.2) )
P(0ne ) 0 (CO) 5 6,394 (11.6)
P(OMe)BLW(CO)5 6.35d (11.7)
{p(ome)3]20r(co)l1 6,35 (11.4)
{P(O}Je);]QMO(CO)Ik 6.39t (11.8)
(P(OMe)B] 57(c0),, 6.42t (11.9)

B, P(OEt)3 6.12q (7.7) 8.73t (7.6)
P(0Et)5Cr (C0)5 5.98q (7.5) 8,68t (7.0)
P(0Et) 50 (C0), 6.01g (7.6) 8,68t (6.9)
P(0rt)417(C0)5 5.92q (7.5) 8,68t (7.5)
[P(OEt)S]ZCr(CO)ZL | 6,00q (7.0) 8,70t (7.0)
(P(ozat)},]2}--:0(0(:),1 6.02% (3.6) 8.68t (7.2)

(?(GEt)jlgw(co)4 6,06% (3.7) 8.68t (7.3)




- c.

COMPOUND

P(OPri)3
P(OPrl)BCr(CO)5
P(OPri)BMo(CO)5
P(OPri)Bw(co)5
(P(OPri)é)ZCr(CO)Q
EP(OPri)BIQHo(CO)4
[P(O?ri)Blzw(C0)4

PPri

J

i
PPTSCr(CO)5

i,
PPrBuo(CO)S

i,
PPrjf(C0)5
(PPr;)QCr(w)ZL
(PPr§)2M0(00)4

iy,
(PPrS)QJ(CO)4

TABLE 4,1 (Contd.)

CHEMICAL SEIFTS ()

& H
5.58s (7.0)
5e34s %
5.55s (6.1)
S5.458 %
5.38s ¥
5.418 (6.0)
5.45s (6.0)

8,27 ¥
8.2 *
78 *
7.8 %
7.6 *
7.8 *
7.7 %

FBH
8.732 (5.8)
8.69d (5.7)
8,704 (6.3)
8.694 (6.5)
8.69d (5.3)
8,72d (6.5)

8.71d (6.2)

8.964,d

- 8.74d,d

8.776" d
8.78d,d
8.70d,d

8.75d,d

8,73d,d




TABLE 4,1 (Contd,)

COMPOUND CERICAL STIrTs ()
E;r PBug
l’BuI;Cr(CO)S 8447 * 9.08 *
PBu];Mo(CO)5 8,45 (~10)% 9,0k (m5)*
PBqu(CO)S ' 8,56  * 9,09 ¥
(PBuZ) Cr(c0),, 847 (11 9,08 (~h)*
(PBuI;)zMo(CO)ZJC 8.45 * 9,08 *
(P'zsug‘)zzsr(co)li 8,50 (e~ 7)% 9406 (~5)%

T Second order spectra .
Figures in brackets are peak separation in cps. ( adj,acént peaks,
Splitting patterns: 4 doublet; d,d doublet of doublets; + +triplet;

q quintet; s septet,

Complex signal., Multiplicity or peak separation doubtful,
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its importance in studies such as this will be given along with the

discussion of the parameters obtained.

13 N.M.R. RESULTS

The spectra were obtained on a Perkin Elmer R.10 60 Mc/s
spectirometer 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 %,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
from spin-spin coupling 31P - 1H of the phosphorus-31 with the three
equivale#t methyl protons., Co-ordination of the P(OMe)3 ligand to a
group VI metal carbonyl causes the N.M.R. signal to shift downfield
(ive. to lower X values) while the spin-spin coupling pattern remains
unchanged. Environment effects on coupling constanis are discussed
below in relation to similar previous observations. The spin-spin
coﬁpling 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
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than the central peak in each case. The disubstituted chromium
derivative shows essentially a doublet pattern although there is
a small asymmetric peak hetween the outer bands.

These spin-spin coupling patterns may be understood using
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.

The shift{downfield from tetramethylsilane is seen to be
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
positive charge on the phosphorus atom, Hendrickson and cowarkerslBs
noted that formation of a quaternary salt from a neutral phosphine
gave a downfield shift of ™ -protons in substituents on the phosphorus
atom while formation of a phosphine oxide (OPR3) produced a similar
effect on the =~ and B-protons, the magnitude of the shift being
31p

less in the latter case. They also reported that the - 1H spin-




spin coupling in a series of derivatives appeared to vary wniformly,
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 @™~ 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 phosphorqs 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 inerease in
JPH as the proton signals shift to lower fields is‘readily expleined.
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 trams 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(0H8)3W(CO)5 has a greater chemical shift
than corresponding chromium or molybdemum derivatives while
[P(OMe)B]ZW(CO)k shows the lowest shift for the trans disubstituted

complexes. Farther, the coupling constants while showing the same
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order for mono and trans disubstituted complexes have JPH values

inereasing in order Cr{Mo< VW 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 ¢°-electron contribution to

d

rH
the positive charge on phosphorus. Consequently, the theory developed

is significant as they cannot be said to provide any measure of

to rationalise coupling comnstants and chemical shifts in
alkylphosphorus cempounds is not useful in discussing organometallic
complexes of the type considered here. As the parameters in Table %.1A
are those for the phosphorus (III) 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 pérameters and discussion of virtual coupling effects. The
phosphorus-31 N.M.R. work carried out by groups such as Ogilvie,

Jenkins and Vbrkad9131 and Grim and coworkers28 has failed to establish
an unequivocal relation between 31P 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 4.1B. As may be seen, the
methyl protons give a 1:2:1 triplet as expected for coupling with the
CH2 protons while these latter protons. show a quintet structure
having relative intensity 1:4:6:4:1, This may be explained by

1H and 31P - 1H spin-spin coupling which produces

assuming both 1H -
two overlapping quartets. Baldeschwieler and Randa11139 carried out
a series of double resonance experiments which gave CHs - CH2 coupling
in triethylphosphite equal to the P = CHé coupling., Thus the CH2
quintet is sharp and has approximately equal spacing to that of the
methyl triplet. The phosphorus atom does not couple to the ‘3-carbon atom
in the ethyl group (i.e. Jf—Eg ~0).
In both the mono—nand trans disubstituted complexes, the
methyl signal has a spin-=spin coupling pattern similar to that of the
free ligand (i.e. a 1:2:1)., The chemical shift is slightly greater
for the complexes, the monosubstituted derivatives having identical
shifts (8,687) equal to that of the molybdenum and tungsten
disubstituted complexes while [P(omt)3'1 ,Cr(c0), has 'CCHS = 8.70.
Little information concerning konding 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




- 128 -~

derivative which has the opposite effect., The CH2 eignal shows

more complex behaviour due to the phosphorus spin coupling effects
and virtual coupling is seen for the molybdenum and tungsten
disubstituted derivatives. The monosubstituted complexes have CHé
signals similar to that of the free ligand (i.e. a 1:k:s6:h:1 quintet)
and are shifted downfield with respect to the triethylphosphite.

The chemical shifts decrease in order Mo > Cr»¥W and 3‘IP = H coupling
constants (= JHH) have a similar relation Mo»Cr = W, The
disubstituted complexes have consistently higher chemical shifts

and double resonance'techniqnes would be necessary to assign peak
separations, The trans disubstituted chromium derivative has a CH2
pattern which may best be described as am 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 CH2 pattern comprising nine peaks, intensity
ratio 1:2:%:6:6:6:4:2:1 which nmst be attributed to the effects of

virtual coupling across the P-M-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
;tom 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 bhoth in the CHj 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. 4J ~0)

PH
while the coupling constant JCH#CHj 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 analegous tungsten complexes.
The -°P - lH coupling constants when observed show JPH(Cr)< JPH(W)

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 depeﬁds on the @™-accepting and <y-donating
properties of the central metal atom, The most recently reported
discussion on the role of Tr-bonding in the metal VI hexacarbonyls
suggests the order W>Cr>»Mo for -r-backbonding abilitr-’,s. 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 Rawlinsonl03
have carried out self comsistent field calculations on the metal VI
hexacarbonyls which indicate @%bonding ability increasing in order
Mo, W&Cr which would, if the order is similar im the derivatives,
suggest further enhancement of the phosphorus positive charge. The
CH signal split by spin-spin interaction between the CH and (CH3)2
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 trinbutylphosphine 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
by Swalen and Reillylao) it is not possible to gain signifieant

information from the spectra,

Thus the metal VI carbonyl phosphite derivatives have first
order N.M.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, tihis

coupling extending through five bonds to the protons on the ﬁucarbon
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only. Indeed, coupling of protons on the @acarbon to the phosphorus
of thg 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 dérivatives. 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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130 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. Frevious 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 proten magnetic resonmance data obtained in this
work and phsophorus=31 studies reported in the literature for some
of the complexes considered here., The study of 13C nuclear magnetic
resonance has only recently been extensively used in phosphorus
chemistry and although the technique was used in a study of irom
pentacarbonyl in 1958141, 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

of transition metal comple:xesz~11"'2'-ll”li and a report of the spectra of

45

PPh, and PPhEMo(CO)S has also appeared.l

3
While low abundance and low sensitivity of the 130 nucleus

have made resonance studies relatively infrequent, 130 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

(III) ligands considered in this study have either a direct phosphorus-

carbon bond or a phosphorus-oxygen-carbon bond. The carbon-13 resonance

is a direct "probe" of the electromic structure around the phosphorus
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atom. The increased number of parameters involving coupling
constants between 31P - 130, 183w -31P - 130 etc. may be used to
expand our ideas about the tungsten-phosphorus bond.

Ramsey's theory o¢f chemical shiftslé6 postulates two
contributions to the shielding experienced by a mucleus, the
paramagnetic and diamagnetic shieldings. 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 bLecomes more4important 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 unkmown extent and this will have an
indeterminate effect on the obtained shifis., The carbon-13 nucleus
presents a good intermediate case and for this reason, work has been
concentrated on developing a echerent theory designed to rationalise
carben-13 chemical shifts. Until recently, this work was confined
to the study of spectra of organic compounds and even now the
application and interpretation of 130 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 Rimura on
triphenylphoéphine molybdenum pentacarbonyl.

Spectra for some of the monosubstituted and oné of the irans
disubstituted complexes along with those for the molybdenum and

tungsten hexacarbonyls were obtained and the parameters from these
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are listed in Table 4.2, Spectra for the ligands P(OMse)j, P(OEt)B,
P(OPri)3 and PBu? are also reported, Spectra were recorded on a
Bruker HFX~13 22,63 MHz spectremeter. Liquid complexes were run

neat and solids as saturated methylene chleride solutions using T.M.S.
internal reference. Chemical shifts were obtained on a 12,5 KHz
sweep over approximately onme hour and coupling constants were run

at 1.25 Kz 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 carlron 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 or formation of monosubstituted complexes

for example from 193.7 ppm.in tungsten hexacarbonyl to a meximum

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(OMe)3Ho(CO)5

to 210.3 ppm. in [}(0MQ)3]2M0(CO)&. These results may be 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 1H(CO)5 increase in order

of L co<1>(or-xe)3< P(OEt)3< PBug while the molybdenum complexes

have cis carbonyl shift order CO< P(OMe)3< P(OEt)3< disubstituted P(01~1e)3.
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It is seen, therefore, that as the presently accepted ability for
the group VI metal atom to backbond by T7-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 are‘fatlli7 this difference was attributed to one of two possible
sources, These were stereochemical effects and ligand electrenic
effects. Comparison of spectra of the monosubstituted complexes

ghows that ligand effeets are an important factor,

Chemical shifts of other carbon atoms

The 130 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 senge
of the change is not, however, consistent for all carbon atoms.
Trimethylphosphite derivatives show a shift of 49,7 ppm. in the free
iigand which increases to 52,1 ppm. in the moncsubstituted molybdemum
complex and to 52.8 ppm. in the analogous tungsten complex, The trans
disubstituted molybdenum derivative has a 130 chemical shift of
intermediate value (51.7 ppm.). Thus, in these derivatives, complexing
of the ligand causes shift of the carbon-13 resonance to lower fields,
this shift being related to the ceniral meial 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 ppam.
in the free ligand to 62.1 ppm. in the monosubstituted mo lybdenum
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_chrominm, molybdenum and tungsten are mot 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 terms 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(OPri)3Mo(CO)5 that
the chemical shift of the 1C bonded to the oxygem 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(OPri)BM'o(CO)5
are also seen to be somewhat anomalous when compared with the values
in trimethylphosphite and triethylphosphite complexes., The cis CO

carbon shows an increase in chemical shift from P(OMe)3 to P(OEt)3
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derivatives in both molybdenum and tungsten monosubstituted
derivatives, while the P(OPri)s}ia(CO)ﬁ has a 1OC shift for the cis
carbonyl group which is lower than that for either of ithe other
pbosphite derivatives, It is clear, however, that any discussion

of these chemical shift parameters rmst await more extensive studies.

The series of complexes LM(CO)5 and trans LQH(CO)a with
M = Cr, Mo and W and L = P(0Me)s, P(0Et), P(OPri)S, P(0Pn)., PPrl,
PBug, PPh3 and P(CGHII)S have bheen submitted fer 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,
durene which have been determined and repor‘isedll’t8 it will, perhaps,
be possible to propose a theory of carbon-~13 chemical shift effects.
As the theoretical basis for understanding and predicting 31P
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
aemount 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 of-carbon shift. A
recent study on carbon-13 and phosphorus-31 chemical shifts of some

149

tertiary phosphines by Mann concluded that observed chemical shiftis

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 were
possibly dependent on bond angle changes. The carhon-13 chemical
shifts for the n-butyl carbon atoms in PBug have been obtained in
this study and chemical shifts for the complexed ligand in
PBu?W(CO)s are reported. On complexing, the chemical shift of the
o-carbon moves slightly to lower fields. The remaining three carbon
atoms in the butyl atructure have the opposite effect, moving te
higher fields on complexing. Thus in both phosphine and phosphite

~ derivatives, the ®-carbon has resonance at lower fields in the
complexes than in the free ligand while the more remete carbon atoms
show the opposing effect., This unique effecv. on the o-¢arbon atoms
may have some relation to the effeet 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 feported for the complexes considered. These are the coupling
of 31P to the 130 atom of the carbonyl groups situated cis and trans
to the phosphorus ITI ligand, coupling of 1P with 17C within the
alkyl or alkoxy group of the ligand and, for tungsten complexes, the
183W - 130 coupling mechanism. One of the most useful aspects of

carbon-13 resonance studies is that the number of N.M.R. parameters
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obtained for complexes such as those considered is significantly
higher than was previously possible using only 3lP and 1H magnetie
resopance. In particular, the transmittance of spin data through
various atoms in the systems is indicated by the spin-spin coupling
constants. These experimental results shculd provide information
vhich will help to rationalise bonding effeccts and some of the results
have a qualitative relation to metal ligand bonding theory as if is
presently accepted.

The values of \J(SIP o M - 130)l for a single metal atom are
related to the change in chemical shift on altering the ligand., As
the chemical shift inecreases, the coupling constant decreases for
both eis and trans carbonyl interactions. The J1P = M = 15C cis

31P N 130 trans interaction,

coupling is appreciably less thamn the
The other 31P - 130 coupling constants reported are those within the
ligand. The trimethylphosphite derivatives each show JPC values
appreciaﬁly less than that in the free ligand and the {riethylphosphite
derivatives show a similar effect for the e4- carbon while the @&-carbon
coupling has the freé ligand coupling lower than that in the complexed
ligand, It is interesting to note that for trans [P(OMe).),] 2Mo(CO)4,
the phosphorus-carbon coupling is very low («;0.6 cps) giving an order
of 'JPcl for molybdenum complexes of free ligandibmonosuﬁstituted:’
trans disubstituted.

The tungsten-carbon coupling constants are seen to have order

IJWC‘ci8<!chltrans which may be correlated with the 3p . w- B¢




S

couplings and the accepted YT~ backhonding arguments. The 'JWCI trans
values obtained range from 138.5 to 142,1 ppm. in the carbonyl
phosphines and equals 125,0 ppa in W(CO)6. |chl 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 T{-bonding theory. As coupling constant
information for these types of complexes becomes more readily
available, it may be possible to observe meaningful correlation:
among the three principle coupling mechanisms, 31P -V -13C,

3p _ w - 3p ana ¥y - B¢, Meanvhile, 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.165’l66

In this study, the mass
spectra of only a few of the metal VI carﬁonyl phosphine complexes
are discussed in relation to previous similar results,.

Generally, mass specira 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 speetral 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 patiern of

molecular breakdown under electron impact. Metastable jons are

observed when an ion is impacted during flight and kinetic energy is

removed by a neutral fragment. Thus for an ion mass m, which fragments

to ion mass o,y conclusive proof of this fragmentation patiern is onmnly
provided when a metastable ion mass m* is observed, this metastable
ion being related to the masses my and n, by the expression

2
m* = m, /m1
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It bas 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
carbonyl groups has been reported by King167 for trisdimethylamino-
phosphine complexes of metal VI hexacarbonyls vhile other relevant
studies have been carried out on [f(OMe)Blzcr(CO)&168 and
[P(OMe)3]2W(CO)444. The parent hexacarbonyls have also been studied

169,170

and show successive loss of carbonyl groups. These studies

along with others concerned with the phosphorus III ligand mass

171,172

specira may be used to interpret the spectra being considered

here.

As the spectira 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(OEt)3]2Cr(CO)4 and [P(oMe),] W(c0),
vhich have been re-examined and, for the latter spectrum, partly

reassigned.
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Results and discussion

P(0Et)Cr(C0),

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 positiocms and relative intensities with previously
recorded spectra of analogous metal carbonyl derivatives, lLoss of
carbonyl groups successively is observed, each of the ions
P(OEt)BCr(CO)n+ with n = 0 = 5 being observed, The P(OEt)3Cr+ peak
has the greatest intensity as has been observed for 14" and L2M+
fragments in previous studies on similar complexes, However, the
[P(OMe)3]2w+ fragment in the mass spectrum of [P(OHe)£]2W(CO)4 is of
very low intensity. The P(OEt)jcr(CO)5 is also seen to lose an
ethoxy group to form P(OEt)zcr(C0)5+ and from this fragment, successive
loss of carbonyl is again observed. In this case, only the fragments
P(08t),Cr(c0) * with n =1, 2, & and 5 ave recorded and the P(0Bt),Cr*
ion is not observed.

Loss of an ethyl greup from the P(OEt)BCr+ is observed giving a
fragment 0 = P(OEt)20r+ which is probably a phosphonate. Loss of
acetaldehyde is seen from this fragment and also from the P(OEt)er+
ion directly. This loss of acetaldehyde is analogous to the observed
loss of formaldehyde from P(OMe)30r+ in fragmentation of

EP(OMe)3)2Cr(CO)4 for which a metastable peak has been observedlﬁs.
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The ethyl group loss has been ohserved both in this work and
previously&& for the corresponding trans disubstituted derivative
Eb(OEt)s]QCr(CO)& and is confirmed by a metastable peak observed in

each case.

lP(OEt)jJECr(COI;

The spectrum of this complex has been described im a previous
study&4 and that obtained here is very similar in most respects.
It bhas been found necessary, however, to reassign three of the
fragments on the basis of their m/e value. The principal ion
fragments of the speetrum 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(OEt)SCr(CO)BP(OEt)2+ and the other
at m/e = 328.2 which corresponds to loss of an ethyl group from the
[b(OEt)3]20r+ 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 monosubstituted complex spectrum., The successive
loss of carbonyl from the fragment P(OEt)BCr(CO)QP(OEt)2+ is seen,
each of the ions P(OEt)BCr(CO)nP(OEt)2+ n =0 - 4 being observed.
This may be compared to the monosubstituted case where the
P(OEt)QCr(CO)3+ fragment was not observed, nor was the P(OEt)QCr+
fragment. The [f(OEt)3]QCr+ 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., lLoss of
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acetaldehyde is proposed as the subsequent step in fragmentation

of [P(OEt)3120r+ after ethyl loss and the resulting ion may lose a
further ethyl group. Loss of acetaldchyde may also be seen from

the P(OEt)3(:r19(om;)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)3CrOEt+ and may be derived from fragmentation of either
P(OEt)3CrP(0Et)2+ or [P(omt)3] oCr'. The fragment m/e = 219 which vas
previously assigned as P(OEt)30r+ is most probably, from its m/e value
HCrP(OEt)3+ which may be the result of acetaldehyde loss from
P(OEt)jcr(OEt)"'. Fragments at m/e of 190 and 174 are possibly due

to an ion resulting from loss of an ethyl group from HCrP(OEt)3+ and
the ion HCrP(OEt)2+ respectively, Loss of acetaldehyde from the
fragment 190 may be seen as similar fragmentation to that observed
for the [f(OEt)3]2Cr+ which also lost ethyl and acetaldehyde groups

in succession,

P(0Me 3W!CO!S

This monosubstituted derivative shows successive loss of
carbonyl groups from the parent P(OM’e)3W(CO)5+ and also loss of a

methoxy group from this ion followed by successive loss of carbonyl
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groups. In this molecule, each of the ion fragments P(OMe)SW(CO)n+
and P(OMe)QW(CO)n+ n =0 -5 are seen as compared to the
P(OEt)BCr(CO)5 molecule which shewed only four of the possible

fragments in the latter case. Both the P(0Me).W' and P(OM'e)QW+

)3
fragments are observed and their relative intensities are fairly high
although the P(OMé)3W+ is not the strongest peak in the spectrum as
was the analogous peak in the P(OEt)BCr(CO)5 spectrum, While the
fragments containing P(OM’e)3 in the tungsten derivative are
significantly more intense than these containing P(OMé)g, this is not
true for analogous fragments of the chromium complex. Loss of a
methyl group followed by loss of HCHO from the P(one)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,

P(OMe)3 which has been assigned three fragmentation pathsl68’173 as
shown
—— P(OMe )2”— HPOMe* 1
P(0He ) 5 —|— OP(0Me )2+ ——— HOPOMe " I1
L—np(oMe) 2* mp(0)oMe*  IIT

Thus loss of the methyl group corresponds to fragmentation pattern II
and loss of HCHO from P(OMe)3W+ may be seen as analogous to pattern
I1I, Loss of HCHO from P(OMe)2W* is not, however, observed in this
complex. Two metastable peaks are observed for carbonyl loss, one in
each of the fragmentation patterns imvolving P(OM&e)BW(CO)n+ and

P(Ol;ie)2W(CO)n+.
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The spectrum of this complex has been discussed previously&&
and shows similar loss of carbonyl groups from both [?(Oﬂe)B]QW(CO)4+
and P(OMe)3W(CO)4P(OMe)2+ ion fragments as has been seen for the
other metal carbonyl phosphite complexes, Loss of a methyl group is
observed from [P(OMe)3]2W+ although the HCHO loss seen in
EP(OMe)B]zcr(CO)4 fragmentation is not seem in the analogous tungsten

complex. The ion fragments are given along with relative intensities

in Table %.3D,

P;l-_x_-;(:rgc:o)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)s"' and PPrg_Cr(co)s". Metastable peaks
are observed for two of the carbonyl losses, each of which is from a
PPr%Cr(CO)n"' fragment. The PPr; Cr(CO)n+ n = 0 - 5 fragments are
seen along with fragments PPr;Cr(CO)n+ n=0,1, 2, 4 and 5, Generally,
the PPr%Cr(CO)n+ fragments are more imtense than the PPréCr(co)n”
ions with the (CO)l fragment being the most intense, In the
P(OMe)SW(CO)5 fragmentation, the (CO)3 and (CO)2 containing fragments
were more intense than that containing (CO)l. A metastable peak
corresponding to loss of a CSEC group from PPr;Cr+ is also observed,
the fragment formed being HCrPPr;+ which is analogous to the

HﬁCrP(OEt)2+ fragment observed for Eb(OEt)jlzcr(C0)4 fragmentation,
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Formation of the fragment H’QPPriCr+ and subsequent Hj loss has been
assigned by analogy with reported fragmentation patterns of
triethylphosphinel72. No metastable peaks are observed for these

possible fragmentations.

‘PSOPriIE)ECrgcozg

This spectrum reported in Table 4,3F is fairly similar to
that of the complex C?(OEt)3]2Cr(C0)4. 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 CP(OPri):,’]2Cr(CO)n+ n=0,1, 3, 4 and
P(OPri)BCr(CO)nP(OPri)Q+ n=0, 2, 3, & are seen compared to the
triethylphosphite derivative in which only n = 0 or 4 [?(OEt)3]2Cr(co)n+
fragments were observed along with fragments P(OEt)BCr(CO)nP(OEt)Q+
n=0-4, Loss of an isopropyl group followed by loss of Cjﬂéo
is .observed from [}(OPri)3]2Cr+ analogous to the loss ef ethyl group
and C,H,0 in [P(0Et)

2L 3]2
P(OPrl).).CrOPr1+ is observed as is the P(OPri)3Cr+ jon, the latter

Cr(CO)& fragmentation, The fragment

giving isopropyl and C3E60 loss,




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. Clearly, however, if no metastable
peaks are obéerved, 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 eleetron voltage of 70 e.v. and heated inlet temperature of

220 - 240°C.
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TABLE 4,3

A. MASS SPICTRIM OF P(OEt)BCr(CO)g

‘m/e values given are for the most abundant ion.

TELATIVE
n/e ION TNTTNSITY

A 353 ‘ P(OEt)BCr(CO)5+ 8

B 330 P(ozt)jcr(cc); | 1

c 313 ‘ 3?(0Et}20r(co)5+ | 2

D 302 | P(GE'b)BCr(CC»)SJ" | 1

E 285 , P(ozt)QCr_(cc); 2

F 274 P(OEt),}Cr<CO)2+ | 2

G 246 | P(éﬁt)SCr(co)"’ - 38

U200 }.‘-(OEt)BCr(CO)2+ 1

1 a13 P(03t)5Cr" 100

K \201' : P(OEt)QCr(CD)+ )

T 189 - - I - Tt A

L 17k I - 0230"0 9

HoO145 X - crrjcz':o 8

Yo nmetastable peaks observed.
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TADLE 4.3 (Conta.)

T. MASS SIUTCTRUR OF I-‘Pr;Cr(CO),).

RELATIVE

HRY

n/e | TON | ‘ TNTENSITY
A 352 I’Pr%Ci’(CO)SJr 9
B 324 PPr%Cr(co)I;’ 2
C 309 | Pz-’r;(:r(ca)s+ | 1
D 296 ' PPrSiCr(CO)3+ 1
T 281 PPT;CI'(CG),: ' 1
T 268 P}?:r;(:r(cr}}z’r 2
¢ 240 PPr%Cr(CO)+ 19
o 205 ' PeriCr (00),* 1
I 212 Ppréc]o" | 100
197 . PPr;Cr(CO)+ | ‘ 2
170 PPrporrit | o
169 rericrt 1
¥ 128 m,PPetort . 1
N 125 M-y 2

Metastable peaks  297.9 A -3 =C0
1875 G-»I =CO

I - - T

1364 I -3K C5%
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SOTNCTRIY CF [x’(oz»\ri)3'}2<:r(cc}z£

ARLATIVE
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[(orr )3]2Cr(CO)I£ 7
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[p(ore?) ], 00" 100
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P(oz>1~i)30r+ s 15
0 - prt 1
P - €50 10
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CHIAPTER 5

- INFRARED SPECTRA AND }METAL PIIOSPLICRUS. BONDING




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 imvolved in using infrared spectra
in conjunction with symmetry theory were cutlined in the genmeral
introduction. The purpose of this section is to study the carbﬁnyl
stretching frequencies of the complexes in some deteil. The rapid
development in inmstrumentation 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 frequeney 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 cis disubstituted derivative peaks in
- gpectra 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

Bigorgne and coworkers52. They were the first workers to propose
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factors other than low lecal symmetry as an explanation for the
appearance of peaks which are observed for a perturbed symmetry,
although forhidden in the ideal symmetry itself.

The infrared spectra of the complexes obtained for very
highly concentrated solutions are reocrded in Tablé 5.1. The
frequencies are reported in cm.-1 and are accurate to =0,2 cm-l.
Speetral peaks in the region 2200 - 1800 cm.'”1 have heen recorded for
cyclohexane solutions of approximately 10-2M concentrations, This
compares with concentrations of approximately 5 x IO-EM to 10-3M
which give the E mode of such complexes & maximum absorption value
(ieee <€ 1% 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 VI metal
carbonyl phosphine complexes reporied the possibility of unpredicted
peaks being present in the infrared spectra of these complexes. For
example, Poilblanc and Bigorgne72 and Cotton and Kraihanzel in early
studies each assigned peaks in infrared spectra to forbidden modes
of the accepted symmeiry species. These were, in fact, the Bl rode
of monosubstituted IM(CO)5 and the Blg (and in some eases Alg) rodes
of transdisubstituted L2M(co)4 along with splitting of the E modes in
each case. Since then, there have been many reported examples of

such peaks observed for similar complexes.66’67’134’135
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Monosubstituted complexes

The cocmplexes LM(CO)5 are cach seen to have four peaks in
the carbonyl stretching region of their infrared spectra, If L is
.considered to be a radially symmetric ligand, the overall symmeiry
of the molecule is Cgv and only three active infrared modes are
required by symmetry studies for the carbonyl stretching motions.
These three modes comprise two Al 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 qu symnetry enviromments is the B1 mode, Its activity
has been discussed recently by Bigorgne and coworkerss2. Their
approach to the problem of explaining such anomalous peaks was
confined to the two cases P(one)3}10(00)5 and PPhSMo(CO)s (although
many other examples of other configurations and derivatives were also
considered), - The infrared spectrum of the ligand trimethylphosphite
was seen to have three bands which were assignable to P = 0 vibrations,136
the two bands at lower frequency being taken as due to the E
vibratioﬁ in C3v symmetry. This was comsidered as evidence that the
three P - 0 bonds in trimethylphosphite are nonequivalent. While the
structure of ligand molecules of type P(OR)3 is not fully understood,
this result for trimethylphosphite was used to propose a mechanism

by which the B, mode in monosubstituted molecules I.H(CO)5 could be

1
-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 - O bonds in the phosphite are not equivalent in their
orientation with respect to any carbonyl group.

Considering the B1 mode as indicated in Figure 5,1, this can

only be active if a molecular dipole moment exists in some orientation

Ny
W

Figure 5.1

with respect to the 04 axis, For this to be true, there must be

some asymmetiric perturbatien acting on the carbonyl groups and this
was attributed to internal asymmetry of the ligands involved, in
trimethylphosphite as indicated above, the nonequivalence of the P ~ 0
bonds and in the triphemylphosphine complex, an asymmetric interaction
involviné the phemyl rings. In this treatment, the local symmetry

of the carbomyl groups in the molecule is considered to be retained,
this contention being supported by infrared intemsity and Raman
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
symmetry of the M(C0)5 and M(CO)h groups in mono and trans disubstituted
complexes respectively is retained in their phosphite derivatives.

Further, as the complex trans Ho(CO)IiI2 exhibits the forbidden Blg
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mode (assuming th symmetry) in its spectrum and this rmst be
explained by & lowering of the symmetry of the carbomyl 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 interactiens between the carbonyls and
phosphite ligand.

In the treatment of Bigorgne and coworkers it is noted that the
appearance of the B1 mode in the IM(CO)5 type complexes is seen in
the case of "asymmetric' ligands only., These ligands included truly
asymmetric structures such as PC1,Ph and PCl(OR)2 along with ligands
such as P(OM’e)3 and PPh3, the asymmetry of which derive from some
internal structural inequivalence faetor which alleows non equivalent
interactions to occur with the earbonyl groups in the molecule, Other
ligands such as trialkylphosphines PB3 which have symmetrically
arranged P = C bonds could not produce the non equivalent interactions
on carbonyl greups and the infrared spectra of monosubstifuted complexes
containing such ligands were reported as having no Bl mode. In the
present study, three trialkyl phosphite ligands and two trialkyl
phosphine ligands were used and in each spectrum of a monosubstituted
complex formed with chromium, molybdenum and tungsten, a peak corresponding

to the B, mode was assigned. The Bl mode assigned in the spectira of

1
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the phosphite complexes occurs between 1985 and 1996 cm.-1 and varies
with changing metal atom as does the E mode, i.e, Mo» Cr» V. This
series is also observed for the Bl mode of trialkylphosphine complexes
while the frequency of the peak is between 1969 and 1979 cm~l. If the
Cotton Kraihanzel parameters kl’ k2 and ki are calculated using the
‘2A1 + E frequency values and the frequency of the B1 peak is then
calculated using the appropriate secular equations, the obtained value
correlates with the observed peak to within 5 cm-l. While such
correlation does not prove the validity of the assigmment of the B1
peak the assigmment is reasonable on the basis of frequency and
intensity values and the correlation reinforces this assignment.
Thus B1 modes are observed and assigned im the infrared spectra of
complexes IM(CO)5 where L is a "symmetrie™ 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 asymmetrie interactions
of the molecule.

It is interesting to consider the relative intensities of the
B1 modes both within the phosphite series and on changing from
phosphite to phosphine as ligand. Generally, the intensity of the

B, mode decreases in order Cr>Mo» W which might be expected on the

1
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 B1 mode increases
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relative to the E mode in the series P(OMe)3< P(OE{;)3< P(OPri)3.
Perturbation of the M(CO)5 entity by phosphite ligandas increases in
order P(O}»fe)3 <P(0Et)3<P(0Pri)3 due, in part, to ligand steric
effects,

If the intensities of the B1 modes observed in the spectra
of monosubstituted complexes with trialkylphosphine ligands are
compared with those obtained for the trialkylphosphite complexes,
it is seen that while the B1 modes are readily observed in the latter
case at low concentrations, a highly concentrated solution is
required in the former case. Generally PR3 derivatives have B1 modes
only one fifth as intense as those of P(OR)3 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 ~ O bonds give a fairly stirong perturbation
from C&v symmetry while phosphines, which do not show this non

equivalencé give only weak symmetry lowering effects and hence a low

 intensity B1 mode.,

Disubstituted complexes

Spectra obtained for the trans disubstituted complexes may
be considered in a similar manner to those of monosubstituted complexes
in that the number of carbonyl sitretching frequencies observed is
greater than that required by D&h symmetry whieh would exist if the

ligands were axially symmetric. The Eu mode which is infrared active
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in th symmetry is seen along with two further peaks to higher
energies for phosphite complexes only. The Eu peak observed

for phosphite complexes is generally asymmetric with a large half
width (5 - 10 cmfl) suggesting incipient splitting of the two
components of the Eu mode., The phosphine derivatives have symmetric
Eu peaks although at high concentraticens, a peak due to a small
amount of the cis derivative causes asyrmetry of the former peaks.
Thus the obhserved effect of phosphite ligands on metal carbonyl’
derivative infrared spectra is present in both mono and trans
disubstituted derivatives while phogphine ligand effects have been
detected in monesubstituted complexes only. It is probable that the
A

1
are present but undetected due to their low intensity and masking

g and Blg peaks arising from trans (PR3)2 M(CO)4 M= Cr, Mo, W

by contaminant peaks.
The peaks in the energy regions at approximately 1965 cm"1

and 2040 em-I have been assigned to the B, and A, modes respectively.

1g 1g
They each have reproducible intensity ratios (compared to Eu) although
the Alg mode is very weak and comparison is thus difficult. The
overall symmetry of the molecule may be lowered by the phosphite
ligand as in monosubstituted complexes. Cotton-Kraihanzel approximate
secular equations for trans L2M(CO)Ii (Fig. 1.1) require.A1g> B1g>Eu
and reducing the symmetry would provide spectra of the form obtained

One further study of the infrared spectira concerned assignments

in the energy region containing & MCO and W MC skeletal deformations.



TABLE 5,2

& MCO and V}C Absorption Frequencies for onosubstituted and

trans Disubstituted Complexes



TABLY 5,2

A. MONOSUBSTITUTED COMPLIEXES

COMPLEX
P(OMe)BCr(CO)5
P(OHe)BMo(CO)s
P(OME)BW(CO)5
P(OEt)SCr(CO)s
P(OEt)BMo(CO)s
P(OEt?BW(CO)S
P(OPrl)BCr(CO)5
P(OPrT)on(co)5
P(O?rl)sw(CO)ﬁ
PPr;Cr(CO)5
PPr;Mo(CO)S
PPr;w(CO)S
PBugCr(CO)S
PBu?Mo(CO)5‘

n,,
PBu3J(co)5

& Mco
672, 654
607, 580
598, 571
670, 654
604, 580
5?8, 57k
675, 658
605, 581

599, 575

678, 661
612, 585
605, 577
676, 656
610, 583
601, 575

YC

400, 376

400

398, 37%
384

L0k, 373
384

380

385



TABIE 5.2 (Contd,)
B. DISUBSTITUTED COMPLEXES

COMPLEX $ MCO Y MC

ﬁ’(OMe)BJZCr(CO)4 679, Ghl
[E’(O}Ie)3]2}~fo(00)4 620, 571 A 400
[?(oz.ze)B]Qw(co)h 615, 568 %00
[‘-’(OE'b)3]2Cr(CO)4 679, 645
[1>(0Et)3] oo (C0), 620, 574 ) 395
[1>(0Et)3]2:»f(co)4 614, 568 395
ﬁv(opri)slgz-.r(co)4 677, Glk
Ee(oﬁi); JHMo(c0), 621, 575 | %00
lj>((JPx~i)3]21‘:((30)2l 616, 570 %00
(PPr;)QCr(CO)IL | 680, 640
(PI’r%)QI\Ep(CO)é 631, 577
(pm%)gw(ca),i ‘ 627, 571 404
(}7Bu§)20r(00)4 681, 641 391
(PBU.?)QMO(CO)4 ‘ 630, 57k 402

(PBuz) W (c0), 625, 570 404
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Previous studies assigned the & MCO absorptions in phosphine

substituted hexacarbonyls to 700 - 500 cm_l

and Y MC absorptions

in these complexes to 500 = 300 em™l. Applying the symmetry rules
to the complexes (assuming the ligands to be radially symmetrie)
allows a calculation of the theoretical number of bands by group
theory. This has been reported by Adams for a wide variety of
complexeelsk. For monosubstituted complexes three yYMC and four
&MCO bands are expscted while the transdisubstituted complexes
should have one YMC and two & MCO 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 § MCO and Y MC in the complexes are given in
Table 5.2. the former assigned by their higher frequency and greatcr
intensity. Such assignments have been made previously by Manning155

and by Parker and Stiddaral’®

using this criterion. The former
study discussed complexes TGCFe(CO)2I, assigning the M(CO)2 bending
and stretching modes. Parker and Stiddard reported infrared dats
for methyl TT-cyclopentadienyl carbonyl complexes of manganese and
iron as part of extensive work on spectra of metal complexes. This
work includes rigorous a;ssignment of metal carbonyl and other

absorptions in lower emergy regions which support the qualitative

assignments given here, As the number of bands observed is gemerally
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less than the number given by group theory it is difficult to assign
the peaks with any certainty, The &MCO absorptions occur at higher
energies for echromium derivatives than for the molybdenum or tungsten
derivatives. The Y MC absorptions are cobserved in the region

500 - 350 em ! for some of the complexes and cach of the peaks
observed occurs at approximately the same energy value, about 400 cmfl.
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 viﬁh the metal ligand bonding discussion below

which suggests that metal ligand ©'-TT transfer alters in a complex

‘vay'with substituent changes in these complexes.




- 160 ~

METAL PHOSPHORUS BONDING

Early discussion of the nature of the metal phosphorms bond
in metal VI carbonyl derivatives containing phosphorus III ligands
centred on the possible interpretation of observed parameters in
terms of Q- and Tr-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 basis 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 Tl-accepting
ability of the phosphine with respect to the carbonyl, This argument
was used to construct a table of ligands arranged in order of

" qr.accepting” (i.e. carbonyl frequency lowering) ability. Studies
of the carbonyl stretching frequency values of two series of metal

22,69 allowed the following series of

carbonyl phosphine complexes
phosphine ligands to be constructed
n
CO>PCl,> P(OPh)3> PPhy > Pe,> PEt, >PBuy P03
This seriea shows the order of }) (CO) in 1M(C0)5 complexes, .M(CO)6

having the highest frequency and M(CO)5P(:)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 "probe" 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 corment on the validity

or merit of the approaches adopted.

Previous attempts to correlate experimental fesnlts with
theory were made to determine the amount of U= and Tf-overlap involved
in the M - P bond, Thus, force constant results were interpreted by -
Cotton137 as evidence of Tr-bonding ability for phosphine ligands,
Angelicilg, however; interpreted the stretching carbonyl frequencies
of some phosphine monosubsgtituted derivatives of tungsten heiacarbonyl
to show no such TI-bonding., These approaches both involved the siudy
of infrared stretching frequencies and derived parameters, Work of
a similar nature carried out by Graham34 has proposed a method of
attributing quantitative relative values to C°- and Tf-bonding abilities,
Graham's technique requires calculation of the Cotton-Kraihanzel
force constants for monosubstituted carbonyl derivatives of type
IM(CO)B. The change in C=and Tl-effects on changing ligands could
be directly related to changes in the readily calculated force constants.
The expressions are Akl = Ag + 2AT and Ak2 = AO + ATV where
A\ indicates a change from some reference value and kl, k2 refer to

the trans and e¢is carbonyls respectively. Solving these equations
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for O , AT give a series of values which claimed to reflect the
U~ and Tr-bonding abilities of the ligands L in m(co)s. While
such an approach is attractively simple, the extent of the
approximations employed make the quantitative results obtained
entirely unrelighble.

In Table 5.3 the Cotton=Kraihanxel force constants and
Graham parameters are listed for =z series of monosubstituted phosphine
complexes, As may be seen from the values of A¢* and ATT
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 ¢°=1T bonding effects, if that these
parameters and others derived in a similar manner do net produce néw
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
investigation of similar complexeskk proposed a poésible correlation
between the position of the lowest energy charge transfer peak of
monosubstituted derivatives IM(CO)5 and the Tr=bonding ability of the
phosphorus III ligand L. Taking account of recent developments in
bonding theory relating to possible @~ and Tr=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

150

available evidence. Work by Hall and Fenske on molecular orbital



TABLZE 5.3

Cotton-Kraihanzel Force Constant Parameters and Graham AQ , AT

Parameters for Monosubstituted Complexes



COMPLEX
CGHSCr(CG)5
P(OMe)BCr(CO)s
P(OEt?BCr(CO)s
P(O?rl)er(CG)5
PPr;Cr(CO}S

n
0)~
PBuSCr(C )D

CGESMo(co)5

P(0Me ). Mo (D).

(ove ) (€0)

P(OEt)BHO(CO)5
i

P(0 M -

P(cPr )3 0(00)9

5
e (Cn)
PBuBLO(C,)D

PPr%Mo(CD)

C6H5w(co)5
P(OMe)BH(CG)5
P(OEt)BW(CD)5
P(OPr‘f)B‘-.f(co)5
PPr%W(CO)S

I&h@?f(co)5

15.10
15.86
15.81
15.76
15.43
15.53

15.07
15.78
15.73
15,69
15,40

15.45

15.75
15.95

15.91

15.87

15,74

15.75

i

- 0,32

0.30
0.30
0.30
0.30

0.30

0.32
0.32
0.32
0.33
0.32

0.32

AT

-0 . 11'2

"0045

-0,36
-0,41
~0,4h
-0.33

-0.31
-0,34

-0,38

-0.35

-0.38



calculations for M(CO)6_xLx where M = Cr, Mn, Fej L = C1, Br, I;
x = 1, 2 suggests that the carbonyl stretching force constants are
affected by both the degree of TT=backbonding to the 29 ecarbonyl
orbital and the degree of O'-donation from the 5¢ orbital in the
bonded carbonyl group. This in turn indicates that electron
distribution within metal-ligand bonds depends on the interactioen
of both mechanisms ( g*- and <r-overlap). Indeed, a series of semi-
empirical molecular orbital treatments on various transition metal
carbonyl derivatives carried out by Fenske and covorker337'15 0,151
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 O =T 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
0~ and -i~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 -Tr effect separation can be proposed. One of the most



interesting aspects of Fenske's work is the improved ability to
correlate parameters with changes in electron distributions and
vhile such quantitative results derive from approximate molecular
orbital methods, the approximations cannot be said 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 Ti-bonding in such complexes. It is clear from the
calculations that the effects of changing enviromment on electroniec
structure in metal carbonyls is of an extremely disruptive nature.
It is, therefore, improbable that the electronic spectral paremeters
reported here may be related directly to any metal-ligand Ti=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 enmergy 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 satd that infrared and electronic spectral
parameters of these metal carbonyl derivatives are related. Complexes
LM(CO)s, arranged in series, according to ligand L, increase as

CO)P(OR)3> PBS>NR.5 for force constant and charge transfer parameter
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results, A detailed understanding of these series with metal ligand
bonding effects will, however, require further work on sgemiempiricsl
molecular orbital diagrams and a clearer understanding of bonding in

meial carbonyl complexes,
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CONCIXSION

The study of metal carbonyl phosphine complexes of the type

discussed above has bheen developing for some ten years and inevitably
he emphasis has changed as instrumentation and theoretical concepts
have developed and improved. The study of preparative work has

tended, recently, to take second place to spectroscopic investications
although methods of improving prevarative work are regaining importance,
An example of this, relevant to complexes of the type discussed here,

is Chatt's recent work on catalysed preparation of some di- and

. . 78

trisubstituted metal VI carbonyl phosphine derivatives’ . The
preparations reported in the present work are all straightforward,
using direct replacement of the carbonyl groups by phosphorus IIT
ligands. Tlowever, the care reguired in maintaining suitable conditions
for reaction and for obtaining npure complexes causes the preparation
time to be fairly long and it is possible that a more convenient
preparative technique could eliminate some of the time consuming aspects
of such simple preparations.

While the infrared spectra of the types of derivatives discussed
are well docunented and have bezn discussed and interpreted by many
authors, the ultraviolet spectra which in principle may provide more
direct information 6n therelectronic enviromnment around the metal

atom of such complexes have not been stndied extensively. The reasons

for this have been discussed above and the study of ultravielet spectra
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may, in the future, broaden in scope to include studies of spectre
recorded at different temperatures. This tec'mique has been seex to
allow assigmment of peaks having intermediate values of extinetisn

. -1 -
cocfficient, i.e. in the approximate region E~500 - 5,000 1 e © role
and if more definite assignments may be obtained in this way, correlation
of energy transitions with energy levels will he more readily achieve
As-the molecular orbital theory for metal carbonyl derivatives is
developing rapidly aand ithe use of photoelectron spectroscopy is
hecoming more conmon, Significant information concerning ener;y
levels and ovrhital functions may be obtained from these, interrretaiicn
of ultraviolet spectra shimuld becone more precise and hence more uvseful
in discussing the electronic behavicur in complex molecules., Tle use
of curve analysis by censirueting a curve outline from a combinztion

1

of (for example) Gaussian distribution curves has, however, been scen

to be of limited use for resolving the extrerme overlap oo\erved i

e
i

my

most of the spectra considered. The range oif possihle Gaussiax
interpretations of the curves is often greater than may be reascnablr

accepted and gsuch analyses alone may not be accepled as reliable

se

th

evidence of unrescolved peak varameters, Use »f the CGoussian arely
in conjunction with spectra of analogons derivatives may allow =
reasonahle iLtérpretation of the overlap pattern, However, when spectra
taken at different temperatures are censidered, the effect of tle

temperature change on the band parvamcters may be less t'an the

experinental error present in Goussian analysis. In il.ese cases rect
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care rust be taen when any interpretation is suzzested on the basis
of the faussian analyses and for very weak pealks (which are the
principal types resolved by curve analysis only) the value of such
’analyses must remain very tentative,

Studies of infrared carbenyl siretehing frequencies, ultraviolet
-spectral parameters and proton XMN,M.W. parameters seem to indicate that
no consistent relation may he detected between fhese spectral naramcters
and the degree and type of bonding changes in the metal-ligand bends
in these complexes. This is in agrecement with recent studies which
suzrest that ihe bonding in such complexes varies in a manner which
is dependent on the ligand involved hut which may not readily be related
tp individual honding changes in any one metal-ligand bond.
ééveral studies have been rejorted on the effect of changing the
environment around a metal atom on the orbital populations in carbonyl
croups bonded to that metal, Thesesuguest that ligand changes in
substituted metal carbonyls cause‘tho metal-ligand G- and Tl-honding
systeris to be altered in such a way thal @*=overlap chanzes compensate

Tr-overlap and vice versa., The most important factor to emerpme from
these nmost recent studies is that.any spectroscopic results either
represent a small change arising from opposing guantitative changes

in U= and Tr-orbital populations or indicate transitions hetween enercy
states {or apyroximate one electron energy levels) which may not he

defined even qualitatively., The parameters for the infrared and

ultraviolet spectra obtained in t:is study may be related to (e former
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and latter cases respectively and whiile e observed spcetra are
directly determined by the electronic and vibrational wave funciicn:
of the molecules, the parameters may not be related in any sim)le
way to changes in individual honding properties., The situation
will certainly improve as more photoelectron speciral results hecone
available. Thotoelectron sypectra record electron removal from a

to

molecule providing energy measurements which may be apyproximatel
the one electron encrgy levels in the molecule, Usinz this téchﬁiquc
comhined with electronic absorption spectra which record transitions
between enerpgy states and molecular orbital theory vhich allows
construction of approximate molecular wave functions, the ultraviolet
spectroscopic parameters may be expected to correlate with eneryy
transitions derived from the mclecular crbitals and photoelectron
spectra,
It can he said, however, at present that the statﬁs of
ultraviolet spectroscopy as it is used in metal carbonyl derivative
studies is very similar to that of infrared spectroscopy as it was in
the mildle 1060's, The use of ultraviolet spectroscopy has been less
popular than that of infrared spectroscopy hecause useful information

is more easily derived in the latter case and instrumentation and recordin;

is correspondingly simpler for the infrared spectra,
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APPENDIX

Trifluorophosphine derivatives of manpganese and rhenium decacarbonyl

Introduction
Monosubstituted and disubstituted trifluerophosphine
derivatives of manganese decacarbonyl (axially substitauted) have

157

been reported in the literature by Kasenally and more recently

by Sheline and coworkerslss. As these complexes and the analogous
rhenium derivatives provide convenient sources of spectroscopic data,
they may be used in force comstant anslysis of the parent carbonyl

molecules an(CO)10 and Re2(CO) It vas suggested that infrared

10°
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 analysis
would then be employed in an analogous study of the decacarbonyls.
MQ(CO)SLQ has five carbonyl stretching modes (3 Raman and 2 infrared).
There are also five carbonyl-carbonyl force constants associated

with this molecule ahd hence it is possible to use the observed
frequencies for full carbonyl force constant analysis., The Hé(CO)lO
molecule has seven carbonyl stretching modes (4 Reman and 3 infrared)

. and nine carbonyle force constants, It therefore requires additional
data for carbonyl force constant analysis, This work is a natural

159

extension to a partial amalysis reported by Haas and Sheline using

infrared results for (PF3)2Mn2(CO)8 and general interest in the
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dimanganese decacarbonyl system and its infrared carbonyl stretching
frequencies., These studies have included infrared spectra of
carbon-~13 carbonyl enriched samplesleo, a Baman study of Mn2(C )10161
and a force constant approachl62 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 inm his paper reporting stretching frequencies for carbon-
13 enriched moleeuleslso recalculated the nine possible carbonyl

force constants from the infrared active and inactive modes thus
obtained. However, the possibility of obtlaining sufficient data from
faman and infrared spectra of dimanganese decacarbonyl and its
trifluorophosphine 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 PF, derivatives. It was therefore decided that

3

the reaction between 142(00)10 M = Mn, Be and PF,J. should be attempted
in order to obtain samples of }12(00)91’1?3 and 312(00)8(131«“3)2 (axially

substituted) suitable for infrared and raman studies.

Experimental
Sheline and coworkers in their report of the reaction between

M’n2(CO)10 and P.F3 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 carius tubes heated in a carius oven was reported
by EKasenally to give the diaxial derivative only. This method was

used as reported for both Mn2(00)10 and R°2(C°)1o reactions with PF3.

Dimanganese decacarbonyl derivatives

Dimanganese decacarbonyl (0.5g) was placed in a carius tube
(12" x 1") or a vacuum line and trifluorophosphine (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 HO0,0 F 20,5 P 10,85
Calc. (PF3)2H112(CO)8 C 18,82 H 0,0 F 22,36 P 12,15
Calc, (1>1;'3)}m2(co)9 C 24,00 HO,0 F 12,62 P 6,90

As may be seen from the analysis figures, the product obtained is



clearly not (PF3)2Mn2(CO)8 or (PF3)Mn2(CO)9. The infrared spectrum
in the stretching carbonyl region shows a great many peaks with a
very strong ebsorption st about 2010 cmfl, two medium absorption
peaks at 203k en ! and 2026 el and many other weak peaks, All

infrared spectra were run in cyclohcxzane using a Perkin Elmer 257

spectrophotometer calibrated using a polystyrene peak at 1603 cm-l.

1 and 201% em~! 4o the

156

As Kasenally157 has assigned peaks at 2037 cm
diaxially substituted derivative while Sheline reports peaks at
2029 cm"1 and 2012 cm-l 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 PT% 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
inva carius tube on the vacuum line and trifluorophosphine (approx.
1ml) condensed inte the tube. This was then sealed as before and
heated for 48 hours at 120°C in the oven. The product, oblained as
above, was a yellow solid which melts at 80°C and has infrared stretching

1 ana 2026 cmfl, the position of the

carbonyl frequencies at 2014 cm
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 monosubstituted derivative was obtained from the first reaction

product by two sublimations at 25°C/0,01 mm, This derivative has

1

two principal infrared carbonyl absorptions at 2013 cm = and

1

2034 cm ~ and has melting point 86°C,

Dirhenimu dodecacarbonyl derivatives

The method as described above was used in an attempt to
prepare the analegous derivatives of Rez(CO)lo. nder similar
econditions, no reaction was observed at 120°C over a period of four
days., At 250°C over 48 hours a grey-white selid vhich was soluble in
pentane and could be sublimed at vacuum (50°C/0.1 xm) was obtained.
The sublimed materiel was a white solid melting at 44°C., This
s0lid was found to be very unsteble in air even when kept at low
temperature., The infrared spectrum in the carbonyl stretching region
shows peaks at 2030 cm-l and 2062 cmfl but as there is comsiderable
Re2(CO)10 left, the spectra are not sufficiently clear to allew any
assigmeents.

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 ﬁas 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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