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CHAPTER 1

Introduction



1-1. 1 -Acceptor Ligands

The most interesting feature of d-group transition metals
is their ability to form complexes with a variety of neutral
ligands such as carbon monoxide, nitric oxide,
1,10—phenanthroline, 2,2'-bipyridine, etc. The formation of
complexes is well explained by molecular orbital theory{'z Two
types of bonds appear in the complex. The first is O -bonding,
which is formed from the donation of a lone pair electrons of
ligand to metal. The second is 75U -bonding which occurs due to
the presence of a vacant nf-orbital of the ligand. The
orientation and sufficiently low energy level of 7 -orbital
allows it to interact with tzg-orbital of metal in an
octahedral complex through TU -interaction. This interaction
provides for the ligands to accept electron density from the
metal into their W -orbital. Such type of ligand is often said
to have T -acceptor ability ( J{-acceptor ligand). |

Now there are a lot of such ligands, monodentate to
chelate. Most of them show similar features; among these the
ability to stabilize the lower oxidation state
(lower-positive, zero and even negative) of metals. The
complex normally tends to have a low-spin configuration which,
according to crystal field theory, produces a very stable
complex. The complex is substitutionally inert. It requires a
large energy to break the metal-ligand bond so that the
substitution process by other ligands is rather difficult. Some
features of the complexes can be obtained from a study on
metal-carbonyl complexes. A lot of these complexes are

commercially available and now widely used as starting

_1_



compounds to synthesize other complexes especially involving
lower oxidation states. The schematic diagram for the
formation of the metal-carbonyl bond and the relative energy
levels of the molecular orbitals are as shown in Figures [1-1]

and [1-2] respectively.

JU

LR

N& 2
2 SN

Figure [1-1] Schematic diagram of metal-carbonyl

interaction

The objective of the present study is to investigate some
characteristic features of complexes in solution involving
metals and T -acceptor ligands. These features include
spectroscopy, kinetics, and solvation. In general, our study
focuses on the complexes which are mainly classified into
three groups depending on a type of T -acceptor ligand as well
as metal present. The first group, which makes a large
contribution to the present study, consists of metal-d® and
® -diimine ligand complexes. The majority of them are
concerned with molybdenum(0), with a very limited number of

manganese(I) complexes. The second group involves the
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Figure [1-2] Energy level diagram for the molecular
orbital in an octahedral complexes where T(-bonding

occurs.

complexes which are normally known as metallocene dichlorides,
M(Cp)2C12. The system of these complexes is totally different
from the first in that their ™ -acceptor ligand,
cyclopentadiene (Cp), and chloride atom are bonded to metal
atom with low d-electron density but high formal charge;
titanium(IV)-dO, vanadium(IV)-d! and zirconium(IV)-d®. The
study of the behaviour of these complexes mainly concerns
reactivity in substitution of chlorides. Details of reactions
of these complexes are discussed in Chapter 8. The third group
is identified as binuclear complexes with TC-acceptor bridging
ligands such as pyrazine, 2,2'-bipyrimidine, etc with
metal-d®. In many cases, such complexes provide a system in
which the intramolecular elecron transfer process can take

place as described in the last chapter of this report.



1-2. Metal-Diimine Complexes

Diimines are a group of compounds which are usually
considered as good M -acceptor ligands§ The most common forms
are &-diimines. These compounds have a basic structure as
shown in 1 in which two nitrogen atoms are separated by two

carbon atoms. There are two type of bonds, o and W s

N~/
roN
—/N N—
1

present in the system which make it different from ordinary
amines (i.e. only O -bond present). Many of these compounds
have been identified; all of them are potentially bidentate.
Examples of such compounds include 1,10-phenanthroline, 2?
2,2'-bipyridine, 3§ and Schiff bases such as

5,6
pyridine-2-ketone derivatives, 4; and 1,4-diazabutadienes, 5.

N\ N/
2 3
’ R, R,,
N N/
, /C—C\
N QN'—R R_N/ \N._R

R = H, Alkyl,or Aryl R=H, Alkyl, or Aryl
R’=H, Alkyl; or Aryl R’=H, Alkyl, or Aryl
R”=H, Alkyl, or Aryl

4 5



In general, we can classify all these diimine compounds

into three groups depending on two, one and no ligating

nitrogens incorporated into aromatic rings. Thus

1,10-phenanthroline and 2,2'-bipyridine are included in the

first group. Most of which are commercially available. The

second and third groups consist of series of structures 4 and

5 respectively. Both groups can be prepared by condensation of

pyridine-2-ketone, pyridine-2-aldehyde, or 1,2-diketones with

amines according to the equations below;

%*
N /R
H — +
+ NH2R “N/]_C\\N-R H20

pyridine-2-ketone

" C C/R 2 R R’\ "
- +* 2NH2R ——> cC—C +2H
/ \ y, 20
g 0 R-N" “\-R
"diketone"
»*

1f R= H is called pyridine-2-aldehyde.

[1-1]

[1-2]



The ligand has the lowest unoccupied molecular
orbital,T(i whose orientation and energy are suitable to
interact with tzg—orbitals of metals in octahedral
coordination to form metal to ligand back donation.! Previous
studies have shown that these compounds give stable complexes

with metal-d® including iron(II)® and ruthenium(1r)°:1°

(group VIIIB), chromium(0), molybdenum(0) and tungsten(O)ll'13

(group VIB) and manganese(I)!%"1°

(group VB). The complexes are
low-spin and diamagnetic. In solution, they give very intense
colour in solution. All these behaviours are associated with
back bonding interactions.

In the present work, we shall undertake to study the
behaviour of metal-diimine (neutral) complexes mainly
involving molybdenum(0). The syntheses of the complexes are
previously reported - by refluxing Mo(CO)6 with the required

ligand in an inert solvent leading to replacement of two

carbonyl groups (Eq [1-3]).

Mo(CO), + NAN——)MO(CO)A(NAN) + 2CO .. [1-3]

Darensbourg and Kump17used a similar technique for monodentate
substituted ligands such as piperidine (pip) leading to

formation of cis-Mo(CO)a(pip)2 (Eq. [1-4]).

Mo(CO)g + 2pip-——9»cis-Mo(CO)4(pip)2 +2CO ce. [1-4]



This complex is rather labile and requires little energy to
break the metal-piperidine bond. The substitution process is
quicker, making cis-Mo(CO)a(pip)2 convenient to be used as a
starting compound, especially to prepare heat sensitive
complexes. In Chapter 2, we shall discuss the experimental
techniques leading to the synthesis of a series of
molybdenum(0) diimine complexes. The complexes are stable in
inert solvents (e.g. toluene, benzene, heptane etc) but
quickly decompose upon exposure to light (photo-sensitive). In
highly polar solvents the complex steadily solvolyse. Kinetics
of the nucleophilic attack by incoming ligands such as
cyanide, hydroxide, and substituted phosphine on this complex
are found to suggest SN2 mechanism® Our kinetics
measurements, discussed in Chapter 5, show that the rate of
the reaction involving cyanide attack varies according to the
diimine and solvent present.

The complexes exhibit a very intense band in the visible
region which is associated with metal to ligand charge
transfer. The solvatochromism of the band attracted great
interest of among researchersl?:1%-2%hese charge transfer

’

22,23
spectra are also pressure and temperature dependent. Several
other features which are related to the properties of the
complex in solution can be obtained from measuring the

24,25 )
stretching frequency of the carbonyl (Infrared technique),
1 13 95 ) . ) 25,26

H, C and Mo chemical shifts (NMR technique) and
solubility. It is found that all those features show similar
behaviour; sensitive to solvent. We regard the effect as the

result of a variation in solvation of the complex in different

solvents.



1-3. Kinetics and Solvation

Following the development of kinetic theory, several
information about the characteristic behaviour of reacting
molecules in solution can be estimated. In earlier work,
people have used only the classical rate law to predict the
mechanistic character of the substitution reaction. It is
known that there are two types of mechanisms established for
substitution reactions, unimolecular and bimolecular. As an

example, we consider the reaction of Equation [1-5] below,

A + B —» product e.. [1-5]

The reaction has a first order rate law if the rate of the
reaction is proportional to a concentration of one of the
reactants (e.g. A ) or a second order rate law if the rate is
proportional to both (e.g. A and B). A first order rate laws
are often associated with unimolecular, second order with
bimolecular, proceses. Based on transition state theoryf7 the
unimolecular process is defined as in which only one reactant
is involved in forming the activated complex, whereas in
bimolecular process both reactants come together to form the
activated complex. The rate of the reaction depends on the
rate for the activated complex to reach the top of energy
barrier (transition state).

In some cases, especially for the reaction where one of

the reactants (e.g. B in Eq.[1-5]) always appears in excess,

-&-



such as in aquation and solvent exchange processes, it is not
possible to establish the order with respect to [B] directly.
The estimation of the mechanism based only on rate law leads
to uncertain results. Therefore many of the predicted
mechanisms are now supported by information from activation
parameters, especially AS* and AVJf as well as .AH* and AG+.
These parameters, which are derived from transition state
theory, explain the intrinsic difference between physical
behaviours of the reacted molecules ( initial state) to form

the activated complex (transition state), [Eq. 1-6].

Ax* = X - X o o [1-6]

In this case, two physical changes are normally taken into
consideration. The first involves the change of the order
(i.e. its degree of distribution) and the other includes the
change of the size. The former corresponds to the value of
AS1:whereas the latter is associated with AV*. Schematic
diagrams showing these changes are illustrated in Figure

t and AV+ are

[1-3]. In many cases, negative values of AS
said to indicate associative (bimolecular) processes, whereas
positive values correspond to dissociative (unimolecular)
processes.

In practice both parameters can be directly determined.
For entropies, the values are readily obtainable from the

temperature variation of the reaction rates by using the

Arrhenius Equation and transition state theory. Volumes of

-9-—



(a) 4

Initial state Transition state

Figure [1-3] Physical changes on transition state

formation for (a) dissociative and (b) associative !

activation are determined by pressure variation of rate of the

reaction according to Equation [1-7] below:

d Ink AV
[1-7]

dp RT

In general, establishing the pressure variation on rate is
technically more difficult but the A V » obtained from this
experiment is rather easier to visualise. Experimental
determination and calculation of AV” are explained in Chapter
2.

Information from activation parameters has also been used

to interpret the solvent effect on reactivity of a particular

-10-



reaction. The most common is AGJf because it has a direct
relation to rate constant. Previously, analysis of solvent
effects on rate constants was carried out by comparing with
solvent parametersi&34but the technique does not show any
relation between rate constants and the behaviour of the
reacting molecules on moving from one solvent to another. A
recent trend of interpretation of solvent effects on rate
constants is carried out by analysing into initial-state and
transition state contributions#ﬂ36Ana1ysis using this
technique can also tell us which of the reactants, for example
in bimolecular process, where two reactants are involved in
contributing to transition state, is the most influential ip
determining the direction of the rate. In Figure [1-4] we
summarize three possible situations of AGT for a particular
reaction on changing to another solvent related to the initial
and transition states. The first (Figure [1-4](a)) shows how,
on going to a second solvent, an increase in rate constant
(i.e. AG+ decrease at constant temperature and pressure) can
stem from either (i) a destabilization of both states with the
initial state being destabilized to a larger extent or (ii) a
stabilization of both states with the transition state being
stabilized to a larger extent. In the second (Figure [1-4](b))
we show that on going to a second solvent the rate constant is
unchanged but changing the initial state-transition state
trend either (i) both states are equally destabilized, or

(ii) both states are equally stabilized. Finally Figure
[1-4](c) shows two cases where on changing the solvent,
initial states and transition states are affected differently

t

leading to either (i) an increase or (ii) a decrease in AG .

_1 1_



(a)

ts

(C) * ¥
Ac?*
18
(D REFERENCE . (ili) .
new solven SOLVENT ne solven

Figure [1-4] Formalised representation of the effect of
the solvent on the activation Gibbs function,ZlG*, and the
initial state and transition state; (a)AG+ decreases as a
result of (i) destabilization and (ii) stabilization of
both states; (b)AG+ unchanges.for both states are

(i) destabilized (ii) stabilized; (C)AG+ (i) increases and
(ii) decreases as a result of differing effects of solvent

on initial and transition states.

-12-



However, in order to do a complete analysis several
requirements have to be fulfilled. These include the
establishment of mechanism of a reaction and thermodynamic
information (i.e. transfer chemical potential) of the initial
state (based on a total of a transfer chemical potentials of
all reactants which are contributing to the transition state).
The mechanism can be estimated as described earlier whereas
the latter is determined separately by several methods. The
most common is by measuring solubility. Some experimental
techniques and calculations of transfer chemical potentials
are given in Chapter 4. In some cases, even though the
transfer chemical potentials are difficult to determine, we
shall see later that the kinetic trends of the reaction are
relevant to the expected pattern of solvation of the most

influential reacting compound in the initial state.

13—



1-4.

10.

11.
12.

13.

14.

References

. H. B. Gray and N. A. Beach., J. Amer. Chem. Soc., 85,

2922 (1963)
F. A. Cotton and G. Wilkinson,'Advanced Inorganic

Chemistry'", 4th Edit., Wiley, 1980, p. 632.

. G. Wilkinson, F. G. A. Stone and E. W. Abel (edts.),

"Comprehensive Organometallic Chemistry'", Pergamon Press,

Vol: 3, 1982, p. 872.

. W. R. Mcwhinnie and J. D. Miller, Adv. Inorg. Chem.

Radiochem., 12, 135 (1969).

. A. T. T. Hsieh and B. 0. West, J. Organomet. Chem.,

112, 285 (1976).

. J. M. Kleiyman and R. K. Barnes, Tetrahedron, 26,

2555 (1970).

. J. Reinhold, R. Benedix, P. Birner and H. Hennig,

Inorg. Chim. Acta, 33, 209 (1979).

. A. A. Schilt, J. Amer. Chem. Soc., 82, 3000 (1960)

. J. N. Braddock and T. J. Meyer, J. Amer. Chem. Soc.,

95, 3158 (1973).

J. B. Godwin and T. J. Meyer, Inorg. Chem., 10, 471
(1971)

M. H. B. Stiddard, J. Chem. Soc., 4712 (1962)

H. tom Dieck and I. W. Renk, Angew. Chem. Internat. Edn.
5, 520 (1966).

E. W. Abel, M. A. Bennett and G. Wilkinson, J. Chem.
Soc., 2323 (1959) <

E. W Abel and G. Wilkinson, J. Chem. Soc., 1501 (1959).



15.

16.

17.

18.

19.

20.
21.

22.

23.

24,
25.

26.

27.

28.

G. Schmidt, Diplomarbeit, Technische Hochshule,
Darmstadt, 1985.

A. G. Osborne and M. H. B. Stiddard, J. Chem. Soc., 4712
(1962)

D. J. Darensbourg and R. L. Kump, Inorg. Chem., 17, 2680
(1978)

M. J. Blandamer, J. Burgess, J. G. Chambers and A. J.
Duffield, Transition. Met. Chem., 6, 156 (1981).

H. Saito, J. Fujita and K. Saito, Bull. Chem. Soc. Jap.,
41, 863 (1968).

J. Burgess, J. Organomet. Chem., 19,218 (1969).

J. Burgess, J. G. Chambers and R. I. Haines, Transtion
Met. Chem., 6, 145 (1981).

H. -T. Macholdt and H. Elias, Inorg. Chem., 23, 4315
(1984).

H. -T. Macholdt, R. van Eldik, H. Kelm and H. Elias,
Inorg. Chim. Acta, 104, 115 (1985)

D. M. Adams, J. Chem. Soc., A, 87 (1969)

J. A. Connor and C. Overton, J. Organomet. Chem., 282,
349 (1985)

A. F. Masters, R. T. C. Brownlee, M. J. 0'Connor,

A. G. Wedd and J. D. Cotton, J. Organomet. Chem.,

195, C17 (1980).

A. A. Frost and R. G. Pearson,''Kinetics and Mechanism",
2nd Edit., Wiley, 1961

E. D. Hughes and C. K. Ingold, J. Chem. Soc., 244 (1935)



29.

30.

31.

32.

33.

34.

35.
36.

K. A. Cooper, M. L. Dhar, E. D. Hughes, C. K. Ingold,
B. J. MacNulty and L. I. Woolf, J. Chem. Soc.,

2043 (1948)

G. Scatchard, Chem. Rev., 8, 321 (1931).

K. J. Laidler and P. A. Landskroener, Trans Faraday
Soc., 52, 200 (1956)7

E. Grunwald and S. Winstein, J. Amer. Chem. Soc., 70,
846 (1948)

S. Winstein, E. Grunwald and H. W. Jones, J. Amer.
Chem. Soc., 73, 2700 (1951)

A. H. Fainberg and S. Winstein, J. Amer. Chem. Soc.,
78, 2770 (1956)

A. J. Parker, Chem. Rev., 69, 1 (1969)

M. J. Blandamer and J. Burgess, Coord. Chem. Rev.,

31, 93 (1980).



CHAPTER 2

Experimental



2-1. Preparations

In this section we shall only deal with techniques in the
preparation series of molybdenum(0) diimine complexes. The
preparations of other complexes are given in their respective
chapters. A general preparative outline for these complexes is
shown in the Scheme [2-1]. Details are given later in this

Chapter.

cis—Mo(C0)4L2

S~

cis-Mo(CO), (pip), == Mo(CO), (N N)

”~~
ﬁia///ﬂ ‘/////Ezg’///)v
Mo(CO)6 .
A~ AN

N NN

~ N
fac-Mo(CO)3(MeCN)§-§—5>Mo(c0)3(N”N”N)

fac-Mo(CO)3L3

Scheme 2-1



A series of molybdenum(0) diimine complexes, Mo(CO)4(NAN), can
be synthesized by two routes. The first is direct from
molybdenum(0) hexacarbonyl, Mo(CO)¢, and the second is via
cis—Mo(CO)a(pip)z{ The direct synthesis from Mo(CO)g is
rather slower; it requires a large energy for substitution to
take place. In all cases, the reaction is carried out by
refluxing the mixture of Mo(CO)6 and appropriate diimine

ligand in an inert solvent such as heptane or toluene ?

Mo(CO), + N N ——>M0(CO) (N I) + 2€0. ool [2-1]

The second synthesis is rather quicker. This is because the
complex cis-Mo(CO)a(pip)2 is labile; two molecules of
piperidine are easily replaced by a diimine ligand even under
mild conditions. A similar approach is also applied to
preparing Mo(CO)3(NhN,N) complexes from fac-Mo(CO)3(MeCNY§?
The second method has been used rather widely to synthesize
the present complexes.

Several diimine compounds have been used in this study.
Some are available from commercial sources, while others are
prepared by condensation of pyridine aldehyde or ketone, or
diketone with amines as described in Chapter 1. Unfortunately,
some of them cannot be isolated. This group of diimine ligands
are usually prepared in situ during the preparation of the

corresponding molybdenum complex.



(i) Diimine Compounds

(a) Diacetyl-bis-N-phenylimine (dab)

CQE q<3
C=0 C=N-C H,
| + 24 N-CH_Z —> | + 2H,0
C=0 2 65 C=N-C H, 2
c// 6/
Hy Hy

In a 100 cm3 Quick-fit round-bottomed flask fitted with a
reflux condenser, 4.15 cm3 (46 mmol) aniline and 2 cm?
(23 mmol) of diacetyl (2,3-butadione) were dissolved in 50 cm3
of iso-propanol. The reaction mixture was refluxed for about
four hours. Then the reaction mixture was concentrated to
one-third of its volume by using a rotary evaporator. The
mixture was cooled overnight at about -5°¢C producing a yellow
precipitate. The precipitate was twice recrytallized from
iso-propanol to form slightly yellow plate-like crystals. A

similar method has been used to synthesize other ligands

involving diacetyl and several aniline derivatives.
(b) Glyoxal-bis-N-phenylimine (gpi)

To an evaporating dish containing 3.5 cmd (22 mmol) of
glyoxal (in 40% water) was added dropwise 4 cm3 (44 mmol)

aniline with continuous shaking. The reaction is exothermic

and within a few minutes a yellow sticky solution was formed

-19-



which finally turned solid. The product was cooled in ice and
then the solid was scratched out, ground and washed with water
(by decantation) to eliminate excess of glyoxal. The solid was

then dried in a vacuum desiccator.

(c) 2,6-Diacetylpyridine-bis-N-phenylimine (dappi)

Me N Me Mg | N /Me

\C , / C/ + 2NHoPh  — C N? C\ +2H20
s NN 4 “N-Ph

0 o Ph-N N

2,6-diacetylpyridine dappi

In a 100 cm3 Quick-fit round-bottomed flask fitted with a
reflux condenser, 1.8 g (11 mmol) of 2,6-diacetylpyridine and

2 cm3 (22 mmol) of aniline were dissolved in 50 cm3

of
iso-propanol. The reaction mixture was refluxed for about half
an hour. Then the reaction mixture was concentrated to 1/2 of
its volume by using a rotary evaporator. The mixture was
cooled in ice; a greenish-yellow precipitate appeared. The
product was filtered and washed twice with 5 cm3 of
iso-propanol and dried in vacuum desiccator. This method was
also applied in preparing ligands involving

2,6-diacetylpyridine and other aniline derivatives.

—20—



(ii) Molybdenum(0) Complexes

(a) cis-Tetracarbonylbis(piperidine)molybdenum(0);

cis-Mo(CO)a(pip)2

Mo(CO)6 + 2pip ———a»cis-Mo(CO)A(pip)2 + 2CO

Two grams of molybdenum(0) hexacarbonyl (Aldrich) and 5

3 3

cm” of piperidine were refluxed in 25 cm” of heptane for four
hours, during which time the bright yellow product
precipitated from the solution. The reaction mixture was
filtered hot to remove any heptane-soluble Mo(CO)S(pip). The
isolated yellow solid was washed with cold heptane, dried and
kept in a vacuum desiccator in the dark.

Analysis : Calculated %C = 44.44, 7H = 5.82, 7N = 7.41
Observed %C = 43.95, %H = 5.87, %N = 7.48

(b) fac-Tricarbonyltris(acetonitrile)molybdenum(0);

fac—Mo(C0)3(MeCN)3
The fac-Mo(CO)3(MeCN)3 was prepared by refluxing a

certain amount (3 g) of Mo(CO)6 in excess (30 cm3) of

acetonitrile for about 3-4 hours under nitrogen.

Mo(CO)6 + 3MeCN -——I>fac-Mo(CO)3(MeCN)3 + 3CO

-21-



The reaction mixture was concentrated to half its volume
by using a rotary evaporator and then saturated again with
nitrogen. The solution was cooled in ice. Colourless crystals
of fac-Mo(CO)3(MeCN)3 were collected. The solution was quickly
filtered, and the solid was dried in a vacuum desiccator. The

crystals was kept free from air and light.

(c) Tetracarbonyl(2-benzoylpyridine-N-

phenylimine)molybdenum(0) ; Mo(CO)4(bppi)

|\ h Yy Ph
+ NHoPh —mm> 2—C + H,O
0 SN-Ph 2
N  Pph
C/ph +cis-Mo(C0)4(PiP)2——> ' , C/ +2pip
SN-Ph ¥ SN-Ph
AN /'
Mo
(CO)4
In a 200 cm3 conical flask 1 g of 2-benzoylpyridine and

3 3

0.5 cm” of aniline were dissolved in 75 cm” of iso-propanol.
The mixture was then heated on water bath for about 30
minutes, resulting in the formation of a yellowish solution.
To the hot solution 1.5 g of cis-Mo(CO)A(pip)2 was added
slowly with continuous shaking. A red colour was immediately
appeared. The solution was heated on a water bath for another

30 minutes and was left to cool overnight at room temperature.

A black solid, Mo(CO)A(bppi), was collected by filtration. The
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collected Mo(CO)q(bppi) was not pure. Further
recrystallization was carried out by dissolving in large
quantities of toluene and then slowly evaporating off the
solvent at room temperature. The complex was washed with
diethyl ether and dried in a vacuum desiccator.

Analysis: Calculated %C = 56.65, %ZH = 3.00, %N 6.01

Observed %C = 56.20, %H = 3.19, %N 6.13

This procedure has been used to synthesize the majority
of other molybdenum(0) tetracarbonyldiimine complexes,

especially those of diimines prepared in situ.

(c) Tetracarbonyl-butane-2,3-dimethyliminemolybdenum(0);
Mo(CO)a(bmi)

To a 100 cm3 Quick-fit flask was added 0.7 cm3

3

of
2,3-butadione and 0.85 cm~ of methylamine (40% in water) in
50 cm3 iso-propanol. The mixture was heated on water bath for
5 minutes and then 1.5 g of cis-Mo(Co)A(pip)2 was slowly
added. A red colour immediately appeared. The solution was
refluxed at solvent boiling point for about half an hour,
leaving a dark concentrated solution which was then left to
cool overnight at room temperature. A clean black crystalline
product slowly precipitated. The product was filtered,and the
collected solid washed with ether and dried in a vacuum
desiccator.

37.52, 7H

3.78, %N = 8.75

Analysis: Calculated 7%C

Observed %C 8.76

I
il
It

37.52, %H 3.81, %N

IR(l%_O): 2020, 1917, 1865, and 1815 c:m'1 (in KBr).

1H (CDC13):.3.75 and 2.20 (1:1 intensity)
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2-2+ Kinetics at High Pressure

(a) Operating Section

The schematic diagram for the high pressure kinetic
apparatus used in this work is as shown in Figure [2-1]. For
convenience, we shall divide the operating technique into

several sections as follows:
(i) Preliminary Checking

Before the measurements are carried out several important
points related to the work have to be done and checked:

(1) Turn on relay and heater for bath, with bath full of
water

(2) "Bleed" the system to ensure that no air is in the
line (i.e. turn on water and run through apparatus).
Leave main water tap opened but closed tap E.

(3) Check nitrogen cylinder before use to ensure

sufficient supply for entire run.
(ii) Filling Procedures

The required concentrations of all reacting solutions
were prepared separately so.that the volume should be about
150 cm3 (the minimum volume required for every run). All
solutions were placed into the thermostatted bath at a
measured temperature before use and then mixed in a container
such as a 250 cm3 conical flask. After thorough mixing, the

solution was poured into the metal cell which was filled to
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the top (it is best to have the metal cell at room temperature
and standing on absorbent paper). Wet the sides of the
plunger, including the black O-rings, with the test solution.
Push in the Teflon plunger with even hand pressure.
Considerable force may be required to push the plunger into
the cell past both rings. If additional force is necessary
place a wooden block squarely on top of the plunger, and use a
large spanner to strike the block with vigour. After several
repetitions of this, the plunger should fit firmly. Place the
small O-ring on the top of the remaining cell assembly. Invert
the filled cell and fit on to cell assembly. Place the whole
cell and valve assembly into the apparatus and tighten down
the cell. Valve C should be opened to prevent any air bubbles
being trapped. Now close valve C, turn on water tap E and
nitrogen supply (tap A), giving the gas pressure about

50 1b/in2. Turn on tap B (clockwise) to required pressure on
gauge, at the same time starting the clock. Aliquots of the
solution are withdrawn at required times by slowly opening
valve C. The measuring of the changes of concentration of
reaction mixture ( in this case by measuring absorbance using
a Pye-Unicam S.P. 8-100) is carried out soon after the
solution was drawn out. There is enough solution in the
reaction vessel for 9-11 readings per run.

At the same time the rate of the reaction is also
followed at normal pressure by taking some of the reaction
mixture solution. So, a reasonable interval for withdrawing
solution could be estimated and a direct comparison in rate

constants between both conditions obtained.
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(iii)Shutting down

When all the sampling is completed, the first task is to
remove the source of pressure on the water which is
pressurising the cell. Close off the nitrogen supply by
closing tap A. Turn tap B anticlockwise until the small gauge
(above tap B) reads zero. By now no further pressure could be
put on the system, but there is still pressure in the cell.
This is released by carefully allowing the solution to pass
through valve C. When the large gauge reads zero, the pressure
in the cell has become atmospheric. Close tap E. The cell may
now be unscrewed, if necessary using water pressure by turning

on tap E. Close all water taps.
(b) Calculation of Volumes of Activation

Volumes of activation were estimated by plotting

logarithms of the ratio of rate constant at pressure, kp’
the rate constant at 1 atm (kp/kl) against pressure. Since our

to

results are not precise enough to detect any (small)
curvature, such plots are normally assumed to be a straight
line passing through the origin. The slope was used to

evaluate the volume of activation from the equation S

d In k 4
RT| —— | = - AV
dp T

For all reactions the pressures used were 340, 680 and 1020

atmospheres (345, 690, and 1035 bars; 5000, 10000, and 15000
1b/1in?.
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CHAPTER 3

Spectroscopic Studies on
Tetracarbonyldiiminemolybdenum(0) Complexes,

~~
Mo(CO)a(N N)



3-1. Introduction

Studies on the properties of the M(CO)6_2x(NAN)x
complexes, where M = Cr, Mo and W, N N = bidentate diimine
ligand and x = 1 or 2, by uv-visible and infrared spectroscopy
have been widely reported but very little by NMR techniques.
Behrens and Harder' first discovered the formation of the
intense charge transfer spectra of M(CO)Z(NAN)2 where M = Cr,
Mo or W and NN = 2,2'-bipyridine (bipy) or
1,10-phenanthroline (phen). They found that the charge
transfer band ()\max) is sensitive to the solvent (i.e.
solvatochromic). Later on several other investigations have
been carried out to study the effect on other ternary
complexes involving Group VI metal carbonyls?'7 Most of them
concluded that the charge transfer spectra of the complexes
always show solvatochromism which is already well-known for
T-conjugated organic compounds. Theoretical interpretations on
the basis of the electrostatic model on the latter compounds
by several workers seem quite successfuls.’9 Saitoloused this
concept to explain the effect on the coordination compounds,
M(CO)A(NAN). He assumed that the solvent molecule interacts
with the complex through the carbonyl group, which leads to

changes in the metal-diimine charge transfer energy. This

argument is in agreement with the result of relatively large

14,15

solvent effects on Fe(CN)a(bipy)z' 11"13ar1d Fe(CN)Z(bipy)2

and the very small effect on Fe(bipy)§+.16

Adams’ monitored the effect of solvent and ligand L on
the carbonyl stretching frequency of Mo(CO)6_X L, and found
that it is dependent on both solvent and ligand L. He
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postulated that the changes are closely related to charge
distribution in the complex. Such changes may be clearly
observed when we study some individual nuclei NMR of the
complex.

Our aim here is to ascertain some of the effects which
influence the charge transfer spectra, stretching frequency of
carbonyl, and chemical shift of NMR of several nuclei of
Mo(CO)A(NhN) complexes. The diimine group , ﬁNN, in the
complex can be classified, basically, into two types;
aliphatic and aromatic. The detailed description of these
ligands is discussed in Chapter 1 and the preparation of their

corresponding molybdenum complexes is detailed in Chapter 2.
3-2. Experimental

All tetracarbonyldiimine derivatives of molybdenum(0)
were prepared from the tetracarbonylbis(piperidine) complex as
described in Chapter 2. The uv-visible spectra of all
solutions at room temperature were run on a Pye-Unicam SP 800
recording spectrophotometer, whose wavelength calibration was
checked periodically using the holmium glass filter supplied
by the manufacturer. Variable temperature and pressure
uv-visible spectra were kindly undertaken by R. van Eldik of
Frankfurt University. The infrared spectra of the complexes in
potassium bromide discs and in solution were monitored using a
Perkin Elmer 580. The proton NMR spectra were measured using
TMS as reference. !3C NMR was determined using a Bruker AM 300
(75 MHz) and °°Mo NMR spectra were carried out at the

University of Warwick by O. Howarth.
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3-3. Charge Transfer Spectra

The charge transfer band for these complexes is very
intense in the visible region. The existence of the band
corresponds to the lower electronic transition energy, which
has been identified as arising from charge transfer from
tpg-orbital of metal to n*—orbital of ligands; that is metal -
ligand charge transfer (MLCT) spectra. The assignment was
based on the low intensity of spectra in the visible region of
complexes containing analogous ligands such as ethylenediamine
(en) and diethylenetriamiine (dien), where the extreme1y4high
energy level 0'*—orbital is the lowest unoccupied orbital in
the molecule. The molecular orbital description of these
complexes is, similar to metal-carbonyl complexes, given in
Chapter 1. The low intensity band is due to a d-d transition.
It is found that the wavenumber of maximum absorption,‘b;ax,
of charge transfer varies considerably with the nature of the
diimine ligandja'l%rganic solvent§P-23and other physical

24 .
changes such as pressure and temperature. These variables

will be discussed separately in the following sections.
(a) Ligand Effect

Wavenumbers of the charge transfer band of several
tetracarbonyldiiminemolybdenum(0) complexes have been recorded
and are listed in Table [3-1]. It is found that the wavenumber
of maximum absorption of charge transfer varies with the

nature of the diimine ligand. The results indicate that, in
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the majority of solvents, the wavenumber of maximum absorption

of the complex increases in the presence of the diimine ligand
as follows:

bipy > apmi, 1 > appi, 2 > bmi, 3 > gmi, 4 >

dab, 5 > gpi, 6.

Perhaps we can suggest that the most significant factor

influencing the trend is given by the ''sub-group'" such as

pyridyl, methyl, phenyl etc, present in the ligand

N , R R’
| \C C/
p —_—
YN-R .
R-N_ Nn-R
1. R= R’:Me R »
) 3. R=R=R=Me
2. R=Me;R=Ph , »
4. R= R=H; R=Me
5. R=R’=Me; R’:.-.;Ph
6. R=R=H; R'=Ph
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The higher wavenumbers of maximum absorption reported for the
complexes with bipy and with apmi suggest that the aromatic
pyridyl group gives the strongest effect, followed by methyl,
phenyl and hydrogen.

A more detailed explanation of this trend has to take
into account several factors. In all cases, these changes are
related to factors influencing the energy level of the
tzg-orbital of the metal and MLCT excited state orbital in the
complex. The energy required depends on the size of the energy
separation between the two orbitals. If the ground state
orbital (tZg) is stabilized while the MLCT excited state is
highly destabilized the largest shift to higher wavenumber
(blue shift) is reported. Similarly, if the ground state is
destabilized while the excited state is highly stabilized the
largest shift to lower wavenumber (red shift) resulted.

The molecular orbital energy diagram described in Figure
[1-2] shows that the energy level of the MLCT excited state is
associated with the lowest unoccupied molecular orbital ()
of the diimine ligand. The result established that the lowest
unoccupied molecular orbital (t") of the diimine ligand is

increasingly stabilized as followsl®: 19

gpi > gmi > bmi > apmi > bipy .

The trend indicates that the T ~ molecular orbital of an
aromatic diimine ligand will always be more destabilized than

an aliphatic one.
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The energy level for the tzg-orbital of a metal in
Mo(CO)a(N”N) complex has not yet been established. But we
estimate that this energy level will be stabilized as the
complex becomes. more stable. This possible relationship is
explained according to the crystal field stabilization energy
of the complex. Since the number of electrons occupying the

t, -orbitals are equal, the stabilization energy is only

29
determined by the energy level of these orbitals.

The kinetic study of Mo(CO)A(N’N) complexes discussed in
Chapter 5 shows that the inertness of a complex with an
aromatic diimine ligand is higher than that of an aliphatic
one. This observation suggests that the tzg—orbital will be
more stabilized in the aromatic complex. In conélusion, in an
aromatic complex the energy level of the MLCT excited state is
relatively destabilized while the tzg-orbital is stabilized
which leads to a shifting of the absorption to higher
wavenumber. The largest blue shift reported, for the
Mo(CO)4(bipy) complex, is a good example to illustrate this.
The ligand 2,2'-bipyridine (bipy) is aromatic. It gives a
large transition energy which corresponds to the ground state
and excited state of MLCT respectively being stabilized and
destabilized a lot. Similarly, the largest red shift, for the
Mo(CO)a(gpi) complex, is related to a small energy gap between
the two orbitals involved. The relative lower stability of the
complex and the lower energy of the unoccupied molecular
orbital of the ligand supports the results observed. A general
picture of the changes of the energy level of the orbitals is
given in Figure [3-1].

The effect of the substituent group, X (including
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hydrogen, methyl, methoxide, and chloride) present in the
diimine ligand, as shown in 7, indicates é strong contrast
with effects reported on Mo(CO)4(4,4'-XX-2,2'-bipy)20and
Mo(CO)A(X—phen)zacomplexes. It is found that the substituent
groups have little effect on charge transfer bands. Presumably
those groups have relatively similar strengths in influencing

the electron density in the diimine system.

to

Aromatic Aliphatic

Figure [3-1] Schematic qualitative representation of energy
level diagram for the formation of metal to ligand charge

transfer (MLCT) spectra.
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We have tried to study the charge transfer spectra of
complexes with a stronger electron withdrawing group such as
NO2 or COOH. Unfortunately, these types of complex are very

unstable and not possible to be isolated.

o) C:}_«E}

(b) Solvent effect

The effects of solvent on the charge transfer spectra of
several Mo(CO)aﬂNAN) complexes, where NN =
1,10-phenanthroline, 2,2'-bipyridine and
2,2'-bi(4H-5,6-dihydrothiazine) (btz; 8) have been recorded.
Similar observations are also reported for analogous complexes
with other diimine derivatives. Table [3-1] reports the
wavenumbers of maximum absorption for these complexes in
various organic solvents. The results show that the complexes
are significantly solvatochromic; their wavenumber of maximum
absorption increases as the polarity of the solvent increases.
The plot of wavenumber of maximum absorption against polarity
of solvent (the polarity of solvent is based on E, values of

T
Reichardtzswhich are measured from the charge transfer energy
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of an aromatic betaine) gives two separate lines as shown in
Figure [3-2]. The wavenumbers of maximum absorption of the
charge transfer bands of these complexes distinguish two
different types of solvents, namely protic and aprotic. The
protic solvents normally consist of alcohols and those that
are able to form hydrogen bonds, whereas aprotic includes
other organic solvents which have no potential to form
hydrogen bonds. The presence of a hydrogen bond in a protic
solvent decreases the effective polarity of the solvent in its
interaction with the complex.

The relative solvent sensitivities of the complexes can
be estimated roughly from the slope of this plot in which a
higher slope reflects a stronger solvent effect (Table [3-2]).
But, because this plot always gives two lines, it offers
little advantage to be used as a basis for comparison. The
alternative method used here is by comparing the absorption of
the complex in several solvents with those of one particular
complex as a reference. In the present case, Mo(CO)A(bipy) is
chosen as reference because studies on the charge transfer
band of this complex are well established. The plot of the
wavenumbers of maximum absorption of a given complex against
those for Mo(CO)A(bipy) always gives a single straight line as
shown in Figure [3-3]. The slope of the plot varies in the
range from 1.11 to 0.41 depending on the complex (Table
[3-3]). These extremes correspond to A'\)maX(CC14—D MeOH) of
2300 em~1 for Mo(C0), (bipym) (9) but only of 840 em~1 for
Mo(CO)4(gpi). These value may be used as a rough
representation of solvent sensitivity. These results show that

the solvent sensitivity of the charge transfer spectra is
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dependent upon the nature of the diimine ligand in the
complex. In general, these natures can be classified in three
groups, corresponding to the number (two, one, or none) of the
ligating nitrogen atoms incorporated into a pyridyl ring. The
first group, including the complexes of bipy, phen, and bipym,
have slopes of 1.00 to 1.11. Kaim's data for complexes in this
group, Mo(CO)a(NAN) with N'N = bpz (10), bpdz (11), bpm (12),
and bipym give slopes in the similar range 0.91 to 1.07 (3 or

4 solvents only).z6

Co~<>

— N= —

T 7
10 11
N\ ,
— — s
\Y 4 Z
N— 7 N’ N-R
12
13
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For the eight complexes in Table [3-3] of the type 13
with one pyridine ring incorporated into the coordinating
diimine moiety, recorded slopes of 0.88 to 0.98 are all just
less than the slopes for the first group of complexes with
two-pyridyl-diimine ligands. Several published sets of data
for other complexes of this group give slopes of similar
magnitude. For example, for the complex with R'=H, R=CH3C6H4,
the slope is 0.95 (16 solvents)g7 with R'=H and R=Ph, the
slope is 0.98 (two solvents)zeor 0.97 (7 solventsf? R'=H,
R=Et, the slope is 1.01 (seven solventsf? with R'=H, R= Pr,
the slope is 0.95 or 1.08 depending on the choice of solvent
pair 28430

Solvent sensitivity for complexes of the third group,
type 14, are summarized and compared in Figure [3-4], which
includes our results and values derived from published data.
It is apparent that for given R R , solvent sensitivities all
follow the same trend as RlR”vary,with RR=Me giving high
solvent sensitivity (strongly marked solvatochromism), Rﬁf:}{
considerably less mxiRﬁfQPh slightly less again. For constant

Rﬁfthere is a similar trend for varying RR :

* * *
Cx > Bu> Pr > Me > Bz > H > Ph

[4

The first four members of this series indicate the importance

of steric factors, while the sequence from methyl (Me) to

Tx = cyclohexyl; Pr = propyl; Bz = benzyl.
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phenyl (Ph) suggests that in the absence of steric factors,
electronic factors have a marked effect. For the latter
series, solvent sensitivities are less than for pyridine-ring
diimine complexes. They are also affected only a little by
interchange of RR and R'R"; for example, the solvent
sensitivities for Mo(CO)a(NhN) with NN = 15 and 5 are 0.55
and 0.67 respectively. It is interesting to note that the
solvent sensitivity of Mo(CO)4(btz), 0.82f lies with this
group of complexes rather than with bis-pyridine-ligand (bipy
and phen) group. Although btz has its donor nitrogen atoms in
heterocyclic rings (8), the diimine moiety is not incorporated
into aromatic rings.

The pattern of solvent sensitivities described in the
preceding paragraphs can be rationalised in term of the
relative W-acceptor abilities of the various types of ligands.
Solvent sensitivities increase as the W-acceptor potential
decreases; T -acceptor abilities are highest for diazabutadiene
ligands, lowest for bis-heteroaramatics such as phen and
bipy}9'3oThe steric factor noted above and apparent in Figure
[3-4] simply operates through the bulky groups R R
interfering with orbital overlap and thereby reducing
T-acceptor capabilities.

The discussion so far has been restricted to alkyl and
aryl groups attached to the diimine framework 16. It is
noteworthy that substitution in phenyl rings ( R) in compounds
of type 13 and 14 has very little effect on solvatochromic
properties. This is apparent from published data on glyoxal
derivatives (14 with RR:H and R=X—C6H4)5’7'32and from Table

[3-3], which shows that solvent sensitivities are unaffected
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within experimental uncertainty by the incorporation of para

-Me, -OMe or -F substituents into R=C_ H. in 13. Again

65
substituent effects are very small for 1,10-phenanthroline
4,23
derivatives Mo(CO)4(X-phen); it is only for the series

33
Mo(CO)4(4,4'—XX'-2,2'—bipy) that significant substituent

effects begin to emerge. However if one replaces R = alkyl or

aryl in 14 by, e.g., NMe OH, or NH then solvent

2° 2’
sensitivities increase markedly, to 0.93, 1.11 and 1.16

respectively for these three complexes?’32These effects are
comparable in magnitude to those caused by the presence of
bulky groups at RR in 14; effects on M-acceptor properties

must therefore be similar.

R R Ph Ph
c—c¢ Ne—c H
Vil - J
RN SR Me-N SN-Me —N N—
14
15 16
4
/ P\
(CO)4MO\
4 \§ \\ A
(CO)4 Mo: :Mo(CO)4
~ V4
/4 ’
U :MO(CO)4
17
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The greater delocalization in the terdentate ligand
derivatives Mo(C0) (NN N), with NN N derived from
2,6-diacetylpyridine and two molecules of aniline (Chapter 1),
does not affect solvatochromism behaviour greatly. The solvent
sensitivity for this complex, 1.12 (Table [3-3]), is only
marginally greater than that (1.06) for the bidentate analogue
Mo(CO)a(appi). Although increasing ligand denticity and
delocalization seem to have only a small effect on
solvatochromism, going from a mononuclear complex to a
binuclear complex with a bridging diimine (e.g. 17 and 18) has
a dramatic effect%934’3%his is consistent with comparable

observations in such systems as W(CO)_(pyz) and

5
(OC)SW(pyz)W(CO)S, where pyz = pyrazine.36 Further discussion
on solvatochromism of the binuclear complexes will be given in
Chapter 9.

The overall picture of the solvent effect on charge
transfer spectra can be understood by analysing the effect on
the ground state and excited state. By using the enthalpies of
solution and spectral data (Table [3-4]), the relative
solvation of both states are established as displayed in
Figure [3-5]. The trend indicates that both states are being
stabilized on going from a less to a more polar solvent.

Similar observations are also reported in mixed solvents;
in this case toluene-heptane and toluene-methanol. As
expected, the wavenumber of maximum absorption of charge
transfer of the complex increases as the percentage of the
more polar solvent in the solution increases (Table [3-5]).

The plot of wavenumbers of maximum absorption of charge

transfer against the percentage volume of solvent normally
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shows a curve increasing from heptane to pure toluene for
toluene-heptane and toluene to methanol for toluene-methanol
mixtures. Likewise in pure solvents, spectra are determined by
the nature of the diimine ligand. These changes are clearly

illustrated in Figure [3-6].
(c) Pressure effect

The pressure dependence of the charge transfer spectra of
several molybdenum(0) diimine complexes has been studied in
pure toluene and n-butanol at 25°C. The results, as shown in
Table [3-6] and Figure [3-7], are clearly piezochromic; the
wavenumber of maximum absorption of charge transfer increases
as the pressure increases. The effect may be explained by two
possible reasons. The first is associated with the changes in
the polarity of solvent upon varying the pressure%7 The
present result suggests that the polarity of the solvent
increases as the pressure increases which is in good agreement
with previously reported work. The second is based on the
argument that in complex molecules the ligand will come closer
to the metal atom as the pressure is raised and thus increase
the interaction between them.

The plot of wavenumber of maximum absorption of charge
transfer against pressure, as illustrated in Figure [3-8],
gives a straight line, whose slope varies from one complex to
another. The calculated slopes are also listed in Table [3-6].
In the following we shall consider the slope of the plot as
representing the relative strength of the effect. The results

clearly show that the pressure sensitivity of the charge
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transfer band varies according to the nature of the diimine
ligand present in the complex. It is found that a complex with
an aromatic diimine ligand gives a somewhat larger effect. For
comparison, in Table [3-6], we also include results of the
solvent dependence for corresponding complexes. The trends of
both effects are parallel. A plot between them is shown in
Figure [3-9]. It is disappointing that it cannot be determined
whether the correlation trend in toluene crosses the solvent
sensitivity axis or curves asymptotically to this axis at low
values of dV/dp. The only compound in this series which seems
likely to have the required lower sensitivity than
Mo(CO)A(gpi) is the parent diimine complex
Mo(CO)a(HN:CHCH:NH). The ligand, derived simply from glyoxal
and ammonia, appears to be known in the iron(II),
Fe(CN)4(HN:CHCH:NH)2*,38 anion and ruthenium(II),
Ru(en)Z(HN:CHCH:NH)2+39'4Ocation but unknown for molybdenum.
Our efforts to synthesize Mo(CO)a(HN=CHCH=NH) have so far been
unsuccessful.

For comparison, the correlation trend for pressure and
solvent sensitivity for n-butanol seems to show a line passing
through the origin. Presumably less pressure sensitivity in

n-butanol forces the line to cross closer the origin.
(d) Temperature effect

Charge transfer spectra of these molybdenum(0) diimine
complexes are also temperature dependent (thermochromic). The
effect is relatively small; 150-200 cm™ ) over 40°C. The

wavenumber of maximum absorption of the charge transfer band
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decreases as temperature increases, Table [3-7], in contrast
to the pressure effect. These changes probably follow from the
increasing polarity of the solvent as temperature increases,
or the ground state is destabilized due to lower stability of

the metal-diimine bond upon heating.
3-4. Stretching Frequency of Carbonyl in Mo(CO)a(Nﬁh)

Studies of the stretching frequency of the carbonyl group
in complexes of type M(CO)6-XLx’ where M = Cr, Mo or W, have

41
long been undertaken.

"% Values have been used to help in the
inference of the geometrical structure of the complex. The
changes in stretching frequency of carbonyl reflect the change
in charge distribution of the complex. For example, the steady
fall of the stretching frequency of carbonyl along the series
of Ni(CO0),, Cr(CO); and Fe(CO)Z‘ is consistent with an
increase in TU -electron donation from metal to carbonyl group.
A similar situation is also reported when some of carbonyl
groups are replaced by other ligands such as phosphines,
arsines, amines, sulphides, and isonitriles. It is found that
the stretching_frequency of carbonyl steadily decreases as a
result of a decreasing demand for metal dg -electrons }®

The present work is centered on monitoring the stretching
frequency of carbonyl of complexes of type Mo(CO)A(NAN), where
N N is diimine ligand. The objective is to assess solvation
effects. The geometry of the molecule indicates there are two
types of the carbonyl groups; carbonyl trans to diimine ligand

(trans-carbonyl) and cis to diimine group (cis-carbonyl). This

type of complex normally gives four stretching frequency bands
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(C2V point group). Orge14esuggested that two of the bands
correspond to the stretching frequency mode of cis-carbonyl;
assymetrical B1 and almost forbidden Al’ whereas the other two
are given by vibration of the trans-carbonyls which are
associated with stretching modes A, and B,. These stretching
modes are displayed diagramatically in Figure [3-10]. According
to Cotton and Kraihanzela,7 the stretching frequency of
cis-carbonyl should always correspond to a higher stretching

force. Therefore, the two highest frequencies of carbonyl are

regarded as being due to cis-carbonyl.

Iﬁgungﬁyloj’Fhecﬁbonylstnﬁchh@‘frequencies of MO(CO)A(NAN).

In the present, the study of the stretching frequency of
carbonyl in Mo(CO)A(NﬁN) has been carried out in two states.
The first is in the solid state using potassium bromide and
the other is in solution in the range of 2100-1700 cm™1. The
former may be useful in monitoring the effect of changing the
diimine ligand in the complex on the stretching frequency of
carbonyl whereas the latter is used to demonstrate the solvent
effect. The results as shown in Table [3-8] and Figure [3-11]
give of the stretching frequency of carbonyl of several

Mo(CO)4(NAN) complexes in the solid state. It is found that
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all four carbonyl stretching frequencies are clearly resolved
and vary from one complex to another. Figure [3-12] shows a
plot of those four stretching frequencies against the
corresponding wavenumber of maximum absorption of the charge
transfer spectra in methanol. The trend clearly demonstrates
that the two higher frequencies of carbonyl are almost
unaffected by changing the diimine ligand compared with the
other two bands. This observation suggests that changing the
diimine ligand in the complex has no significant effect on the
carbonyl stretching frequency of the cis-carbonyl. But the
situation is different for trans-carbonyls. It is found that
the carbonyl stretching frequency increases as the diimine
ligand has more demand for metal dyr-electrons. For example,
in the complex Mo(CO),(ppi), where the ligand ppi is
considered to be a good W -acceptor (Chapter 5), it attracts
more of the dy -electron density of the metal and thus reduces
the electron density in'ﬂ'-orbital of the carbonyl group trans
to it. Such rearrangement provides a stronger C-0O bond and
increases the carbonyl stretching frequency. Similarly the
lower carbonyl stretching frequency of Mo(CO), (bmi)
corresponds to the lower W -acceptor ability of the bmi
ligand.

In solution, the measurement of the carbonyl stretching
frequency was carried out on several complexes in various
organic solvents. These results, summarized in Table [3-9],
also show four bands. But, unlike in the solid state, the
second lower frequency band of carbonyl (Al) of most of the
complexes in highly polar solvents eventually forms a shoulder

to the second higher frequency band (B;) and vanishes in less
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polar solvents (Figure [3-13]). A similar observation is also
reported as we change the diimine ligand in the complex. In
this case, we found that the stretching frequency of carbonyl
in the A, mode tends to vanish in the presence of a stronger

T -accepting diimine ligand. The vanishing of the band is due
to the overlapping of the stretching frequency band of B1
mode. A plot of all four CO bands against polarity of solvent
(E; values of Reichardt)?® is shown in Figure [3-14]. The trend
clearly demonstrates that the two higher frequency bands of
carbonyl which have been assigned as the stretching
frequencies of the two cis-carbonyl are almost unaffected by
the nature of the solvent. The other two bands, which
originate from the trans-carbonyl, are markedly solvent
dependent. Our present results indicate that these two lower
frequencies steadily drop as the polarity of the solvent
increases. This behaviour probably follows from the increasing
interaction between a small negative charge on the carbonyl
oxygen with the highly polar solvent. This interaction léads
to a weakening of the C-O bond thus decreasing its stretching

frequency.

M-C=0 ...... solvent

However, the smaller decrease of the stretching frequency of
carbonyl of all the complexes in methanol relative to its
polarity suggests that the solvent sensitivity of the

stretching frequency probably distinguishes between the two
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types of solvents (protic and aprotic); similar to the effect
on charge transfer spectra. In another comparison of solvent
dependence, we can plot a graph of the stretching frequency of
the A} mode of trans-carbonyl of the complex in various
solvents against the corresponding carbonyl stretching
frequency of carbonyl for Mo(CO)Aﬂbipy), Figure [3-15]. The
plot gives a good straight line; slopes are summarized in
Table [3-10]. The results show that the solvent sensitivity of
the carbonyl stretching frequency for Mo(CO)A(gpi) are the
strongest (largest slope), on the other hand, poorest for
Mo(CO), (bipy) (smallest slope) compared to other complexes

studied here.
3-5. Nuclear Magnetic Resonance of Mo(CO)a(NAN).

So far we have seen that the solvent molecule has a great
influence on the electronic spectra and carbonyl stretching
frequencies of molybdenum(0) tetracarbonyl diimine complexes.
Since the effect is related to changes in charge distribution
in the complex, the solvent may also influence the nuclear
spin resonance of the complex. Connor and overton*®have
monitored the !H and 13C NMR of Mo(CO)4(4,4'-XX-2,2'-bipy),
where X is a substituent group like methyl, methoxy, chloride
etc, in two solvents, chloroform (CDC13) and
dimethylsulphoxide (DMSO-d6). They found the chemical shifts
to be solvent dependent. We now intend to examine the effect
involving three types of nucleus (", 13C, and 9%Mo) in
several solvents. The study will focus on one of the complexes

which is structurally simple, so that the problem of spectral
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complication can be avoided. However, NMR spectra of some
other complexes are also required in helping to assign the
resonances. The complex concerned is Mo(CO),(bmi) which has
the structure shown in 19, where the bmi ligand is thought to
be coplanar with the two carbonyls trans to it. The complex is
expected to have two pairs of equivalent methyl groups; one
pair bonded to carbon (C—CH3) and the other bonded to nitrogen
(N-CHB). Figure [3-16](a) shows a proton NMR spectrum of the
complex in CDC13 which clearly displays two equivalent
intensity signals at chemical shifts (8 ) 3.75 ppm and 2.20
ppm. In an attempt to identify the signals, we ran the proton
NMR of Mo(CO)A(gmi), 20, in chloroform, as indicated in Figure
[3-16](b). Its spectrum gives two signals with 3:1 intensities

which is in good agreement with the structure of the complex.

Cr co
Me< Me
N= H
CO / Me C Me"'N/
t:::Mo-f;N:::;h—- 0~_~_MO::;’:::;r—li
cO - N
Me cO Mé
CoO
(o]0
19 20

The more intense signal appears at 8 = 4.0 ppm, and is
assigned to a methyl group whereas the lower one, absorbing at
8= 8.02 ppm, is the signal of the single proton. In comparing

the signals between two complexes, we found that the chemical
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shift of the methyl group of Mo(CO),(gmi) is close to the
signal at 8 = 3.75 ppm of Mo(CO)a(bmi). Therefore we conclude
that the signal at this chemical shift corresponds to the
methyl group bonded to a nitrogen atom whereas the other one
(8@=2.20 ppm) is given by the methyl group bonded to a carbon
atom. This order of chemical shift is in agreement with the
fact that the nitrogen atom has a stronger electronegativity
which will attract more electrons away from the attached
methyl group, thus reducing the shielding of the nucleus49

It is found that the chemical shifts of both types of
methyl groups of Mo(CO)a(bmi) are solvent dependent. They move
to a higher chemical shift as the polarity of the solvent
increases (Table [3-11] and Figure [3-17]). This observation
indicates that the electrons residing around the‘methyl group
are being driven away as the solvent become more polar.
However, there is no one solvent parameter which can be used
for correlation purposes. The most satisfactory trend is given
by (1/D0p-l/D ) where Dop and D are the optical and static
dielectric constants respectively (Figure [3-18]). Apart from
that, the results reported here reveal that the chemical shift
of the methyl group bonded to a carbon atom is more sensitive
to solvent than that bonded to a nitrogen atom. This leads to
a closer chemical shift between the two signals as the
polarity of the solvent increases. For example, in benzene and
acetone, the differences between the two signals are 2.29 ppm
and 1.42 ppm respectively. Similar changes are also reported
for the Mo(CO),(gmi) complex in which the chemical shift of
the single proton exhibits more sensitivity to solvent. This

different interaction is probably in accord with the slightly
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open and exposed nature of this position facilitating
interaction with solvent molecules.

The !3C NMR spectrum of Mo(CO)A(bmi) consists of five
peaks which are associated with five groups of non-equivalent
carbon atoms present in the complex, as shown in Figure
[3-19]. Two of them originate from the carbonyl carbons
(trans- and cis- to bmi) and the rest from bmi carbons. The
identification of the chemical shifts of carbonyl carbon in
transition metal carbonyls has been widely reporteds.o"53
Braterman and co-workers reported that the carbonyl-carbons
in MO(CO)6-XLX give two signals ((SCO (trans) and SCO (cis)
to L) which occur at higher chemical shifts compared with the
other sources of carbon in the complex. They also established
that the S(X)(trans) is always higher than S(X)(cis). Based
on this argument, we conclude that the first two (highest)
chemical shifts of carbon in Mo(CO)A(bmi) are assigned as
being due to two carbonyl groups; 8CO(trans)= 223.6 and(gCO
(cis-) = 203.4 ppm in (chloroform).

The other three signals are produced by the three
non-equivalent carbon atoms in the bmi ligand (20). As in
proton NMR, the identification of these signals also requires
determination of other relevant complexes. The most relevant

include Mo(CO),(gmi) (20) and Mo(CO)A(bami) (21). But, it is

4
disappointing that the latter complex could not be isolated.
For the present purposes, it is sufficient to use Mo(CO)A(gpi)
(22), though the B¢ spectrum is rather complicated. The
structure of the complex is similar to that of Mo(CO)A(bmi)

and Mo(CO)4(gmi) in which the gpi ligand is expected to be

planar to the carbonyl groups trans to it.
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Determination of the spectrum of Mo(CO)a(gmi) may also
give information about the chemical shift of methyl carbon
bonded to diimine carbon (C—CH3) whereas the spectrum of
Mo(CO)A(gpi) may help to identify the chemical shift of C=C of
the Mo(CO)A(bmi) complex. The results in chloroform are
summarized in Table [3-11]. It is found that Mo(CO)a(gmi)
shows no signal at chemical shifts around 17.36 ppm. Thus the
signal at this chemical shift for Mo(CO)4(bmi) may be

13

associated with methyl carbon bonded to carbon atom. The C

NMR spectrum of Mo(CO),6(gpi) is slightly complicated. This is

4
due to the presence of several carbon atoms in the phenyl
ring. However, it is found that all signals produced by this
complex occur at chemical shifts higher than 100 ppm (157.0,
153.4, 129.3, 128.7 and 122.3 ppm). That there is no signal at
lower chemical shift (around 6 = 50 and 20 ppm) in

Mo(CO)A(gpi) proves that the two lowest signals reported in
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Mo(CO)4 (bmi) (8= 47.3 and 17.36 in chloroform) correspond to
the chemical shifts of two different methyl groups; N-CH3 and
C-CH3. From the earlier identification, we can show that the
signal at S = 17.36 ppm is due to the chemical shift of methyl
carbon bonded to carbon atom. Therefore the signal at 8:= 47.3
ppm is given by methyl carbon bonded to nitrogen atom. The
signal at 8==168.4 ppm of Mo(CO)a(bmi) is probably associated
with‘gc=c » since the other two complexes also give a signal
close to the value (SC=C(M0(CO)4(gmi) = 158.8 ppm and
SC=C(M0(CO)4(gpi) = 157.0 ppm in chloroform-dl). Details of
these comparisons are listed in Table [3-11].

So, up to this point, we have identified the chemical
shift of the particular carbon atoms in the Mo(CO)A(bmi)
complex. We are now interested in examining the effect of
solvent on these chemical shifts. Data in Table [3-11] also
include the chemical shift of 13C NMR of Mo(CO)4(bmi) in three
solvents; toluene, chloroform, and acetone. It is found that
the effect of solvent on carbon chemical shifts is very small
(less than 2 ppm). In general their chemical shifts move to
lower field (higher chemical shift) as the polarity of the
solvent increases. For example, the chemical shift of the two
methyl carbons (C-CH3 and N-CH3), C=C, trans-carbonyl and
cis-carbonyl move about +1.1, +0.10, +2.25, -0.3 and -0.1 ppm
respectively on changing solvent from toluene to acetone.
These results suggest that the chemical shift of C=C is the
most sensitive to interaction with solvent molecules which is
odd as they are not in contact with solvent. Likewise in
proton NMR the solvent sensitivity of the methyl carbon to

carbon atom is stronger than that of nitrogen bonded of methyl
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carbon.

In contrast to proton and 13C NMR, the 95Mo spectrum of
Mo(CO)a(NAN) consists of a single line as shown in Figure
[3-20]. Previous studies on the type of complex Mo(CO)¢_, L,
indicate that the 95Mo NMR spectra are dependent on the nature
of the substituent ligand L?L$6 The chemical shift of ° Mo
increases as the number and strength of T-acceptor groups, L,
increase. This observation proves that the charge distribution
in a complex plays an important role in determining the
chemical shift of the metal atom in the centre. Thus this
technique has been used in diagnosing isomerism and estimating
stability of the metal-ligand bondF7-611n this work, we shall
report how the substituent group and solvent influence the
chemical shift of °"Mo of Mo(CO)4(NAN). The results are
summarized in Table [3-11]. As expected, the °°Mo chemical
shifts for Mo(CO)a(NﬁN) are largely shifted to lower field
compared to Mo(CO)6 (SMO==—1856.7 ppmf#. This indicates that
the electron density residing around the molybdenum atom is
being increased as carbonyl groups are replaced by diimine
ligands, presumably due to less demand for the T -electron
density of metal by this ligand. The present results show that
the 31«>0f Mo(CO)A(bpbui) (23) occurs at higher field than
that of Mo(CO),(bmi) (&, (Mo(CO), (bpbui)) = -1177.91 ppm and
(SMO(MO(CO)4(bmi)) = -1165.90 ppm in chloroform). This trend
suggests that the diimine ligand bpbui is a better T -acceptor
than bmi. This order of Jl-acceptor ability is identical with
that expected from the charge transfer spectra of the
complexes discussed in Chapter 5 (1’(Mo(CO)4(bpbui) = 19150

cm 1 and V (Mo(CO)4(bmi) = 19800 cm-l in chloroform).
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Like the ligand substituent, the solvent also influences
the (SMo of Mo(CO)a(NAN). It is found that the SMo shifts to
higher field as the polarity of the solvent increases. For
example, Sbk)Of Mo(CO), (bmi) in toluene is -1162.46 ppm shift
to -1165.90 ppm in chloroform. The changes suggest that a
polar solvent has a tendency to reduce the formation of
back-bonding by pulling the ligand molecule further apart from

metal atom through electrostatic interaction.
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TABLE 3-1(a)

The wavenumbers of maximum absorption,V

max’ of

Mo(CO)A(bipy) complex in various organic solvents

and the corresponding ET values (kcal mol-l).

No: Solvent ET ﬂ}max
1 Methanol 55.5 21790
2 Ethanol 51.9 21320
3 n-Propanol 50.7 20920
4 i-Propanol 48.6 21000
5 n-Butanol 50.2 20750
6 DMSO 45.0 22780
7 DMF 43.8 22620
8 Nitromethane 46.3 22570
9 Acetonitrile 46.0 22520
10 Acetone 42.5 22080
11 Ethyl methyl-

ketone 41.3 21830
12 Acetophenone 41.3 21790
13 Cyclohexanone 40.8 21690
14 1,2-Cly ethane 41.9 21370
15 Dichloromethane| 41.1 21230
16 Ethyl acetate 38.1 21230
17 Anisole 37.2 21100
18 Phenetole 36.4 21000
19 Chlorobenzene 37.5 20660
20 Chloroform 39.1 20580
21 Diethyl ether 34.6 20240
22 Toluene 33.9 20120
23 CCl, 32.5 19500
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TABLE 3-2

Slopes of plots of wavenumbers of maximum absorption of
charge transfer spectra of Mo(C0)4(N’N) complexes

against Ey (kcal mol™1) values.

No: NAN Aprotica Proticb
1 bipy 220+22 141+30
2 bipym 227+30 144460
3 bmi 177417 118+21
4 cmi 168+15 100420
5 gmi 140+15 83+20
6 bzmi 117+10 7349
7 dab 152420 79418
8 cpi 128420 76418
9 PPi 90+10 72+10
10 gpi 84+10 7049
11 cppi 183415 120+25
12 appi 210+15 115425
13 apmi 212415 131+40
14 bppei 210+14 128425
15 bppbui 213+15 132425
16 bpmi 211413 130+24
17 bpami 206+17 107 +29
18 bppi 186+13 121430
19 bppi-4F 185+12 120430
20 bppi-4Me 187+12 125430
21 bppi-40Me 192415 126425
a b
18 points 5 points
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TABLE 3-3

Slopes of plots of wavenumbers of maximum absorption of

charge transfer spectra of Mo(CO)A(NAN) complexes against

corresponding wavenumbers for Mo(CO)A(bipy).

A b

No N N Slope

1 bipy 1.0

2 bipym 1.11+0.07

3 btz @ 0.82+0.03
4 cqpi 0.95+0.05

5 dappi* 1.12+0.03

6 cppi 0.98+0.03

7 appi 1.06+0.02
8 apmi 1.06+0.02

9 bppei 0.93+0.03
10 bpbui 0.94+0.03
11 bpmi 0.94+0.03
12 bpami 0.96+0.03
13 bppi 0.91+0.02
14 bppi-4Me 0.88+0.03
15 bppi-40Me 0.90+0.02
16 bppi-4F 0.88+0.02
17 bmi 0.84+0.03
18 cmi 0.77+0.03
19 gmi 0.60+0.03
20 bzmi 0.55+0.02
21 dab 0.67+0.03
22 cpi 0.59+0.03
23 ppi 0.47+0.03
24 gpi 0.41+0.02

(a) reference 4 , (b) for 23 solvents

* tridentate
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TABLE 3-4

Ground state-excited state analysis of Mo(CO), (dab) complex

Methanol | Toluene Acetonitrile DMSO

"AH__) /K] mol~1 20.6 20.0 22.1 25.0

Sm (GS) /kJ mol 1 0 0.6 +1.5 +h4. 4

“AE__/kJ mol” 1| 227.0 |217.2 234.9 236.8

S E . /kJ mo17} 0 -10.2 +7.9 +9.9
m ct

Sm(ES)/kJ mo1~ ! 0 -10.8 +9.4 +14.3

GS = Ground state, ES = Excited state with reference to

methanol.

[+
From Table [4-57

b

AE,, = heYe
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TABLE 3-6

Pressure dependence on‘vma of charge transfer spectra of

X
N\
Mo(CO0), (N N) complexes.

~ Voo /et at P/bar (5v/ § P) |Solvent
No N N |[Solvent . sensi-
20 500 1000 1500 |/cm kbar®|tivity
1 | bppi |Toluene|17860 17920 17990 18050 140210 0.91
2 |cppi " 17600 17700 17760 17820} 150215 0.98
3 | appi " 18590 18660 18720 19600 16015 1.06
4 {bpbui " 18870 18940 19050 19160 | 200:25 0.94
5 |bppi-
4Me " 17860 17920 17990 18020} 11015 0.88
6 |bppi-
40Me " 17990 18050 18080 18120 7015 0.90
7 |bmi " 19760 - - 19960 | 130¢15 0.84
8 |ppi " 17240 17270 17270 17300} 4010 0.47
9 |{gpi a no pressure dependence 0 0.41
10 |bipy " 150 1.00
11 |phen? " 160 1.00
12 dabﬁ) " 8010 0.67
13 |bdhi " 240230 1.80
14 |bipy? |n-BuOH 80 1.00
15 |phen? " 70 1.05
16 |dab? " 75 0.67
17 |bdpib | 133340 | 1.80
18 |fz " 12010 1.13
a b
reference 24 P. Banerjee, Personal communication, 1986
b b
bdhi, fz,
I{3C\\ /CH{3
HoN-N N-NHy l N=

N’ \N ) CGPLﬁ“Dg
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TABLE 3-8

Stretching frequencies of carbonyl of Mo(CO)4(NhN) complexes

in the solid state (KBr), with their corresponding ]/max for

charge transfer in methanol.

No N Vb=0(cis)/cmrl 'VC=O(trans)/cm4- 10'31aax/cm4
Al Bj Ay Bo in MeOH
1 bppi 2010 1916 1880 1835 18.90
2 | cppi 2016 1922 1882 1807 18.85
3 | appi 2010 1900 1873 1827 20.00
4 bpmi 2012 1903 1862 1818 20.10
5 bpbui 2016 1908 1867 1922 20.10
6 bppei 2010 1903 1871 1825 20.10
7 bpami 2010 1923 1877 1820 19.35
8 apmi 2011 1910 1852 1802 21.05
9 bppi-
4Me 2005 1912 1880 1832 19.00
10 bmi 2020 1917 1865 1815 20.75
11 bzmi 2015 1913 1878 1825 19.05
12 dab 2017 1907 1873 1832 18.98
13 PP1i 2017 1913 1880 1840 17.92
14 | gpi 2025 1955 1883 1812 17.24
15 btz 2010 1890 1870 1810 20.00
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TABLE 3-9

Stretching frequencies of carbonyl of Mo(COht(ﬁ«N)
complexes in several organic solvents, with their

corresponding E. (kcal mol~1) values.

A V. _(cis)/cm 1V (trans)/cmrl
solvent ET N N C=0 €=0
Al By A1 B2
carbon 32.5 bipy insoluble
tetra- bmi 2012 1915 - 1862
chloride bppi 2021 1908 - 1868
bzmi 2013 1919 - 1867
gpi 2021 1938 - 1888
toluene 33.9 | bipy 2012 1902 {1889 1845
bmi 2010 1902 - 1853
bppi 2009 1902 - 1858
bzmi 2011 1909 - 1863
gpi 2021 1938 - 1888
diethyl 34.6 | bipy 2014 1913 {1890 1850
ether bmi 2012 1908 - 1857
bppi 2011 1907 - 1859
bzmi 2012 1916 - 1865
gpi 2018 1935 - 1880
dioxan 36.0 | bipy 2014 1904 |1886 1844
bmi 2009 1903 - 1849
bppi 2010 1905 - 1854
bzmi 2011 1911 - 1857
gpi 2016 1923 - 1870
chloro- 39.1 bipy 2013 1910|1879 1832
form bmi 2012 1912|1888 1842
bppi 2012 1903|1892 1850
bzmi 2013 1919 (1900 1850
gpi 2020 1934 - 1868
dichloro-| 41.1 bipy 2014 1904 11878 1830
methane bmi 2012 1906 |1885 1837
bppi 2012 1906 |1890 1842
bzmi 2012 1913 (1896 1845
gpi 2018 1928 - 1862
continued
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TABLE 3-9

~ (V. teis)/em-1 |V (trans)/cml
solvent Ep NN €=0 C=0
Aq By | 44 Bg
methanol 55.5 bipy 2012 1908 [ 1880 1842
bmi 2010 1906 | 1888 1846
bppi 2011 1906 | 1894 1853
bzmi 2012 1916 | 1904 1861
gpi 2016 1925 - 1866
aceto- 46.0 bipy 2016 1904 [ 1874 1830
nitrile bmi 2010 1902 | 1880 1834
bppi 2013 1906 | 1886 1839
bzmi 2014 1911 | 1892 1840
gpi 2014 1920 | 1900 1854
nitro- 46.3 bipy 2014 1907 | 1875 1830
methane bmi 2012 1903 | 1879 1832
bppi 2012 1907 | 1885 1838
bzmi 2014 1911 | 1890 1840
gpi 2015 1920 | 1900 1852
DMSO 45.0 | bipy 2010 1896 | 1872 1828
bmi 2008 1896 | 1877 1828
bppi 2008 1900 | 1884 1835
bzmi 2010 1909 | 1884 1838
gpi 2012 1912 1893 1847
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TABLE 3-10

Slopes of plots of ]/C—O (A; mode) of
A\
Mo(CO)4(N N) complexes against corresponding

(A1 mode) for Mo(CO),(bipy).

No: NAN Slope
1 gpi 2.5¢1.0
2 bzmi 2.2+0.3
3 bppi 1.3+0.2
4 bmi 1.5+0.2
5 bipy 1.0
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Figure [3-5] Ground state-excited state analysis of
solvent effects on charge transfer absorption for

Mo(CO)A(dab); dab = 5.
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Figure [3-13] The carbonyl stretching region for the
infrared spectra of Mo (CO)“*(bmi) in solution;

(a) in toluene and (b) in nitromethane.
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Figure [3-16] Proton NMR spectra of Mo(CO),(N N) in
CDCl3; (a) Mo(CO)a(bmi) and (b) Mo(CO)A(gmi).
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CHAPTER 4

Solubilities and Transfer Chemical Potentials of
Tetracarbonyldiiminemolybdenum(0) Complexes

in Pure and Mixed-Solvents



4-1. Introduction

Information about the solvation of molybdenum(0)
diimine complexes is very scarce. The only known work on
this type of complexes has been reported on Mo(CO)A(bipy)1
and Mo(CO)4(btz)2, where bipy = 2,2'-bipyridyl and btz =
2,2'-bi(4H-5,6-dihydrothiazine), in conjunction with the
analysis of the solvent effect on the reactivity of the
complexes into initial state-tra