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ABSTRAC:

A series of p-substituted diazonium salts have been reacted
with tricarbonyl bis (triphenylphosphine) iron (0). The salts
so obtained have been characterised by various spectroscopic and
physical means. Most techniques indicate the salts to contain a
five-coordinate cation of general formula [(PPhg)g(CO)gFeNNAr]+,
although the formulation does not at present appear to be con-
.sistent with the observed MOssbauer and magnetic data. Possible
reasons for these discrepancies, and the merits of alternative
formulations are discussed. The infrared spectra of these salts
show an unusually intense absorption band v‘(N=N) at a frequency
(1710 cm™ ') which is high by comparison with other arylazo com-
pounds but similar to that observed for some complexes containing
a terminal dinitrogen ligand.

Concurrently, it was found that p-Et=NCeHsNo BF,” reacted
differently from the other diazonium salts to give a product con-
taining no iron, that has been shown to be [EtsNCeH,-N=N-PPhs ] BF,”,
a salt containing the new phosphodiazonium ion. Subseduent re-
search has shown that the compound is formed by the reaction of

p—EthC6H4N2+BF4_ with triphenylphosphine and that other Lewis

bases, eg., SPhy may react similarly.
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CHAPTER 1
INTRODUCTION
This thesis describes work in the field of inves-

|

tigation of the interaction of aryldiazonium ions with transi-

tion metal complexes. The research was attempted for two main reason

Firstly, the known examples of stable cationic species which co-

ordinate to transition metals are relatively few. One example is
the nitrosoniuh cation, with which some nitrosyl complexes have
been synthesised!™3, although the majority of nitrosyl complexes
have been synthesised by other techniques. The electronic struc-
ture of the nitrosonium cation is obviously very similar to the
diazo part of the diazonium cation, and hence it seemed feasible
that the latter might also be capable of co-ordination, in a
fashioh similar fo that of NO+. Indeed, a limited number of
examples were already known at the start of this work*™®.
Secondly, at present much interest i1s being shown in the
biological system nitrogen reductase., This enzyme reduces
dinitrogen to ammonia, and the transition metals iron and
molybdenum are crucial in the fixing and reducing of dinitrogen
by, as yet, an unresolved mechanism. Naturally there is much
current activity in biochemical circles to determine how these
metals are implicated in the mechanism. At the same time,
inorganic chemists have been syntheéising a wide variety of
metal-dinitrogen complexes, in which Nz co-ordinates either

terminally or as a bridge structure (Figs. 1-I and 1-II

respectively), and investigating the ease with which these may



- +
M-N=N M~N=N-M'
Fig. 1-1I Fig., 1-1II

be protonated or reduced to ammonia or intermediates. Until re-
cently 1little success was accomplished in this area due to the
complete inertness of these dinitrogen complexes towards mild
reducing agents. Therefore, as an alternative model system it
seemed to be worthwhile to attempt to synthesise and examine a
series of iron complexes in which co-ordinated N, is replaced by

co-ordinated diazonium ion (Fig. 1-III). Formally this can be
Fe-N=N-CgHs4X

Fig. 1-IIT

Viewed as the replacement of M' in Fig. 1-IT with a substituted
aryl ring. If X is varied in Fig. 1-III it is possible to vary
the electronic structure within the diazo group and at the iron
atom, which is impossible in the termingl dinitrégen complexes
and less easy in the bridging complexeé. Consequently it might
be possible to produce, by obtaining the correct electronic
circumstances, a system which facilitated reduction of the N=N
bond.

This thesis describes the successful synthesis and character-
isation of such a series of arylazo complexes with the general
formula [Fe(CO)a(PRs)aNNCBH4X]+ Y . Since Johnson1° had already

reported the analogous nitrosyl complex {Fe(CO)a(PRa)aNO'_\'+ Y,

the feasibility of preparing the series appeared high. Indeed



the synthesis went according to plan, except in one case

(X = g—NEtz), where an entirely different compound was synthe-
sised. However, none of the complexes in the series could be
mildly reduced and hence the aim of the study was not completely
achieved. Nevertheless, the results obtained are of interest
and tentative conclusions are drawn with reference to other re-
lated complexes.

As the work described in this thesis bears indirectly on the
question concerning the role of iron in biological nitrogen fixa-
tion,a brief review of the biological system and of some of the
models which other workers have utilised to attempt to simulate

the natural case, follows.

The Problem of Nitrogen Fixation

Nitrogenase (hereafter abbreviated as Nzase) is an enzyme syster

found in certain bacteria, some of which are free living and

others symbiotic. Although the latter are biologically the
more important it is the former that havé been studied in more
detail since they can be extracted in a pure form far more easily.
The role of Nzase in nature is to catalyse the reduction of di-
nitrogen to ammonia, although, unlike most enzymes, it is not
specific to this substrate. For instance, all of the following
are also reduced: - organic nitriles and isonitriles, the cyanide
ion, nitrous oxide, acetylene and the azide ion. The ability of
this enzyme to reduce unsaturated sites appears to be as follows: -
1. It can reduce Na&N, N&C or terminal C=CH. It will not,

however, reduce C=0.



2. It will cleave N=N, N=C or N=O (in Nz0), but not C=C
bonds.

3. C=C is reduced only if conjugated with CN or an allylic
system, i

4, Rates are affected markedly by steric considerations,?
and hence short, linear, unbranched molecules are reduced far
more quickly than their larger or branched counterparts.

Since the natural product of this type of enzyme is ammonia,
there are possibilities of utilising this natural system in two
ways: chemically and biologically. If one could, for example,
by mutation, impart nitrogen fixing ability to common soil
vacteria (e.g. E. coli) then the widespread application of
synthetic nitrogenous fertilisers would not be as necessary, if
neceéé;;nggdaii: this is the biological approach. ’The chemical
approagh would'be to use the enzyme, or, more likely, a model
thereof, as a catalyst in a new process to replace the Haber
process. The Haber process requires, for the optimum yield-rate
ratio, a‘temperature of 450° C and a pressure of 100 atmospheres.
With these conditiqns one pass of thé ;tarting gases (Hz and Nz)
gives a 7% yield. (The remaining gases are of course recycled.)
Consequently if a process is devised using a catalyst comparable
to the enzyme both the temperature énd'the pressure requirements
would be reduced decisively, if not éompletely, down to ambient
conditions. The yield-rate ratio would ailmost certainly increase

at the same time. The cost saving would, needless to say, be

immense. Therefore, if the mechanism and structure of Nzase can
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be determined the use of such knowledge could be considerable.

Structure of Nitrogenase

Unfortunately, as yet, the exact structure of any of these

enzymes is not known. However, Npases from Azotobacter vinelandii

have been crystallised in what appears to be high purity, and can
be separated into two fractions. The one with the larger mole-
cular weight, which is called by a variety of names including
azofermo, has a molecular weight of between 2 and 3x10°. It has
one, or less probably two, atoms of molybdenum and about 15
atoms of 1iron per atom of molybdenum, HpS is liberated on the
addition of acid in the ratio 1 mole per iron atom. The smaller
fraction, called azofer, has a holecular welight of ca 7x10* and
~contains two atoms of iron and two ions~of "labile sulphide".
This, in conjunction with a high suiphur content, has resulted
in the suggestion that the metals are in a "sulphur environment".
Neither the azofermo nor the azofer show nitrogenase action
on their own, but a mixture is immediately active, even if the
two fractions come from different types of bacteria, providing
they are sufficiently closely reiatéd. If the bacteria chosen
for the two fractions become too unrelated to eéch other then
the activity of the enzyme drops off markedly.
As yet the environment of the metals has not been unambigu-
ously assigned, so one can only speculate with reference to other

iron-sulphur proteins. The rubredoxin from Clostridium

pasteurianum has been subjected to X-ray diffraction by Jensen

et al.!! This showed that the iron atom is tetrahedrally sur-




rounded by four sulphur atoms, which are part of cysteine resi-
dues. Other rubredoxins have had their amino acid sequences
determined!2” !4 and this shows that the four cysteines are found
in two pairs, each pair having two other amino acid residues in
between the two cystéine residues, i.e. cys-X-Y-cys. With
ferredoxins, however, only two of the five cysteines are in

such a pair. This pair is probably bonded tb the iron atom.

The other three cysteine residues are randomly situated along

the protein chain, of which some or all may be bonded to the iron
atom. It should be remembered that Jensen'® has shown that fer-
redoxins in nature have more than one iron atom, indeed they have
clusters of four iron atoms thch share alternate corners of a
cube with four sulphur atoms. The azofer has been shown to have
similar properties to other iron-sulphur proteins and its two
iron atoms have been found not to be equivalent; there is no
e.p.r. signal unless the protein is either oxidised or reduced.
This would suggest that the iron atoms are in an even oxidation
state, either low-spin FeII or Fe° depending on the co-ordination

of the iron. Although as yet the structure of a N-oase is uncer-

tain, within a few years this will undoubtedly be elucidated.

Postulated Mechanisms and Roles of Fe and Mo

Three metals are essential for bacterial nitrogen-fixing
activity, namely, iron, molybdenum and magnesium. However it
has been found that vanadium can be substituted for molybdenum,
though accompanied by a decrease in efficiencyls. The amount

of molybdenum needed for the enzyme to function is minute



(EE 0.004 ppm). Iron is also needed only in a trace amount.
Noase 1is, however, compared with other enzymes, quite inefficient
in terms of energy, more carbohydrate being required than might
be expected. For instance, the most efficient of the laboratory
systems fixes only about 15 mg of nitrogen for every gram of
glucose consumed. In natural conditions Npases may be up to
three times as efficient, but nonetheless by this criterion they
are somewhat inefficient. Also, Ngzase requires considerable
amounts of adenosine triphosphate (ATP) to function. Approxi-
mately 15 moles of ATP are hydrolysed in reducing 1 mole of di-
nitrogen to 2 moles of ammonia. This is equal to about 105
kcals/mole Nz. If dinitrogen and dihydrogen were td react to
equilibrium at atmospheric pressure and room temperature the
reaction would be exothermic with'close td 100% yield of ammonia:
therefore, the high energy requirement is puzzling.

In the natural system there is no evidence for the inter-
mediates hydroxylaminé,'hyponitrous acid, di-imine, hydrazine or
any other thermodynamically possible intermediate. So it appears
that the dinitrogen is held by the enzyme throughout the reduc-
tion process until ammonia is liberated. This i; supported by
the fact that the enzyme is poisoned by hydrazine, which it
fails to reduce.

When Ngzase is treated with NazS5:04, dihydrbgen gas is evolved
as long as there is ATP available. Although Hy is itself an
inhibitor of N fixation, it can act as an electron donor to

ferredoxin, which in turn can function as an electron donor in




support of N, fixation by anaerobic organisms. Hydrogenase,
which in certain bacteria is found in conjunction with nitro-
genase, contains molybdenum. Hence it has been suggested

that an iron atom provides the binding site and the molybdenum
atom the reducing site, with an electron-transfer chain through
more iron atoms. .

Whether the dinitrogen is reduced via nitride, terminal
dinitrogen or bridging dinitrogen coordination during the
reaction is not yet known. All three types of complex are
known in transition metal chemistry. Nz is bound terminally

to FeII

in the complexes FeHo(Nz)(PPhoEt)s and
[FeH(Ng)(PthCHgCHgPPhg)g]+. Terminal dinitrogen complexes
of molybdenum also exist, eg., Mo(Nz)a(PhaPCH-CH-PPhs)2

Chatt!® has put forward two schemes for the reduction
mechanism, one via a nitride (see Fig. 1-IV) and one via di-imine
and hydrazine formation from a terminal dinitrogen complex
(Fig. 1-V). Chatt has gained evidence for the mechanism shown
in Fig. 1-IV from the observation that certain tungsten and
molybdenum dinitrogen complexes can be reduced by adding a hydro-
gen halide!?, viz: -

M(Nz)2(dppe)2 + 2HY = MY2(NzHz)(dppe)= + Nz

Here dppe is an abbreviation for PhoPCH>CH-PPhso.
This reaction occurs at 0° C in tetrahydrofﬁran. The complexes
are reduced no further, however, under these conditions.

Hardy'®, meanwhile, has suggested a mechanism involving a

bridge intermediate (Fig. 1-VI) which assumes that the two

metals are linked by a sulphur bridge.
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NEN\ N-‘:Nt
N=N + Mo o Fe Mo\S/Fe H+ M \S /Fe
+ +
+ HN-NH + NH.  NHa
2H P N 2H
w Mo S/Fe -—2—8:% MO\ S/ Fe
Hzo Mo Fe + 2NH3 ]
Fig. 1-VI

A bridging dinitrogen type of mechanism has also been considered
by Chatt'®; this will be dealt with later in connection with
model syétems.

This has been a necessarily brief outline, and more
details of the chemical and biological aspects of nitrogen

fixation are to be found in several recent reviews!®’!8722

Model Systems

Chemical models for biological reduction of dinitrogen
range from some which are quite similar to the natural system to
those which seem to bear little similarity. For instance
Schrauzer et al.2® have reported that a mixture of organic thiols,
sodium molybdate and ferrous sulphate in the presence of a re-
ducing agent; e.g. Na,S5:04 or NaBH,; gives substantial\feduction
of those dinitrogen analogues which are reduced by thé natural
system. Thﬁs acetylene is reduced this way, but dinitrogen is
only reduced in trace amounts at 2000 p.s.1i. pressure. Many

observed conditions were similar at those of the natural system:

without molybdenum no ammonia was produced; other transition
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metals such as Cu, Ni or Pd would not substitute for Fe. How-
ever, on the other side it was found that carbon monoxide did
not act as an inhibitor. Using the same method, but with cysteine
as the reducing agent, Hill and Richards®* managed to reduce
dinitrogen,at one atmosphere pressure, in trace amounts>to
ammonia.

Another model with close analogies to the natural system

is that discovered by Shilov®®, in which dinitrogen is reduced

to hydrazine. Here, the essential catalyst to produce hydrazine

is a reduced molybdenum or vanadium salt in the presence of a
substantial proportion of magnesium ions, This method produces
hydrazine, but no NHs, at ambient conditions. The yield per
molybdenum atom is, however, increased a hundred fold if the
temperature is elevated to between 50 and 100° C together with
a pressure of 50 to 150 atmospheres. The reductant used is

III, although VII or CrII can also be utilised. This system

Ti
is poisoned by carbon monoxide; also, as in the natural case,
Mg is needed, possibly to keep the TiIII ions apart as in the

mechanism postulated by Shilov (Fig. 1-VII).

1:40111 MoT1L I;/IoI-IIN'EN— Mo 111 MoV NH~NH-MolV
] ’ ’ t

[ 1 ) ) ! . ¢ .

OH OH OH OH 0 0
Vo111 Vo111 Vo111 ! 111 " 1y U 1y
Ti T | 71 rild Ti T

I I L o I I
Q& Mg~ O O0— Mg—-—~0 ‘ O— Mg — O

’[‘ -NoH, +730F |
Fig. 1-VII
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Although this parallels the natural system in some respects its
capacity is at best 1% of that found in nature. If vahadium (11)
is substituted for both the molybdenum and titanium then at high
pH's rapid reduction occurs according to the equation: -

wvat 4 N. 4 MHa0 = 4Vt 4 NH, + hOH .
This is, of course, getting further away from the natural system.
Van Tamelen®®~28 has also produced some model systems which
depend on titanium as a catalyst.

Chatt and co-workers have prepared a number of complexes
in which dinitrogen bridges between rhenium and a second metal
or non-metal, and have deduced a possible nitrogen fixation
mechanism from their results. When such a bridge is formed the
NEN bond can be weakened to greater or smaller amounts depending
on the électron structures of the two metals, in accordance with
an electron "push-pull" mechahism. Table 1-I shows the vy,
observed when trans-[ReCl(Ns)(PMesPh),] is reacted with various
Lewis acids to produce the bridged complexes. From Table 1-1
it should be noted that the Lewis acids which have empty d-
orbitals weaken the N-N bond more than those with partially
filled (i.e. d® or greater) or no available d-orbitals: this
can be attributed to the population of the mmolecular orbitals
shown in Fig. 1-VIII. Here, the le level is filled by four m-
‘electrons from the No molecule and the 2e and 1lby levels by
six 5d-electrons from the rhenium (I) atom. Thus any d electfons
possessed by the sécond metal will start filling the 2bp and 3e

levels, which are seen to be bonding in the N-N region. This
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TABIE 1-I
ADDUCTS OF VARIOUS IEWIS ACIDS WITH TRANS-[ ReC1(N,)(PMeoPh),]

"Tewis Acid VN cm !
‘ 2
None 1925
AlMegs 189)4- ,
PtoCl4(PEts) o | 1890
CoClg(THF)l 5 1855
TiCla( THF) 5 1805
MoC14(Et20) » 1795 or 1680
PFs | 1640
H @ : /N
- i : : - + ),
Re : ﬁ? i N i EEE;M — e
T - i 8 : o : & .
N2 |9 a | oz
Re N N : M — Ze
: G 8 C PGENS
= T @ i @ = 4 np 1Pz
Re N H M — 2
+ - (_) H é’ﬁ ) s —
= o o) @ ™~ "
EEE;ﬁe N N M le
T - Q) - , = + —_
Energy

Fig. 1-VIII
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also compensates for any electron withdrawal from the N-N o-
system or the le m-system, which of course is the main factor in
the d° and d® cases. Thus, a decrease in N-N bond order is anti-
cipated in coordination to a d°-d? element, but a successive re-
strengthening of N-N is expected as the number of d electrons
of the Lewis acid is increased further up to d®. Further infor-
mation on dinitrogen complexes can be read in many good reviews
16519529731

It has now been shown that some stable dinitrogen complexes

can be reduced 32734, as in the following schemes: -

. i
[{Ti(lpr)(“‘CsHs)z} 2(Nz2) ] %bﬂ%%ygglé%%%gg——é N-H, (32)

(Fea( TPr)2(PPhs) 4 (N2)H(Et20), ] HEL 2% 40 to 1007 C
10% NzHs + No S (33)
FeaCle pprim2? Red Complex —Siy SEANH,+NHs+N (34)

The final model system to be discussed is that reported by
Parshall®3’3€, This investigation showed that it was possible to
reduce diazonium salts with a platinum complex as a catalyst. The

reaction scheme is as follows: -

PEt ~ ' H PEta, ]
- 2 / p-FCgH4N=N-Pt-Cl | BF,
[B—FCGH4N:N]BF4 + H-Pt-Cl ‘——9 - * PEts

PEtg
(1)
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PEts
Ho /Pt [p-FCgH4NHNHp-Pt-C1] BF,
PEts

PEts
H-Pt-Cl +  p-FCeH4NHNH,

p-FCgHyNHz + NHs

Hy /Pt

This reaction occurs at 1 atm, pressure and 25° C. It was sug-
gested by Parshall that perhaps Nz.ase had a similar mechanism
where some form of activated dinitrogen molecule inserted into
either an iron-hydride or a molybdenum-hydride bond. Indeed

he finds quite a number of similarities between his model system
and the natural enzyme., Despite the fact that quite a vigorous
catalyst is used in this scheme, it does suggest that further
study of arylazo complexes might be one way of obtaining further
insight into the factors influencing the guestion gf nitrogen

fixation,

Further Arylazo Complexes

Further study of arylazo-transition metal complexes of

iridium®7 and rhodium®®’2° has been carried out by D. Sutton's

group. An extension of this study to arylazo complexes of iron

seemed worthwhile for the following reasons: -
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1) Several arylazo complexes have been prepared with
relative ease.
2) Parshall had shown that, without undue difficulty, such

Il

complexes might be reduced with aid of a catalyst. |

3) Despite the obvious chemical difference between dinit;o-
gen and a diazonium salt, any arylazo complex that might be
formed would have analogies with the "compounds" suggested by
Hardy and Chatt in their postulated bridging mechanisms (Figs.
1-VI and I-VII), the main difference being that the second
metal is now replaced by an aryl ring.

%) By varying the substituents on the aryl ring of the
original diazonium salﬁ the electronic environment of the metal
could be changed. This would then throw light on the "push-
pull" model.

5) Since the natural system incorporates iron, an iron

complex should be studied.

6) Since Sacco and Rossi*® had found similarities between
Noase and CoH(Nz)(PPhs)s, it appeared that the presence of PPhs
ligands need not be detrimental to the model.

7) Although the enzyme is able to reduce dinitrogen, it
can also reduce many analogous compounds; therefore the use of
diazonium salts is not totally irrelevant to the enzyme
mechanism.

The complexes prepared and investigated in this work are

described in the following chapters.
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CHAPTER 2
ARYLAZO CATIONS OF IRON

Introduction

Since Johnson had prepared and investigated the analogous
series of complexes [Fe(CO)2(PRs)=NOJT Y™, the synthesis of
[Fe(CO)2(PRs) 2NNCeH, X1V ¥~ (I) seemed a viable
possibility. Johnson had. prepared certain of his nitrosyl
complexes by reacting Fe(CO)s(PRs)z with the nitrosonium salt.
Therefore, by replac ing the nitrosonium salt by diazonium salt
it was hoped that a similar reaction would occur, and indeed,
the observed reaction appeared similar. Furthermore, the
analysis of the products for X = H, NOz, F, Cl, Br, OCHs, and OH,
together with their properties were'found to be consistent with
the expected product (I), as detailed below. Other possible
formulétions are also discussed. In this chapter the following
features of the compounds, which were investigated, are discussed: -

(1) The stereochemistry and co-ordination of the cation.

(2) The various components of the complexes, -especially
the N-N entity, which were characterised by using several physical
methods.

(3) The observed trends in the properties of the complexes
formed by varying the substituents on the aryl ring of the
original diazonium salt.

(4) The chemical properties and reactions of the complexes,
partiéularly with reference to reduction.

In all, seven arylazo iron cations of type (I) were prepared

and fully investigated. These seven all had Y as BF,  and
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X = p-NO2, -H, -F, -Cl, -Br, -OCHs, -OH. The only substituent
which did not yield compounds of type (I) was p-NEt-.. A
completely different reaction was found to occur, giving a

product containing no iron. This is discussed in Chapter 3.

Preparation

An acetone solution of the diazonium salt was added drop-

wise to a benzene solution of tricarbonylbis(triphenylphosphine)-
iron(0), in an inert, N,, atmosphere. Gas evolution was observed
and at the same time the colour changed from yellow to orange.
Further investigation, using a quéntitative volumetric gas

analysis system similar to a Toépler pump, showed that one mole

of CO was evolved per mole of Fe(CO)s(PPhs)z consumed. The CO
. was analysed by high resolution mass spectroscopy. This evidence
supports a reaction similar to that found by Johnson using the
nitrosyl salts, i.e.: -
Fe(CO)s(PPha)z + ArNNTBF,~ = [Fe(CO)x(PPhs)zNNAr]" BF,™ + CO
The compounds are orange-brown in colour; stable in air,
and soluble in polar organic solvents such as alcohols, ketones,
acetonitrile, nitromethane, dichlorometﬁane and chloroform. They
are, however, insoluble in water and common non-polar solvents

such as benzene, ether and toluene.

Stereochemistry and Co-ordination

Empirical formulae were established by elemental analysis
(see Table 2-I). I.r. spectra included the bands characteristic

of BF, . The results of molecular weight, electrical
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conductivity and further spectroscopic studies described below

jdentified the molecular formulae as (I).

Although it was considered likely that the products were
salts containing the pentaco-ordinate complex cation shown in
Fig. 2-I (where simple replacement of an equatorial carbonyl
group by ArNN+ has occurred), other pentaco-ordinate isomers
involving both trigonal bipyramidal (2-IT to 2-V) and square
based pyramidal (2-VI to 2-XI) geometry warranted consideration.
Furthermore, more complex structures such as those involving
o-metallation of the arylazo (2-XII) or triphenylphosphine
(2-XIII) ligands, or polynuclear arrangements such as (2-XIV) or
(2-XV) could not be ignored at this stage. Considerable physical
data were therefore accumulated in order to esfablish the cor-

rect molecular formula and stereochemistry.

PPhs + co +
ocy | _ PhsR | _
‘MFe-NNCgH4X B4 . /\Fe—NNCGH4X BF,
oc” | Phs P |
PPhs Co
Fig 2-1 . Fig 2-1IT
© Qo + NNCgH,X T
oc. | 0C{ -
N Fe-NNCgH X BF,~ Sre-Prhs BF,
PhsP? | oc? |
PPhs PPhs

Fig 2-1I11 Fig 2-1IV
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NNCeH X PPha +
PhsP\\l co - ~Fe
Fe- BF, AN BF
C 4
co PhsP NNC gH.X
Fig 2-V Fig 2-VI
PPhg + co +
,AFe\ BF /Fe\
Pth/ \\ co 4 PhsP’/ \‘PPhg
0 NNCeH4X oC NNCeH.X
i Fig 2-VII Fig 2-VIII .
co NNCeH.X +
/Fe\ /Fe\ -
oc” / \\PPhs BF4 oc” / \\ PPhs BF.4
PhsP NNC gH X o¢  PPhs
Fig 2-IX Fig 2-X
+
H
PPhs |
ll\INCsH4X _ oc« | _-N=N _
Jeq BF4 Aoy BF4
PhsP” ~CO 00/}? @
o¢  “PPn, PFhs
Fig 2-XT Fig 2-XIT




Ph. 1
O

oC. !é
S F

oc” | NNHNCeH4X
PPhs

BF4

Fig 2-XIII

-2~

XCeH NNZ |
PPhs |

2+

(BF4_)2

2+

(BFy >

An absorption band of some intensity at ca 1720 cm™ ! sug-

gested that a bridging carbonyl system might indéed be present,

However, this band was found to be shifted when the complex was

prepared using the !°N isotope, and hence was assigned to the N=N .

Stretch, as is discussed in more detail below. Further evidence

for the lack of bridging carbonyls was furnished by the fact that

pyridine did not cleave the molecule, Consequently, this extra

fact and the lack of a band corresponding to a bridging carbonyl

stretch ruled out the type of structure represented in Figs 2-XIV and
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2-XV. Indeed, this conclusion was further supported by electro-
conductivity measurements and a molecular weight determination,
which is also discussed more fully below.

N.m.r. spectroscopy was utilised to help resolve which
of the remaining possibilities was in fact the co%rect structure.
It was hoped that information would arise from the spectra
obtainable both from the H nuclei present and the 31P nuclei.
Although the complexes were investigated in deg-acetone and
d;-chloroform, neither solvent system was concentrated enough to
give rise to a discernable 3P n.m.r. spectrum. Fortunately,
due to their greater susceptibility, the 'H nuclei produced
spectra. The spectra obtained from a selection of the compounds
were virtually identical; the begt resolved being the p-Br
derivative (Diag. 2-I), which showed two principal absorptions
due to aryl protons. One was an apparent triple peak centred at
T 2.38 and the other an apparent singlet at 7 2.62. The latter
peak had small shoulders, which would suggest the possibility
of an overlapping of peaks. The intégration of the two peaks
was ca 64:27, which for 34 protons corresponds with a ratio of
24:10. Interpretation of these results is, at best, speculative
and no evidence on stereochemistry is revealed.

The analogue [Fe(CO)2(PPh2Me)2NN06H4CIj+ BF,~ was prepared
and the 'H n.m.r. investigated in.de—acetone in order to utilise
the expected virtual coupling between the P-atoms and the CHs
‘resonances to gain stereochemical information. The spectrum

of the methyl protons (Diag. 2-II) appears as a 1:1 doublet of
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separation 8.9 Hz centred at 1 7.42 separated by a broad unre-
solved resonance having approximately the same integrated
intensity as the outer doublet. Thus, the spectrum is typical
of intermediate phosphorus-phosphorus virtual coupling?!’¢2 anﬂ
|95 + 3'pr_yl = 8.9 Hz.  Although no definite stereochemical
information may be drawn from this result alone it should be |
noted that Fe(CO)s(PPhoMe), gives a similar spectrum as
does the analogous nitrosyl complex®, consistent with a similar
trans~arrangement of phosphines in all three cases.

The i.r. spectra of all complexes show two peaks attribut-

able to terminal carbonyl stretches (at ca 1980 and 2030 cm ')

R RO TR Ty TR T R e

and one due to a N=N stretch (see Table 2-II), which was mentioned

above. A compound of C v symmetry would be expected to give the

2
observed spectra for the carbonyl stretches. Also in Table 2-II

the corresponding bands for the starting material, Fe(CO)s(PPhs)z,
and for the analogous nitrosyl complex are shown. It can be seen

that Voo values for the nitrosyl complex are almost identical

with those for the electron withdrawing arylazo complexes. The
trigonal bipyramidal Fe(CO)s(PPhs)z gives the expected single
carbonyl peak at a much lower wavenumber. Raman spectroscopy
showed 1little, since the C=0 stretches are only weakly active in
the Raman.,. As with the n.m.r., striking similarities between the
arylazo series and the nitrosyl analogue are again apparent.

The electroconductivities of this series were investigated
and a molecular weight determination achieved. The former are

to be found in Table 2-III: the concentrations were calculated
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using the monomer's molecular weight. When the molecular weight
of the dimer was used instead, the results obtailned gave rise to
discrepancies, especially when the result of the molecular weight
experiment was considered also. The molecular weight determina-

tion of the p-Br complex gave a molecular weight of 498413, which

TABLE 2-I1I

ELECTROCONDUCTIVITIES (IN ACETONE SOLUTION) OF COMPLEXES (1I)

E p-substituent Ao (mho cm® mole™!) Concentration
: -NO» 103.0 (75.7%) 9.22x1075M (9.17x10” *M*)
i -0CHa ~ 117.3 5.63x10 °M
E -F 129.1 1.13x107*M
f -C1 126.6 1.09x1074M
% -Br 128.7 1.03x10™*M

-OH 44,2 9.98x10™ °M

# For solution in nitromethane.

is consistent with a 1:1 electrolyte of molecular weight 907 that
is 82% dissociated. The electroconductivities also are within the
limits expected for 1:1 electrolytes** both in acetone and nitro-
methane (i.e. A =ca 100-169 mho cm® mole™! for acetone and
ca 65-100 mho cm® mole™! for nitromethane).

Another useful aid in determining the stereochemistry of
iron is MOssbauer spectroscopy, so the °7Pe MSssbauer
spectra of these compounds were compared with the spectra from
[Fe(CO)2(PPhs)2NO ] BF,” and Fe(CO)a(PPhs)z. The measurements

were kindly made by Prof. C. H. W. Jones of this Department,
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The parameters quoted in Table 2-IV are with respect to sodium

TABLE 2-1IV

MOSSBAUER SPECTRAL DATA

i

Chemical Shift  Quadrupole Splitting

1 1

Compound smm sec” A mm sec”
Fe(CO)s(PPhs) 2 +0.1510,01 2.7540.01
[Fe(CO)a(PPhs)2NOTHBF,~ +0.17 40.01 1.8540.01
[Fe(CO)2(PPhs) osNNCgH«Br J'BF,~ +0.1810.01 0.9% 10.01
[Fe(CO) 2(PPhs) oaNNCeH,C1 7T BF,™ +0.1610.01 0.9040. 02

nitroprusside. The results for Fe(CO)s(PPhs)> agree well with
reported values*® and are typical of a trigonal bipyramidal Fe®
stereochemistry. The results for the other compounds are some-
what different in their quadrupole splittings, and at first
sight it would suggest a different stereochemistry. The
poséigign;QQSOﬁs for these results, being consistent with a
trigonal bipyramidal stereochemistry, are discussed below.

The overall inference drawn from the accumulated data was
thatAthe complex appeared to be a 1l:1 ionic species with the
stereochemistry pbrtrayed in Fig. 2-I. This structure has re-

cently been independently confirmed by X-ray crystallographic

techniques by Haymore and Ibers*®, see Fig. 2-XVI.

Features of the Azo Group

As mentioned briefly above, all of these complexes have

an extremely intense band in the i.r. at ca 1720 cm !, This
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P
2.20A
View along equatorial
) 176° Fe
plane, ignoring ligands \g
in that plane, 5. 204
P
O,
. 1.13A
175° “/
C
o) o] [e] 1-82A
1.20A 1.7og/J317>(/::/
N N Fe_ 108°
1,418 A&12k4° '\179J Nope o
‘ 1.774
I\
.175° o
\._;;\\\\i.14A
0

View along z-axis, ignoring ligands in that direction.

Fig. 2-XVI. STRUCTURE OF [Fe(CO)g(PPha)gNNCGH5]+, FOLLOWING
X-RAY CRYSTALLOGRAPHIC STRUCTURE OF HAYMORE AND

IBERS.
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band is also present in the Raman spectra, but is much weaker.
By using the p-Br diazonium salt BrCeH,'4N='5N" BF,”, which
was prepared by using Nal®NO-, the corresponding isotopically
substituted arylazo complex was synthesised and investigated by
i.r. and Raman spectroscopy. The'only band which shifted was
that at 1721 cm ! in the i.r., which shifted to 1691 cm” !, and
its counterpart in the Raman, which shifted from 1714 to 1690 cm !,
Hence it was possible to assign this absorption to the N=N
stretch.

This band is at a reasonably high wavenumber for this type
of bond, the méjority falling into the range 144%0-1620 cm !;
55779547 p5yever, both Robinson*® and Ibers *° have found values

! for

in excess of this, the latter finding a value of 1868 cm”
[IrCl(NNCsHs)(PPhsbI+, and the former the even higher value of
1882 cm~! for RuCls(NNCgHs)(PPhg). The other, perhaps more

striking thing about this peak is its unusually high intensity

~in the i.r., and its weakness in the Raman, cf. Rh(NNAr)Cls-

(PPhs)2°. The high frequency absorbed indicates a strong N=N
bond. A strong N=N bond in bridging dinitrogen complexes would

be due to a partially filled d-shell on the Lewis acid, as was
discussed in Chapter 1. Here the d-shell has been replaced by

the m-cloud of the aromatic ring. If it is fair to consider the
aryl ring as the Lewis acid in a dinitrogen bridging complex,

then the substituents on the ring should reduce the sz if

they are electron withdrawing and increase it if they are electron

donating. Indeed, if the YNg of the complex is compared with the
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VN,
p-OH>p-0CHz >p-Br>H>p-C1l>p-F>p-NOz, which is in good agreement
with the hypothesis.

1

The intensity in the i.r. spectra shows that there is a !

considerable dipole moment change associated with the sz.
From work by Ibers®® on nitrosyl complexes it appears that two
extreme types of co-ordination in these complexes exist as yet.
The two types are shown in Figs. 2-XVII and 2-XVIII; in Fig. 2-
XVII the nitrosyl ligand is considered formally as NOT and in
2-XVIII as NO . There is no known example of the intermediate
neutral species. Extending these structures to the analogous
co-ordinated arylazo complexes the three possible structures
shown in‘Figs. 2-XIX, 2-XX and 2-XXI arise. Here, Fig. 2-XIX is
® — @ ©

M=N=0 MENS M="NT N- Ar M= N=N I‘H-N\\
r

No b\ N— Ar

Fig, 2-XVII Fig. 2-XVIII Fig. 2-XIX Fig. 2-XX Fig. 2-XXI

analogous to Fig. 2-XVII, 2-XXI to 2-XVIII and 2-XX lying in
between 2-XVII and 2-XVIII, perhaps analogous to the neutral
possibility mentioned above. Fig. 2-XIX involves a formal ArNN+
ligand behaving as a 0O-donor, m-acceptor to the iron atom. -

Fig. 2-XXI is related to 2-XIX by a formal transfer of two
electrons from metal to ligand so that the ligand now behaves

as ArNN°. In Fig. 2-XX the Fe to ligand electron transfer may

be considered to have taken place to such an extent as to involve

a full M=L double bond but falling short of the complete transfer

of the free diazonium salt (see Table 2-II) then the fraction is



-35-

envisaged in Fig. 2fXXI. Both Figs. 2-XX and 2-XXI indicate

the existence of a dipole across the N=N group of a fair magni-
tude. In Fig. 2-XIX the dipole would be expected to be smaller
due to the less discrete charge differencelbetween the two nitro-
gen atoms. From the dimensions shown in Fig. 2-XVI it can be
seen that the actual structure approximates most closely to

Fig. 2-XX, with the nitrogen atom nearest the iron sp hybridised
and the other nitrogen atom sp®? hybridised. This structure has
an associated dipole, which is the case, also, if 1t tends to
incorporate a little of the structure portrayed by Fig. 2-XIX; an
above average N=N bond strength would arise, since the bond order

would be increased.

Comparisons with the Nitrosyl Analogue

It has been shown that stereochemically the two dations
[Fe(CO) »(PPhs) 2N0TH and [Fe(CO)a(PPhs)aNNCeH,;XT" are similar.
Nevertheless, within the cation itself there are some differences
accountable by the change in ligand,land the consequent change
in the electronic environment of the iron. Ffom Table 2-II
it is clear that whereas v/vo(Nz) is in the order p-OH>>p-NO:

the v( 's are in the reverse order. This suggests that the

CO)
diazonium groups compete effectively with the CO ligands for the
d-electrons. In the case of p-NO> and p-F, where the V(CO)'S
are similar to those ofthe nitrosyl complex, it would seem that
these two diazonium groups and the.nitroéyl group have similar

m-acceptor properties. With the less electron-withdrawing groups

the V(CO)'S decrease suggesting a pobrer m-acceptor, which is
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hardly surprising since there is no longer as great a drain for
the electrons accepted. However if the values of y/vo are
considered, then that for the NO group is far greater than any
of the diazonium groups. Hence,the evidence is conflicting.
However, it has also been found that, whereas NO+ will replace
the p-Br diazonium group in the cation, E—BrcsH4NN+ will not
replace the nitrosyl group, even in aqueous media. This other
piece of evidence suggests that the Fe-N bond is stronger in
the nitrosyl complex; i.e. that the nitfosyl ligand is indeed
the better m-acceptor of the two.

The other obvious method of investigating electronic
effects is with electronic spectroscopy. Solutions
in ethanol were used in preference to solutions in acetone due to
interference from the carbonyl m¥en transition of the latter at
ca 275 nm. Table 2-V shows the results obtained from the series,
the nitrosyl analogue and Fe(CO)s(PPhs)=. The results of Gray
et al.®! for Fe(CO)s are also included.. The extinction coef-
ficients are very high and the higher energy absorptions are
almost certainly due to charge-transfer. The lower energy band
at ca 300 nm could be a m*em transition in accord with its lower
extinction coefficient. 1In Gray's analysis of Fe(CO)s the bands
at 200 nm and 240 nm were assigned to M-L charge-transfer. It
"-is, therefore, probable that the absorptions at 204 - 211 nm |
observed in the arylazo complexes and other carbonyl compounds
in Table 2-V correspond to the former and that those between 226

and 251 nm to the latter. The band observed at 282 nm in Fe(CO)s
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does not seem to be present in the other complexes. Hence the
band at about 300 nm would appear to be peculiar to the new
ligand. (It is also absent in Fe(CO)s(PPhsz)2.) Consequently a
m*en transition of the azo (or nitrosyl) chromophore is tenta-
tively assigned to it. The interesting fact 1s that in the
electronic spectra the nitrosyl complex has practically the same
MNpax &5 the p-Cl arylazo complex. Their extinction coefficients
are, however, different, the former being far the larger of the
two. Thus, if the m#¥em transition is that of the Fe-N m-system
then the m-acceptor qualities of the two analogous ligands are

similar. If, however, the m-system in question is that of the

%
F;

N-N (or N-O) then the evidence is coincidental, since the energy
gaps in the orbital schemes of these two complexes are not

expected to be of identical magnitude.

Miscellaneous Measurements

With one possible exception, all of the results described
so far are explicable in terms of the trigonal bipyramidal
structure suggested. This excepfion was the MOssbauer spectro-
scopic study, the results of which are outlined in Table 2-IV.
The results obtained for Fe(CO)s(PPhs)2 are typically consistent
with its known trigonal bipyramidal Fe® structure. By comparison,

quadrupole splitting in [Fe(CO)a(PPhs)aNO]+ BF,~ is substantially
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decreased and that in [Fe(CO)g(PPhs)gNNAr]+ BF,  decreased
still further. Such quadrupole splittings are highly atypical
of most trigonal Fe® complexes. The large A-values these
normally display are due to a considerable electric field

gradient which results from the asymmetric (i.e. non-cubic)

environment in these complexes. The replacement of CO by No™
and NNAr' therefore appears to reduce the electric field gradient
despite the fact that the ligand environment of the iron atom
is rendered more asymmetric by the removal of the trigonal
symmetry of the equatorial plane. From the various other tech-
niques used there was no evidence to support the other possi-
bilities of BF4  co-ordination, o-metallation of an aromatic
ring, or plose contact of an o-hydrogen atom with the metal, all
of which would result in a pseudo—octahedrai complex. it seems
therefore that the explanation for this effect must lie in the
electronic properties of the co-ordinated nitroéyl and arylazo
ligands, and may arise from the increased m-acceptor character
ggﬂﬁﬁééevligands in comparison with that of the carbonyl group
as evidenced'in the i.r. data already discussed.

The magnetic data obtained for these complexes are extremely
difficult to explain. All the arylazo complexes were found to
be paramagnetic, as was also the nitrosyl analogue.
Fe(CO)s(PPhs)2, however, was diamagnetic as expected.
The results are tabulated in Table 2-VI. Taken at their face
value they fall into two distinct groups, firstly those with

p-substituents which have M effects, and secondly those with
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TABLE 2-VI
MAGNETIC DATA OF COMPLEXES (I)

Complex Wpr 8t R. T. (B. M.)

p-NO2 2.26% 2.,09#% 2. 04 #xx
p-0CHa 2.26%

p-OH 1.92%

p-Cl 1.24 % 1.39%*%

p-Br 0.88%

p-F 0.64*

NO analogue 0.84#

# Using Faraday Magnetic Balance
## Using Proton Resonance Shift method®2

*EE P o at 85° K.

only #I effects. The former (p-NOz, p-OCHs, p-OH) give & W pp
corresponding to about one unpaired electron, whereas the latter
(p-F, p-Cl, p-Br) give a smaller Morp COrresponding somewhere
between the values expected for zero and one unpaired electrons.
This paramagnetism can be explained by one of three causes:
firstly, that they possess inherent first-order paramagnetism;
secondly, that there is a trace of impurity present; thirdly, that
the complexes exhibit temperature independent (or second-order)
paramagnetism. As mentioned above formal oxidation states in

the complexes can be considered as Fe°-L+, FeI—L, or FeII-L-

(L = NNCeH;X). The Fel system would indeed be paramagnetic having

two unpaired electrons, one on the iron and one on the ligand.
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However, both the Fe® and the FeII systems would be diamagnetic
due to the ligand field splitting obtained in a trigonal bi-
pyramidal field for a low-spin d® or d® shell. Since all the
results fall into the rangelbetween zero and two unpaired
electrons' “eff's the first possibility cannot be ruled out,
despite the fact that none of the results cdrrespond exactly

tothe spin-only expectation for an integral number of unpaired

electrons.
It is difficult to believe that the values obtained are due

to impurities, as these values are remarkably consistent. Dif-

ferent batches of the same complex give the same Mopgrs 28 did
crystals obtained by different crystallisation techniques. If
these paramagnetic susceptibilities were dﬁe to impurities, it
would be unlikely that the impurity would always be present in
the same amount. Furthermore, the analyses suggest that if an
impurity is present in any amount, then the impurity mﬁst have
& strong analytical resemblance to the pure complexes. What is
more no spectral impurities were detected in any of the spectra
investigated. | |

This paramagnetism was also examined in solution by Evan's

proton resonance shift method®2, using tert.-butanol as the

internal reference in chloroform solution, with results in
general agreement with solid state values. However, no line
broadening was observed in any of the 'H n.m.r. spectra, nor

did the complexes exhibit e.p.r. spectra, both of which are in

agreement with the absence of first-order paramagnetism.
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Therefore, the observed paramagnetism is tentatively attributed
to second-order Zeeman effects (temperature independent

paramagnetism) despite the rather high values of Mot observed.

Chemical Reactions

These orange compounds are quite air-stable at room tempera-

ture, unlike the nitrosyl, which decomposes very slowly. They

do, however, decompose on melting -- the melting points are
listed in Table 2-VII. As mentioned above they are soluble
TABLE 2-VII

MELTING POINTS

Complex | : . .M. Pt.
p-NO2 - 184° C
p-0CHs | 128° C
p-F , 204° C
p-C1 132° C
p-Br | | . 160° C
D-OH 20%° C

in polar solvents, with the notable exception of water, but

not in non-polar solvents.

Reactions with NO'

When NO+BF4' was added to an acetone solution of the p-Br
arylazo complex and stirred under Nz at room temperature for

three hours, approximately 50% was found to have been converted
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to the nitrosyl complex. However, addition of p-Br diazonium
salts to the nitrosyl complex under similar conditions gave no
evidence of formation of the arylazo complex, even after 48 hours.
Even the addition of a small quantity (10%) of water to the sol-

vent had no noticeable effect.

Reduction of the N=N Group

The strength of the N=N bond already apparent from the
high wave number of its band in the i.r. was further emphasized
in its resistance to reduction. There was no evidence of reduc-
tion of the complexes with dihydrogen gas alone when stirred at
room temperature in acetone for 24 hours, or even in the presence
of a palladium catalyst (Pd/BaCOs) under similar conditions.
The p-Br complex was, however, reduced by NaBH, in ethanol solu-
tion and the resulting products were investigated. These pro-
ducts appear to be numerous and it is difficult to characterise
them all. Nevertheless,'from the mass spectrum there are two
peaks of equal intensity at m/é = 200 and 202 with corresponding
fragméntation patterns. These two peaks are characteristic of
ions differing by the two common bromine isotopes. The m/é
values and the fragmentation pattern determine these peaks to
be due to the ion [p-BrCeHJNHNH»-BHs 1" as shown in Table 2-VIIL,
There was no concrete evidence of further reduction, although
the possibility cannot be ruled out entirely since all the pro-
ducts were not identified.

The apparent difficulty with which these complexes are

reduced 1s therefore as expected. Parshall's work showed that
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TABLE 2-VIII

FRAGMENTATION PEAKS OF p—BrCeH4NHNH2-BH3+

m/e Abundance Assignment j
200,202 15 p-BrCeH, NHNH,- BHs ™"
183,185 15 p-BrCeH,NN'
172,174 5 p-BrCgH,NHs ™

’ 155,157 5 p-BrCeHs"

; 79,81 20 Brt
77 ' 100 CeHs
76 o5 CeHy .t

\ 17  includes OH' from CoHsOH NHa*

16 90 NHz"
15 100 NHT
14 90 NT, BHa'
13 25 BH,"

', the p-F arylazo

with a N=N stretching frequency of 1463 cm
complex of platinum could be reduced-by dihydrogen gas in

the presence of a Pt catalyst®®. However when the Ve Value is
increased in arylazo complexes then more powerful reducing agents
are required, as is described in papers by van TamelenZ®® 28’ 353
where he resorts to sodiumnaphthalide as the reducing agent for
dinitrogen complexes. Consequently, these results are in keeping

with other.published results.
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Miscellaneous Syntheses

It was hoped that investigation of another possible synthetic
route to arylazo complexes would prove successful. The reaction
tried was a parallel to the Mills reaction of organic nitroso-
compounds, namely: -

ArNH, + [ON-Fe(Co)z(PPhs)Z]'+ » [ArNN-Fe(CO)2(PPhs)21" + Ha0
Unfortunately, no reaction was observed under the conditions tried.
Even using the dehydrating solvent CHsC(OCHs)=2CHs there was no
evidence, from i.r. spectra, of the arylazo complex being formed.
Apparently there must be sufficient difference in the chemical
nature of the NO group between an inorganic nitrosyl complex and
an organic nitroso complex to prevent the analogous reaction from
occurring.

To try and obtain further understanding of this system, it
was decided to investigate the isoelectronic arylnitriles and
isonitriles. It is known that Noase is able to
reduce nitriles and isonitriles and consequently it was hoped
that the starting material for the arylazo complexes would also
react with either benzonitrile or phenylisonitrile, i.e. to form
Fe(CO)2(PPhs) 2 NCPh and Fe(COs)(PPhs)>CNPh respectively. How-
ever, in neither case was evidence of success shown, even when a

less polar solvent (benzene) was used.

Conclusions

It has been shown that arylazo complexes of iron can be
synthesized with relative ease quite successfully. These

complexes are stereochemically analogous to the corresponding
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nitrosyl complex. They are, however, more air-stable than

the nitrosyl complex even though the latter is the more thermo-
dynamically stable. There is no evidence of a disubstituted
arylazo complex although the possibilities were not fully
investigated. The N=N bond is reasonably strong but, as with
bridging dinitrogen complexes, this strength is decreased

é by electron withdrawing groups substituted on the aromatic ring.
| Furthermore, this bond requires quite strong reducing agents for
reduction to occur. However, if the ring is heavily substituted
with electron withdrawing groups, it is possible that reduction

might be facilitated. The reduction of this bond was as dif-

ficult as expected from its V=N value. Although the various
techniques used have slightly conflicting interpretations, it
can be said that the arylazo ligand appears to be quite a
good m-acceptor of approximately equal strength to the nitrosyl
ligand.

Unfortunately, due to the relative difficulty with which
these complexes reduce, this series of complexes has little
in common with nitrogen reductase and, as such, has little
apparent use as a model. Nevertheless the results obtained are
all explicable by factors brought out by some of the other
models of the enzyme, and hence with different ligands

perhaps the model might have been more successful.
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CHAPTER 3

PHOSPHODIAZONIUM SALTS

Introduction

As mentioned previously, one diazonium salt, the !
p-NEt2CeH4NNBF,, reacted very differently from the others with?
Fe(CO)s(PPhs)>. This chapter describes the properties of the
compound thus formed and the analogues also prepared.

With the above mentioned reaction, an intense orange-red
colour;tion was immediately observed with no gas evolution.
Furthermore, it was found that when the reactants were added in
equimolar amounts, only half the iron complex was utilized
whereas all the diazonium salt was expended. Atomic absorption
measurements showed,-however, that only trace amounts of iron
were p?esent.in the product, as impurity. This was further sup-
ported by MOssbauer spectra of the product.

After some investigation it was found that this compound
cou1d>a1so bevprepared by adding the p-NEt, diazonium salt
directly to triphenylphosphine, forming a 1:1 adduct. Further-
more, it was found that all diazonium salts appear to react
with PPhs in this fashion. However, the products from all
except p-OCHs and p-NEt, decomposed in solution. Those with -M
substituents were transient species under these conditions,
decomposing totally within seconds: those with only inductive
substituents or m-substituted mesomeric substituents decomposed

a little more slowly, lasting in solution about a minute. The

two mentioned with +M substituents were fortunately isolable in
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the solid state. Nevertheless the p-OCHs derivative is only
stable as a solid at 0° C, but the greater electron-donating
diethylamino group seems to be sufficient to allow the complex
to be quite stable at room temperature. Analytical data on the
decomposed adducts showed the reaction to yield the phosphonium
salt PPhsAr BF,” with evolution of N» (e.g. for Ar = m-MeO CgHy,
analysis was: found C 66.84, H 4.98, N 0.0%; required C 64.6,

H 4.72%). The analysis of the p-NEtz derivative was found to

fit that for the lzlédduct B-NEt206H4NNPPh3+ BF,~ very well. The

results shown in Table 3-I are those obtained for the complex

TABLE 3-1

ANALYTICAL DATA FOR PHOSPHODIAZONIUM SALTS

For p-NEtCeHsNNPPhsBF, " For p-MeOCgH,NNPPhsBF,4

From Fe(CO)s(PPhs)z From PPhs

Observed Calculated Observed Calculated Observed Calculated

C 64.27% 64.01% 63.97% 64.01% 62.31% 62.03%
H 5.52% 5. 56% 5. 56% 5.564  4.83%  4.54%
N 9.18% 8.00% 7.98% 8.00% 5.25% 5.79%
P 4.36% 5.906  5.9%%  5.90% |
F 13.55% 14.50% 14.50%

formed by the two different methods. From Table 3-I it can be
seen that the complex was of greater purity when prepared from

PPhs.



~-50-

E-NEt206H4NN+ BF, was found to react similarly with
PPhoMe, but in this case an unstable compound was formed, de-
composing slowly at room temperature, even when in an inert
(Nz) atmosphere. Although an i.r. spectrum was obtained, due to
the instability of the complex this spectrum was of a poor
quality. The results from this spectrum are discussed below.
The complex was too unstable to ailow a Raman spectrum or an
electronic spectrum to be obtained.

Similar reactions were tried with Sth,lAsPhB and SbPhs.
With SPhy and AsPhs oils were obtained after 2 or 3 days, but
there was no apparent reaction with SbPhs. The diazonium salt
was also mixed with triethyl and triphenyl phosphites and tri-
phenyl phosphine oxide: however, in all these attempts no
reaction occurred. Consequently, it appears that the only
stable and preparable compound of the series ArNNMR3+ BF, is
with M=P, Ar=p-NEt2CeHs, and R=Ph. Thus, most of the other
evidence described is necessarily that obtained for this one
compound, with inferences from the others. The physical proper-
ties measured for this compound were i.r. spectra, Raman spectra,
electronic spectra, n.m.r. spectra, molecular weight determina-
tions and electroconductivity measurements. I.r. and Raman
spectra were also obtained-for the 5N substituted compound

p-NEt CeHy ' #N' SNPPhs VBF, ",

Physical Properties

Since the salt obtained by adding the pNEt, diazonium

sait straight to PPhs was purer, this was the salt studied.
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This compound is a stable red needle crystalline solid which is
soluble in polar organic solvents such as acetone, ethanol,
chloroform, and nitromethane., It is, however, unstable in
solution, especially in chloroform where it decomposes with
loss of N2 to a brown oil in a day or so. It is insoluble in
water and non-polar organic solvents such as benzene, toluene,
carbon tetrachloride, and ether.' Melting points were taken
both for the p-NEtz and p-OCHs dérivative, giving 164° C and
92° C respectively. Both, however, decomesed completely on
melting and the latter started to decompose well prior to this
value (ca 40° C).

An electroconductivity experiment on an acetone solution
of 1.37 x 10°* M (assuming a molecular weight of 525) gave a
result of 184 mho cm® mole !. This value is relatively high for .
a 1:1 electrolyte*? which normally exhibits values in the range
120 to 175 mho cm® mole™ ! for this conceﬁtration; however, the
expected values for a 2:1 electrolyte are far higher, in the
range 230 to 290 mho cm? molé'l. A molecular weight determina-
tion on an acetone soluﬁion of 4.25 x 10°3 M indicated a mole-
cular weight of 3%20. This result corresponds to a 67% dissocia-
tion of a 1l:1 electrolyte of molecular weight 525. Consequently,
it appears that the compound is a direct adduct of the p-NEt>

diazonium salt and PPhz in a 1l:1 ratio.

Vibrational Spectra

Particularly important bands in the infrared spectra obtained

for three compounds are listed in Table 3-1I1 as are the Raman
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TABLE 35-1T

INFRARED AND RAMAN SPECTRA

Compound Vp_y cm VN- N cm” !
I.r. . Raman I.r. Raman
p-NEt 2CeH4NNPPhg BF, 1222 1212 888 883
p-NEt 2CeHa NNPPh MeBF, 1265? -- 873? --
p-OCH3CgH4NNPPh3BFy 1249¢? -- 8782 -
_E-NEtzcaH4?4N15NPPhaBF4 1210 1200 878 877

results for EfNEt206H4NNPPh3+BF4' and the !°N results mentioned
above. Spectra are illustrated in Diag. 3-I and 3-II. The
results shown for p-NEt-CgH NNPPh3BF, are unambiguous; those for
the other two compounds are only tentatively assigned by compari-
son, All the other bands in the spectra could be accredited to
either the PPhs or the aryl diazonium moieties or BF, , as they
were also found in the spectra of the starting materials. From
the evidence thus achieved it seems most probable that the complex

is formed in the following configuration: -

C.H _ Ph The bond orders have been
2 SN- -N-N-E-Ph berat itteq £
CzHs Ph deliberately omitte rom
this figure.
The assignment of the vibrational bands is in reasonable agreement

with the results found by Bock, Schnoller and Diek®%*; these re-

sults and other resultsSS for P-N and N-N bonds are tabulated in

Table 3-1II.
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TABLE 3-II1I

SPECTRAL DATA OF SIMILAR COMPOUNDS

Compound Vp_y cm ! Vo N cm” !
Ph3P=N-N=QH2 1053 847
PhsP=N-N=CD»> - 1012 799
PhaP=NPh 134Y -
Ph2EtP=NPh 1330 -
PhsP=NCHg 1230 : ' -
PhsP=NSOsCHs 1152 -

From Table 3~-III it can be seen that v lies between 1000

P=N

y 1s far lower in the order of 800 cm™'.

and 1350 cm” !, whereas Vo
vp_ has been shown to be in the range of 860 to 910 cm ' S8, and
in hydrazines and azo complexes VNoN and Ve 8Te found to be
between 850 and 1050 cm ! and 1550 and 1650 cm ! respectively.
Since it would seem correct to assume that either P-N or N-N
tends to a single bond order, whilst the other tends to a double
bond order, the assignment adopted seems the most reasonable
cﬁoice by comparison, Neither the infrared nor Raman spectra
show any sign of bands attributable to N-H orAP—H, indicating
‘these to be absent.

From the evidence so far three possible basic structures
can be formulated. The first (Fig. 3-II) is shown in two 1limit-

ing resonance structures and the other two (Figs. 3-III to 3-VII)

can have protons in the various positions shown.
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¢ }
CeHsy @-I\I:N—PPhs *  BR,
CaHs

— CoHs —N-N=PPhg BF,~
CoHs
(11)
Fig 3-1T

The i.r. and Raman evidence suggests that the compound has
the structure corresponding to Fig. 3-II and that resonance structure
(I1) is the—predominant one. Likewise, the strong colouration
of the complex is sﬁggestive of the larger chromophore that

arises from resonance structure (II).

: . H +
v e _poPh -

- Fig 3-I1II

k . 2H5)2N"© "N—N-Q P®Ph BF;

Fig 3-1IV

Figs. 3-I1I1I and 3-1IV are derived by analogy with the
structure obtained from the reaction between diazonium salts

and tertiary aromatic amines i.e.: -

+ - He -
NPhs + ArNN'BR,” = Ar-N=N-©-—N-Ph BF,
Ph

These structures, however, have two important discrepancies:

firstly, the absence of and VN-H in the spectra and

Vp_H
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secondly, there is no longer any P-N bond, and hence the new

=1 1

i.r. assignments would be vy at 1222 em™' and vy_y at 888 cm™!,
both of which are in poor agreement with published results for
these stretching frequencies.

Structures shown in Figs. 3-V to 3-VII again lack evidence
for N-H bonds and in these structures the P-N bond has to be of
single bond order, which would mean the assighments made for
Vp—N and VN-N would no longer be valid. The assignments now

1

would be V=N at 1222 cm ! and v at 888 cm™!. However this

P-N
value for V=N is far lower than that normally found for formal

N=N double bonds.

~ H
Et QN-Q ,ﬁ Et 21\1—@ LN Etzt]@_@ Nay

Phe PhPh Ph# g‘Ph Ph’?EPh
BF,” BF,~ BF,

Fig 2-V Fig 3-VI Fig 3~VII

Electronic Spectra

As already mentioned, these compounds are an intense
orange-red in colour. However, due to instabilities in solution
only the one complex was investigated by electronic spectroscopy.
The results obtained are tabulated in Table 3-1V, ﬁogether with
results for PPhs and E-NEtZCSH4NN+ BF, . The very intense band
at 506 nm can be seen to be due to some totally new chromophore

in the compound, and is of course the absorbance that gives rise

to the visible colouration. This colour would suggest a large
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TABLE 3-1IV

ELECTRONIC SPECTRAL DATA IN ETHANOL SOLUTION

Amax (nm)

p-NEt2CqH,NN' BF,”  PPhg  p-NEtoCeHsNNPPhs' BF,~ ¢ x 1072

cut off at ca 200 nm

- 214 vs 224 sh 14
255 w br 265 s 277 6.3
381 vs -- 384 4.1

- | - | 506 23

conjugated system as is evident from Fig. 3-II. The extinction

3 coefficient for this absorption band is indicative of a m¥*enm

transition.

Nuclear Magnetic Resonance Measurements

The 'H n.m.r. spectrum of this compound showed three main
peaks centred at 1 8.76, 6.39 and 2.37 (Diag. 3-1V). The peak at
v 8.76 is due to a CHa group being split by CHs, and that at
T 6.39 to a CHz group beiﬁg split by CHs. That at 7 2.37 is a
multiplet due to aromatics. The peaks integrate in the ratio
20:14:56. The ratio should be 6:4:19, which is in reasonable
agreement.

There is one further peak in the spectrum, occurring at
T 3.10 and integrating for one proton per six protons in CHs

~groups. This is a doublet of splitting 9 Hz. In the spectrum
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for the '°N substituted compound, the peak becomes a triplet with
the same splitting. The very small splitting rules out both N-H

and P-H for this peak, since both normally have a splitting of a

far greater magnitude. Why, however, this peak 1s a doublet with
14N, and its associated quadrupole, and a triplet with 5N, which
has only a spin of %, remains a mystery. Consequently assignment
of this non-equivalent proton canhot be made with any satisfac-

tion.

Further Structural Evidence

In order to totally eliminate the possibility of the struc-
tures shown in Figs. 3-II1 and 3-IV the complex was prepared
between p-NEt-CgH,NNBF, and tri(para—methoxy-phényl) phosphine.
This was chosen for two reasons: firstly, if the éomplex
formed with triphenyl phosphine was bonded through the para posi--
tion on one of the phenyl rings this would now be impossible
without the loss of a methoxy group, and secondly, if it bonded
through the ortho position instead, then the methyl protons of
the methoxy groups would be chemically inequivalent and would
show as such in the 'H n.m.r.

On adding the two reactants together the familiar red
colouration formed immediately. When the product was isolated
and investigated by i.r. spectroscopy it was found to be identical
to the triphenyl phosphine adduct, with the exception of peaks
attributable to the para substituent. The analytical data was

as follows: C 60.6%, calc. 60.66; H5,74 %, calc. 5.69%; N
6.95%, calc. 6.84%.
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The n.m.r.vobtained from this cémplex proved conclusively
that the syétem was N-P bonded since, as can be seen from
Diag. 3-V, the methyl protons of the methoxy groups are all
equivalent and integrate for nine protons per molecule,.
Integration of the spectrum gives the ratio 64:32:16:24 for
aromatics: methoxy protons: methylene protons: methyl protons.
The ratio should be 64:36:16:24, énd, consequently, little doubt
is left about the structure of the complex. The aromatic region
itself appears to be in four distinct absorptions integrating in
the ratio 8:24:24:8, however, although this could be interpreted
favourably for the structure, due to second order effects and the
complexity normally observed for a AA'BB'X type spectrum the
shape and integration observed seem quite coincidental,

Further ekperimental-investigations showed that the adducts
obtained with other diazonium salts with (B—CH3006H4)3P were
decidedly more stable than thosé obtained with PPhs. However

a full investigation of all the salts has not been attempted.

Other Experiments

Since Wilkinson's catalyst (RhC1(PPhs)as) possibly dissociates
to give free, or at least loosely bound, PPhs in its mechanistic
route, it seemed a viable proposition to add p-NEt2CegH4NNBF, to
this compound. The two reactants were stirred in degassed
benzene /acetone in an inert (Nz) atmosphere. However no immediate
red colouration occurred as with Fe(CO)s(PPhs)z, and only after
24 hours was there any sign of a red colouration. After 48 hours

the solvent was stripped off and the resulting residue shown to
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contain an amount of p-NEt>-CgH NNPPh3BF,. I.r. spectroscopy
was utilised to show this.
From this evidence it appears that the suggested equation: -
RhC1(PPhs)s hy RhC1(PPhs)> + PPhg
is either incorrect or else the equilibrium lies very far to the
left. Whichever alternative is right it would appear that the
suggested mechanistic route is in fact incorrect.
p-NEt>CeH4NNBF4 was also added to.PtClz(PPhs)z and to
PdCl5(PPhs) 2 using ethanol as the solvent in both cases. 1In
neither case was there any sign of the phosphodiazonium salt

produced.

Conclusion

It can be seen that the compound formed, initially by the
reaction of Fe(CO0)3(PPhs)> with p-NEt2CgH4NNBF4, is a 1:1 adduct
of PPhz with the diazonium salt. The salt resulting appears to
be the only salt in the series that isstable at room temperature,
and indeed one of the few isolable ones.

A proposed mechanism for the reaction involves o-donation
by the lone pair on phosphorus i.e;: -

S -ll\-T"N : PPh \\C N=N ;Ph
/C—~= ¢—: PP 3 / = N=N- a

However, it seems that for the complex to be stable, delocalisa-
tion of charge is essential: hence a +M substituent on the
original diazonium salt is required. Equally, it would appear

that a o- or p- +M or a o- +I substitutent on the phenyl rings

of the PPhs would have a similar effect. This is supported by
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the greater instability found when one of the phenyl groups of the
phosphine is replaced by a methyl group, and the increased sta-
bilities with (p-CH30CgHa4)sP.

Since the delocalisation can only be successful by the
possible formation of a N=P bond requiring low lying vacant
orbitals on the P atom (in thiscase 3d) this explains why NPhs
reacts differently. Also, the vacant 4d and 5d orbitals of As
and Sb respectively will form a far smaller overlap with the
2p orbital of the N in the order 2p-3d > 2p-4d > 2p-5d - hence
the apparent fall off of reaction down the series. PPhs is of
course a far better base than SPhp, which might explain why SPho
is reluctant to react in the same way.

This series of compounds seems to fall into an unmapped area
of a well studied field. Many similar compounds have been
described in the literature. One of the pioneérs of this

study was H. Staudinger who published several papers®7 °°

on
the series with general formula RR'R"P=N-N=CXz: here X and R,
R', R" are aliphatic and aromatic groups, which may, or may not
be identical.

More recently similar complexes have been made between

CsH4No and PPhs®° and between PPhs and the diazonium salt shown

in Fig. 3-VIII®!, However, it should be noted that in all these

fen + PPh. = QN-N=PPh3
0 00
Or@ ¥y 4 een, - OZN@ N--Fen,

N02 NO2

Fig 3-VIII
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cases the final products have overall neutrality, even, though,

as in the illustrated case, they are invariably zwitter-ions.
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CHAPTER 4
EXPERIMENTAL PROCEDURES

Preparation of Fe(CO)s (PPhs)z; Reaction of Fes(CO);» with PPhg.
|

The procedure was that used by Clifford and Mukherjee®2,
An excess of PPhs (ca 10 g) was dissolved in 200 ml of tetra- i
hydrofuran. To this 2.5 g Fes(C0)12> was added. This mixture
was then refluxed in an inert atmosphere (Nz) until the green
colour disappeared. On cooling, the solutidn was filtered and
the filtrate reduced in volume to ca 20 ml in vacuo. 50 ml of
ethanol was thén added and the yellow crystals that resulted were
filtered and washed with petroleum-ether. The solid was crystal-
1ised from benzene-ethanol, and shown to be Fe(CO)s(PPhs)2 by

analysis and i.r. spectroscopy.

Preparation of Fe(CO)s(PPhoMe)o; Reaction of Fesz(CO)i1 with PPhpMe.

This reaction was performed as above, using PPhpMe in lieu

of PPhs and using a tenth scale of the quantities described above.

Preparation of Diazonium Salts

The reaction used was that described by A. Roe®® viz, the
tetrafluoroborate salt of the corresponding aniline was made

in water by the addition of excess HBF, (aq.):

e ©
@ NH2 + HBF4 = @ NHS BF4
X X

This aqueous solution was cooled to 0° C and then a similarly

cooled solution of NaNO, was addeddropwise, with stirring: -
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NaNO, + HBF,4 = HNO> + NaBF,4

HNOp, + @NHS@ - @ﬁsl\r +  2Hz0
X X : |

The diazonium salt produced has comparatively low solubility at
0° C and was filtered off. The resulting crude product was then

recrystallised from acetone—ether;

Reaction of p-BrCgH4NNBF, with Fe(CO)s(PPhs)>

Fe(CO)s(PPhs)> (0.5 mM, 332 mg) was dissolved in 30 ml of
deoxygenated benzene. This solution was stirred at room tempera-
ture under Nz in a round bottom flask with a reflux condenser.
p-BrCgH4NNBF, (0.5 mM, 136 mg) in 15 ml deoxygenated acetone
was added dropwise and the resulting mixture was stirred for 2
hours. The solvent was then stripped off in vacuo leaving an
orange residue. This residue was recrystallised from acetone-
ether and shown to be [Fe(CO)a(PPhs)asNNCgH4Br1H BF,~. |

Reaction of XCgH4NNBF, With Fe(CO0)s(PPhs)o, (X
p-Cl, p-OCHs, p-OH and p-H)

p"NOZ, p‘F’

These reactions were identical to the preparation of
[Fe(CO)z(PPhg)2NNCGH4Br]+ BF, substituting p-BrCeH,NNBF, with
the appropriate diazonium salt. In the case of the p-NO> salt

25 ml of acetone were required to obtain a solution.

Reaction of [Fe(CO)a(PPhs)aNNCeH.Br1" BF,” With Nal.

An excess of a saturated acetone solution of Nal was added

to 0.5 mM of [Fe(CO)n(PPhs)oNNCgHeBr] BF,” in 20 ml acetone
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at room temperature. The mixture was stirred for 10 minutes.
200 ml water were then added and an orange precitate of
[Fe(CO)2(PPhs) sNNCeH,Br 15 I~ was filtered off and washed with

water.

Reaction of [Fe(CO)a(PPhs)oNNCeHsBr] BF.” with Ho

1 mM of [Fe(CO)z(PPhs)2NNCeHsBr]™ BF,~ was dissolved in
CHCls (25 ml) and stirred at room temperature. Through the
solution dihydrogen gas was bubbled at a rate of ca 5 ml min~?
for 24 hours. After this time the solvent was stripped off on
the vacuum line and the resulting solid investigated by i.r.
spectroscopy. Results showed that the solid was in fact the
starting material. The reaction was repeated exactly with the
addition of 0.02 g Pd/BaCOs to the reaction mixture. Again

_after 24 hours there was no evidence of the complex having been

reduced.

Reaction of [Fe(C0)a(PPhs)-NNCgHsBr] BF; With NaBH,.

1 mM [FS(CO)z(PPhs)2NNC6H4BT]+ BF,” was dissolved in 25 ml
CéHgUH”éﬁd’to this solution was added 1.5 g NaBH,. The result-
ing mixture was stirred in an inert (N») atmosphere at room
temperature for 24 hours. After this time the mixture was
frozen with liquid nitrogen and transferred to the vacuum line.
Here the products were distilled, and fractions»collected in
cold traps at -196°% - 33° and - 16° C. These fractions were
then investigated b& i.r. spectroscopy and mass spectroscopy.

These results showed that reduction had occurred in this case;
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the N=N bond was shown to have been hydrogenated to give
p-BrCgH4NHNH-> as the BHz adduct (trapped at -16° C) as well as

many other unidentified products.

Reaction of p-Cl and p-BrCeH4NNBF, with Fe(CO)s(PPhpMe)o>

The procedure was similar to the reaction with Fe(CO)s(PPhs)az,
except that half scale quantities were used. However, due to the
instability of the products, once the orange colouration appeared
the whole solution was frozen with 1iquid nitrogen and freeze-dried
on the vacuum line. (If the extraction was attempted at room
temperature a brown solid was initially obtained: when subjected
to attempted recrystaliisation from acetone-ether, the solution
became green within 5 minutes to yield a green solid.) Conse-
quently the solid obtained from the freeze-drying could not be
rurified by recrystallisation, and was therefore washed with

benzene and water and dried.

Reaction of [Fe(CO)a(PPhs)aNNCeHaBr 1" BF,~ with NO'BF,~

1 mM of each of the two reactants were stirred together in
50 ml of acetone under an inert (Nz) atmosphere. 5 ml aliquots
were withdrawn at 15 min intervals and the solvent stripped off
in vacuo. The resultant residue was then washed with water,

dried and investigated by i.r. spectroscopy.

Reaction of [Fe(co)z(PPhS;yo]+ BF,” with p-BrCeH,NNBF,

This reaction was performed twice. The first time the
conditions were identical with the previous experiment described.

‘The second case differed by the addition of 5 ml water to the
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solution at the start of the experiment,

Reaction of [Fe(CO)szPha)2NNCSH4Br]+ BF,~ with CsHsN

[Fe(CO) 2(PPhs) sNNCgHsBr]' BF,~ (1 mM) was dissolved in
50 ml acetone to which 1 ml of pyridine was added. The mixture
was stirred at 48° C in an inert (N») atmosphere. 1 ml 2
aliquots were removed at specific times. These aliquots

were dried in vacuo and investigated by i.r. spectroscopy.

Reaction of Fe(CO)s(PPhs), with p-BrCesH4NNBF, to Give Quantita-
tive CO Measurements .

A mixture of 40 ml of benzene gnd 10 ml acetone was totally
degassed on the vacuum line. This mixture was then distilled
in vacuo into the reaction vessel containing 1 mM Fe(CO)s(PPhs)»
and 1 mM p-BrCgH4NNBF,. The reactipn vessel was theh sealed
and allowed to react with stirring for 24 hours. After this
time the vessel was returned to the vacuum line, the seal broken
and the volume of gas in the flask measured using a system similar
to a T&epler pump. A sample of this gas was collected in a
capillary tube and submitted to high resolution mass spectroscopy.

The volume corresponded to 1.07 mM CO.

Reaction of [Fe(CO)a(PPhs)2NO]" BFS with - ) -NH»
[Fe(CO)2(PPhs)2NOT" BF,” (0.5 mM) was added to 2 mM of

X-@ -NHz, where X = NOp, OCHs, ¥, using 2,2-dimethoxypropane

as the solvent. The mixture was stirred at room temperature for

24 hours, but no reaction was observed; the mixture was then refluxed
for 24 houfs, again with no sign of reaction, as shown by i.r.

spectroscopy.
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Reaction of Fe(CO0)s(PPhs), with CgHsCN

Fe(C0)s(PPhs)> (0.5 mM) was dissolved in CHCls (20 ml) and
stirfed at room temperature with 1 ml CgHsCN in an inert (N2)
atmosphere for 48 hours. The solvent was stripped off in vacuo .
The starting materials were recovered. The reaction was also
tried in benzene (25 ml) under the same conditions with the same

results.
\

Reaction of Fe(CO)s(PPhs)s with CgHsNC

CeHsNC was made in situ by the carbylamine reaction, i.e.
KOH (100 mg) was dissolved in a minimum of ethanol and added
dropwise to 25 ml CHCls, in which 0.5 mM Fe(CO)s(PPhs)2 and 1 ml
CegHsNH, were dissolved. The resulting reaction mixture was
stirred for 72 hours under an inert (Nz) atmosphere at room
temperature. The solvent was then stripped off in vacuo and the

starting material Fe(CO)s(PPhs)2> recovered alone with CgHsNC.

Reaction of Fe(C0)s(PPhs), with p-NEt-CgH,NNBF,

Fe(CO0)s(PPhs)2 (0.9750 g) was dissolved in 30 ml benzene.

To this solution p-NEt-CeH4NNBF, (0.3750 g) dissolved in 10 ml
acetone was added dropwise. The solution turned red immediately
and later red crystals formed at the bottom of the reaction
flask. After 2 hours of stirring at room temperature under an
inert (N,) atmosphere the solution was filtered. The filtrate
was stripped of solﬁent in vacuo and the solid thus obtained was
found to weigh 0.4747 g. From i.r. spectroscopy this solid was

identified as Fe(CO)s(PPhg)>. From the weights recorded it was
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calculated that for every mole of Fe(CO)s(PPhs)z that reacts,
2.11 moles of p-NEtoCgH4NNBF, are needed, which within experi-

mental errors is a 1:2 ratio.

Reaction of Diazonium Salts with PPha

PPhs (1 mM) was dissolved in 10 ml of acetone. To this,
1l mM of a concentrated acetone solution of the required dia-
zonium salt. was added, with stirring, at 0° C. 1In all cases
the combined solutions immediately turned a deep red. However,
in all cééésJiékcept p-O0CHs and p-NEt>, gas evolutibn began at
once in conjunction with a 1oés of colour. In each case a
solid was obtained by recrystallisation by adding ether to the
solution. Only the p-OCHz and p-NEt> analysed correctly as the
diazo phosphonium moiety, the remainder analysing as the quarter-
nary phosphonium.sa1t>of general formula PhaPAr+ BF, . The
p-OCHs complex is only stable as a solid at 0° C and hence has
to be kept in the refrigerator. The p-NEt: derivative is

quite stable at room temperature as a solid.

Reaction of PPhoMe with p-NEt-CgH4NNBF,

PPhoMe (1 ml) was mixed with an acetone solution of 0.3 mM

‘p -NEts€gH;NNBF, and stirred in an inert (Nz) atmosphere. A

—

red colouration occurred immediately. After stirring for 1 hour
the solvent was stripped off in vacuo. A red residue formed, but
started to decompose slowly, both in vacuo and under 1 atm.
pressure of Np, It did, however, last sufficient time for an

i.r. spectrum to be obtained, although the spectrum was not well
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defined.

Reaction of (p-CH3006H4)3 with p-NEt206H4NNBF4

(p-CH30CgH4)sP (% mM) was dissolved in 5 ml of acetone. To
this % mM of a concentrated acetone solution of p-NEt>CeH4NNBF,
was added wiﬁh stirring. The red colouration occurred immediately.
The solution was reduced in volume in vacuo and the resulting
residue recrystallised from acetone-ether. The i.r. and n.m.r.
spectra, together with analytical data showed that the complex

was the 1:1 adduct.

Reaction of p-NEtsCgHyNNBFs with PtClo(PPhs)- and PdClo(PPhs)s

In both cases p-NEt,CeHsNNBF, (1/10 mM) was added to the
metal complex (1/10 mM) in 10 ml ethanol. The resulting solu-
tions were stirred for 48 hours at which time there was no
spectroscopic evidénce of the phosphodiazonium salt having been

synthesised.:

Reaction of p-NEt-CgH,NNBF, with Rh(PPhs)sCl

30 ml benzene and 5 ml acetone were fully degassed in vacuo,
and then distilled on the vacuum line into a reaction vessel
containing 0.0925-g Rh(PPhs)sCl and 0.0263 g p-NEt-CgH,NNBF,. The
reaction vessel was then sealed with a stir-bar inside and the
mixture was stirred for 48 hours. After 18 hours a red
colouration was observed, which gradually deepened. After
48 hours the vessel was returned to the vacuum line and the
solvent removed. A red crystalline solid was obtained from

recrystallisation with acetone-ether, and shown to be
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[p-NEtoCeH, NNPPhs ¥ BF,™ by i.r. spectroscopy.

Reaction of p-NEt,CgH,NNBF, with SPh,, AsPhs, SbPha, P(OCHs3) 5
PI OPh3 ) 3 and OPPh3

In all these cases ca 0.25 mM p-NEt-CgH,4NNBF, was added
to an equimolar amount of the other reactant in 15 ml of
acetone. The mixtures were then allowed to stir for 24 hours
under a N, atmosphere. After this time only the solutions
with SPh, and AsPhz showed any signs of reaction, having turned
green and greenish-brown respectively. The solvent was stripped
off on the vacuum line leaving an oil in both cases, neither of
which gave a discernable i.r. spectrum. In all the other cases
where there was no sign of reaction after 24 hours, the reaction
mixture was allowed to stir from between another 72 hours and 2
weeks., In no case was there any evidence for a reaction having
occurred (other than a small amount of the diazonium salt having
’decompoéed), i.r. spectroscopy showing a retrieval of the starting

materials.

Instrumentation Utilised

Infrared spectroscopy was investigated on the following
instruments: - Perkin Elmer 457 for routine spectra, Beckman
IR 12 for accurate wavenumber calibrations (+lecm !). In both
cases'the samples were pressed in KBr.

Raman spectra (tjlcmfl) on solid samples at room temperature
were recorded using a Cary 81 spectrometer with unfocussed He-Ne
laser excitation from a Spectra-Physics Model 125 laser producing

70 mW at source.
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Proton n.m.r. spectra were recorded at 60 MHz and 100 MHz
using Varian A-60 and HA-100 spectrometers: 1 values are
relative to (CHs)4Si (7 = 10.0) as internal standard. S3'P n.m.r.
spectra were obtained at 40.5 MHz using the Varian HA-100.

MOssbauer spectra were recorded (by Dr. C. H. W. Jones of
the Simon Fraser University Chemistry Department) with the
absorbers at 80 = 1° K and a °7Co/Pd source (New England
Nuclear, 10 mCi) at room temperature. A Technical Measurement
Corporatioh constant acceleration spectrometer was used, providing
2 X 200 channel spectra. The spectrometer was calibrated using a
N.B.S. Standard absorber: Na, Fe(CN)sNO . 2H20 (A = 1.172 mm.
sec™', & (57Co/Pd) = -0.442 mm.sec™ )

Magnetic susceptibility measurements were made at room
temperature on a Faraday apparatus calibrated against HgCo(NCS),.
The value obtained for the p-NOz iron complex at 85° K was
kindly‘measured by Dr. G. W. Rayner Canham using the automatic
variable temperature Faraday balance at York University, Ontario.
The results obtained over the temperature range 85 - 280° K are
plotted in Diagram 4-I. The magnetic susceptibilities obtained by
‘Evans'*® method were determined from the n.m.r. downfield contact
shift of the methyl resonance of added t-butanol using the Varian
A-60 and HA-100 spectrometers.

Molecular weights were determined from osmometric measure-
ments on acetone solutions using a Perkin-Elmer Hitachi Model
115 calibrated with benzil. Electrical conductances were deter-

mined at room temperature using a standard conductivity meter.

The cell constant was determined as 0.0095. Elemental analyses
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for non-metal content were determined by the S. F. U. Micro-
analytical Laboratory, by A. Bernhard, Germany and Chemanalytics,

Tempe, Arizona. Iron was determined by atomic absorption

spectroscopy using a Perkin-Elmer Model 305.

Electronic spectra were performed on a Unicam SP800

spectrometer using ethanol solutions in quartz cells.
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