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ABSTRACT

The kinetic paramefers in acetonitrile of the nucleophilic

substitution reaction:

I \
N3P3C16 + KCNS =~ hSPSClsNCS + KC1

have been determined. Tﬁe Arrheniﬁs activation energy is 15.5 + 5 Kcal
mole” ! and the common 1ogarithﬁ of the pre-exponential factor is 10.2 * 3.
The réactibn is first order in each reagent and is probably bimolecular.
Compérisqn with similar reactions indicate§ a lone pair electron donation
frém the nitrogen to the phosphorus atoms of the ring.

The compound, N4P4(NM62)8HCuC13 was prepared by the reaction
of teframeric phosphonitrilic dimethylamide with copper (II) chloride
~in butanone. The infra-red spectrum indicates that the copper atom is
bound to‘oné ring nitrogen atom, and'thg proton to ;he opposite nitrogen
atom. The ring is fouﬁd to be too small to allow chelation of the
‘éoppef.atbm.

| The salt, N6P6(NMe

CuC17CuCl,” was prepared by the dehydro-

2)12 2
haiogenation of N6P6(NMe2)12HC1Cu2C13. The hydrochloride was prepa;ed

by the_reaction of hexameric phosphonitrilié dimethylamide (H.P.D.) with;
copperv(II) chloride in the reducing solvent'bﬁtanone. The salt was
also produced by the reaction of H.P.D. with an equimolar mixture of
;cbppér (I) chloride and éopper (II) chloride in acetonitrile,.

- Chemical and magnetic studies on the salt showed it to have one

copper'(II)‘atom‘per molecule, The x-ray crystal structure showed the

copper (II) atom to be in a distorted square pyramidal environment, bonded
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to four ring nitrogen and one chlorine atom.

2

[+
This is linear with a Cu-Cl bond length of 2.11A. The anion is also

The salt contains the first known example of the CuCl,” anion.

one of the few examples of a finite species containing a two co-ordinate
copper (I) atom.
| The infra-red spectrum of the salt was very similar to that
of the parent H.P.D. The main difference was in the frequencies of the
stretching modes of the phosphoruslnitrogen ring bonds; which is consistent
with copper chelation.

Condu;tiometric and analytical studies showed théf the salt

does not retain the form N6P6(NMe2) CuC1+CuC12_ in acetonitrile solution;

12

the limiting molecular conductance 377 * 10 Ohms~} being too large to be

consistent with a 1:1 electrolyte.
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"CHAPTER ONE

GENERAL INTRODUCTION

Phqspﬁonitrilic derivatives contain the formally unsaturated
repeating. unit f§=P(X2)- for which several types of chemical reactions
are poséible. Among these are nucleophilic substitutionAof the ligands (X)
which has been exténsively studied, mainly from a preparative point of
view, Addition reactions either to the double bond or of a donor-aéceptor
>tYpe have also been studied, but not so eXtensively. | |
| Since.nitrogén is more electronegative than phosphorus, binding
electrons tend to accumulate near it. This causes the phosphorus and |
‘nitrogen atoms to be respectively electrophilic and nucleophilic.
_Of the various types of reaétions at the phosphorus and nitrogen
centres which could occur, two are studied in this thesis:
 (1), acceptortpréperties typified by nucieophilic substitﬁtioﬁ‘at
phosphorus by the thiocyanate anion, |
(2) and donor properties, through the chelatioﬁ of copper (II)
by nitroéen. |
Little information exists about the kinetics of nucleophilic
Subétitution at phosphbrus in phosphoﬁitriles. This may, in part, be due

‘to the difficulty of studying reaction rates with a molecule having many



potential attack sites. Therefore, it was felt that a kinetic study
would be worthwhile, because it would éiveAsome information in a field
where few facts are knowﬁ. ‘Also, it might throw some further light on
the nature of the m-bonding systems in phosphqnitrilic compounds. .

For this work the initial reaction of potassium thiocyanate
with trimefic phosphonifrilic chloride was studied.

6 * KCNS ~ KC} + N3P3C15NCS

'N3P3C1

The reaction was found.to be bimolecular and its rate constant
and activafion enérgy were Aeterﬁined.

~The study of the preparation of transition metal complexes §f
-phosphbnitriles is also a field in which very little information is
a&ailable. Metal halidés have been ﬁade to react with phosphonitriles,
but the resulting complexes have, at most, one ring nitrogen bonded to
the metal.. | |

In this work, two copper complexes have been prepared;
w:N4P4(NMe2)8ngCiS, ande6P6(NMe2)12 Cu(II)CI'Cu(I)Clz. The former
probably has a sfructure similar to N4P4(Me)8H CuCl3 with one nitrogen
bdgnd to a proton and one bound to the CuCls' group. Determination of
.the crystal structure of the complex of the hexamerié dimethylamide
showed it to contain a unique‘porphyrin-like %ramework in which copper (II)
ié co-ordinated to four endocyclic nitrogen atoms in the same moleculé
~ with the phosphonitrile acting asva macrocyclic ligand. The detailed
~geometry shows evidence of competitive donor-acceptor interactions which

~are compatible with m-electron theory. -
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CHAPTER TWO

KINETIC STUDIES OF NUCLEOPHILIC‘SUBSTITUTION IN PHOSPHONITRILES

Phosphonitrilic halides undergo many nucleoPhilic‘substitution
reactions. Their reactions with primary and secondary amines, alcoholé,
phenols, halidelions, and the thiocyanate ion have all been reported.
‘These reactions are among the mosf important and interesting in phospho-
nitrilic chemistry, and itris.theréfore surprising that there e#ists
almost no quantitative informationvéoncerning their kinetics. Siﬁce
‘the rates of substitution reactions would be expected, as a first
- approximation, to depend on n-elecfrén density at the phosphorus atom,
an inc;ease in kinetic information should therefore leéd to é greater
understanding of the n—mbiecular orbitals. Some quantitative work has
already been doné(1~6), and the fesults are summarized in Taﬁle I. ‘HQwever
the mass of kinetic informatioﬁ is qualitative, dealing mainly with the
typés of observed orientati@n patterns. |
The object of this wbrk has beenvtb obtain quantitative kinetic

: déta on nucléophiiic substitution in trimeric phoéphénitrilic chloride.
' The reaction studied was that pfoducing the m;no-substituted derivative.
It $hou1d-be noticed that phosphonitfilic halides offer many different

reaction sites to substitution and therefore, for'ﬁny reaction there exiét
~ several sfeps.

.Attention was concentrated on the first step, because

alternative paths are open to the second substituent. Because of the



Compound
(NPC1,) 5
(NPCL,) ,

(NPCL,)

(NPC1

(NPC12)3

1"

26

- Table I

Reagent

C1~

n

Aniline

Ethanol

Piperidine

Kinetic Parameters of Substitution Reactions of Phosphonitriles

Solvent

Acetonitrile

"

Ethanol-Benzene

1"

Toluene

Temp. -

0-35°C

Ea'(Kcal/mole)"1

18.
16.
17.

- 16.

3

n

n

Parameters .
1°g10A :

12.1

12.0

11.9

11.2
148 x 10~3gmole }sec™l
0.01 x 10”3zﬁ01e‘lsec'1

2.2 x 10" 3amole tsec™!

Ref.

(3

1"

"

(1

(2)



equivalence of the chlorine atoms in the parent phosphonitrile, the first

step can only go to form one derivative.

N o

However, the mono-substituted derivative has three non-equivalent sites
for nucleophilic attack which cannot be discriminated in a single
experiment. : ' )

| _ 4 N

P~

Z +

||
B N <N ~_¢N
o | | F) _
Ggminal Cis non-geminal Trans non-geminal

The reaction used was the nucleophilic displacement of a

chlorine atom on phosphorus by a thiocyanate ion. .

»P3N3Cl6 + NCS™ ~» PSNSCISNCS + C1°7

The thiocyanate ion was chosen because it reacts more rapidly than many

other nucleophiles, Also, while the mono-substituted derivative has not



been isolated, the reaction does go to producé the completely substituted
N3P3(NCS)6 which has been prepared and characterized(s). Preliminary
experiments showed that the reaction proceeds at a suitable rate. Also,
there is é possible interest in the thiocyanate group because it has a
m-system which could interact with that of the ring and modify the rate
of reaction. Finally, a convenient'method of followiﬁg the reaction is

possible because of the conductivity of the thiocyanéte ion.

" ‘Materials:

Trimeric phosphonitrilic chloride was purified by re-
crystallization from benzene_folloWed by sublimation and re;rystallization
to a constant melting point. (113.5°C, literature 112.8(9) and 114°C(10)).
The reagent was examiﬁed by infra-red and mass spectrometrf and found to.
contain no tetrameric chloride. .Before the reactions, the trimeric
‘phosphonitrilic chloride was dried iﬁ vacuo for three hours at 50°C.

Reagent grade potassium thiocyanafe was pﬁrified by repééted
recrystallization from 95% ethanol aﬁd then dried in Qacuo at 100°C(11)_
| Potassium éhloride was dfied»by repeated waéhings with reagent
~grade acetone and stored at.150°C.

» Reagent grade acetonitrile was dried over calcium oxide by,

- heating it under reflux for ;éveral hours. This was followed by
distillation under nitrogen.on to phosphoric anhydride. After two
distillations over the acid ghhydride, th¢ écgtonitriie was transferred'
to a dry-box. It was found important‘to exclude‘o§ygen from the
solutions as well as moisture. At this stage, it was checked for dryness

by electroconductivity measurement on a Wéyne Kerr Universal Bridge



- B221A. If the specific conductance was above the arbitrarily set limit
of 1.9 )('10"6 Ohm-1 (literature specific conductance 1078 Ohm"l(lz)),
it was redlstllled

Due to the warnings of Audrleth(7) about the 1nstab111ty of .
the isothiocyanate derivatives, all the purified materials and dried

apparatus were handled in the dry box.

The preparation of the reaction solutions was done by clean
dry pipettes in the dry box. A quantity of reagent was placed in é
‘weighing bottle which was then removed from the box and_weighéd. This
lwas returned to the box and a suitable quantity of the reagent-was
added .to a conical flask. Both the flask and bottle were wéighed, and
_ the flask was returned to the dry box. ‘Acetonitrile was added and the-
flask was removed and weighed again. The concéntration was then calculated
" in units of moles per gram of solution,
This procedure was used because the plpettes did not dellver
) reproduc1b1e volumes. Also, it was more accurate to use we1ght measure-
ments which do not vary with temperature. The results were changedilater._

‘into moles per litre using the densities of solvent and solute.

Two constant temperature baths were used during the experiment.
The one for 25°C varied no more than # 0.01C°, and the other by

+ 0.02C°.



An electroconductivity cell was constructed of the type
shown in Figure 1, Because the electrodes were held in place only by
their conﬁecting wires, utmost cautioﬁ had to be exercised so as not to
alter the cell constant.

The cell was calibrafed with potassium thiocyanate at 25°C.
First the béckground conductance due to potassium chloride and acetonitrile
‘was measured. Next, an amount of thiocyanate solution with a known
ébncentration»ﬁas added to the tared cell with a syringe, (a.pipette gave
" non-reproducible results). ' The total conductance was measured and the
backgroﬁnd conductance was subfracted from it. The cell was tﬁen weighed
and the concenfration was calculated. | |

The plot of thiocy;nate-concentration against thioc&anéte

~conductance gave a curve upon which three excellent straight lines could

be fitted:
_ k= 0.428 . . R
C = ggio7, for k=1.8- 6.4 @D
_ 'k =°1.3563 . - .
C = ~frgj7— for k=6.4-10.8 (2-2)
c o k=2.974 o ‘
T T 0.3733  for k = 10.8 - 14.5 L (2-3)

C = concentration KCNS x 10%:g-mole~!

k = conductance x 103-Ohms

I

No significance is attached to these lines other than that they made the -
calculation of the concentration of thiocyanate easier and more accurate.
The background conductance was small and never exceeded 1% of

- the lowest measured conductance. It was none the less, not quite steady
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B39
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F_iguré 1. Conductivity Cell
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and a correction for it was always applied.

" 'Procedure:

Thé differént kinetic runs were carried out usihg the same
chemicél.procedures. For all of them this meant méking reagent solutions
with known concentrations, equilibfating these solutions,.mixing them,
and then following the decrease in thiocyanat¢ concentration as a
function of time.

| - The reactant solutions were prepared in the dry-box. A‘few
ml. of one stock solution were added fo the cell which was then weighed.
A SO ml, flask was'treated in the éame way, using the other s&lution.

The flask was then replaced in the dry-boi aﬁd pure acetonitrile was
added. " | -

All reactions were carried oﬁt with 30 ml. of solution, and
the final'concentfations were varied byvvafying the amount of stock
-‘solutions. bnce the celllhad'been filled, it could nof be put back
'into the dry-box because it could not be §ea1ed well enough.

The'two reactant solutions were then equilibrafed in the
constant temperature bath, (usually 30 minutes). The flask was then
removed from the bath and_its conteﬁts poured into the cell. ‘At this
point, the clock and éonductivity ruhs were sfarted. In ali éases the
reaction was followed until 20% of the thiocyanate had been used. Once
the reaction was$ finished, thé full éell was weighed. This gave the

amount of both reaction solutions present, and from this the concentrations

could be calculated.



When the two solutions were mixed, there was an unavoidable
increase in the temperature of one of the solutions which was caused
by removing the solution from the bath by‘hand in order to pour the
solution. This caused the illusion of a sharp decrease in thiocyanate
ion éoncentration. That this was an illusion was illustrated by
~taking the conductance of an equilibrated KCNS solution then popring the
'solution into an equilibrated flask. After this had equilibrated, it
>wgs poured back into the cel} and conductance was measured as a function
of time (Figure 2). A downward curve leveling off at the original value
within one or two minutes, showed that what appeared to be a decrease
‘in concentration was in fact a temperaturé effect. Because many of the
experimenﬁs have concentration readings within one minute of addi?ion,

this curve is superimposed-on their concentration graphs.

“"Kinetics:

The reaction: ' ) R

p3N3C16 + 6KCNS +'6KC1 + pSNS(NCS)é

has been reported by R.J.A. Otto and L.F. Audrieth(7). It has been
assumed for the present work that the reaction takes place by a series
of individual and separate substitution steps; therefore, the first

Teaction will be:

P3N3C1 f KCNS > P NSCISNCS + KC1

6 3

If this reaction is first order in each reagent, then:



([_e{om-ﬁ.go{)-uo;1exauaouog SNOY 3usaeddy -

16.6
: 6.'5‘-»
16.4
16.3
16.2

16.1

~a
2
~

15.9

-z -

Time-(Minutes"%)

.Figure 2. Graph of the Temporary Thermal Effect at 8.8°C
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- 2d[KCNS]
dt

(2-4)

= k[KCNS][P3N3C16]

{

The initial rate,A[:élggﬁglﬂi, will then be directly proportional to

the product of the initial concentrations of the two reactants,

[p3 $Clgl; and [KCsti}
’[‘d[KCNS]] = K[P,N c16] [KCNS] (2-5)

(The subscript 'i' will be omitted from all future equations.)

If the reaction is of the second order, then a plot of
v.:§L§%§§l{KCNS]"1>against [P N C16] with [KCNS] constant will be linear.
This will also be true for a plot of —élggggj[P3N3C16]"1 against [KCNS]

when [P N C16] is constant. This results in two equations which must

be satisfied for a reaction of second order.

= [KCNS] G-l
e e L b= k[P,N.C1 ] (2-6)
Zd[XCNS] .
__J;?ﬁgiL_[p N c16] L = k[xcNS] (2-7)

-Therefore, equations (2-6) and (2-7) will produce two coincidental
‘straight lines with slopeik originating at the origin.

: The reaction rate —glgggél—-can be determined from a plot-of

%

[KCNS] against timé. This plot should result in a good approximation
~of a straight line at sﬁali timé. |
The initial concentrations of both reagents cﬁn be calculated
- knowing the qﬁantities of reégents used iﬁ theirvpreparation. Once k

has been determined for several temperatures, then the Arrhenius

(continued on page 27)
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Figuré 4. Plot of isothiocyanate substitution reaction at ‘7‘8.8"C.
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Figure 5. Plot of isothiocyanate substitution reaction-at 8.8°C
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Figure 12. Graph for calculation of substitution rate constant at 8.8°C
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dt

- d(conc. KCNSj
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Figure 14. Graph for calculation of substitution rate constant at 40.2°C
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activation energy, Ea,'can be calculated from equation (2-8).

..E

a
ln.k = - ﬁTi+ In A

(2-8)

where A is the frequency or pre-exponential factor.
EQuations (2-6) and (2-7) were thoroughly checked'at 25°C
(Figure 3). This graph gave a good approiimation to a straight line

beginning at the origin. This proves that the reaction:

KCNS + P3NC16 > PSNSCISNCS +'KC1\

is second order in both reégents and, therefore, that:

'”éd[KCNS]

dt (2-4)

= K[KCNS] [P,N,C1 ]

-
-

Characteristic plots of thiocyanate ion concentration against -
‘time in minutes are §hoﬁn in Figures 4 - 11. At small time, a straight.
line apbroximation was found wﬁich was ﬁsed to calculaté‘:élggggl—u
A plot of':gigg§§l—-again§t [P3N3C16][KCNS]'is showp on
Figure 12 for the reaction at 8.8°C.- Figures 3, 13 and 14 are plots of
equations (2-6) and (2-7) for'25°, 0.9° and 40.2°C.
. The study showed the reaction to be second order, being first
order in each reagent. Its.seCOnd order rate:constant (k) at various
temperatures is given in Table II. The Arrhenius activation energy

was 15.5‘£ 0.5 Kcal/mole and the'log10 of the preAéxponential factor was

10.2 * 0.3 (Figure 15).
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TABLE II THE SECOND ORDER RATE

CONSTANTS AT VARIOUS TEMPERATURES

- Temperature °C”! - k-[e/mole sec.]™}
0.9 6.1 + 0.3 x 1073
8.8 11,9 £ 0.4 x 1073
25 67 +5 x 1073
40.2 191 + 10 x 10-3

" 'Discussion:
" The thiocyanate group is an ambidentate ligand and can bond
to an electfophile'through either of‘its nucleophilic ends; in fact,
‘the thiocyanate anion reac£s with trimeric phosphonitrilic chloride to
. produce the fully substituted isothiocyanato derivative.
Several factofs characteristic of the elecprophile deterﬁine
‘which atom will bond. These factors are mainly determined by the-
electronic environment of the electrdphile{ and‘its stereochemistry.
Two sets of antibonding 7 orbitals are localized on the

(13)

Sulphur atom , and these can accept electrons from the electrophile.
This results in additional stability of the sulphur-electrophile bond.
The thiocyanate derivative is formed in group; that are able to back

~ bond in this manner. With the metals, the second half of the second and
third transition series such aé Rh, fd, Ag, Cd, Ir; Pt,vAu, Hg, Te and

Pb all form metal-sulphur bonds(14).

However, with smaller atoms such
as the metals of the first transition series: Cr, Mn, Fe, Ni, Cu and

Zn, the basicity of the nucleophile becomes increasingly important, and
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they form metal-nitrogen bonds.

No nucleophilic substitution reaction of an alkyl halide with
| é thiocyanate has apparently ever produced an isothiocyanato derivative(ls)
and so relatively small atoms can find the polarizability of sulphur mofe
attractive than the high basicity of nitrogen. .Howevér,'with penta-

vaient phosphorus, the bonding does occur through the nitrogen(16).

' CCly
P,0,Cl, + KSCN 34 POCL, (NCS)

Knowing the element and its oxidation number is not in itself
sufficient information for prediction of the type of bond which will be

formed., The nature of the surrounding ligands has been shown to be a

determining factor(17); m-electron withdréwing ligands reduce the electron

density at the electrophile, thus making it a weaker w-electron donor.
The next determining factor has been shown to be steric. The

isothiocyanato group éan become linear by assuming the form (—ﬁEC-S‘).

The thiocyanate on the other hand, is always bent,/S—CéN, An example

. of this is found when the.non m-bonding ligand diethylenetriamine,

NH,C,H,NHC,H,NH,, gives the S-bonded complex [Pd(dién)SCN]f. The

27274777274
eXtremely bulky tetraethyl.substituted ligand, (CZHS)2NC2H4NHC2H4N(C2H5)2,
‘gives;the‘N—bonded complex [Pd(Et4dien)(NCS)]+(18). For the phosphoryll
~ derivatives it seems unlikely that steric‘faciors could hgve any effect
dn'thefsubstitution, and in the fully substituted isothiocyanaté—"

(23) the substituent groups are well separated.

phosphonitrile
Kinetic studies have been done on phosphoryl compounds, but
none have been reported which use the thiocyanate anion as the nucleophile.

This limits the extent to which valid comparisons can be made between



the kinetics of the phosphoryl and the phosphonitrilic series of

compounds. However, it is still possible to compare the base strength

prefereﬁces of the phosphoryl groups with that of the phosphonitrile.

Similarly, for the phosphonitriles only very limited information is

available which'can'be used as a comparison with this work.
Nucleophilié,reactivities are mainly determined by the

. electronic, steric, and solvation chafacteristics of the reactants.

If steric and solvent effects are ignored; then the reactivity of a

Series‘of similar nucleéphiles with one electrbphile can be correlatgd

from the equation: |

1og %- = oH + BP ' (2-9)
k; _

rate constanf for substitution with water

where: kn

9,

k = rate constant for substitution with:the nucleophile
P .= a function of the polarizability of the nucleophile
H = a function of the pKa of the conjugaté acid of the nucleophile;"

.« and B are parameters associated entirely with the electrophilic sub-

(19). If, as in the case of saturated carbon, polarizability is

strate
mﬁre’importantvthan basicity, then the valﬁe of B will be higher thaﬁ
.that of a. The reactivity will then follow the pglarizabilify function;
P, of the nucleophile;‘ ‘ o

The opposite has been found for the phosphorochloridates where: (20)

6HSO_ > EtOH > C HSS' >’CH3CO2

F > HO % c 6

Here reactivity follows the basicity of the nucleophile, and g can be

assumed to be small. The base preference of the phosphorochloridates is
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also evident in the formation of the isothiocyanato derivative,
ClZP(O)NCS, in preference to the corresponding thiocyanato derivative.

This allows equation (2-9) to be expressed in the form:
log k =‘apKa + éonstant ' (2-10)

~Therefore, Qhere the reactivity of the electrbphile folloWé the
polarizability of the nucleophile B is predoﬁinant in equation (2-9).
Oﬁ the other hand, where the base strength is followed o is predominant»
and equation (2-10) is the result. Furthermore, in compounds with
saturated carbqn, where B is important, the thiocyanato derivativé is
formed. Conversely, with fhe phosphorochioridates, where d is important,
vthé isothiocyanato derivativé is formed.

‘The formation of the isothiocyanato phosphonitrilic-derivative
is then étrongly suggestive 6f’é reactivity dependent upon a. This can
3)

be shown by a comparison of the rate cohstant, kCl’ for the reaction(

% * -
6 + Cl1 > N3P3C15C1 + Cl

N3P3C1
with the rate constant k for the. thiocyanate substitution reaction.

C1

the reactivity does follow the basicity. These two rate constants

- . *
k., is lower, 5,01 x 1072 than k, 6.7 x 1072, Therefore,
allow a value of o to be calculated:

' HC1 ‘
loglOkC1 = apKa + constant - (2-11)

apKaHCNS + constant (2-12)

loglok

*  in units of fmole lsec™!
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log k - log kCl = a(pKaHCNS —pKaHCl) (2-13)
where szHCNS - pKaHCl =4 (19) (2-14)
10g‘§__.= 4a. , o (2-15)
C1 :
- %-log.gé%%i= o (2-16)
« = b.0317 | (@17
~The pKaHCl ﬁalue is an approkimation, the accuracy of which determines—

to a large extent the accuracy of the a value. This approkimation.has
been used to correlaté base strgngth and reactivity in similar reactions
and therefore, it would seem fo be.an acceptable value to use here.
Furthermore, the interest in o lies not in its absolute value, but in
comparisons with a values for similar compounds. Such comparisons do

show a sensible difference between the a value of the phosphonitrile and

a values for compounds containing penta-valent phosphorus atoms.

"o Coefficients for the Reaction of Nucleophiles with Phosphoryl

" "Compounds (21)
Compound o
Et ,N(OEt)P (0)CN | 0.50
(Et0) P(0)OP(0) (OEL), 0.70

PTO" (Me) "P(0)F 0.82
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As the positive charge on the phosphorus atom increases, the
rate constant and the value of o should also increase. Therefore, if »
all other factors are constant, the value of o should follow the electron
withdrawing effect of the ligands. | |

The small value of a fof the phosphonitrile compared Qith
those for the phoéphoryl compounds is then an indication of the low
b'positive charge on the phosphonitrilic phosphorus atom. This would be
due to electroh donation from the ione pairs of the ring n;t?qggag to
_ thevphosphorus atom. This effect is already known; recent studies of
- the ionization pétentials of phosphonitriles(zz) have indicated_loﬁe
péir doﬁation.

It should be observed from equation (2-15) that any factor
which wouid increase k would also increase a. So decfeasing the positive
charge on the phosphorus atom decreases a. However, other factors could
be iﬁportant also. In thg isothiocyanate the lone pair 6n the nitrogen
could donate to the phosphorus atom. The correspondiﬁg-increase in the
. exocyclic P-N bond energy would be expected to decrease the activation
energy and, thus; inc?ease X, ' Such donation would be evident
in a shortened exocyclic P-N bond lengtﬁ; however, recenf x-ray studies(zs)
~ show only a relatively smail sho}tening and therefore indicgte a wéak
exocyélic donation.

- Two typeS of nitrogen lone pair donation are now evident: .
- (1) donation from the ring nitrogen atoms which decreaseé o,
(2) and donation from the isothiocyanate nitrogen atom wﬁich~
increases k by stabilizing the transitién state.

Because the o value for the phosphonitrile is smaller than the



o values for the phosphorochloridates, endocyclic donation would
appear to be dominant. This is consistent with the x-ray structﬁre of
the fully substituted derivative, where the endocyclic shortening of the
P-N bond is greater than thé exocyclic,

| The Ea value of the thiocyanate-rpactiog is 15,5 + 0.5
Kcal/mole. This is lower than the value of 18.3 Kcal/mole found by

»Sowerby(s)

when using chlorine as the nucleophile. The LoglOA or
pre—eiponential factor was 10.2 *+ 0.3 compared with 12.1 for the chlorine.
The difference in activation energies is compatible with the fact that

substitution by isothiocyanate is faster than by chlorine. The increase

in rate is then due to the stabilization of the transition step.

In conclusion it can bé stated that the work in this section
has provided information on several characteristics of phosphonitrile
chemistry,

- The reaction:

N P3C1 + 6KCNS ~ N3P3(NCS)6 + 6KC1

3 6

starts with the separate and individual step:

~ N3P3C16 + KCNS ~ NSPSCISNCS’+ XC1

which is followed by a series of other steps to giVe the fully
" substituted derivative. The first step is second order, being first
order in each reagent and is most probably bimolecular. This would

involve a penta-co-ordinate phosphorus in the transition state.
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Comparison of the kinetics of this first step with those of
the similar chlorine exchange reaction, enables the value of the o
factor to be calculated. Further comparison of this value with o
factor values for phosphoryl compounds indicates that the phosphorus
atom in the phosphonitrile has a higher electfon density than the

phosphorué atom in the phosphoryl groups.
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CHAPTER THREE

METAL HALIDE DERIVATIVES OF PHOSPHONITRILES

* Introduction:

In the study of the chemistry of phosphonitrilic derivatives
a major objective is the discovery of experimental evidence relevant
' . . . (24) (25)
“to theoretical expectations. . Craig and Paddock and others have,
on the basis of Huckel M.0, theory, been able to explain many of the
empirical results of such studies in terms of w-electron systems covering
the whole molecule,
- The structures of the tetrameric and hexameric phosphonitrilic

(26,27)

dimethylamide derivatives are known and part of the object of

the present work has been to make and study their complexes with metals,
" so as to throw more light on the factors influencing m-electron drift

in the phosphonitriles. Phosphonitriles are known to form addition .

compounds with Lewis acids. Some of the reported compounds are listed
in Table III.

Recent x-ray determination of the crystal stucture of

_<N4P4Me8H CuC13(40) shows the copper bound to only one ring nitrogen,

and the proton bound to the opposite nitrogen (Figure 16). In the

metal carbonyl derivative, N4P4Me8Mo(Co)4(39), infra-red evidence suggests

a molybdenum atom co-ordinated to two opposing ring nitrogens.- However,



~ Table III Phosphonitrilic Addition Compounds

N3P3C1

6fHClo4 (28)
N3P$C16‘3803 (29, 30)
NP.ClNO,  (29) |
'N3P3(NHC6H5)6'HC104 (28)

NP (NHCH) "HCL  (28)

NP.C1, (NHCH,),"HC1O,  (28)
NP,Cl, (NHC,H,NH,) "HCL  (28)
NP (NH,) " (HC,H0,) ;.  (30)

NP MeRI (R=Me, Et)  (31)
N393c1é(NHP%)4-HC1 (32)
[N, (NMe,), (NMe,) ] "2BF,  (33)
N,P.Cl -2AICL,  (34)
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N3P3C1

" N.P.Br

33
N3?3Br

- NSPSMe

¢ MBr,  (35)

¢ AlBr,  (35)

¢ 2AlBr,  (35)
6'MC14(M=Sn,Ti) (36)

N3P3(NHR)6'HC1(R=Et, n-Propyl,

(NPFz)n‘ZSbFs (n=3—6]

i-Propyl, n-Butyl, i—Butylj

N,P,Clg-2HC10,  (28)
NP MegMo(CO),  (39) )
' N,P, (NH,) o (C,H,0,)  (30)
NP MegH CuCl,  (40)
(N,P MegH) CoCl,  (41)
N4P4M98RI (R=Me, Et) (31)
(42)

(37,38)
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Figure 16, The Structure of PN Me HCuCl

(Eiocyclic Groups Omitted)
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since it has not been made in crystalline form, no x-ray determination

of its structure is available.,

[(NPMe2)4H]2CoC14(41), which is stoichiometrically similar

to N4P4Me8H CﬁClS, has an ionic structure composed of two sterically

4°4"%8 4

To date, no phosphonitrile has been bonded with a transition

dissimilar N,P Me H* cations and one CoCl2 anion.

metal halide in such a way as to form boﬁds from moré‘than one ring
nifrogen. A few.exampies exist where the acceptor atom probably
‘bonds to one nitrogen, e.g. (Me2PN)SSpC14,-(MeZPN)STiC14(36), and
N3P3C16-3SOS(29’30). The evidence for this type of bonding comes
bfrom infra-red and nuclear ﬁagnetic resonance Studies.

Trimeric and tetrameric derivatives are probably too crowded -
to allow the metal to sitvas closely to the ring plane as would be
bﬁecessary in a mulfi—dentate ligand. Partially offsetting this, however,
is the basicity of the ring‘nitrogens. The more basic they are, the
lless important will be the steric effects. The suggested sfructure of
N4P4Me8Mo(Co)4(39) indicates the»possibility of forming an N4P4R8CuC12
- molecule with several ring hitrogens donating to‘éopper. However,
as this does nét happen for R = Me, a more‘electron-feleasing exocyclic
group may be necessary. 4 .

Information on the basicity of the phosphonitrilic derivatives

is available, and some is presented in Table IV.

TABLE IV pKa VALUES FOR SOME PHOSPHONITRILES™

Group | Trimex . Tetramer

: ' pKa -~ pkKa pKa pKa
(43,44) 2 2
Et (CHS) ’ v 6.4 ~ : 7.6 0.2
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Group - Trimer % Tetramer
pKa pKa pKa pKa
2 : 2
NMe2(45) | 7.6 -3.3 8.3 0.6

* determined in nitrobenzene

** refers to addition of a second proton

In none of the-derivatives studied did the pKa values change
by more than 1.2 units when varying ring size from trimer to tetramer(44),
The effect of variation of ring size on base strength is evidently
‘much smaller than that of variation of the exocyclic'groups}

It should alsolbe noticed that pKa valﬁes for phosphonitrilic
. amidés are very similar to thése for the freé amines; dimethylamine has
" a pKa value of 7.5(45). Knowing the ease with which amines form ’
complexes with a high cofper co-ordination number, it might be expected
that phosphonitriles would do the same.

The tetrameric phosphonitrilic dimethylamide'derivativelis
more basic than the(methyl derivative both to firét and second
'protohgtion, and therefore, it is more likely to form a chelate comple£
with copper. . This would involve a st;ucfuré similar to that.suggested
| for'P4N4(Me)8Mo(Co)4(39}. |
- However, steric interference wouldlbe greater for the amid¢
~groups than the methyl groups. This would offset some, if nét all, of
the increased basicity. 'Sterié interactions would be reduced in the
larger rings without appreciable éhange in base.strength. In this work

the reaction of copper (II) chloride with hexameric phosphonitrilic

dimethylamide derivatives was investigated.
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With phosphonitrilic amides, addition feactions can occur
using the lone pair electrons at the ring, or exocyclic nitrogens or
the molecular orBitals of the ring system. A number of articles suggest
- that the ring nitrogen atoms'are the centreé of basicity., One of‘
these deals with the structural determination of N3P3C12(NHPri)4HC1(32).
The proton is bonded to a ring nitrogen which indicates that this site
is the centre of basicity. The structure of [N4P4Me8H]CuC13(40) also
supports this conclusion. Never the less, it is not inconceivable that,
~in hindered molecules, co-ordination of the exocyclic groups might
occur, and interactions of this sort have been'suggested(sz).
In the course of this work, the tetrameric phosphonitrilic
dimethylamide derivative was ﬁade to react with coppei(II) chloride in
an attempt to producela chelate compléx of copper. However, the
;stoichiometry, N4P4(NMe2)8HCuC13, of the resulting complex and its

infra-red spectra suggest a structure with only one copper-nitrogen

covalent bond and one protonated ring nitrogen.

" " "THE REACTION OF TETRAMERIC PHOSPHONITRILIC DIMETHYLAMIDE (T.P;DC)

" WITH COPPER (II) CHLORIDE.

" "The Preparation of T.P.D,:

T.P.D. is formed according to the equation:

P4N4C_18 + 16NHMe, > P N, (\Me,) g + 8 NH,Me,Cl

The tetrameric phosphonitrilic chloride was prepared by the method of

(47)

Stokes and the dimethylamine was the reagent grade chemical obtaihed
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from Eastman Kodak.

" At -78°C, 80 ml (1.21 moles) of dimethylamine in 20 ml of
diethyl ethér were slowly mixed with 30.2'g (0.0652 moles) of tetrameric
phosphonitrilic chloride in 150 ml of diethyl ether. A dense whité
precipitate formed immediatély. When this formation had stopped the
reaction mixfure was allowed to reach room temperature where iﬁ remained
for ;wo hours. The reaction mixture was then heated under reflux for
nineteen hours. The white precipitate was filtered off, leaving a clear
solution. Evaporation of this solution left a white hard powdér
(m.pt. 220°C) assumed fo be the crude product (A).

- The residual_dimefhylamine and diethyl ether were removed
under vacuum from the first‘wﬁite residue., Co-precipitated préduct was
“then extracted from it using diethyl ether as the solvent. lEvéporatiﬁn
of this solvent.left a gummy White residue which was reacted‘for a
. further thirty-four hours with dimethylamine.

" The crude product resulting from this reaction, combined with

that previously obtained, (A), weighed-16 g (40% yield based on the
amount of tetrameric phosphonitrilic chloridé édded). It wés purified
by repeated ré—crystallizétion from diethyl ether to produce white
.crygtalline neédles of about 2 mm in length, m.pt..238°C, (N4P4(NM62)8
m.pt. 238°C(48)). The infra-red. spectrum of fhe sample in a potassium
bromide pellet is shown iﬂ Table V and Figure 17(a). »

. YA qualitative chlorine analysis showed the sample to be
‘free from contamination by hydrogen chloride, Quantitative micro
analysis gave N,‘31.88; C, 35.79; H, 9.55%; (formula N4P4(NMe2)8 requires

N, 31.60; C, 36.10; H, 9.02%. .
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. TABLE V Infra-red Spectra* of N4P4(NMe2)8 and N4P4(NM62)8HCuC1

3
© N,P, (NMe,) gHCuCI ' N4P4(NMe2)8
| 'Peaks in cm~! . L Peaks in cm~l
13100 s I 3010m, 2980s, 2860s, 2780s p r
3000 - 2750 s v b 1870, 1980, 2020, 2070 p r w
2600 m - | . 1430, 1450, 1465, 1480 p T s
1900 - 2400 p T w bands N 1400 - 1230 p s
| 1440, 1460, 1480, 1495 p r s . 1175, 1145 s
1300, 1250, 1220, 1170 s | 1060 m
1060 m | | - 1000 - 950 b s
980 s ‘ S (I :
020 s ,f : . | | 820 w |
860m B . 75 s
785 w ) R 630 s
750s, 745m p T 520
_ 6605, 6655 . . 470 s ¢ .
495 m | |

450 m

s - strong; m - medium; w - weak; v b - very broad; b - broad;

p r -~ poorly resolved

*Taken on a Perkin-Elmer 457 Grating Infra-Red Spectrophotometer. - -
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- . The Preparation of N4P4(NMe2)8HCuC13:

‘Anhydrous copper (II) chloride was oBtained by dehydrating
the hydrate in boiling butanoﬁe(49). | | |

0;3306;g‘(4.3 x 107" moles) of T.P.D. iﬁ 100 ml1 of acetonitrile
were added to 0.0743 g (5.53 x 10™% moles) of copper (II) chloride in
200 ﬁl of acetonitrile. The brown colour of the copper (II) chléride
- solution immediately changed to a red-brown tea colour. The reaction
mixture was then heated under reflux for'thirty minutes, coéled to -4°C,
and left for fourteen hours,

'Fiash evaporation of the solution left a yellow-brown residue.
This was dissolved in diethyl ether [copper>(II) chloride is insoluble
in thi;wsolvent] and filtered to give a golden wheat-coloured éolution.
Upon concentration of the solution and standing, there formed 0.087é g
of non—homogenéous primrose-yellow crystals, (m.pts. 103 - 105°C; 112°C).
| " The previous reaction was repeated usiné 3.4889 g (4.55 x 1073
- moles) of T.P.D. and 0.6679 g (4.97 x 10f3 moles) of copper (II) chloride.
However, this #ime tﬁe yellow-brown residue was washed in 200 mlvof '
diethyi ether and filtered. The undissolved product was extracted with
diethyl ether in a Soxhlet extractor for two days. During the extfaction,
yellow rhombohedral ﬁeedleg formed in the flask. These were separated
frbﬁ the solvent and dried (m.pt. 114°C). |

The amount of product recovered was:

rhombohedral needles from eﬁtraction 0.6980 ¢
material dissolved in solvent o 0.1557 g

residue left in thimble after extraction of main product '1.2006 g

Total 1,9543 g
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The yellow product in the thimble was unstable to the atmosphere,
turning éreen upon prolonged exposure. Except for a small aﬁount of
insoluble red gum the yellow product was dissolved in benzene. This
was filtered and evaporated to give a brown oil containing some
benzene and some seemingly colourless crystals. The oil was diluted
with 150 ml of carbon tetrachloride and the crystals filtefed off as
é gummy yellow powder.

The érystals formed in the flask during extraction (m.pt. 114°C)
were re-crystallized from diethyl ether forming yellow rhombohedral
crystals, (m}pt, 114 - 116°C); micro-analysis found N, 23.94; H, 7.04§
| C, 27;3; Cl, 15.45%. Formula_(P4N4'(NMe2)8H)CuC13 requires N, 23.8;

H, 6.95; Cc, 27.3; Cl, 15.1%. The infrg-red spectrum in potassium bromide

| is shown in Table V and Figﬁre 17 (b).

" ‘Discussion:

N4P4(NMe2)8HCuC13 bears an obvious stoichiometric similarity

to N4P4Me8HCuC13,

electron-releasing groups attached and each molecule having three chlorine

both ligands being tetrameric rings with bulky

atoms and one copper atom. A corresponding structural similarity might
therefore be expected.

The sturcture of N4P4Me8HCuC13 has been determined by k-ray

(40)

diffraction and the ring shown to be covalently bonded through one

nitrogen to the copper atom of the CuCl,” group, and through the

3

:_opposing nitrogen to the,proton (Figure 16). A similar position for

the proton in the amide derivative is suggested by the infra-red spectrum.
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Therefore, CuCls' is most probably bound to the opposing ring nitrogen.
The main differences in the spectra between the octa-amino
derivative and its copper complex are the appearance of new bands at
3100, 2600, and 920 cm™1, and the hypsochromic shift of the peaks at
725»and 630 ecm~1 to 750 and 660 cm™!, and the peaks at 1175 and 1145 cm™!
to 1220 and 1170 cm‘l.\ |
Moeller and Kokalis(so) observed new bands ét 2300 - 2650 cm”~!
on going from the hexa-amino derivatives to their hydrochlorides. On |
the basis of similar results found upon the hydrohalogenation of pyridine
.derivatives(SI’ss), he assigned these bands to N-H stretching modes.

(52)

In several pyridinium‘derivatives Evans assigned peaks at %100 -
i3374 cm™! and 2800 ] 2273 cm~! to the same stretching modes. éimilarA'” '
bands (at 2660 and 3080 cm™!) are found in the‘infra—red spectrum of
AN4P4Me8HCuC13, which is known to be protonated on the nitrogen afoﬁ(40).
Peaks at 3100 and 2600 cm™! in the spectrum of N4P4(NMe2)8HCuC13 are
most probably due to a similar protonation of 6ne of the nitrogens.
However, whether protonation is exocyélic or endo;yclic cannot be
détermined from these bands.

(54)

Stahlberg studied the spectrum of N3P3C12[N(CH and

3214
assigned peaks at 686 and 684 cm™! to symﬁetric PN2(exo) stretching
modes, and peaks at 755 and 751 cm™! to asymmetric PNz(exo) stfétching
modes, Similar peaks at 630 and 725 cm™! are found with N4P4(NMe2)8
and.may be assigned to thé'analogous stretching modes (these may be
: ‘unresolved doublets). |

The spectrum of N4P4(NMe2)8HCuC13 shows a hypsochromic shift

of these peaks to 665, 660 cm- ! and'750, 740 cm~!, This is consistent
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with the presence of m-electron withdrawing groups bonded to the ring.
The P-N(exo) bond in N4P4(NMe2)8 has considerable double bond character
caused by the delocalization of the lone pair electrons on‘nitrogen‘

(26)

into the m-ring bonding system Any bonding of the ring through
its nitrogen lone pairslto an electron withdrawing group would cause
an increase in the double bond character of the P-N(exo) bond and a
resulting hypsochromic shift of the frequency of the vibrational modes.

Furthermore, no difference is noticed in the frequency of the
N-C stretching mode (1060 cm™!) between the two compounds. The bonding
~of an acceptor to an exocyc11c group would have been expected to change
this frequency, particularly 1f the acceptor had been a bulky copper
anion. The proton and the copper atom must, therefore, be bound to the
' ring ﬁitrogens

It seems 11ke1y that, analogous to the case of N (NMez) HCuCl
the anionvis the group CuCls‘. This would be expected on electrostatic
grounds‘to have an antipodal‘orientation relative to fﬁe proton.
Evidence for this is found in the structure of N4P4Me8HCuC1

Because protonation of the ring reduces the basicity of the
_ pitrogen atoms, this orientation would eiiminate any chelation. So the

copper is most probably bound to only one ring nitrogen. This would

involve a structure analogous to that of N,P

4 4MeéH‘CuCl3
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CHAPTER FOUR

THE PREPARATION OF A PHOSPHONITRILIC COMPLEX

CONTAINING A CHELATED COPPER

Both size and base strength should determine whether or not
a phosphonitrile can act as a multidentate ligand. The failure of
‘tetramericphosphonitrilic dimethylamide to act as such a iigand indicates
ffhat a phosphonitrile with a larger ring and high basicity is necessary-
‘for chelation. The hexamericnphosphonitrilic dimethylamide meets both

(45,55) and, therefore, its reactions under varying

these requirements
-conditions with coppef (I) chloride and copper (II) chloride have been
studied.
| In the course of this work the complex N6P6tNMe2)12Cu(II)C1 Cu(I)Cl2
has been prepared and characterized., It is the first phosphonitrilic -
derivative to be shown to have a chelated metal atém, and also the first
cbmpound to contain the-CuC12" ion(56).
Several attempts were made to produce compiexes containing

copper in only one oxidation state. However, only poorly defined solids

were obtained,

" THE 'PREPARATION OF HEXAMERIC PHOSPHONITRILIC DIMETHYLAMIDE (H.P.D.)
H.P.D. is produced according to the equation:

N6P6C112 + 24HNMe2 > N6P6(NMe2)12 + 12NH2Me2C1
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The hexameric phosphonifrilic chléride was alreaay avéilablé and the
dimethylamine was the reagent grade chemical obtained from Eastman
Kodak.,

At -78°C 50 ml (0.75 moles) of dimethylamine were slowly
édded to 11.9 g (0.0171 moles) of hexaméric phosphonitrilic chloride
in 75 ml of benzene. Upon warming to room temperature, the reaction
mixture produced a dense white precipitate. After seQeral hours at
this temperature, the mixture was'heated to reflux and kept there for
“ten hours,

| Filtration and evaporation of the reaction mixtufé»left 7 g
of a sticky white bowder which was assumed to be the desired product.
Washing thé filtrate with hot.benzene removed several more grams Qf éb;_
'précipitated product. The product.was re-crystallized repeatedly from
benzene to give 6.5 g (48% of theory) of white powder, m.pt. 260°C
(literature 256°C(78)). A qualitative chlorine analysis was negative,
indicating complete substitution and the absence of thé hydrochloride,
N6P6(NMe2)12H Cl. The infra-red spectrum, which has not as yet been

published, is given in Table VI and Figure 18(a).

" "THE 'REACTION OF H:P.D; WITH COPPER (II) CHLORIDE

" 'Redctions in Butanone:

The butanone used was distilled and the fraction boiling between
79 - 81°C was collected and passed through a column containing 400 mm of
alumina and 200 mm of silica gel.

Anhydrous copper (II) chloride was obtained from the Fisher

.Scientific Company.



TABLE VI Infra-red Spectra* of H.P.D. and N6p6(NMe

'3010m, 2970m, 2860bs, 2790s; p r+
2150 b w |
1480s, 1460, 1450; s
1400 - 1250 v b s
1183 s
1145'm
1070, 1063; prm
990, 970; p T s
890 m‘
780 m
718, 708; pr s
650 m

590 s

2)120uC15 )

sdlom, 2890s, 2850s, 2800s; p T

1490w, 1480m, 1460m, 1455m, 1440w, 1425w; p r
12900 s |

1250 s

1200, 1175; pr s

1135 s

1062 m

980 s

859 m

795 m’

768 m

743m, 730m
.568 m

545 m

515w, 509m, 490m; p T

* Taken on a Perkin-Elmer 457 Grating Infra-Red Spectrophotometer

+ Symbols Defined on TABLE V
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A clear solution of 3.0054 g (3.76 x 1073 moles) of H.P.D.
partially dissolved in 325 ml of butanone was added to a brown solﬁtiqn
of 1.0306 g (7.66 x 10'3'm01esj of coppér (II) chloride. A bright .red
colour was ipstantaneously formed; Shaking the reaction vessel for
several seconds dissolved the H;P.b; léaving a clear fed éolution with
épproximately 30 mg of high density dark powder. Upon standing for aﬁ
hour, none of the powder visibly went into solution, though some of it
dissolved on boiling.

Concentrating, filtering, and coolihg the solution gave
2.6758 g of rust-red flakes, m.pt. 174°C.‘ Further crystallizatidn from
buténone yielded 2 g of flakes (m.pt. 175°C) and some insoluble brown
powder. A second crop of cfystals.was recovered from the mothér liquor
éf the second crystallization.

A final re-éryétallization was éccﬁmpiished byAsloQ evaporation
of a butanone solution with purified nitrogen, (obtained from the Canad-
‘-ian Liquid AirkCo,), and 0.79 g of small red-brown flakes (m.pt. 180°C)
weré ébtained. After drying in vacuo thesevcrystals were analyzed; the

results are shown in Table VII.

TABLE VII Elemental_Analysis of Copper Complex

. . %N %Cu %C %H %C1
Obtained o 23.3 11.40 26.8 6.80 13.21
, _, -3 : A 13,25
Calculated for : .
N6P6(NM62)12 Cu2Cl4 23.62 11.90 26,99 6.75 13,29
Calculated for
N6P6(NM62)12 Cu2C13‘HC1 23,59  11.88 26.96 6.83 13f28
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The infra-red spectrum is: 2900*, 2800*, 2750*, p.r.s,;

*
1725% v.w.; 1485%, 1460%, 1450%, p.r.s.; 1420% w.; 1280 s; 1250 s;

t t t t t

11857, 11707 11457, p.r.s.; 1050Tm; 850™m; 795Tm; 766 ¥

m; 745+m; 725 m
in units of'cm"l,(abbreviations‘defined in Table V.) The absence
of any peaks in the N-H stretching region is not conclusive evidence

Cu C13'HC1,

for the absence either.of the hydrochloride, N6P6(NMe2)12 2

-

or of free hydrogen chloride,.

2)12 Cu2C14 was not consistent with the

 properties of the compound. When a small sample was heated to 153°C in

The formula, N6P6(NMe

V.Vacuo the chlorine analysis dropped to 10.5%, indicating a loss of one
chlorine atom per molecule. This could be due to the loss of easily
-removable hydrogén chloride from a coﬁplei having the formula,

2)12 Cu2C13-HC1. Table VIi shows that the two formulas Have

almost identical percentage compositions and are both consistent with

N6P6(NMe

the analytical results.
The hydrogen chloride could come from the okidation of the
solvent by the copper (II) chloride, e.g.:

—CH2CO~ + 2CuCl2 - -CHCI1CO- + 2CuCl + HC1

Cu,Cl,°HC1,

It is important to no;e'that the formula, N6P6(NMe2)12 2Clg

- requires the presence of a copper (I) atom which is-also produced in
the redox reaction. Succeeding work showed that the complex does in
fact contain two oxidation states of copper. It might, therefore, be
expected that copper (II) chloride and H.P.D. would react differently

. in a non-reducing solvent, acetonitrile, than in the reducing solvent

* Taken from halocarbon oil mull

t Taken from nujol mull _ » . B
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butanone. This reaction and others similar to it are studied next.

" 'REACTIONS "IN ACETONITRILE

‘Reaction of Copper (II) Chloride with H.P.D.:

0.98909 g (1.24 i 103 moles) H.P.D. partially dissolved in
200 m1 of acetonitrile, were added to a murky green solution of 0.3356 g
(2.49 x 10"31moles) of copper (II)‘chloride in 200 ml of acgtonitrile.
One minute_after'mixing, a red—tea.colourappeared and all but a small
aﬁount of H.P.D. went into solution. After standing.for tén hours, the
reéction‘mixture was filtered to give a clear red solution.

Removing the solvent undér reduced pressure at 50°C left 1.2 g
" of a dark red powder, m.pt. 169°C; This was crystallized from an
acetonitrile-benzene miifure to produce 0.6932 ngf brown crystalloid
needles, m.pt. 170°C. The infré—red'spectrum taken in potassium bromide
Qafer wés: 2950, 2900, 2850, 2825, p.r.s.; 1500 b.m.j-ISOOs; 1260;
1190, 11?0, 1130 p.r.m.; 1065m; 985 b.s.; 8605; 800m; 750m; 730m; in units

of cm~}, (Abbreviations defined in Table V.), and is different from -

Cu,C1

that of N6P6(NMe2)12 Lls.

Microscopic examihatibn showed the crystals to be of two fypes;~‘
transpérent, ruby red needles and opaléscent brown needles. The former
were mechanically separated and then analyzed; (N, é2.51; H, 6.96;

C, 20.42%).

Further attempts at re—crystallization from acetonitrile failed,

and produced é decompoéition of the product, evident by a depressed A

melting point of 153 - 156°C. Under vacuum at 92°C, this material
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decomposed into a white sublimate and a dark red powder.
Repeated re-crystallization from chloroform and carbon
tetrachloride solutions gave a golden-yellow powder, m.pt. 171 - 173°C.
The infra-red spectrum was identical to that previously obtained.
Analysis of this material gave: ’N, 20.29; P, 12.81; C, 23.88;
H, 5.82; C1, 26.97; Cu, 15.09; 0, 0.96%. o
. Assuming a molecule having eighteeg nitrogen atoms, this analysis

corresponds to:

2)Cu

NePs 13015804 72072, 200, 95C17 304 75

which is most probably:

N6P6(NMe2)12HCl(CuC12)3(H2O)

o

Further purificatidn by thin layer chromatography failed
owing to the decomposition of the sample. No further purification was

attempted.

" ‘Reaction of Copper (I) Chloride with H.P.D.:

Copper (I) chloride wés prepared by the reduction of an aqueous

solution of copper (II) chloride with sulphur dioxide(57).

The product_
was washed with sulphurous acid and glacial acétic acid, then dried in
vacuo at 100°C. The.pure white poWder produced by this method was
stored undei nitrbgen in a stopﬁefed and wax sealed.vial.

The acetonitrile used in this experiment was dried by the

method described in Chapter 2. All okygen was removed by heating the
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solution under reflux and bubbling in purified nitrogen for two hours.

The H.P.D. was heated at 90°C in vacuo fpr two hours. The
melting point was then 260°C.

All reactions were“carried out underApurified nitrogen.

A clear,:colourless solution of 1,98 g (20.0 k 10-3 moles) of
copper (I) chlbride in 500 ml of acetonitrile was added to a.cléar,
_colourless solution of 4.65 g (5.82 k 10-3 holes) of H.P.D. partly
dissolved in IOOlﬁl of acetonitrile. A further 5.2 g (6.5 x 1073 moles)
of H.P.D. was added to the reaction mikture. No colour chahge was
noticed during either addition.

' Warming of the reactién miiture dissolved all the remaining

H.P.D. During this warming, the solufion tﬁrned a pale yellow.
Concentration of the solution produced a dark yelldw solution and a
brown-white precipitate. Flash evaporation revealed 5.41 g of dark
powder. Extracting this powder Qith benzene for'eight hours gave a cleaf
'solution.and left insoluble brown powder in the Sokhlet thimble. Flash
evaporation of the solution gave 0.3331 g of H.P.D. (m;pt. 243°C;.infra—
-red spectrum'aé in Table VI).

| The bénzene insolubie material was washed with dry chloroform
to produce a red solution with a green reflex and leaving an insoluble
black powder. |

| The black powder was insoluble in éll the éommon»drganic

solvents, but dissolved in sulphuric and hydrochloric acids, as well
.és ammonium hydroxide. Its infra—fed spectrum was a blank; a qualitative
‘copper fest perforﬁed on it was positive; and its melting point was in

excess of 320°C. All of this is consistent with the black powder being
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metallic copper. This, in turn suggests disproportionation during the
reaction according to the equation:
2cuC1 » cu® + CuCl,

‘Because copper (II), unlike copper (I), forms coloured compounds,
‘disproportionation would also ekplain -the presence of a coloured
product,

When it was cooled to -4°C, the chloroform sblution formed
1.19 g of crystals having the appearénce of clotted'blood._‘These were
air sensitive, furning green upon prolonged ekposure.to the atmbsphere.

Upon drying in vacuo, the compound had a melting point of 191 -
- 193°C and in nujol and halocarbon oil mulls, its infra-red spectrum
was: 3012%m, 2930%s, 2900*${ 2850*s,r2810*s, 1835*w, 1800*m, 147?5;

1465%s, 1455%s, 1445%s, 1435*m, 1300%'s, 12557s, 12107s, 1190%s, 1175s,

1150%s, 1070™m, 9807s, 863™m, 800Tm, 773™m, 750%s, 735%s, in units of
cm-l, (abbreviations defined in Table V); They were Solub1é>in
chloroform and acetonitrile, but insoluble in petrol ether, carbOAA
tetrachloride and benzene. |

Further attempts at fe-crystallization from acetonitrile and
chloroform resulted in adulteration of the product evident by a depressed

melting point, 190 - 191°C. Attempted purification by thin layer

chromatography was similarly unsuccessful.

-* "Taken from halocarbon o0il mull

t Taken from nujol mull
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The H.P.D., copper (I) cﬂloride and anhydrous, oxygen free
'acétonitrile used in this e*periment were prepared in an identical
manner to thoée used in the previous eiperiment. The anhydrous copper
chloride‘was obtained from the Fisher Scientific Cbmpany.

| 0.1761 g (1.31 x 1073 moles) of éopper (IT) chloride were
aéded to 300 ml of warm acetonitrile under purified nitrogen.‘ There was
an iﬁmediate cblour change, giving a yellow solution., To this solution
0.1335 g (1.34 x 1073 moles) of copper (I) chloride powdefvwas added.
Finally, 300 ml of acetonitrile cohtaining 1.0235 g (1.28 X 1073 moles)
of partially dissolved H.P.D. was added. There was an immediate colour
.changé after the final addition resulting in a weak tea-coloured
- solution. | |

The'H.P.D.‘dissoived completely upon boiling the reaction
mixture. During this héating, the solution became appreciably darker
and assumed a dark red colour .

Concentration of the solution yielded 0.8 g of yellow flakes,

m.pt. 179 - 181°C. The crystals were reported to be crystallographically

identical to those of N6P6(NM62)12Cu2C13 as prepared by the dehydro-
(58)

halogenation of the product prepared previously in butanone The

analysis was: N, 24.15; P, 18.22; C, 28.18;_H; 6.86; Cu, 12.33; C1,
; 2)12Cu2C13: N, 24.4; P, 18.05; C, 27.9;
'H, 6.96; Cu, 12.3; C1, 10.2%.

10.28% calculated for N6P6(NMe

The infra-red spectrum taken in a potassium bromide wafer is

Cu.Cl., as shown in Table VI.

1dent;ca1 to.the spectruonf N6P6(NMe2)12 2Cls
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Discussion:

The reaction between heiamefié phbsphonitrilic dimethylamide
and copper (II) chloride in butanone produces crystals of N6P6(NMe2)12 Cuz—
’ CIS-HC1 which dehydrohalogenates qpoh warming to form the compound,.
N6P6(NMe2)12 Cu2C15' This contains two oxidation states of copper and
can‘be produced by the reaction of H.P.D., with a mixture of copper (II)
Vcﬁloride and copper (I)'chloride iﬁ the non-reducing solvent, acetonitrile.
Phosphonitrilic amides are such strong bases that they often
form.hydroéhlorides in the presence of secondary amines., However, if a
ﬂ-eléctrqn withdrawing group were to complei strongly to the ring
nifrogens of such a hydrochloride, there would be a considerable weakening

of the forces holding the hydrogen chloride to the molecule. For example,

if the system:
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there would be a reduction in density of the lone ﬁair on N(é)ﬁ The
ﬁ(Z)—H bond would be weakened and hydrogen chloride could be more
readily removed from the molecule. If the compleiing were strong
enough, hydrogen chloride could be readily removed.

| Hydrogen chloride must, therefore, have been présént at some
time during the reaction. This would occur if copper (II) chloride
were reduced by the solvent. Ketoﬁes are known reducing agents; the
" following reacfibn océuring for acetone:

—CHZ—CO— + 2CuC12 +» -CHC1-CO-~ + 2CuCl + HC1

~ Similar reduction could also explain the presence of hydrogenichloride

(49) (49)
~in N4P4Me8HCuCl

of these complexes was prepared using metal chlorides previously

s (N P Me HlpoCl , and N P (NMe2) HCuCl Each

dehydrated in butanone,

The formula, N P (NMe Cu2C13'HC1 suggests that copper is

' 2)12
present as copper (I) and copper (II). This, and the presence of

hydrogen chloride could be eiplained by a reaction path similar to:

P6(NMe + CuCl2 -> N6P6(NMe CuCl

2)12 2)12

CHSCHZ'CO'CH3 + 2CuCl_2 »-CHSCHCI'CO'CH3 + 2CuCl + HCl_.

Cu C1

P6(NMe2)12'CuC12 + CuCl va6P6(NMe2)12 3

2)12 CuZCI3 + HC1

¥

vﬁgNéPé(NMe (NgP (NMe,), , Cu,C1,HCl

However, it remains to be shown that the complex does in fact contain

copper (I) and copper (II) atoms. To do this, purely chemical evidence
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is the most satisfying.
Acetonitrile is a non-reducing solvent, therefore, copper (II)

Cu Cl

chloride will not be reduced if dissolved in it. If NP (NMe)) s

could be produced by the reaction of copper (II) chloride with H.P.D.
in aéetonitrile, then it must contain only copper (II). On the other
hand, if it Eontains both okidation.states, then it cannot be produéed
by this reaction. The reaction was investigated, and while an unstable
product was isolated, infra-red spectroscopy and chemical analysis
showed it was not N P (NMe2)12 Cu2C13

Similarly if the compléx could be produced by the reaction of
copper (I) chldride withIH;P;D; it would be positive evidence that it
qbntained only copper (I). 'This reaction was investigated, and did not
produce the required‘préducﬁ. Furthermore, N6P6(NMe2)1 CuZC]3 a
coloured compouné and there is no known coloured complek containing
~only copper (I) as an acceptor, (except when the colour results-from
chafge transfer bands)(56).
2)12 Cu2C13 cannot be

produced from the reaction of H.P.D. with either copper (I) chloride

These experiments showed that N (NMe

or copper (II) chloride in a non reducing solvent such as acetonitrile.
This indicates that the metal in the complex does not belong exclusively
to one oxidation state.' And the presence of one atom each of copper (I)

' »énd‘copper (I1) in the complek was proven by the reaction of H.P.D.

with an equimolar mixture of copper (I) chloride and copper (II) chloride

2773

of the copper (II) chloride could have occured, and because similar

"~ in acetonitrile which produces N6P6(NMe2)1 Cu Cl Because no reduction

solutions containing either of the copper chlorides do not produce the
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Cu,Cl, must, therefore, contain both

desired product, N6P6(NMe Ll

212

" oxidation states of copper.
The absence of hydrogen chloride from the product obtained

from the acetonitrile solution shows that its presence on the product

from the butanone solution is a result of a redox reaction and is not a

necessary part of the copper complexing process. If it were, then

N6P6(NMe2)12 Cu2C13 could not be produced except through the hydrochloride
intermediate,

In conclusion, the following facts are now known about
N6P6(NMe2)12 Cu2C13. It can be produced by the reaction of H.P.D. with

either copper (II) chloride in butanone or with a mixture of copper (I)
chloride and copper (II) chloride in acetonitrile. The mono-hydro-
- chloride of the complex is readily made and 1oses hydrogen chloride upon

heating. Finally, the complex contains beth copper (I) and copper (II).

- The actual formation of the N6P6(NMe2)12

Cu2C13 is, however,
still unkhown, although many possibilities are evident. The number of
these is sémewhat limited by the known co-ordination numbers of copper
.(I),andv(I;)(sﬁ,sg); : : ,

| If the compound is a true compleﬁ, then it can only be:
2)12 Cu(I)C1 Cu(II)ClZ, or
Cu(I)Cl2 Cu(II)Cl. On the other hand, if it is in fact

»N6P6(NMe2)12 Qu(I) cu(inci,, N6P6(NMe

N6P6(NMe2)12

' : . +2 -2
a salt then it can only be: N6P6(NMe2)12Cu CuCl3 » OT

N6P6(NMe2)12CuC1+CUC12'.- The choice waits upon evidence presented in
the following chapter and here no decision regafding the true formation

Cu.Cl can be made.

- of NP (NMe,), ,Cu Cly
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"CHAPTER FIVE

Cu,C1

"PHYSICAL STUDIES OF N p (NM62)12 3

An x-ray crfstal structure determination done on the complex
shows that of the possibilities refe%red to in the previous chapter, the
structure in the solid is ionic being N6P6(NMe2)12CuC1+CuC12'. The
cation is the only example of a phosphonitrilic derivative whiéh forms a
chelate complex with a transition metal. The detailed structure found
in the cfystal does not persist in solution,
| The existence 1n solution of the catlon N P (NMez) Cu+‘+
is suggested by evidence obtained from the reaction of the compléx with
silver nitrate. ‘This cation would ﬁave less internal crowding than the

_ correspondlng N (NMe CuCl* cation and might, therefore, be favoured

212
1n‘solut10n. |
Electrochemical measurements suppoft this supposition. 'The
salt is not a 1:1 electrolyte in acetonitrile solﬁtion, the limiting
conductance being higher than haé been reportea for any such electrolyte,
Tﬁe existence of the gnion, CuClz" is proven by the molecular
structure. CuClz" is linéar and has bond lengths éorresponding to the

sum of the covalent radii for Cu (I) and Cl atoms. A possible path for

producing anions of the type Cu(NO.),” is suggested by the silver nitrate

3)2
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experiment.

Magnetochemical studies on the solid complex showed that it
contained only one copper (IT1) atom per molecule,

The infra-red spectrum of the complex is very similar to.
that of the parent'H.P;D. This is attributed to the basic similarity
of the two molecules. Due to the lack of information concerning the
infra-red spectra of phosphonitfilic'derivatives, very few assignments
of the peaks in either spectrum could Be made, .

Cu,Cl,:

. .The CrystalAStructure.of.NéP6(NMe2)12‘ 2Cly:

The crystal structure of NP (NMe
(58)

2)12'Cu2C13 was determlned

in this department and shown to be formed from two discrete ions,

5+

with a distorted square pyramidal environment. The anion is linear.

N6P6(NMe2)12CuC1+ and CuCl The cation contains a chelated copper

+. -
. The formula N6P6(NMe2)12CuC1 CuCl2 can be proven by
consideration of structural evidence alone, (Figures 19,20; Table VIII.
The chelated copper, Cu(2), is penta co-ordinate, and while such

- co-ordination is well known for copper (II) atoms(56)

(60,61))

, (for example,

dimethylglyoximatocopper (II) tetra co-ordination is the

highest observed for copper (I); silver (1), or gold (1) atoms(62).
Thus, it can be presumed that this copper atom is divalent. -

| Furthermére, the Cu(2)-Cl1(2) bond length (2.282)vis better
approximated by the sum 6f the cbvélent radii(63) for Cu (II) and C1,
(2.343), than for Cu(I) and C1, (2.172). Thus, the >phosphonitrilic'

derivative is far more likely to be the cation, N6P6(NMe Cu(II)ci+

2)12
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 Figure 19. Phosphonitrilic Ring of N6P6(NMe2)12CuC1+ Anion



‘Figure 20.
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eral vi he NP, (KMe
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TABLE VITI

Bond lengths (A) and valency angles (degrees), with

(79)

2.06(1)

standard deviations in parentheses.
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5) 1 Cu(Dct.

The second group found in the crystal structure is then the
(64,65)

than the uncharged species, V (NMe

anion CuClz—. “This anion has been postulated to exist in solution

but the evidence has been mainly electrochemical and its validity has

been seriously questioned(62). Suitable analogues for CuClz" do

-(67)
5 .

" anion. Furthermore,

) ) All

ex1st however, in the anions AgCl,~, AuCl "(66), and AuBr
of these are linear, as is the postulated CuCl

2
a co-ordination number of two has never been found for either Cu (II)
or Ag (II) atoms. It should also be noted that the difference betwéen

the observed Cu(l)-C1(1) bond length, and that predicted from the sums

. (63,68) . ° ) ]
of the covalent radii of the atoms is 0.06A. This difference
is of the same order as those found for AgCl2 , AuClz‘ and AuBrz’
(Table IX),

TABLE IX ACTUAL AND PREDICTED BOND LENGTH

AANION . . © CuCl AgCl,” AuCl, =~ AuBr,~

2 2 ' 2 2
sum of coQ o ' : . .
valent radii (A)’k 2.17 . 2.38 L 2,33 . 2.45
bond length (X) 2.11 * 2.36 2.31 2.35
| difference (Z)_» 6 02 o .10

All of these facts point to the existence of the anion, CuClz‘.

This, together with the evidence for the cation, N6P6(NMe cuc1® ié

2)12

sufficient proof that the complex, N (NMez)12 Cu2C13 is in fact the
salt, N P (NMe2)12CuC1+CuC12'. It should be noticed in passing that
(62)

except for the structure of copper (I) oxide , there is almost no other
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structural evidence for the existence of the two co-ordinate copper (I)

atom,

cuc1”

The structure and the conformation of the N 6(NMe

6p 2)12
cation are interesting, especially when compared to those of the

(27)
212 '

structure is the effect m-bonding has on the exocyclic P-N bond lengths
Me
7~

\\Me

The dimethylamide group formally has a lone pair of electrons

parent N6P6(NMe One of the interesting features of the H.P.D.

.and on the planarity of the P-N system.

on the nitrogen atom which in the phosphonitrilic system is donated to
the adjacent phosphorus atom. This causes a shorteﬁing of the exocyclic
P-N bond lengtﬁ from é calculated single bond length value of 1.74X(?6)
to 1.675 and 1.6632(27). The most obvious éffect of this delocalization
is seen in the sums of the angles around thé exocyclié nitrogen atom.

o . . PRI ~q - _ . .
48.7%, indicating & flattening

w

in the H.P.D. moiecule, they are 357.5° and
of the P-N e group. This is thé résult?bf the loss of lone pair electron
density on tﬁz nitrogen atom‘which allows the methyl groups and the |
phosphorus atom to move away from eaéh other in the direction of the lone
pair. |

The rihg n—béﬁding system ihvolves the donation of the lone
pair on the endocyclic nitrogen atom to a éuitable,.vacant d-orbital on
the phosphorus atom. waever, back bonding from the exocyclic nitrogen
incfeases the m-electron density of the phosphorus atom. As it does so,
lone'pair electrons are increasingly localized on the ring nitrogen
~atoms, so lengthening the endocyciic P-N bond lehgth.

When the lone pair on an exocyclic nitrogen donates to the

adjacent phosphorus atom, the following effects occur:
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1) the éxocyclic P-N bond length is shortened,

2) the sum of the angles around the exocyclic nitrogen atom increases,

3) the endocyclic P-N bond length increases.
Identical effects would be nbticed if the ring nitrogen lone pairé were
removed from the m-bonding system by complexing, i.e. the resulting
decrease in the m-electron dénsity on the phosphorus afom would result in
arlérger n-electron donation from the exocyclic nitrogen atoms. |

" In N6P6(NMe cucl® the copper atom removes m-electron density

2)12

from four ring nitrogen atoms, and the expected effects are all observed.
. ' (-] [~}

The average endocyclic P-N bond length is 1.60A compared to 1.563A for

. . . (]

‘the parent, and the average exocyclic P-N bond length is 1.652A as

. (<] -
compared with 1.669A for the parent. While these differences are not

.large in themselves, they are in the correct direction. ’

Comparisons between the individual bond lengths within the
‘ cation are also interesting. Tﬁe¥e ére two Cu~-N bond lengths, one of
2.032 and one of 2.112. This difference could easily be due to the
. effect of steric factors on the alignﬁent of the nitrogen atom loné‘pairs,
i;e. as the cation is very crowded, optimﬁm bonding overlap cannot be
expected for all the Cu-N bonds. |

The w-electron donation from N(1) and N(2) atoms to the central
coppér atom lowers the bond order of_thé corresponding N-P bonds. This
is evident in the increased bond lengthé of the cation, (P(3')-N(1),
1.65A; N(1)-P(1), 1.62A; N(2)-P(1), 1.60A; N(2)-P(2), 1.61A), compared to
“the parent N6P6(NMe2)12,
bond length, (1.572), and the N(3)-P(2) bond length, (1.532). In both

(1.563A). The least affected are the N(3 )-P(3)

cases, the nitrogen lone pair electrons donate fully into the ring
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n-system. It would 5e expected that P(1) have a lower m-electron density
than either P(3') or P(2). 1In other words, P(1) is joined to tWo
complexing nitrogen atoms and P(3') and P(2) to only one. This results
in the shortest exocyclic boﬁd 1engths:occuring at P{1)-N(4) and |
P(1)-N(5), (mean, 1.63(1)A). |

Because the Cu(2)—N(1j bond is shorter than fhe Cu(2)-N(2)
bond, it would be reasonable té assume that the lone fair density would
be lower on N(1) than on N(2). However, the sum of the angles around
"N(1) is 346°, while around N(2) it is 360°. This apparent anomaly can
.be explained by assuming that steric factors have caused a difference in
the effectiveness of the n-system at N(1) and N(2). Therefore, N(2)>‘

lone pair electrons are more likely to form bonds to phosphorus than

-~ are those of N(1). This is evident in the shortness of the N(2)-P(l)

and N{2)-P(2) bonds, (1.602 and 1.61; respectively), compared to the
N(ij-P(l) and N(1)-P(3') bonds, (1.622 and 1.65K_respective1y).
Again, the difference is small but in the correct direction.

The conflguratlon of the ring is ma1n1y caused by chelation
which restricts the size of the ring, pulling atoms N(1), N(2), N(1")
and N(2') towards the centre, so giving an average endocyclic PNP angle

(27)

of - 134 compared to 147.5°for the parent phosphonitrile The strain
resulting from this crowding is partially offset by chelation itself
which lowers the electron density of the ring bonds. An illustration of
this is the N(1)-P(1) and-Ptl)-N(Z) bonds which are the most affected by
electron withdrawal, and the N(l)P(l)N(Z)'ahgle which is the lowest of
this type found in phosphonitrileé. The angles at P(2) and P(3),

(110.0° and 115.4°), are also smaller than that found for the parent, (120°).
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-The angle P(3)N(3)P(2) is 132.4° which is similar to the same

type of angle in N,P (NMO) 133°(26); and N4P4Me8, 132°(26), but

significantly smaller than that in N (NMez) 147.5°(27). This large

12°

angle is an outstanding feature of the parent and is attributed to

steric effects. Wagner and Vos suggest that for N (NMe 5s TO angle

2)1
less than 148° could accomodate the bulky dimethylamide groups without
at least one unacceptably short C...C distance. Because a smaller angle

is found for the N p (NMe cuc1” cation, high steric crowding should

2312
be evident in the ‘intramolecular distances.

In the N P (NMez) cuc1” cation, there are three types of
intramolecular distances of interest. These are:

1) the distance between the carbon atoms of the lower exocyclic

groups and the chlorine atom, C1(2);

(38
Nt

the distance between fhe carbons of the upper and lowefbexocycli;
group on the same phosphorus'atom; and
3)  the distance between the carbon atoms of the upper exocyclic
group on different phosphorus atoms.
.Some of these distances are shown in Table X for N P (NMe )lz-and

P6(NMe cuc1”.

2)12

TABLE X  INTRAMOLECULAR DISTANCES

C R ... Distance in ~ Distance in = Sum of Van der Waals
Type of Dlstgnce Species N6P6(NMe2)12 P6(NMe2)12CuCl Radii
R ) ’ ° : - -}
1) ' Smallest o . 3.56A 3.8A
- . . [+] . [+ o
2). : Smallest 3.52A - 3.23A 3.8A

(<] [ [+
3) Smallest 3.77A : 3.689A . . 3.8A



- 79 -

In each of thése types of intramolecular distances, there are
distances smaller than the sum of the individual Van der Waals radii,'
which is‘a direct indication of steric crowding due to the position of
the chlorine afom. This atom forces the lower exocyclic methyl groups
to bend upwards, thus'increasing the crowding of the exocyclic group on
the.same phosphorus atom, which in turn, increases thevcrowding of the
methyl groups on different‘phosphorus atéms. The chlorine has therefore
pushed all the méthyl groups up and away from itself, thus the smallest‘

C...C bond distances are found in the N6P6(NMe CuC1® ion and not in

2)12
the parent N6P6(NMe2)12. |

2 A further effect of crowding is the distortion of the Cu(2j
atom from square pyramidal towards a trigonal bipyramidal environment;‘
Distortion raises the four ring nitrogens out of a planaf eﬁvironment,
pushing up the whele ring and the exocyclic methyl groups with it, and
is 'so obvious it becomes unlikely that any smaller phosphonitrilic amide

could chelate in the same manner; a further indication that N4P4(NMe2)é

would not chelate with copper.

Cu.Cl.,:

. The Infra-Red Spectrum of N6P6(NMe2)12 ,Cla:

~The infra-red spectra of N6P6(NMe Cu,Cl, and the parent

2)12 2773

N6P6(NMe are very similar (Figure 18, Table VI). This is reasonable

2)12
because the complex has retained both the phosphonitrilic ring and the
“exocyclic groups of the pérent, Moreover, the spectra were taken in a
region where Cu-N or Cu-Cl vibrational modes would not produce peaks,

so only the ring and exocyclic groups would contribute to the spectrum.

However, differences between spectra would be expected due to electron
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withdrawal from the ring in the complex and changes ‘in symmetry.
" Unfortunately, very little information exists about the

assignment of bands in the spectra of phosphonitrilic derivatives, so

2)12 Cu2C1

must await a better understanding of the entire field. However,

that a complete interpretation of the spectrum of N6P6(NMe 3

previous work(50’54) does allow some tentativebassignments.

’ - The peaks between 3010 aﬁd 2790'cm"1 in both spectra may
séfely be assigned to asymmetric and symmetric C-H stretching modes
and overtones of CH3 bonding vibrations. The similarity of the spectra
in this region indicates that there is little difference bétween the
environments of the CH3 groﬁps in the compiex and the parent.- This,
in turn, is consistent with'éo—ordination through the rings rather than
the exocyclic groups.

The peak at 2150 cm-1 present in the parent, yet abseﬁt in

the complex, is most probably an overtone of the peak at 1070 em™ 1,

j » Thé bgaks between 1490 - 1425 cm™! for the complex and between
1480 - 1450 cm™! for the parent can be.assigned to asymmetric C-H
bending vibrations. These are essentially similar in both compounds;
again indicative of bonding between the copper énd the endocyclic nitrogen
atoms. |

There‘is no déubt that the main va;(P—N—P) band is centered

1 in the parent, but extensive splitting and reduction of

near 1270 cm~
frequency occurs in the complex indicating strong interaction with
‘the copper atom. It should be noticed that chelation of the copper will

have greatly increased the rigidity of the ring resulting in a more

complex vibrational pattern.
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The doublet at 1070 and 1063 cm™! in the spectrum of the
parent molecule corresponds to the asymmetric band at 1062 cm™! in
the spectrum of the complex, and is to be attributed to C-N stretching.
Any further interpretation of the spectra past this poiﬁt
becomes futile because of the increasing number and complexity of the
‘peaks.,
| -The main point of interest in the spectra is the similarity
betwéen the spectrum of the complex and that of the pérent. This is
consistent with all the known structural information on the two
molecules. Complexing does, howevef, have a large effect 6n the

vas(P—N—P) bands, cauSing them to split.
| Therefore, the dominant features of the spéctra are due to -
the various modes of the phosphonitrilic system; only as copper chelation
affects these does it have any effect on the spectra. Finally, the

faét that only the vas(P—N-P) bands are affected is then characteristic

of endocyclic bonding to copper.

..Studies of N6P6(NMe2)12Cu2C13 in Solution:

The steric interference evident in the structure of N6P6(NMe2)12—
Cu2C13 could be relie?ed by the loss pf the C1(2) afom from the cation.
This would change the environment of Cu(2) from distorted square
pyramidal to square planar. The latter is a well known type of environment
for Cu(II) atoms, e.g. CuO, [Cuth)4]2+(56).

If the chlorine were lost as the anion Cl17, than the double

charged cation, N6P6(NMe2)12Cu2+ would be left in solution. The other
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speCies,'CuClZ— could also break down, though no information exists

concerning its behaviour in solution. Nyholm(65) used preparative
evidence to suggest the existence of the salts [Cu(AsMe¢2)4][CuX2].
‘These, however, were non electrolytes of undetermined molecular weight

and probably do not contain the anion CuCl2 . No work has been done

on a salt definitely known to contain the anion CuC12".
. . N . . . +
With maximum ionization this anion would produce one Cu
cation and two Cl  anions, so that the highest possible degree of

is:

dissociation which can be envisaged for N6P6(NMe 3

2)12.Cu2C1

NP (NMe cu*t + cut o+ 3C1”

+ -
2)lzCuCI CuCl2 > N6P6(NMe

2)12
. If dissociation occurs in solution, then an analysis for ionic chlorine

will show three chlorines per molecule.

Quantitative Ionic Chlorine Analysis:

A gravimetric chlorine analysis with silver nitrate was
>employed. The complex was dissolvedAin'pure, dry»acetonitrile and a
solution of silver nitrate added. The resuiting dense white precipitate
‘was filtered off in‘a tared sintered glass filter, dried, and weighed.
90.1 mg of the complex gave 0.0SBi g of silver chloride: three chlofinel
ions wéuld give 0.0376 g. Thus,.under the conﬁitions employed, both

cation and anion dissociate completely.

" 'Conductance ‘Studies:

Cu,Cl, in

The possible ionization path of N6P6(NMe2)12 €1,

solution is:
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CuCl+ + CuCl,”

NGPG(NMe 2

Cu2C13-——>N6P6(NMe

2)12 2)12

' + ++ -
N6P6(NMe2)12CuC1 -—f—9N6P6(NMe2)12Cu + C1
CuClz‘ ——>CuCl + C1~
CuCl —> Cu” + C1-
The ionic chlorine analysis showed that all of these steps do occur, but
did not show their relative importance.
Electrochemical measurements were done on a Wayne-Kerr
Universal Bridge B221A. The solvent used was acetonitrile dried by the
method outlined in Chapter 2. The cell used (Figure 1) had a constant,
0.19249, determined using an aqueous solution with a known concentration
of potassium chloride, The complex studied had been analyzed previously
’ . 1 . [
as N6P6(NMe2)12Cu2C13. The constant tempgraturé bath was held at 25°C .
+0.02C°.
2)12Cu2C13 in 9 ml of

acetonitrile was transferred in 1 ml quantities into the cell containing

. A standard solution of N6P6(NMe

25 ml of acetonitrile, After each addition conductance readings were
taken. The molecular conductance was then calculated using the

2)12Cu2C13.

(69)

formula weight of N6P6(NMe
All simple electrolytes in acetoﬁitrile and similar

solvents obey the equation: :
N NG AY 5-1)

where: [5 = molecular conductance

J/XO= limiting molecular conductance



- 84 -

TABLE XI Limiting Molecular Conductances

of Some Salts in Acetonitrile. at 25°C

Salt lﬂxo,(Ohms) Reference
LiC10, | 183.25 - (70)
NaClO4 ' ' 192.40 ‘ "
KC10, o - 208.92 "
RbClO4 203,24 "
CsClO4 - ' 207.63 SR
BuNH,C10, - 194 (1)
BuNHZPic. ‘ ’ 167 ‘ 1]

v . . | , . '
BUZNHZCIO4 . 185 !

i oon
Bu2NH2P1c. 158 : .
. 1"
Bu,NHC10, 177 o
BuNHPic. 149 | "
A o . "
Et,NC10, N | 189 |
Et,N Salicylate 176 | "
fpyHc104 | 202 "
Et4NC1 : 176.6 o _ n
- . ‘ v "
Et,C10, | 188.9 o
» . "l
Et,NBC1, - 180.9 |
) ’ ‘ 1
'(C6H5)4P2N3H4SbC16 1§2,5 -
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Figure 21. Conductance Plot of N6P6(NMe2)

12Cu_2C13
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C
A

molarity

constant dependant on solvent and Jﬁ&o

The limiting conductance, i.e. the conductance at infinite dillution,

is a function of the solvent and the number and typés of ions in solution.
For a given solvent theJPXC)values for any.lzl electrolyte will all Ee

very similar. In acetonitrile thle& ovalues for 1:1 electrolytes are
between 209 - 155 Ohms™! (Table XI). Therefore, any;Z\.ohigher théﬁ 209
Ohms~! demonstrates the presence of an electrolyte possessing more than

two univalent ions.

21209,C1 5

The limiting conductance is 377 + 10 Ohms™! which is much too large for a

Figure 21 shows the plot of.ZSLoagainst /T for NP (NMe

1:1 electrolyte. The results are compatible with various dissociation

patterns, typically with:

NP (NMep) 5 2

+ —— +4 - -
CuCl™CuCls v—-,N6P6(NMe2)12Cu + C1 _+ CuCE
Further studies are necessary to eétablish this pattern definitely.

2)12Cu2C13:

-Magnetic Measurements.of.N6P6(NMe

.Iﬁ the c?ystal structure of N6P6(NMe2)léCu2C13 the intra-
molecular distance between the two copper atpms is too large to allow
any appreciable interaction. The érystal should therefore have a
magnetic moment corresponding to one copper (II) ion per molecule,
"This is indeed the case and therefore is furthef evidence that the

" molecule contains two oxidation states of the copper atom.

The magnetic moment, n, of a metal ion may be approximated by
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(56}

a calculated value, Mg obtained from.

Mg = Vis(s + 1) (5-2)

.where s is the totél spin quantum number,

In practice, however, the obsérved magnetic moment, u, is
usually higher than ﬁs' For the copper (II) atom Mo is 1.73 BfM. (Bohr.
-Magnetons), but the usual experimentalvvalue is 1.7 - 2.2-B.M.(72’73).

This is due to incomplete orbital quenching which in the extreme case

would give a p value approximated by:

Mg 4 = Vis(s + i) + L(L + 1) ‘. (553)

where L is the total orbital quantum number.

The experimental magnetic moment, u, is calculated from the

equation:
W= 2.8%XIT ‘ - (5-49)
where Xé = molar paramagnetic susceptibility of the metal ion
T = temperature.

The molar susceptibility of the whole molecﬁlé, Xm’ is found by the

Faraday method(74). This value has to be corrected for the diamagnetism

of every species in the molecule, which is done using the equation:

dia

X =>X$ + iXA (5-5)
where Xiia = diamagnetic molar susceptibility of all species A.
‘Values of Xiia can be found in'the_literature for various atoms and
ions(72’73).

The magnetic susceptibility measurements were done in this
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department using the Faraday metﬁod(75). An Alpha Model 9500 water-
cooled 6 inches electromagnet equipéed with pole tips of Heyding design,
(1 1/2 inches in polé gap), was used. Samples, (approx. 5 mg), were
suspended in a quartz bucket from a Cahn Rg electrobalance. Measurements

. were done under a nitrogen atmosphere at 295°K. ' The magnetic susceptibilities

were field inaependent. Calibration was achieved using HgCo(CNS)4(76).

The molar susceptibility of N6P6(MNe Cu,Cl1 Xm’ was

2)12 273
845.83 x 1078 c.g.s. units. The diamagnetic molar susceptibility of

N6P6(NMe2)12 has not been determined and therefore had to be calculated.

dia
m

The hexameric phosphonitrilic chloride derivative has a X of

(77)

-300.5 x 1076 é.g.s. units , therefore, taking Xila of a chlorine

(72,73) di

the X 2 of the P N ring is

. -6
atom as ~20.1 x 10 ° c.g.s. units n 6V

-59.3 x 107 c.g.s. units. .

The diamagnetic correction mnecessary for N6P6(NM62)12Cu2C13

is -573.3 x 107% c.g.s. units. This is calculated using the constants‘
in Table XII(72’?3).
Table XII Diamagnetic Susceptibilities

dia

Species t Xy o ox 10%- (c.g.s. units)™!
N6P6 ring : | | -59.3
N in amine : - 5.6
c . - 6.0 '
H - 2.9
c1- o - 2.6
++ ‘ '

Cu ‘ -11

cu’ - R ¥
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Therefore, as:

X! = X _opxdia (5-6)

The molar susceptibility due to the paramagnetism of the Cu (II) cation
is 1, 419.13 x 107% c.g.s. units.- Therefore, the magnetic moment is.
1.83 B.M.

A magnetic moment of 1.7 - 2.2 B.M. is indicative of one'
copper (II) atom per molecule. The value here of 1.83 B.M._is'then
: fﬁrthér prbof thét a molecule of N6P6(NMe2) Cu,Cl, contains one copper

127492773

(II) atom and one copper (I) atom.
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