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ABSTRACT

The complex reaction mixtures obtained from the nucleophilic degra-
dation of SuNy by certain phosphines possessing Tabile 1igands (Ph,PH,
Ph,P-PPh,, Me,P-PMe,) were examined by 31P NMR spectroscopy. In addition
to the respective phosphine sulfides, the major products are three un-
saturated phosphorus, nitrogen and sulfur containing heterocycles with
two coordinate sulfur. The distinctive colors of these compounds allowed
simple chromatographic separation. The deep purple species was character-
jzéd as (RoPN)(SN), (I). An X-ray structural study of the phenyl deriva-
tive shows it to be planar in the S,N3; region with the phosphorus dis-

placed from the plane by 0.28 A. Fluoro and phenoxy derivatives of I
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have also been prepared and are blue in color. The deep orange and pale
yellow compounds were characterized as the two structural isomers of an
eight- membered ring, 1,3-(RyPN),(SN), (II) and 1,5-(RyPN)o(SN), (III).
The molecular structures of the phenyl derivatives of II (R = 0.054)

and III (R = 0.045) and the methyl derivative of III (R = 0.033) were
determined by X-ray crystallographic methods. The structure of the SyN3
unit of II is similar to the same unit of I, and the phosphorus atoms

are displaced on opposite sides of the S-N plane by 0.69 A. In contrast,
III has a folded conformation with a short cross-ring S-S contact of

2.528(1) A in the phenyl derivative and 2.551(2) A in the methyl



derivative.

At the simple Hiickel Tevel, an internal salt model was used to des-
cribe the m-structures of I and II. In both cases the low energy n*-MO
is occupied. The strong visible absorption observed at 550 nm for I and
460 nm for II was assigned to the same =*(HOMO)-n*(LUMO) electronic trans-
ition. The opposite positions of the sulfur atoms in III allows the poss-
ibility of a cross-ring S-S o-bonding interaction.

The two antibonding electrons are readily removed from I and II by
halogenation. The dichloride of I was characterized by elemental analysis
and spectroscopic data. Chlorination of II produces the six-membered
(R2PN)2(NSC1), whilst bromination and iodination yield a twelve-membered
dicationic heterocycle (RoPN)u(NS)o2 (Xs™)2 (X = Br, I). The molecular
structure of the tribromide derivative of the dication was determined by
X-ray methods (R = 0.048). Oxidation of III with chlorinating agents and
bromine results in cleavage of the cross-ring S-S bond to give a dihalide.
An X-ray crystallographic study of 1,5-(PhaPN),(NSBr)s (R = 0.043) indi-
cates a trans covalent addition tothe sulfur atoms effecting a flattening
of the P-N-S ring.

Both (PhaPN)(NSC1)2 and 1,5-(PhaPN)2(NSC1), undergo a metathesis
reaction with Me3SiNSNSiMes to give a bicyclic system and a cage system,
respectively. The former can be quantitatively transformed back into I
by a thermal degradation involving reductive elimination of an NoS unit.

Rapid cycloaddition reactions of I and II with norbornadiene give
1:1 adducts. An X-ray crystallographic examination indicates an exo
stereochemistry for the addition. The reaction between an olefin and an

S,N3~ unit has been shown to be an 8ﬂs + Zws thermally allowed reaction.
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CHAPTER 1

UNSATURATED INORGANIC HETEROCYCLES

1.1 GENERAL INTRODUCTION

Catenation is probably the most important single featyre of carbon
responsible for the large number of organic compounds. Although certain
non-metals (Sil, S2, Se?) do form a significant number of chains and rings,
none compare with the extensive series of known carbon compounds. How-
ever, many non-metallic elements (B, O, N, Si, P, S, etc.) exhibit various
types of heterocatenation (chains built up of alternating atoms of differ-
ent elements). Compounds such as polyphosphates3, silicates* and phos-
phorus sulfides®, are relatively thermodynamically stable. In contrast,
heterochains and rings containing nitrogen (borazines, phosphazenes and
thiazenes) are very reactive and all have rich chemistries. One of their
most interesting features is that they form a wide range of unsaturated
heterocycles and cages. Borazine (1),T first prepared in 1926%, is the
best known of these compounds. However, it was in 1834 that Liebig and
Wohler discovered the first inorganic heterocycle, hexachiorocyclotriphos-
phazene (2)7°8. Since then a comprehensive series of unsaturated cyclic
compounds known as the cyclophosphazenes or phosphonitriles have been
prepared. These phosphorus-nitrogen (P-N) heterocycles are made up of
(R2P=N) units (R is an exocyclic Tigand) with phosphorus in a pentavalent

T Many of the compounds discussed in this thesis are represented by
some form of structural figure. Valence bond designations are used
for certain molecules. However, in cases where cyclic n-electron
delocalization is evident, a circle is used to represent the w-bonds

within the heterocycle. The structural framework of complex cage
motecules are symbolized without w-bonding illustrations.
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oxidation state. There have been no reports of cyclophosphazenes cont-
aining phosphorus in a trivalent oxidation state. The first unsaturated
sulfur-nitrogen (S-N) heterocycle, tetrasulfur tetranitride (3), was dis-

covered in 1835 by Gregory®. Surprisingly, it is only in the last couple

T | F{‘/fi S—S
H H
N @il (@ /N
S/
N N
H H /
I R R
H
L 2 3

of decades that S-N chemistry has attracted attention. Anionic, cationic
and neutral S-N compounds have now been discovered, ranging in size from
simple four atom open chains (4)10:11 and rings (5),'2 to more complex

ten atom rings (6)13-1%:15,16 and eleven atom cages (7)17.18,19 A Jarge

S N—S~N
N—S N—S | | / \
(M) @) N A N
st s =N s \N \S/N/
\N\S/N/ \é/
4 5 6 7

variety of S-N heterocycles have been prepared, but unlike the phosphorus

analogs, the wide oxidation range exhibited by sulfur results in compounds
containing two (8)20°21 | three (9)22 and four (10)23:2% coordinate sulfur
centers. The compounds of primary interest in this thesis are those

containing sulfur in a Tow oxidation state (II or IV).
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Comparisons are continually drawn between the P-N and S-N hetero-

cyclic series and there are a number of mixed P-N-S heterocycles containing

Cl
| o\\S/R
55-pq—f55 S-S -S(N-S=
7 >N R7/7~N-3=0
Cl \CI 0/ R
8 9 0

four coordinate sulfur (11,12)25226_, These compounds have been examined
thoroughly with principal interest concentrating on their nucleophilic
substitution reactions and anticancer properties?’. However, there are
only two examples of mixed or hybrid P-N-S heterocycles contain%ng sul fur
in a low oxidation state (13,14),28°29230>31 3pnd neither has been examined

in detail. As a natural expansion of P-N and S-N heterocyclic chemistry,

R R 0. R Me.SiN NSiM Ci
| | l | | | | |
RTSN-5R RSN S-S o~ R
0 0 R R cl cl
I 12 13 14

it should be possible to develop a series of unsaturated P-N-S rings of

various sizes. The structures available for eight-membered P-N-S hetero-

cycles containing sulfur in a Tow oxidation state are shown (15,16,17,18).
Before investigating the P-N-S systems any. further, it is useful to

briefly examine the parent systems, the cyclothiazenes and the cyclophos-
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phazenes. A large number of up-to-date reviews covering S-N32,33,34,35

36537 and P-N38>39:40>%1 compounds, along with a recent book by Heal %2

R
5 RBP,N ~g-R R\P/R
RA N N 16 YZR\!
NZPN N S\
\N/

0K

N\?,N R_ F{"O}: _R Cl g
cl 7 R\ R

\S/

dealing with both areas, are available. A literature survey here would
therefore be repetitive. Neve}theless, it is important to discuss the
relevant aspects of the chemistry, structure and bonding in the binary

S-N and P-N heterocycles, as a foundation for discussion in later chapters.
The various bonding concepts available to describe inorganic systems are
first inspected, in orde% to appreciate the properties and difficulties
encountered with heterocycles. This is followed by a study of the S-N
heterocyclic system containing Tow oxidation state sulfur and then, for

comparison, a general examination of the cyclophosphazenes.

1.2 BONDING IN UNSATURATED INORGANIC HETEROCYCLES

Homonuclear single bonds are common for many non-metallic elements.
Molecular oxygen has a strong double bond and N, has the strongest (triple)
bond known. However, pm-pr multiple bonds between non-metallic elements

of the second-period are rare. It is only very recently that a compound
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containing a P=P double bond has been reported*3. The second-row elements
are not able to approach close énough to achieve good overlap of pr atomic
orbitals, due to the Targe repulsive forces resulting from overlapping of
their filled inner shells. The small compact inner shell of the first-
row elements does not produce this repulsion.

There are a variety of examples of heteronuclear w-bonding between
first and second-row elements. In such cases the second-row elements
must employ an atomic orbital from the third shell. Difoordinate sulfur
and phosphorus utilize 3p, orbitals, however, tricoordinate and tetraco-
ordinate sulfur and tetracoordinate phosphorus have the 3s and 3p orbitals
incorporated into o-bonds and must make use of 3d orbitals for w-bonding""
Four d orbitals are capable of m-overlap (dz2 does not have w-symmetry).
The dXz and dyz orbitals have the potential of out of plane interaction
and the dxy and dx%_yz may interact in a m-fashion with nitrogen lone-
pair orbitals, within the plane of the molecule. It is believed that the
out of plane m-structure is the most significant because the orbitals are
directed towards the Tobes of the neighbouring w-type orbitals. The

behavior of the qxz and %gz orbitals in the Tocal molecular site group

(L~

QP g
P /'(P

d

yz dxz

directly governs their mode of m-interaction, as jllustrated for phos-
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phorus. The dyz orbital is antisymmetric with respect to a molecular

Co axis and only interacts with molecular orbitals of the same symmetry.
An overlap of this type is referred to as a homomorphic interaction“®.
The dXz orbital is symmetric with respect to the same C, axis and the
interaction is termed heteromorphich®,

Naturally, the different sizes of the orbitals results in a less
effective overlap compared to a 2pn-2pr interaction. Moreover, the
difference in electronegativities of the atomic centers polarizes the
n-electron density towards the more electronegative atom. Therefore,
the form of the w-cloud may be an almost even electron distribution
between the atoms, an internal salt arrangement (in which one center
donates its w-electron to the other center) or any intermediate. This
description can be extended to include the heterocatenated cyclic environ-
ment of an (AB)n type system. Many compounds of this nature have features
reminiscent of a homocyclic system such as benzene. Short equivalent bond
lengths, ring planarity and chemical and spectroscopic properties are all
evidence for é dégree of circumannular w-electron delocalization. The
structure of the w-manifold depends mainly on the difference in electro-
negativity between the atoms and the extent of overlap afforded by the
atomic orbitals having w-symmetry. When the atoms have similar electro-
negativities the w-structure may‘be viewed in the same context as benzene.
Alternatively, a large electronegativity difference allows a description
involving an internal salt with w-donation back through the electropositive
nuclei.

Simple valence bond (VB) representations“S are very useful as a
superficial description of the bonding in inorganic heterocycles. They

account for connectivity and determine local geometries (tetrahedral or
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trigonal arrangement of bonds around an atom). In addition VB structures
predetermine the number of electrons in o-bonds, w-bonds and lone-pairs.
However, they do not distinguish between bonding, antibonding and non-
bonding electrons, making it difficult to obtain bond orders. Further
inadequacies of the VB approach include no effective measure of electron
distribution (charge densities) and an inability to examine the excited
state properties of a system. A number of empirical electron count
methods have been developed for specific types of compounds“®, and al-
though they may provide minor improvements, they Tack important features.
The employment of molecular orbital (MO) theory has vastly improved
the understanding of bonding in heterocyclic compounds. Inorganic hetero-
cycles of all kinds have now been studied at various levels of sophisti-
cation, from simple Hiickel*7 (HMO) to rigorous ab initio approaches. In
many cases, promising agreement of results has been observed between the
HMO approach and the sophisticated methods, and this has encouraged
application of the simpler procedures to large systems. The extended
Hiickel method (EHMO) contains all the required parameters for the various
elements and produces useful results for inorganic systems including eigen-
values, overlap populations and charge densities. Provided adjustments are
made, the simple HMO method also yields useful approximations of the rel-
ative orbital energies and wavefunctions*8:49:50  The Coulomb integrals
are directly related to the electronegativity of the orbitals of the atoms
and for an (AB)n‘type system can be equated by ap= ap + pB, where p is a
parameter that measures the difference between the electronegativities of
A and B. When p=0, the w-structure is the same as that for homocyclic
systems (i.e. benzene). ' The choice of Coulomb parameter is arbitrary, one

may use the atomic electronegativities from the Pauling scaleS or the
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orbital electronegativities proposed by StreitweiserSl. The selection
is not obvious.for unsaturated inorganic heterocycles, because unlike
unsaturated carbon systems, the lower energy w-levels of the more electro-
negative systems are buried in energy into the upper occupied o-levels.
The result is that the n-MOs of inorganic systems all behave as if they
experience a different potential field and cannot be handled accurately
by a one electron calculation52. Nevertheless, useful information concer-
ning composition and ordering of the frontier orbitals may still be obtai-
ned, and with suitable changes of the parameters, m-charge densities may
be estimated. However, it may be dangerous to obtain such delicate
information from a simple calculation.

The majority of the theoretical discussion in this thesis will be
developed from simple HMO calculations. Justification for the validity of

the results will be obtained by comparison with results from sophisticated

calculations on related systems.

1.3 THE HETEROCYCLIC SULFUR-NITROGEN ENVIRONMENT WITH SULFUR IN A LOW

OXIDATION STATE

1.3.1 OXIDATION STATES OF SULFUR IN S-N HETEROCYCLES

Sulfur is one of the most interesting elements. Its comprehensive
chemistry has been extensively studied and yet new areas are still being
uncovered. The wide range of chemical properties observed for sulfur is
a function of the broad oxidation 1imits available. As mentioned in the
general introduction, S-N compounds are known containing many different
oxidation states for sulfur, the most common being II, IV and VI. However,

it is the Tlower oxidation states (II and IV) which provide the most unusual



- 9.

and diverse series of compounds. When the sulfur is two coordinate, the
Tow oxidation states result in a large number of electrons in the w-system,
as discussed below. This makes the systems susceptible to oxidative
electrophilic attack. Nevertheless, the high electronegativity of both
nitrogen and sulfur affords a relatively low energy for all the MOs of
the system, including the virtual levels, and allows for reductive nucleo-
philic attack at the sulfur centers.

When the sulfur centers are restricted to Tow oxidation states there
are a number of structural possibilities for a particular system. For a
heterocyc1g with an even number of sulfur atoms, the formal oxidation
states must be different (II and IV) giving an average oxidation state of
IITI. In heterocycles containing an odd number of sulfur atoms, at Teast
one sulfur center must be fixed in an oxidation state of IV and have an
exocyclic 1igand3 in order that simple electron pairing rules are obeyed.
The interesting chemical, structural and electronic properties of compounds
of this nature can be appreciated by examination of some examples. The
most obvious example is SyNy, whose chemistry also provides an excellent

introduction to other pertinent S-N systems.

1.3.2 Syl

A large part of S-N chemistry has been found to revolve around SyN,,
and for this reason it is the most well known binary S-N compound. In
recent years, the molecular structure, electronic structure and chemistry
of this novel and interesting system have been studied in great detail“2
It is still prepared by the method first used; the reaction between sulfur

monochloride and gaseous ammonia53, although other methods are known. It
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has also been pbserved as a by-product in a number of reactions involving.
S-N compounds 5%»55, The molecular structure of SN, (deep orange crystals)
was first determined in 194456, although there are more recent reports57,58
including a Tow temperature study®®. The eight-membered ring is folded
into an unusual cage conformation (3). A1l the S-N bond lengths are equal
(1.61 A), which is shorter than an average single S-N bond (1.74 K)GO.

The cross-ring S-S bonds (2.58 R) are longer than the average single (S-S
bond (2.05 K)Gl, however, thgy are well within the sum of the Van der
Waals' radii (3.64 A)58. The folded cage structure of SuNy is a conse-
quence of the Tow oxidation state of the sulfur centers, and a detailed

rationale in terms of the electronic structure is given in 1.3.5.4.

1.3.3 THE FORMATION OF S-N HETEROCYCLES FROM Sy Ny

The chemistry of SyN, is complex and extremely diverse. As illust-
rated in Figure 1.1, many S-N heterocycles have been discovered from its
unusual reactions inc1udfng oxidation, reduction, addition and dissoci-
ation. Electrophilic attack of SuNy ysua11y occurs at the electronegative

nitrogen center, although there are exceptions (eg. S,N,Cl, (19)52:63,6%),

Cl Ci L
~s s N=S3N } N
\ \ / \
/’ N N N /
st (@) vl
R N<g=N SN
19 20 21

In all cases, the products of oxidation are very dependent on the reagent
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‘Figure'l.1 The diverse chemistry of SyN.
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employed. Strong Lewis acids, such as SbCls (under certain conditions),
effect the removal of two electrons to give 54N42+ (20)655%8 | an almost
planar eight-membered ring. In contrast, other Lewis acids (eg. BF;%7,
S0388, FeC13%9 and AsF570) form adducts with SyN,, in which the acid is
bound to a nitrogen atom of a saddle-shaped eight-membered ring (21).
Oxidizing agents such as F3CSO3H and S,;C1, Tead to the formation of
various cationic S-N heterocycles, (53N2+)2 (22)71>72 and 34N3+ (23)73
respectively.

A series of S-N ha]ide§ is obtained from the halogenation reactions
of SyNy. Although the mechanisms of these reactions are complex, the

initial step for chlorination and fluorination involves the formation of

1,5-XpS, Ny (19)62:83,7%,75  This is the result of oxidation of one S-S

|
S.
N 'l“ @ S/N\ /N\ ~S—N
(L2 15 (@)
S=---- s” | \ /S\N/S
| /N S— \N/
22 23 24 25

cross-ring bond. The fluorination reaction continues, to form SyNyFy
(24)7% and S3N3F3 (25)77. The fully chlorinated derivative of 24 has never
been isolated, instead SyN3Cls (25)75:78:79 s observed in high yield

This apparent ring contraction indicates the release of an NSX unit, the
reason for which is unclear. S3N3F380 and S3N3C138! have very similar
structures as determined by X-ray crystallography. The six-membered ring
adopts a chair conformation with equal ring bond lengths and the halogen

atoms in axial positions. In contrast to the chair-shaped S3N3F3, the
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puckered and quite compact structure of SyN,F, has been attributed to the
identical bond angles at nitrogen and sulfur. In addition, the S-N bond
lengths alternate in SyNyF, and only two fluorine atoms occupy axial pos-
itions’®. Under certain conditions bromination of SyN, gives 54N3+Br3'82.
S3N3Brs and S3N3Ig are unknown.

Nucleophilic degradation of SyN, results in the formation of very

novel, unexpected products. In many cases, the two major components of

S \ PhaPN_ PhsPN

S/N\ PhgP=N 3’6}1 %%
//,, h‘\\“sfﬁ;/’hl
26 27 28

the reaction mixture are S3Ng~ (8)20,21,83,8% and/or S,N5~ (26)83,8%,85,
The reaction with PhgP is anomalous, although SyNs  has been observed

under certain conditions, the products obtained are Ph3P=N-S3Ns (27) and
1,5-(PhgP=N),SyNy, (28)86:87  These reactions are obviously complex, but
the basic mechanism is believed to involve initial attack of the nucleo-
phile at the sulfur center, followed by ring opening. The poly(sulfur-

nitrogen) chain may then recyclize to form an S3zNs ring®8,89,90,91,

1.3.4 THERMAL INSTABILITY OF S-N COMPOUNDS

A11 S-N compounds, including SyN,, have an inherent thermodynamic
instability with respect to their constituent elements. In most cases

(eg. SsNg) they have a low kinetic barrier to decompositionl8.
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consequently, compounds of this nature have explosive tendencies and
should be handled with great care®®,92, Thermal decomposition can be
carried out under controlled conditions and the compounds examined so
far have been observed to decompose by either the release of an S,N, (5)
(e.g. from SyN,)12:93:9%:95 op an N,S unit (e.g. from SyNg~ )96,97,98,99,
The volatile S,N, species can be isolated and has been fully characteri-
zed12, Under suitable conditions it can be polymerized into the well
known poly(sulfur nitride) or (SN)X1°°. However, N,S has never been

isolated.

1.3.5 ELECTRONIC STRUCTURES OF S-N HETEROCYCLES CONTAINING SULFUR IN

A LOW OXIDATION STATE

VALENCE BOND REPRESENTATIONS

The first attempt to investigate the electronic environment of un-
saturated S-N compounds was made by Banisterl01,102  Using a VB approach,
he developed a number of simple rules imposing a formal ¢ and gy-desig-
nation to the valence electrons of the constituent atoms. For a binary
S-N monocycie, the six valence electrons of each sulfur atom and five
valence electrons of each nitrogen atom are divided in such a way that
each atom contributes one electron to each os-bond and two electrons to
a lone-pair. Thus two electrons remain on each sulfur atom and one on
each nitrogen atom, available for w-bonding. VB theory is not able to
explain how or where this large number of g-electrons is accommodated by
these compounds, which Banister refers to as "Electron-rich systems".

In order to rationalize this phenomenon, he has postulated that the
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unsaturated S-N heterocycles conform with the Hickel 4n + 2 rule emp-
Toyed for aromatic organic systems. Indeed, all the known binary S-N
heterocycles (top Figure 1.2) excepting 33N2+72’1°“’1°5, contain (4n + 2)
m-electrons. However, many of these heterocycles do not have the high
symmetry of the homocyclic carbon systems. It can be argued that for
lTower symmetries (sz) the distinction between 4n and (4n + 2)m-electrons
is not fundamental, since the Hickel rule is based upon Hund's rule of
maximum muTtiplicity coupled with the presence of degenerate levels in the
cyclic hydrocarbons for which it is normally invoked. There are no

degenerate levels in sz systemsl06,

MOLECULAR ORBITAL DESCRIPTIONS

In an attempt to overcome the inadequacies encountered in the VB
approach (see Section 1.2) and improve the bonding descriptions for un-
saturated S-N heterocycles, a number of MO approaches have been employed.
Figure 1.2197shows an energy level diagram of the g-structures of the
known binary S-N heterocycles, obtained from simple HMO calculations!©8.
In all cases, antibonding w*-Tevels are occupied to some extent, giving
these molecules an inherent instability. In comparison with the w-enerqgy
Tevels of benzene, the relative stability of these systems appears to be
dependent mainly on the higher electronegativity of nitrogen and sulfur
compared to carbon. This has the effect of lowering the antibonding energy
Tevels towards the region of the bonding energy levels of benzene. A
number of important aspects of the electronic structures of these systems

are illustrated below by inspection of some specific examples.



en
00 00
0 00
00

$

:

-0

0

$

$

00 00

~S~
~ N N
OO
N\@/N \ /
IOn [0F 5
00
-0
00
-0
00
00
00 00

Figure 1.2 Hiickel w-1éve1s for known S-N heterocycles compared to benzene.

-0

_9'[.-



- 17 -
SaNs_

SgN3 720,21 §s the most fascinating of the binary unsaturated S-N
heterocycles. The molecular structure of (n-Bqu)+(53N3)' was determined
" by X-ray techniques2!, and the anion was found to be planar with all the
S-N bond Tengths within a narrow range (1.580(12)-1.626(12) K). A theo-
retical ca1cu1§tion at an ab initio level?! has shown S3N;~ to have a
m-system containing ten electrons in agreement with Banister's predic-
tionl01,102,  The Dj;, symmetry of the ring demands that the w-structure
contains two degenerate levels, reminiscent of the m-structure of benzene.
However, unlike benzene, the upper degenerate n*-levels of S3N3~ are occu-
pied (Figure 1.2), and this considerably weakens the framework of SNz~
(S-N w-bond order = 0.3) compared to benzene (C-C z-bond order = 0.5).

The substantial antibonding character in SgN3~ is accommodated by
effective m-electron delocalization around the planar ring (29) and the

relative stabilizing effect of the highly electronegative nitrogen atoms.
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This is illustrated by comparison with SyN, (30)1095110,111 ‘where one of
the nitrogen centers in SNz~ has been replaced by a sulfur atom. The
r-structure of SyN, is comparatively destabilized both energetically, due
to the Tower e1ec£ronegativity of sulfur, and structurally, because of

the ineffective w-overlap afforded between two 3pz.orbita1s. Therefore
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the n*-electrons are rearranged into sulfur lone-pair orbitals, the mutual
repulsion of which results in the foned conformation. However, planarity
and effective n-bonding is maintained at the N,S section of the molecule.
The poor w-interaction between sulfur centers is further illustrated by
the structure of Sg (31)112. -The twelve electrons available for m-bording
in Sg are contained in non-bonding Tone-pair orbitals. The electron-
electron repulsive forces experienced between the twelve electrons surpass
the attractive forces between these electrons and the atomic nuclei. An
efféctive spatial distribution of the Tone-pair orbitals is achieved by
the chair conformation.

The excited state properties of SzN3~ have also been thoroughly in-
vestigated. Calculated transifion moments and estimated energies have.
indicated that the intense +visible absorption observed at 360nm, is due
to a w*(HOMO)—>n*(LUMO) electronic transition2!. This assignment has
been confirmed by measurement of the magnetic circular dichroism (MCD)T
spectrum of SgNg 113, which shows a shape characteristic of a negative A
term. The MCD activity of S3N3~ demonstrates the effective circumannular
m-electron delocalization. An A term signifies that the electronic trans-
ition is occuring from a singlet ground state to a degenerate excited
state, and the sign of the term indicates that the transition originates
from a pair of degenerate molecular orbitals.

There have been a number of attempts to oxidize SgN3~, in the hope of
isolating SaNg® or SgNaX115,116,117,118,119  hoyever, the products are
SyN, and common S-N halides (SgN3Cl13}120. The Tatter is probably a result

of oxidation of S,N,75:78579, The reason 53N3+ has not yet been

T For a full description of the MCD experiment see reference 114.
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isolated is not clear. However, predictions can be made about its
structure. Retention of a planar ring structure with D3, symmetry follo-
wing a two electron oxidation of S3Ng~ would result in the formation of
an orbitally degenerate ground state. One would expect a Jahn-Teller dis-
tortion (chair conformation) to remove the degeneracy and relieve the

multiplicity.

Suly

The unique structure and extensive chemistry of SyN, has attracted a
large amount of theoretical interest!21,122,128,124,125,126 1n 1970
Gleiter was able to rationalize the cage conformation of SyN, using an
EHMO approachl2l, The results are summarized in Figure 1.3, showing an
energy level diagram of the w-MOs for a hypothetical planar structure
correlated with those of the cage structure observed experimenta11y. A
planar SyNy has 12 w-electrons and therefore the non-bonding b2u MO is
occupied and the degenerate antibonding n*-Tlevels (eg) each contain one
efectron, giving the molecule an orbitally degenerate ground state. The
triplet ground state can be avoided by a Jahn-Teller distortion to either
break the degeneracy or destabilize the e Tevel and stabilize the ayy,
Tevel. Puckering of the ring into a crown (¢f. Sg127) was found to have
little effect on the multiplicity of the ground state. Howeyer, adjustment
into a cradle or cage bringing together opposite sulfur atoms, allows S-S
o-interactions to take place. This causes more pronounced effects on the
overall bonding scheme. The result is a singlet ground state containing
two cross-ring S-S o-bonds. Although Figure 1.3 shows the HOMO of the

cage structure to be a bonding S-S ¢-MO, more sophisticated calculations
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Figure 1.3 Energy correlation diagram for the m-structure of a hypo-
thetical planar SyNy system and the upper levels of the
observed cage structure. Shading in the MOs indicates the
sign of the wavefunction.
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have shown this orbital to be slightly lower in energy than a non-bonding
orbital based on nitrogen!26:128  In many cases, it is an orbital of
this nature that is involved in the oxidation of SyN,, as illustrated by
the formation of ‘the Lewis acid adducts (21)67:68:69:70  however, the
open structure of the adduct®7 and the planar conformation of 54N42+65=65,
suggest an involvement of the electrons contained in the cross-ring S-S
o-bonds. It would appear that activation of the HOMO renders the cage
conformation unstable with respect to the open or planar structure.

54N42+

The electronic structure of the 54N42+ cation has a number of inter-
esting features. It has been shown to be a 10 n-electron system!29. How-
ever, a recent ab initio study52 indicated that, unlike other unsaturated
S-N heterocycles containing sulfur in a Tow oxidation state, the g-struc-
ture is so low in energy that the HOMO is a non-bonding ¢-MO and not a
m-type orbital. The frontier orbitals of 54N42+ are shown in Figure 1.4.
In view of the folded structure of S,N,Cl, (19)6%, the planar structure of
54N42+ is surprising. It would appear that the delocalization energy of
the wm-structure of Squ2+ accommodates the electron density more effici-
ently than the folded structure. In addition, the positive charge effects
a general stabilization of all the energy levels, in comparison to a
neutral system.

The two major absorptions (Amax = 346 nm and 262 nm) observed in the
UV-visible spectrum of 54N42+52, have been assigned from results obtained
from transition moment calculations. The HOMO->LUMO transition is symm

etry forbidden. Instead, the two highest occupied m-type MOs (lblu(nn)



- 22 -

~0'51
2eq LUMO
- e
X i y
061  HomO | I*
Q~f |
N o
4e, 0"
PR B | o P g G S —
07| P 2ty
'——30|go*
S\@,S 3eun0
-0'8 - N\S/N leg’n‘

‘Figurée 1.4 Upper energy levels of 54N42+.

X corresponds to a visible

absorption at 346.nm, Y corresponds to an absorption at 262

nm, and Z is symmetry.forbidden (ng
non-bonding, w-symmetry).

nrw

non-bonding, g-symmetry;



- 23 -

and lqhz(nw)) are responsible for these two transitioné, as illustrated
in figure 1.4. Michl has predicted a positive A term in the MCD spectrum
of SQN42+, corresponding to each of the electronic transitionsil4, 1In
contrast to SgNg , the positive sign of both A terms would be indicative
of electronic transitions originating from a non-degenerate level and

terminating at a degenerate level.

1.4 UNSATURATED PHOSPHORUS-NITROGEN HETEROCYCLES

1.4.1 INTRODUCTIQON

Cyclophosphazenes of the type (Rsz)x have been investigated far
more extensively than the cyclothiazenes. A Targe number of cyclophos-
phazenes has been fully characterized from relatively simple six-membered
rings to complex molecules containing up to seventeen units, (RyPN) ;5.
The series is further extended by the variety of exocyclic groups avail-
able, as illustrated by the examples shown in Figure 1.5. Unlike the
thiazenes, simple anions and cations are rarel36,

The most well known derivative is hexachlorocyclotriphosphazene (2).
It was first prepared by the action of gaseous ammonia on phosphorus pent-
achloride’»8 and this is still the basis of most preparations. Ammonium
chloride is routinely used nowadays with PCl; to give a range of ring
sizes!37,138,139  Cyclophosphazenes can also be prepared by the reaction
between aminochlorophosphoranes and triethylamine38 and from phosphorus
(I11) halides by formation of an unstable phosphorus (III) azide, the
intermediate to phosphazene polymer formation38. 1In addition, the cyclo-
chlorophosphazenes act as a useful synthetic starting material for other

phosphazenes via nucleophilic substitution of the exocyclic groups.
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Figure 1.5 Examples of cyclophosphazenes demonstrating the variety in
) ring size, exocyclic ligand, and form.
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1.4.2 CHEMICAL PROPERTIES

The majority of cyclophosphazene chemistry involves the exocyclic
Tigands attached to the phosphorus centers; the P-N skeleton is quite
robust*®, Nucleophilic substitutions are easily effected and their
course can be rationalized by the same concepts successfully used with
organic rings, such as inductive and steric effects. As would be expec-
ted the reactivity is very dependent on the electron distribution around
the ring. Indeed, results from reactivity studies have complemented the
conclusions made concerning the w-structure of the cyclophosphazenes.

In contrast to the easy oxidation observed for the cyclothiazenes,
removal of electrons from the cyclophosphazenes has not yet been reported.
However, the phosphazenes do act as bases, the degree of basicity being
dependent on the electronegativity of the exocyclic groups. Nitrogen
Tone-pairs are used for donation to various types of acceptor ions and

molecules. Methyl phosphazenes have enough basic strength to add a proton

cl cCl ~ Me Me R R
\_/ Cl— \ / |~ \ /
o) I
PrHN"/ ~N-"\“NHPr Me/\N’ \“Me R7/ ~N"\"R
PriH | HNPr Me | Me R R
H Me
32 33 34

and salts have been prepared, in which a positively charged moiety is bound
to one of the ring nitrogen atoms (32,33)40, %0  Covalent donor-acceptor
compounds are also known of the type (NPCl,)3.Al1Brgl%l. It is important

to note that in many of the reactions of cyclophosphazenes the ring is

Teft intact.
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1.4.3 STRUCTURE AND BONDING

An immense amount of structural information has been collected for
the cyclophosphazenes, including the determination of hundreds of mole-
cular structures by X-ray methods. The structure of (C1,PN); (2)142
consists of an almost planar six-membered P3N; ring, in which all the
bond lengths are equal (=1.59 ﬁ) and the endocyclic angle at phosphorus
(NﬁN) is = 120%. 1In general, symmetrically substituted cyclophosphazenes
have equal P-N bond Tengths in the range 1.47-1.62 R (cf. P-N single bond
value in (OsPNH3)™ of 1.769(19) Al43,1uk) depending on the exocyclic
ligand on phosphorus. Tetramers and larger rings tend to be puckered,
maintaining NPN close to 120738540541 Angles at nitrogen (PNP) are
observed to be more flexible, ranging from 119.7° for (C1,PN)3i*2 to
147.5° for {(NMe,),PN)glhs, Octafluorocyclotetraphosphazene is one
exception having a planar structure (D4h)1“6.
| The electronic structures of the cyclophosphazenes have proven more
difficult to understand than those of the cyclothiazenes. Various models
have been proposed to describe the m-structure in cyclophosphazenes,
including internal salts (34) and fully delocalized systems having
aromatic characteristics, involving d orbital contributions from phos-
phorus. The most truthful picture is a combination of these, involving
a strong polarization towards the nitrogen centers with w-interaction
back through the phosphorus d orbitals (see section 1.2). Although the
contribution of d orbitals in the w-structure may be small, the effects
are significant. Structural features such as short, equal ring bond
Tengths and ring planarfty are indicative of an effective w-electron

delocalization, however, they can also be rationalized by the internal
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salt definition. Further illustration of d orbital involvement is seen
in the wide NﬁN angles (1200), which would have tetrahedral geometries in
an sp3 hybridized environment. The vibrational spectra of various cyclo-
phosphazenes® also provide important evidence for d orbital participation.
The wavenumber of the P-N stretches, for one particular ring size, has
been observed to increase as the electronegativity of the substituents at
the phosphorus increases. A trend of this nature is consistent with the
concept that the d orbitals will contract in the presence of electroneg-
ative ligands to allow more efficient m-interaction™®®. Chemical charact-
eristics of m-electron delocalization are apparent in a number of forms.
For example, nucleophilic substitution activation energies, calculated
from reaction rates for cyclophosphazenes, show a considerable dependence
on the size of the phosphazene ring!*7. The m-electrons are obviously
influenced by the size of the heterocycle, a feature which cannot be
rationalized by a localization of w-electron density.

The complexity of the electronic environment of the cyclophosphazenes
stems from the different symmetries of the two d orbitals avai]ab]e on
phosphorus for m-interaction (see Section 1.2). Although both d orbitals
are involved to some degree, there is a significant amount of experimental
evidence to indicate that the homomorphic (dyz) interaction predominates.
The symmétry aspects of a heteromorphic (dxz) system demand that the
HOMO is solely nitrogen based and the LUMO is phosphorus based, both non-
bonding in nature. Therefore, these orbitals would have a constant energy
irrespective of ring size. However, measured jonization potentials of
homogeneously substituted phosphazenes oscillate with ring size, indicat-
ing that the HOMO involves some bonding interaction and must therefore

possess some homomorphic character*0. This property is also evident in
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the electronic spectra of the pyrrole derivatives of the cyclic phos-
phazenes, which provide a unique probe into the eleftronic structure of
the P-N heterocyclesl*#® (The m—>n* electronic transitions of the cyclo-
phosphazenes occur at high energy and are difficult to measure). The
pyrryl group is a strong electron donor and effects a charge transfer

into the m-LUMO of the phosphazene. The corresponding ultraviolet absor-
ption observed for these compounds at about 240 nm and can be easily
measured. In accordance with the conclusions made above, the energy of
the absorption alternates with ring size of the phosphazene. Although

the variations in the energies of the absorptions are small, they indicate

some bonding character in the phosphorus based LUMO of the cyclophospha-

zene.

1.5 OBJECTIVES AND QUTLINE OF THE THESIS

The extensive series of cyclothiazene and cyclophosphazene compounds
have been thoroughly investigated and their chemical and physical proper-
ties are well documented. Isolated examples of mixed or hybrid P-N-S
heterocycles have been reported. However, the common nitrogen molecular
framework in the phosphazenes and thiazenes suggests that a comprehensive
series of hybrid systems should be possible, having the broad range of
exocyclic groups seen in the phosphazenes and the ring size variation
characteristic of both parent series. The properties of these systems
would provide a useful comparison between the parent species.

Therefore, the ultimate objective of this work has been the synthesis
and characterization of a number of unsaturated P-N-S heterocyclic com-
pounds. The diverse chemistry already known for SN, makes it an obvious

choice as a precursor. Nucleophilic attack by phosphines possessing
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Tabile Tigands may be expected to lead to incorporation of the phosphorus
center into the unsaturated S-N heterocyclic environment.

CHAPTER 2 deals with an examination of these reactions, isolation
of the products and spectroscopic and structural characterization of the
new heterocyclic P-N-S species. The electronic structures of these systems
are discussed in CHAPTER 3 by comparison with the pure P-N and S-N systems.
CHAPTER 4 examines some of the chemistry of the P-N-S heterocycles cont-
aining two coordinate sulfur. A1l the experimental procedures are

covered in CHAPTER 5,



CHAPTER 2

PREPARATION AND SPECTROSCOPIC AND STRUCTURAL CHARACTERIZATION OF

UNSATURATED PHOSPHORUS , NITROGEN AND SULFUR CONTAINING HETEROCYCLES

WITH TWO COORDINATE SULFUR

2.1 TINTRODUCTION

As discussed in Chapter 1, the nucleophilic degradation of SN,
usually produces the binary anions, SsN; 20521 and S N 83:84s85. Af-
" though the reaction between SN, and PhzP gives (Ph3P=N)3S+SqN5', under
certain conditions products include two S-N rings with phosphinimino exo-
cyclic ligands, PhgP=N-S N, (27) and 1,5-(PhgP=N),S,N,86487 (28). The
formation of 27 indicates a ring opening mechanism and oxidation of the
tertiary phosphorus center. However, the chemical inertness of the P-C
bonds restricts the mode of interaction of the phosphorus center with
the unsaturated S-N system. Reactions of S, N, -with phosphines possessing
only two inert Tigands give radically different results. The presence
of a labile 1igand allows incorporation of the phosphorus center into the
unsaturated environment as a member of the heterocycle. The result is a
number of unsaturated heterocyclic.systems containingrphosphorus, nitrogen
and sulfur. The coordination number of the sulfur centers is very depen-
dent on the form of the 1igand. When X = C1, the major product (80% yield)
of the reaction is an unsaturated P-N-S heterocycle containing an exo-
cyclic S-C1 bond (35)1%°. However phosphines such as Ph,PH, Ph,P-PPh,,
Me,P-PMe, and (PhO);P allow the sulfur centers to retain the oxidation

states carried in S N, . These reactions are very complex and result in
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a wide range of products. Amongst the major components are three un-
saturated P-N-S heterocycles containing two coordinate sulfur. One is
a six-membered ring (36) made up of one pentavalent phosphorus unit,

three nitrogen atoms and two dicoordinate sulfur atoms!S0,151,152 ~ The

R R
I R R \ /
R R
—D - \
1O 1O v (L)
R//P\N/P\\R S\N/S S\N/S N\P/N
R R / \
R R

35 36 16 17

other two are structural isomers of an eight-membered ring containing
two phosphorus units, four nitrogen atoms and two dicoordinate sulfur
atoms152,153,15% = The phosphorus atoms may be in the 1 and 3 positions,
1,3-(RaPN)5(SN)5 (16), or 1 and 5 positions, 1,5-(RaPN)2(SN)s (17), of

the eight-membered ring. The basic alternating nitrogen framework of
these molecules is reminiscent of the unsaturated P-N and S-N systems,

and they can be considered as hybrids or cyclophosphathiazenes.

This chapter deals with the formation and isolation of the new un-
saturated P-N-S heterocycles. In addition the spectroscopic and structural
properties of each type of system (16, 17) are examined and rationalized.
A1l the experimental details for the work discussed in this chapter are

presented in Sections 5.2 and 5.3
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2.2z PREPARATION AND ISOLATION OF THE CYCLOPHOSPHATHIAZENES

2.2.1 REACTIONS OF S, N, WITH PHOSPHINES

The complex reaction between PhyP and SyN, has been examined by a
number of workers8€:89,155  and pecent results indicate that the mixture
of the products is solvent and temperature dependent87. Although the
reactions of SyNy, with phosphines containing labile ligands (Ph,PH,
PhaP-PPhy, Me,P-PMe, and (Ph0)3P) are also complex, the products are the
same, irrespective of the experimental conditions. A1l of these phos-
phines react very readily with SyNy, indeed, the reaction between Me,P-
PMe, and SyN, is sufficiently exothermic that care must be taken in the
initial stages to avoid an explosion. Subsequently, all the reaction
mixtures can be heated to reflux in toluene without any obvious effect
on the form or yield of the products. Although the rates of reaction
depend on the type of phosphine, they all appear to proceed in a univer-
sal fashion and can be monitored by their color changes. The yellow
solution of SyNy becomes an intense deep purple (Ph,PH, PhyP-PPhy, Me,P-
PMes) or black ((Ph0)sP) color. Stoichiometries of the reactions are not
understood and have been chosen on the basis of the yields of the P-N-S
heterocycles obtained (2Ph,PH:SyNy, RoP-PRo:SyNy). In most cases the
products are thermally stable and therefore the choice of reaction times
is not critical and are long to ensure completion of reaction. However,
care must be taken with the products containing methyl and phenoxy groups

and the reflux time should be kept to a minimum.
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2.2.2 S81p NMR STUDY OF SELECTED PHOSPHINE/S N, REACTIONS

AND CHROMATOGRAPHIC SEPARATION OF THE PRODUCTS

The complexity of these reactions is illustrated by the 31P NMR
spectra of the reaction mixtures. Figure 2.1 shows the relevant sections
of the 3P NMR spectrum of the Ph,P-PPh,/S,N, reaction mixture in toluene.
The SIP NMR spectrum of the 2Ph,PH/S,N, reaction mixture is identical,
disregarding the relative peak intensities. It is not surprising that
the spectrum of the Me,P-PMe,/S,N, reaction mixture also compares very
cltosely, if one allows for the slight chemical shift differences expected
between a Ph,P<and Me,P<center. These signals imply the same products
for reactions of both methyl and phenyl phosphines. A number of signals
observed in Figure 2.1 have not been identified. However many of the
components have been isolated from the reaction mixture by gel permeation
chromatography. The intense colors of many of the products altow simple
distinction between the various components of the reaction mixture during
chromatographic separation. The strongest signal (B) in the 31P NMR
spectrum corresponds to tetraphenyldiphosphine disulfide (Ph,PS),, and
many of the fractions are contaminated with the respective phosphine
sulfide. For this reason, purification of the required products involves
repeated fractional crystaliization procedures. Signals D and E corres-
pond to (PhyPN), and (Ph,PN),, which have been isolated from the first
yellow fraction. The deep orange fraction that follows yielded the two
structural isomers of an eight-membered P-N-S heterocycle which are
responsible for signals A (17) and C (16). . A. six-membered P-N-S ring (36)
was obtained from the final deep purple fraction and is accountable for

signal F.
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Figure 2.1 31p NMR spectrum of the PhyP-PPh,/SyNy reaction mixture in
totuene. A corresponds to 1,5-(PhoPN),(SN)o, B corresponds
to (PhyPS),, C corresponds to 1,3-(PhyPN),(SN),, D corresponds
to (Ph,PN)y, E corresponds to (PhyPN); and F corresponds to
(PhoPN) (SN), .



- 35 -

2.2.3 MECHANISM OF NUCLEQOPHILIC DEGRADATION OF Saﬂ#_

In accordance with many of the reactions of S,N,, the phosphine
reactions involve a network of possible mechanistic pathways. Neverthe-
less, it 1s possible to make a few basic statements regarding the initial
mode of nucleophilic attack and alteration of the S-N framework, based on
observations made on reactions of simple S-N compounds156 and other phos-
phine/SyN, reactions®7-90, Kinetic evidence and tracer experiments on
the reactions of sulfilimines with nucleophiles have shown that the
first, rate-determining step of the reaction is nucleophilic attack at
the sulfur atom with formation of a sulfurane-Tike structurel56, The
reactivity of sulfur diimides with nucleophiles is even more pronounced.
The fast reaction of bis-tosyl-sulfur diimide with aliphatic sulfides
gives a quantitative yield of the corresponding sulfilimines, indicating
that both tosylimino groups are involved in their formation. Kresze has
proposed a multistep process for the reactionlS6, as illustrated in
Figure 2.2(a). Following initial attack at the sulfur atom of the NSN
compound the intermediate rearranges and loses a thianitroso compound to
give the first molecule of sulfilimine. A second molecule is then
produced either by reaction of the thianitroso compound by nucleophilic
attack, rearrangement and extrusion of sulfur, or by decomposition of the
thianitroso derivative to give a nitrene and subsequent reaction with the
sulfide.

Chivers and co-workers have proposed a simildr mechanism for the
formation of S3N3' from SyN,, on the basis of experimental observations8s.
They suggested that the initial nucleophilic attack at the sulfur results

in ring opening to give a poly(sulfur-nitrogen)chain. This intermediate
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Figure 2.2 Mechanisms for nucleophilic degradation of unsaturated S-N
systems. a) Reaction between sulfur diimide and aliphatic
sulfides. b) Reaction between PhgP and SyN,. c¢) Reaction
of SyNy with phosphines conta1n1ng labile Tigands (X).
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may then recyclize to a six-membered S3N3 ' ring. Chivers and Oakley
extended this mechanism to the reaction between SyNy and PhgP in the
context of Kresze's work. As illustrated in Figure 2.2 (b), the phos-
phine is believed to attack the sulfur center and then undergo a 1,2-
shift to a nitrogen atom. This is followed by ring opening and loss of
a terminal sulfur atom to produce a nitrene intermediate, which recy-
clizes to form Ph3P=N-S3N3. These concepts can be further extended to
the systems in which the phosphine has a labile 1igand (X), as illust-
rated in Figure 2.2(c). The initial steps will be identical to those
for the PhgP system. However, the nitrene intermediate may either under-
go recyclization in the manner observed for PhgP=N-S3N3, or a ring
formation involving intramolecular nucleophilic substitution at the
phosphorus center. The Tatter effects release of the labile Tligand and
allows the phosphorus to be incorporated into the unsaturated system.
Prior release of an NS unit would account for the formation of the six-
membered ring (36). However, the.reason for .this.ring contraction is not
clear. The formation of compounds containing more than one phosphorus
unit can be rationalized by secondary nucleophilic attack of the un-
saturated S-N heterocycle, in the initial stages, by another R,PX unit
Concepts of this nature can also be used to account for the formation of

the cyclophosphazenes in these reaction.

2.3 CHARACTERIZATION OF THE CYCLOPHOSPHATHIAZENES

2.3.1 SPECTROSCOPIC EXAMINATION OF S-N AND P-N COMPQUNDS.

One of the major difficulties experienced experimentally when dealing
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with S-N compounds is the lack of a spectroscopic probe. Most S-N systems
display simple distinctive infrared spectra, which are useful as a
fingerprint but provide Tittle structural information.. S-N compounds
have a reputation of exhibiting intense colors and indeed many have inte-
resting visible spectral®,11,20,21,157,158 = yoyever, without a detailed
electronic understanding, electronic spectra are difficult to rationalize.
The advent of multinuclear NMR spectroscopy has enabled a number of
structural uncertainties to_be resolved. -¥5N NMR is now consideréd
routine, however, the poor solubility of S-N compounds and Tow natural
abundance of 1SN (0.36%) requires that many samples be enriched with the
15N nuclei (an expensive procedure) in order that a useful spectrum be
obtained!59s160 Nevertheless, the results are often informative.
Spectral inadequacies are not so great when studying the cyclophos-
phazenes. The NMR active 31P nucleus is 100% abundant and provides an
excellent alternative to 15N NMR. In addition, when simple organic
exocyclic groups (e.g. methyl) are.attached:to, phosphorus, information
can be obtained from H NMR spectra. The infrared characteristics of
phosphazenes are also easily correlated within a series and may provide
comparative information37:39, However, the phosphazenes display no
visible spectra. As hybrids of these two series of compounds, the cyclo-
phosphathiazenes retain most of the spectroscopic characteristics of
their parent systems. The result is a relative abundance of spectro-
scopic probes allowing detailed examination of their structural and

electronic properties.
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2.3.2 COMPOUNDS OF THE GENERAL FORMULA (RoPN)(SN)o

IDENTIFICATION

Four derivatives of (R,PN)(SN), have been prepared and isolated
(R=Me, Ph, PhO and F (see Section 5.6.3.2)). Due to thermal or chemical
instability, they each require a different pur?fication technique. The
phenyl derivative is crystalline and air stable at room temperature and
can be handled very easily. However, the others are oils (Me, PhO) or

“vapors (F) and must. be handled at Tow- temperatures in an inert atmos-
phere. For this reason certain data were unobtainable for these deriva-
tives and characterization is completed by reference to their norborna-
diene adducts (Chapter 4). Therefore the majority of physical and
chemical studies on all the unsaturated P-N-S heterocycles are centered

around the more stable phenyl derivatives.

SPECTROSCOPIC CHARACTERIZATION

The vibrational spectra of the unsaturated P-N-S heterocycies cont-
aining two coordinate sulfur show an interesting compromise between the
vibrational features well documented for the parent P-N and S-N systems.
A11 the derivatives of (R,PN)(SN), show a very strong broad band in the
region of 1100 cm™! (R .= Ph, 1123; R = Me, 1083; R = PhO, 1190 cm™ V).
This can be confidently assigned to the P=N ring stretching vibration, by
comparison with that vibration in the corresponding six-membered phospha-
zenes ((Ph,PN)g, 1190161; (Me,PN);, 1180 cm 1 162), The slightly lower

energy of the vibration in the hybrid species is an indication of the
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destabilization of the NPN section by interaction with the S-N moiety.
Vibrational bands originating from the S-N section of the molecule are
masked by the phenyl vibrations in (thPN)(SN)Z and ((PhO),PN)(SN)5.
However, they can be clearly observed in (Me,PN)(SN), at 863 and 688 cm™}
These values are consistent with the major stretches observed for SgN3~
(925, 640, 380 cm )21 and S,N, (924, 699, 545, 350 cm *)163, There are
additional bands at 390 and 363 cm ! observed for (MezPN)(SN)Z, however,
because both S-N and P-N bands are normally seen in this region, assign-
ment is difficult.

The most prominent characteristic of these compounas is their intense
color. The phenyl and methyl derivatives are deep purp]é and the fluoro
and phenoxy derivatives are deep blue. They all exhibit an intense visible
absorption near 550-585 nm. Although additional absorptions are evident
in the ultraviolet region between 250 and 300 nm, these can only be
clearly seen in the spectrum of (Me,PN)(SN)s. In (PhyPN)(SN), and ((PhO),-
PN)(SN), these higher energy absorptions are hidden by m—su* electronic
absorptions of the phenyl groups. The UV- visible spectrum of (MeyPN)-
(SN), is illustrated in Figure 2.3. In Chapter 3 the nature of these
electronic transitions will be discussed when the electronic structure
of the unsaturated P-N-S system is examined.

NMR spectroscopy has provided important structural information for
these compounds. Of course 1ittle data can be obtained from the charac-
teristically broad multiplet associated with the proton resonances of the
phenyl groups on (Ph,PN)(SN), and ((Ph0O),PN)(SN),. However, for the -
methyl derivative the lH chemical shift (s = 1.71 ppm) and two bond
coupling constant to phosphorus (2JPH = 14.4Hz) of the equivalent methyl

protons, are similar to those reported for the methyl phosphazenes
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((Me,PN)3, §(CH3) = 1.30 ppm, ZJPH = 14.0 Hz!®*%; Me,FuP3sN3, 6(CH3) =
1.65 ppm, ZJPH = 14.0 Hz!®5). The 1°F chemical shift of the doublet
observed for the equivalent fluorine atoms of (FoPN)(SN), (&6 = -22.2 ppm
is within the wide range of shifts reported for the fluorocyclophospha-
zenes (-18.0 to -71.9 ppm*%). Strong P-F coupling is also observed

(JPF = 1054 Hz) again in agreement with the phosphazene values.

31p NMR spectra of the cyclophosphadithiatriazenes all show singlets
(R =Me, § =6.2 ppm; Ph, & = -21.2 ppm; PhO, § = -3.4 ppm) to high field
of the characteristic resonances observed for the corresponding phospha-
zenes ((RyPN)3, R = Me, § = 31.9 ppm!®%; Ph, & = 14.3 ppml66,167: pho,

§ = 9 ppmi®8). The presence of the more electronegative sulfur atoms in
place of two of the phosphorus units of the phosphazene systems would
induce a deshielding of the phosphorus. However, the larger. number.of
electrons probably leads to an increase in m-electron density at the
phosphorus relative to (R,PN)s (see Chapter 3).

The 15N NMR spectra of the (R,PN)(SN), compounds unambiguously
confirm the proposed heterocyclic structure. Figure 2.4 shows the 15N
NMR spectrum of a 100% 15N enriched sample of the phenyl derivative.

The signal corresponding to the nitrogen atoms bound to the phosphorus
(NA) is split by coupling to the phosphorus resonance and the unique
nitrogen (NB) to give a doublet of doublets. The signal corresponding
to the unique nitrogen atom (NB) is not only split by &oup1ing to the
equivalent nitrogen (NA) resonance, but also by three bond coupling to
phosphorus resonance, resulting in a doublet of triplets. Incorporation
of the phosphorus center into the unsaturated system appears to enhance
heteronuclear coupling. The P-N coupling constants are slightly greater

than those observed for PhgP=N-S3Nj '(lJbN = 48.9 Hz, 3JPN = 4,3 Hz!60)
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Figure 2.3 UV-visible spectrum of (Me,PN)(SN), in CH,Cls,.
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Figure 2.4 15N NMR spectrum of (Ph,PN)(SN), (99% enriched with 15N).

- 1 = - : .
and 1,5-(PhP=N) SN, oy = 43.9 Hz, 3JPN = 4,3 Hz160), in which the
phosphorus remains exocyclic to the unsaturated S-N ring. The N-N
coupling constants are similar to those observed in other neutral conju-

gated S-N rings160,

MOLECULAR STRUCTURE OF (PhZPN)(SN)2

A schematic representation of the molecular structuré* is shown in

T An X-ray crystallographic study was performed by Dr. P. N. Swepston
and Dr. A. W. Cordes!S0 151,
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Figure 2.5 Schematic representation of the molecular structure of
‘ (Ph,PN) (SN), with pertinent bond Tengths (R) and angles (Deg).

Figure 2.5 displaying the pertinent bond lengths and angles of the heter-
ocycle and the a-carbons of the phenyl rings. The crystal structure
consists of discrete molecular units and there are no unusual intermol-
ecular contacts.

The molecular structure of (Ph,PN)(SN), consists of an almost planar
(to within 0.05 A) S,N; five-membered unit with the phosphorus atom dis-
placed from this plane by 0.284(1) A. Although significant, this depar-
ture from planarity is considerably less than the puckering observed in
the silylated derivative reported by Weiss28. The Tatter has been found
to have the two sulfur atoms (S3, -0.41 A and S5, +0.53 R) and phosphorus
atom (P1, +0.27 K) considerably removed from the plane defined by the
three nitrogen atoms. In addition the Tatter structure has different
bond lengths associated with the two sulfur atoms (S3-N2 = 1.564(7) 3,
$3:N4 = 1.570(7) R, S5-N& = 1.615(8) R,.S5-N6 = 1.630(5) :A) suggesting
that the sulfur atoms are permanently in different oxidation states (II
and IV). In contrast, the phenyl derivative shows 1ittle difference

between any of the S-N bond 1engths, which indicates equivalent sulfur
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centers and a delocalized electronic distribution around the heterocycle.
The geometry at phosphorus is a distorted tetrahedron almost identical

to that observed for the Ph,P center in Ph,F,P,N; (NPN = 115.5(3)°,

CPC = 107.9(3)°169). One may expect this resemblance when considering

the similar electronic effects imposed on the ring by S and FoP.

2.3.3 COMPOUNDS OF THE GENERAL FORMULA (R,PN),(SN),

IDENTIFICATION

Two compounds have been isolated from the bright orange fraction of
the reaction mixtures involving Ph,PH, Ph,P-PPh, and Me,P-PMe,. These
two compounds are structural isomers of an eight-membered (PN),(SN), ring,
introduced in Section 2.1. Despite the vastly different spectroscopic
properties observed for these two isomers, their structures could not be
unequivocally determined solely on the basis of analytical and spectro-
scopic data. X-ray techniques were therefore employed. These systems
are far more thermally stable than the six-membered relatives, and both
are air stable crystalline materials. 1,3-(R,PN),(SN), (16) is a deep
orange color and 1,5-(R,PN),(SN), (17) pale yellow. The unique spectro-
scopic and structural properties of each of these isomers justify inde-

pendent discussion.

SPECTROSCOPIC CHARACTERIZATION OF THE 1,3-(R,PN),(SN),

COMPOUNDS

Like the (RaPN)(SN), species the vibrational spectra of these eight-
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membered rings show characteristics reminiscent of phosphazenes and
thiazenes. However, whereas the éixrmembered systems exhibit modified
features, the spectra of the 1,3-(R,PN),(SN), compounds show properties
almost identical to those of the series of compounds from which they are
derived. 1,3-(PhyPN),(SN), shows a very intense band at 1196 cm™! which
may be assigned to a P-N stretching mode, analogous to the same band
observed for (PhyPN)y (1213 cm™1)161, The values are very similar and
suggest that the PNP unit in the phosphathiazene is interchangeable with
that same unit in the phosphazene. Stretches observed for 1,3-(MesPN)y-
(SN), at 942 and 637 cm ! can be assigned to S-N vibrations in accord-
ance with the discussion for (MeyPN)(SN), (see section 2.3.2.2).

The intense orange color of both the phenyl and methyl derivatives
of 1,3-(R,PN),(SN), is due to a strong visible absorption band at 460 nm
(R = Ph) and 456 nm (R = Me). Although these absorption maxima are sig-
nificantly higher in energy than the analogous absorptions observed for
the six-membered (R,PN)(SN), species, they are of comparable intensity.
In addition, the methyl derivative shows a further absorption in the
ultraviolet region (350 nm) resembling (Me,PN)(SN),. As will be dis-
cussed in Chapter 3, the origins of the electronic spectra of the six
and eight membered systems are related.

Once again 1H NMR spectroscopy provides 1ittle structural informa-
tion for the phenyl derivative. Alternatively, the methyl derivative
shows the expected doublet for the four equivalent methyl resonances
split by coupling to the resonances of the equiva]ent phosphorus centers.
The chemical shift ( § = 1.58 ppm) and coupling constant,(ZJPH = 13.3 Hz)
are similar to those values recorded for the six-membered relatives.

The proton decoupled 31P NMR spectra of the 1,3-(R,PN),(SN), systems
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(R="Ph, s=18.7 ppm; R = Me, s = 28.3 ppm) each show a singlet to

Tower field than seen for the (RZPN)(SN)2 systems (R = Ph, 6§ = -21.2 ppm;
R=Me, § =6.2 ppm). Instead, they afe of the same order as the 31p NMR
shifts recorded for the phosphazenes. On the basis of this spectroscopic
data one may postulate that the P-N-P unit of this molecule is almost
directly derived from the corresponding tetrameric cyclophosphazene and

the interaction with an S,N; unit appears to have little effect on the

properties of the former.

MOLECULAR STRUCTURE OF 1,3-(Ph,,PN)2(SN)2

The crystal and molecular structure of 1,3-(PhyPN), (SN), was deter-
mined by X-ray crystallographic methodsT. The crystal structure consists
of discrete molecular units with no unusual intermolecular contacts.

Bond lengths and angles of the asymmetric unit are given in Table 2.1,
and the atomic numbering scheme of the inorganic ring and the a-carbon
atoms of the phenyl groups is shown in the ORTEP drawing of the molecule
in Figure 2.6.

The molecular structure of 1,3-(PhyPN),(SN), consists of an almost
planar S,N; moiety analogous to (Ph,PN)(SN),. A two-fold crystallographic
axis passes through N1 and N3 forces the four nitrogen atoms to 1ie in a
plane. The two sulfur atoms deviate from this plane by only 0.019 K.

The two phosphorus atoms 1ie on opposite sides of the S-N plane, displaced
from the plane by 0.697 K. The S-N bond lengths, although not equal, are
very similar, and are almost identical to the S-N bond lengths observed

for (PhyPN)(SN),. 1Indeed, the only difference between the S,Ny units in

:fThe assistance of Dr. J. F. Richardson is gratefully acknowledged.
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Table 2.1 Bond Tengths (A) and angles (deg) for the

asymmetric unit of 1,3-(PhyPN),(SN),

Atoms Distance Atoms Angle

P1-N1 . 1.585(3) NI-P1-N2  118.1(2)
P1-N2 1.610(4) N1-P1-C1 109.2(1)
P1-Cl 1.814(5) N1-P1-C7 106.6(2)
P1-C7 1.779(4) N2-P1-C1 109.4(2)
N2-S1 1.562(4) N2-P1-C7  104.1(2)
S1-N3 1.589(2) C1-P1-C7  109.0(2)
C1-C2 1.385(5)  P1-N1-PI  126.0(3)
C2-C3 1.394(6) P1-N2-S1 134.5(2)
C3-C4 1.372(7) N2-S1-N3  120.2(2)
C4-C5 1.381(6)  SI-N3-SI  144.1(4)
C5-C6 1.399(7) C6-Cl-C2  119.1(4)
C6-C1 1.393(7) C1-C2-C3  120.8(4)
C7-C8 1.386(5) C2-C3-C4  119.9(3)
C8-C9 1.382(6) C3-C4-C5  120.2(5)

C9-C10 1.375(7) C4-C5-C6 120.4(5)
Cl0-Cl11 1.370(5) C5-C6-C1 119.7(4)
Cl1-Ci2 1.383(6) Cl2-C7-C8 118.4(4)
C12-C7 1.408(6) C7-C8-C9 121.1(4)
C8-C9-C10 119.8(4)
C9-C10-C11  120.2(4)
C10-C11-C12 120.8(4)
Cl1-C12-C7  119.6(3)
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Figure 2.6 ORTEP view {50% probability ellipsoids) of 1,3-(PhyPN)5 (SN),
' showing the atomic numbering scheme. A crystallographic
two-fold axis passes through N1 and N3.
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these two molecules is the wider bond angles at the nitrogen centers in
the eight-membered ring. Despite these larger angles, a certain degree
of ring puckering is required to accommodate the two extra atoms. The
puckering observed at the phosphorus positions is of the nature commonty
encountered in tetrameric phosphazenes, and allows retention of the
general distorted tetrahedral geometry at phosphorus. The structure of
the P-N-P unit is remarkably similar to the same unit in (PhoPN),1790, as
predicted from spectroscopic data. Accordingly, the S,N3 unit has
structural features reminiscent of SqN42+, although the bond lengths

are slightly longer (mean d(S-N) in SuN42+ is 1.55 R65s66 ). On this
basis one may view 1,3-(R,PN),(SN), as two distinct units derived from
these two species. The P-N bond Tengths at the junction of the two units

are significantly longer than the other P-N bonds,

SPECTROSCOPIC CHARACTERIZATION OF THE 1,5-(RoPN)»(SN)»

COMPOUNDS

The spectroscopic properties of the 1,5-(R,PN),(SN), compounds are
substantially different from those of the 1,3-isomer. The P-N stretch
seen in the infrared spectrum is probably the most obvious example.

Unlike the 1,3-isomer, this characteristically intense band is found at
surprisingly low energy (R = Ph, 1053 cm™l; R = Me, 1050 cm 1), Whilst the
1,3-isomer is made up of a phosphéiene segment and a thiazene segment,
the 1,5-isomer may be viewed as a true hybrid of these two systems having
no pure P-N-P or S-N-S units. Instead, 1,5-(R,PN),(SN), consists=<of

P-N-S units. Therefore it is difficult to make useful comparative assign-

ments for this isomer. The Raman spectra provide an important piece of
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structural information. Whilst the 1,3-isomer displays no unusual Raman
activity, the 1,5-isomer shows a strong band at 269 cm ! (R = Ph). 'The
observation of such a band in the Raman spectrum of SsNg was tentatively
assigned to the transannular S-S bond!®. The fact that a .Strongband,
whose frequency is dependent on the S-S bond length, is observed in the
Raman spectra of related S-N compounds (Table 2.2) provides strong support
for the same assignment in 1,5-(RyPN),(SN),.

Another striking contrast between 1,3- and 1,5-isomers is evident
from the very pale yellow color of both the methyl and phenyl derivatives
of the 1,5-isomer. No visible spectrum is observed for the latter and
although there are signs of absorptions in the ultraviolet region, they
are not comparable to the intense visible bands measured for the 1,3-isomer.
There is obviously a fundamental difference in the electronic structures
of these isomers (see Chapter 3).

A number of interesting observations result from the NMR spectra of
the 1,5-isomers. The 1H NMR spectrum of the methyl derivative exhibits
a complex multiplet which can be explained as an AB coupling pattern.

This is clarified by the 3P decoupled spectrum, which shows two singlets
indicating two inequivalent methyl groups. On the basis of this and
information obtained from the Raman spectra, one may expect a molecular
structure with a f91d centered about a cross-ring S-S bond (cf. 1,5-C1,-
SyNy, and 1,5-(PhgP=N)oSyuNy). ‘This structure appears to remain rigid in

OC. The

solution, the 'H NMR spectrum is virtually unaltered up to 110
singlets observed in the 31P NMR spectra of these compounds are particul-
arly unusual, appearing at very low field (R = Ph, 113.9 ppm; R = Me,

110 ppm). The reason for this extreme deshielding is not clear.
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Table 2.2 S-S bond lengths and Raman stretching frequencies in

sulfur-nitrogen cages and bicyclic compourids

Compound d(s-S), A v(S-S), cm~
1,5-(MesNCN), (SN) o 2.43 @ -
SsNg 2.43 269 P
1,5-(PhgP=N),SyN, 2.45 € 259 4
1,5-Cl,SyN, 2.48 © 260 ¢
1,5-(PhyPN), (SN), 2.52 F 269 ©
1,5-(MeyPN), (SN), 2.55 9 250 ¢
Sy 2.58 & 2131 7
SiNs™ 2.71 % 186 9
SyNs0™ 2.71 7 222 7
SuNs ™ 4.01 1 -

ZRef 171 PRef 18 CRef 86,87 YRef 172 ©Ref 63 IRef 153

IRef 52 PRef 55,56,57,58 IRef 174 JRef 163 XRef 173

IRef 125.
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MOLECULAR STRUCTURE OF 1,5-(Ph,PN), (SN),

The crystal and molecular structure of 1,5-(Ph,PN),(SN), was deter-
mined by X-ray crystallographic methods*. The crystal structure consists
of discrete molecular units with no unusual intermolecular contacts.

Bond lengths and angles of the asymmetric unit are given in Table 2.3, énd
the atomic numbering scheme of the inorganic ring and the g-carbon atoms
of the phenyl groups is given in the ORTEP drawing of the molecule in
Figure 2.7.

Simple structural conclusions based on spectroscopic data are con-
firmed by the X-ray structural determination. By analogy with related
molecules, 1,5-(PhyP=N),S,N,87 and Me,NC(NSN),CNMe,171, 1,5-(Ph,PN),(SN),
can be viewed as a bicyclic molecule in which two five-membered rings
share a common S-S bond. A crystallographic two-fold axis passes through
the center of the ring, perpendicular to the cross-ring S-S bond. As a
result the two sulfur atoms and two nitrogen atoms form two four-membered
planes (planar to within 0.013 R), which intersect at an angle of 117.3°
(cf. 114.0° in Me,NC(NSN),CNMe, and 120.4° in 1,5-(PhsP=N),S,N,). The
phosphorus atoms 1ie 0.214 R below the respective planes. Both the P-N
and S-N bond Tengths are significantly longer than those of the analogous
eight-membered phosphazene ((Ph,PN), average d(P-N) = 1.590(3) ﬁ)170 and
thiazene (54N42+ average d(S-N) = 1.55 3)65>65. However, non-planarity
of the system makes it difficult to rationalize these bond length differ-
ences in comparison with the parent systems. The endocyclic bond angles
at phosphorus and nitrogen are considerably smaller than the average in

both (Ph,PN)g (NPN = 117.8(3)%; PNP = 122.1(7)%)175 and (Ph,PN), (NBN =

T The assistance of Dr. J. F. Richardson is gratefully acknowledged.
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Table 2.3 Bond lengths (K) and angles (deg) for the

asymmetric unit of 1,5-(Ph22ﬂ)2£§ﬂ)2

Atoms Distance Atoms Angle
P1-N1 1.623(3) N1-P1-N2 110.8(1)
P1-N2 - 1.620(3) N1-P1-C1 108.6(1)
P1-C1 1.792(3) N1-P1-C7 111.5(1)
P1-C7 1.796(3) N1-P1-C1 107.5(1)
N1-S1 1.596(2) N2-P1-C7 112.4(1)
N2-sT  1.584(2)  C1-P1-C7  105.7(1)
s1-s1’ 2.528(1) P1-N1-S1 120.7(2)
C1-C2 1.402(4)  Pl-ne-st’  121.2(2)
€2-C3 1.387(4) N1-S1-N2*  116.1(1)
C3-C4 1.376(4) C6-C1-C2 119.6(3)
" C4-C5 1.386(4) C1-C2-C3 120.1(3)
C5-C6 1.396(4) C2-C3-C4 119.9(3)
C6-Cl 1.391(4) C3-C4-C5 120.8(3)-
C7-C8 1.398(4) C4-C5-C6 119.8(3)
€8-C9 1.385(4) €5-C6-C1 119.8(3)

€9-C10 1.392(4) C12-C7-C8 120.0(3)
C10-C11 1.381(4) C7-C8-C9 119.7(3)
C11-C12 1.389(4) C8-C9-C10 120.0(3)
C12-C7 1.402(4) C9-C10-Cl1  120.5(3)
C10-C11-C12 120?2(3)
€11-C12-C7  119.5(3)




A crystallographic two-

Figure 2.7 ORTEP view (50% probability ellipsoids) of 1,5-(Ph,PN), (SN),

showing the atomic numbering scheme.
fold axis passes perpendicularly through the S-S bond.

_99—
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119.9(1)°%; pNp = 127.9(2)0170). This is a function of the angle strain

imposed by the close transqnnu]ar S-S interaction.

MOLECULAR STRUCTURE OF 1,5-(Me,PN),(SN),

The crystal and molecular structure of 1,5-(Me,PN),(SN), was deter-
mined by X-ray crystallographic methodsT. Bond lengths and angles of the
asymmetric unit are given in Table 2.4 and the atomic numbering scheme is
given in the ORTEP drawing of the molecule in Figure 2.8.

The gross molecular structural features of the methyl derivative
are very similar to those of the phenyl derivative, however, the differ-
ent crystal symmetry imposes a number of crystallographic dissimilarities.
The two phosphorus centers of the phenyl derivative are crystallography
equivalent, due to a two-fold axis perpendicular to the cross-ring S-S
bond. In contrast, the methyl derivative Ties on a mirror plane passing
through the two phosphorus atoms. A short intramolecular contact between
Cl and C3 of 3.99 K and short intermolecular contacts of the -type C1-C3
(%~-x, y, -%-z) of 3.64 R and C2-C4 (1-x, y, z) of 3.61 K effect a dis-
tortion, which renders the phosphorus atoms crystallographically inequi-
valent. One phosphorus is displaced above the four atom SIN2 plane by
+0.194 K and the other below the opposite four atom SIN1 plane by -0.479 K.
The spectroscopic equivalence of these two phosphorus centers is demon-
strated by the singlet observed in the 31P NMR spectrum (see Section
2.3.3.4). It is therefore reasonable to conclude the inequivalence of
the phosphorus centers is a function of crystal packing and not a chemical

phenomenon.

T The assistance of Dr. P. W. Codding is gratefully acknowledged.
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Table 2.4 Bond Tengths (K) and angles (deg) for the

asymmetric unit of 1,5-(Me,PN),(SN),

Atoms Distance Atoms Angle
P1-N2 1.630(3) N2-P1-N2 110.0(2)
p2-N1 1.642(3) N1-P2-N1 107.3(2)
. P1-C3 1.795(6) C3-P1-C4 104.8(3)
P1-C4 1.790(6) C3-P1-N2 111.0(2)
P2-Cl 1.797(5) C4-P1-N2 110.0(1)
p2-C2 1.792(5) C1-P2-C2 106.7(2)
N1-51 1.594(3) C1-P2-N1 113.3(1)
N2-S1 1.597(3) C2-P2-N1 108.0(1)
s1-s1’ 2.551(2) N1-S1-N2 114.9(2)

N1-51-51' 91.7(1)
N2-s1-s1”  92.2(1)
S1-N1-P2  119.4(2)
S1-N2-P2 122.0(2)




A crystallographic

Figure 2.8 ORTEP view (50% probability ellipsoids) of 1,5-(MeyPN),(SN),
showing the atomic numbering scheme.
mirror plane passes through the four carbon and two phos-

phorus atoms.

.—89_



CHAPTER 3

"ELECTRONIC STRUCTURES OF UNSATURATED PHOSPHORUS, NITROGEN AND

SULFUR CONTAINING HETEROCYCLES WITH SULFUR

IN A LOW OXIDATION STATE

3.1 INTRODUCTION

The development of theoretical methods more advanced than simple VB
approaches, on systems containing elements other than carbon and hydrogen,
has been quite successful. Semi-empirical procedures on a variety of un-
saturated heterocyclic main group systems have produced useful descriptive
rationalizations of experimental results. 1In addition, where rigorous
calculations have been possible, the results have provided encouraging
confirmations of conclusions derived from the less sophisticated methods.
Such results have prompted detailed investigation of relatively complex
S-N heterocycles (e.g. SiNg 1765177 §,N,121,122,123,124,125,126 55N5+178,
173, SqN42+52’129). Although, an accurate bonding picture for the unsatur-
ated P-N heterocycles is still in question, due to complication by d
orbital involvement, an empirical description provides important rational-
jzations regarding structure and chemistry*? (see Section 1.4.3).

The three unsaturated P-N-S heterocycles (36, 16, 17) introduced in
Chapter 2 all contain two sulfur centers in oxidation states of II and IV.
As discussed in Chapter 1, the unsaturated S-N heterocycles containing
sulfur in such Tow oxidation states have unique chemical and physical
properties. VSimi1ar physical properties have been discussed for these

P-N-S heterocycles indicating that these systems may have related electronic
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features. On this basis the bonding schemes for a series of known and un-
known six- and eight-membered unsaturated P-N-S heterocycles containing
sulfur in its Towest possible oxidation state (for a.particular structure)
have been examined. The results are discussed in this chapter. Before
developing MO descriptions for these P-N-S systems it is worthwhile exam-

ining them from a VB viewpoint.

3.2 VALENCE BOND REPRESENTATIONS OF UNSATURATED P-N-S HETEROCYCLES

The universal application of VB representations, providing effective
structural and electronic information, manifests their usefulness as a
theoretical tool. They are very reliable and require Tittle input to
provide data pertaining to "geometric arrangement of groups, viability
of structures or compounds and electronic distribution within a molecular
structure. Figure 3.1 shows some VB structures of all the possible six
and eight-membered unsaturated P-N-S heterocycles containing sulfur in
its lTowest available oxidation state for a particular system. Systems
containing two (even) sulfur atoms are neutral and the sulfur centers are
dicoordinate in formal oxidation states of II and IV (A, D, E). Systems
containing an odd number of sulfur atoms either have at Teast one tri-
coordinate sulfur center, or carry a charge (B, C, F).

Using the simple rules devised by Banister for the cyclothiazenes
(see Section 1.3.5.1) it is possible to determine the number of electrons
available for m-bonding in each of these P-N-S heterocycles (Figure 3.1).
Certain of these compounds may be regarded as Hiickel (4n + 2)w-electron
systems, in accordance with the rationalization made by Banister for the

S-N heterocycles. However, as discussed in Section 1.3.5.1, the Hiickel
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Figure 3.1 Some valence bond representations for all the possible six-
and eight-membered P-N-S heterocycles containing sulfur in

a low oxidation state.
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rule should be handled with care for inorganic heterocyclic systems.
Indeed, (R,PN){(SN), (A) is one of numerous examples of a six-atom 4nw -
electron system. The stability and properties of these compounds appear
to depend on more fundamental qualities.

Of the compounds exhibited in Figure 3.1, C and F are the only un-
known species. A, D and E are presented in Chapter 2 and B was discovered
by Roesky30:31 and has been examined in detail more recently by Chivers
and Raol#9,180,181,182,183  The VB representations give a rationale for
many of the gross features of these known systems, such as the planarity
of A, B and D and the folded structure of E. Howéver, they provide Tittle
predictive data. The general inadequacies of the VB description for in-
organic heterocyclic systems were pointed out in Section 1.2.1 and many
of them apply here. For this reason an MO approach has been employed to

develop a more thorough understanding of the unsaturated P-N-S systems.

3.3 MOLECULAR ORBITAL STUDIES OF UNSATURATED P-N-S HETEROCYCLES

CONTAINING SULFUR IN A LOW OXIDATION STATE

3.3.1 PROCEDURES

Simple HMO approaches usad successfully for the unsaturated S-N
and P-N heterocycles were employed to develop a picture for the ﬂ-StPUC—.
ture in the hybrid unsaturated P-N-S compounds. In all the calculations
the Coulomb parameters (o) were chosen to reflect the relative atomic
electronegativities*S of phosphorus, nitrogen and sulfur (which provide
consistent results for the composition and ordering of the w-MOs), rather

than the proposed orbital electronegativities! (see Section 1.2). They
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are equated by ay = ep + 48 and ay = o t+ B, where B is also the resonance
integral, assumed to be equal for all interactions. The two w-type d
orbitals on phosphorus (dXz and dyz) were considered degenerate. Although
both orbitals were considered in the calculations, in many cases inclusion
of heteromorphic interactions (dxz) provided 1ittle additional information.
In view of the fact that the homomorphic interaction is believed to be the
more substantial in the cyclophosphazenes (see Section 1.2), some of the
discussions are developed on models possessing only a dyz orbital on
phosphorus. A1l systems presented in Figure 3.1 were investigated.
Conclusions derived from the results are justified by comparison with
results obtained from sophisticated calculations. Interpretation includes

rationalization of experimental observations and correlation of results

with parent S-N and P-N systems.

3.3.2 SIX-MEMBERED UNSATURATED P-N-S HETEROCYCLES

(R,PN) (SN)»

It was evident in Chapter 1 that the phosphazene and thiazene
heterocycles both show some degree of w-electron delocalization. Many
of the physical and chemical properties of these systems are also observed
in the hybrid P-N-S systems. Therefore one may expect these mixed com-
pounds to retain the basic electronic features of the parent systems.

Representations of the Tower n-MOs of a (PN)(SN), system are dis-
played in Figure 3.2 along with the calculated total w-bond orders. A1l
of these orbitals are concentrated mainly on the S,N; section of the

molecule. Polarization of the m-structure is a function of the higher
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Figure 3.2 Relative energies and representations for the Hiickel w-MOs
of (RyPN)(SN), and calculated w-bond orders. a corresponds
to a visible absorption at 560 nm and b corresponds to an
absorption at 270 nm. Estimated atomic orbital contributions
are viewed from above.

electronegativity of sulfur and nitrogen in comparison to phosphorus.

The 1b; and la, MOs are strongly bonding in nature with respect to the
SoNg unit. On the other hand the 2a, and 3b, are strongly antibonding

in the S-N region, whilst the 2b; is a non-bonding orbital. The two
m-type d orbitals on phosphorus interact with the S-N x-orbitals of suit-
able symmetry in a bonding fashion, irrespective of the bonding or anti-
boﬁding character in the S,N; moiety. However, the d orbital contribution
is minor in the Tower energy w-MOs. The higher energy #-MOs are based
mainly on phosphorus. The eight electrons available for g-bonding in

this system (see Section 3.2) occupy the four 10West energy p-MOs, includ-

ing the 2a, antibonding n*-MO.
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Ab initio calculations carried out by Laidlaw!S! on a planar (H,PN)
(SN)2 model have extended and quantified the picture. The results confirm
the basic conclusions obtained from the simple method. In addition, an
identical calculation on a non-planar model, with the phosphorus atom
removed from the S-N plane by 0.28 R (the structure observed experimentally,
see Section 2.3.2.3), indicated that this structure has a total energy
15 kcal mo1™! Tower than that of the planar model. However, the ordering
and spacing of the energy levels remained essentially unchanged. In an
attempt to establish the nature of the visible absorptions observed for
these systems, transition moment calculations were carried out!5! for a
- number of transitions between the upper occupied energy levels and the
virtual energy levels. The results revealed that the transitions
2b;—>3b; (estimated at 560 nm) and 2ap->3b; (estimated at 280 nm) shouyTd
both be two orders of magnitude more probable than any other transitions
above 200 nm. On this basis the strong visible absorption observed for
these systems at about 560 nm is assigned to a =* (HOMO 2a,)—sm* (LUMO 3by)
transition (Figure 3.2(a)). The second less intense absorption observed
in the spectrum of (MeyPN)(SN), at 270 nm is assigned to an nm (2by)—>
n* (LUMO 3by). transition Figure 3.2 (b)).

Oakley has developed an HMO description of the m-bonding in a (PN)-
(SN), ring, viewing the heterocycle as a perturbation of the 10w-electron
SyN3 ™ (8) system 'S, Replacement of a sulfur atom with a phosphonium cation
(R2P+) has the effect of removing two electrons from the w-manifold, rende-
ring the heterocycle an 8m-electron system. Such a system is isoelectronic
with the unknown 53N3+ cation (see Section 1.3.5.3) however, the D3p sym-
metry of a planar 53N3+ is lowered to Cp, in (PN)(SN), removing the orbital

degeneracy. Polarization of the w-electron density onto the S,N3 unit of
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this system allows a comparison with AS-phosphorin (phosphabenzene)“%,
which has been described as an "Internal salt" (38)*%. The model requires
that the phosphorus center donates its m-electron to the pentadienyl

unit and there is no w-interaction back into the phosphorus d orbitals.

R R R R
s \ / \/
N-=N N"‘E“;N ;’_'i‘";
I | (i .,
S\N/S SL"';S -z
8 37 38

This picture can be extended to describe the P-N-S heterocycle (37), the
major difference between the two systems being the extent of occupancy
of the w-manifold (8r-electrons in S,N;~ and 6m-electrons in CgHs™ ).

This simple view allows some important conclusions to be made in the
context of the more accurate results. In addition, the dependence of the
absorption energies (Amax’ Table 5.2), observed for these compounds, on
the nature of the exocyclic ligands attached to phosphorus, can be ration-
alized using this model. As illustrated in Figure 3.3 an interaction
between the two high energy phosphorus d orbitals and the w-MOs of an
open chain SyN3~ anion results in a general stabilization of the latter.
Concurrently, the former is destabilized. Naturally, the greater
interaction of the d orbitals will be with those MOs which are of suitable
symmetry and are nearest in energy (i.e. the HOMO and LUMO of SyN3~). If
we assume that two d orbitals are degenerate and their overlap with the
m-M0s of the'SzNS fragment is equivalent, the stabilization of the LUMO
(8E, ) will always be greater than the stabilization of the HOMO (8Ey).

Consequently, the HOMO-LUMO energy separation (A) is intimately dependent
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Figure 3.3 Effect of the exocyclic ligands attached to phosphorus on the
HOMO-LUMO separation () of (RpPN)(SN),. Qualitative view of
the interaction between the phosphorus w-type d orbitals and
the HOMO and LUMO of SyN; . 8E, and 8E, are relative stabili-
zation energies.

on the energy of the d orbitals, which will vary with the electronegati-
vity of the exocyclic ligands attached to phosphorus.

Electron donating (electropositive) groups (Me) on phosphorus will
effect a relative increase in the energy of the d orbitals, so reducing
the interaction and increasing A. Conversely, electronegative Tigands
(F) on phosphorus will Tower the energy of the orbitals and allow a more
effective interaction, resulting in a decrease in A. These conclusions
help explain why the electronic absorption, corresponding to the w* (HOMO)-
a* (LUMO) electronic transition in these compounds, occurs at higher

energy (543 nm) in the methyl derivative than in the fluoro derivative

(583 nm).

(RoPN), (Ns)*

The encouraging agreement between simple HMO and ab initio descrip-
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tions of the electronic structure of (R2PN)(SN), has prompted the invest-
igation of unsaturated systems containing more than one phosphorus unit,
using the simple approach. The electronic structures of the eight-membered
rings will be discussed following an examination of the six-memberéd
(RzPN)z(NS)+ system®%531. Conclusions derived from studies on this cationic
system can be extended to the derivatives which contain an exocyclic

Tigand attached to the sulfur center (X = C11%9, pl80 1182 pu180

N3183, NMe,181)183,

Representations of the Tower w-MOs of a (PN),(SN) system are shown in
Figure 3.4 along with the calculated total w-bond orders. The d orbital
involvement in the w-structure of this system is more complex than in
(RoPN)(SN)2 ; however, it is the upper virtual orbitals which possess the
major phosphorus contribution. The cationic species is a 6m-electron

system and, in contrast to (R,PN)(SN),, there are no occupied #*-MOs. The
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Figure 3.4 Relative energies and representations for the Hiickel m-MOs .
of (RyPN),(NS) and calculated w-bond orders. Estimated atomic
orbital contributions are viewed from above.
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LUMO is a m=*-MO based mainly on the sulfur center, and is strongly anti-
bondiﬁg with respect to the N-S-N unit. In contrast, the Towest energy
m-M0 associated with the ring is the 1lb; orbital, which is strongly bond-
ing in nature over the N-S-N half of the molecule. The 2b; 7-MO is also
bonding in nature, but is concentrated on the P-N-P unit. Above these is
a m-MO almost non-bonding in character (lap) located on the equivalent
nitrogen centers. This picture indicates that the w-bonding is polarized
towards the NSN region of the ring.

Many of these electronic features have interesting effects on the
molecular structure of the heterocycle. For easy reference, the pertinent
bond Tength values obtained from X-ray crystallographic studies on various
derivatives30,31,149,180,182 3pe Tisted in Table 3.1. 1In most of the

compounds the structure o6f the P-N-P unit resémbles that same unit in the

Table 3.1 Pertinent bond length values for various

derivatives of (R,PN),(NsX) (R)

R = CI | R = Ph
x = *2 X = ¢1® X = Ph® X = 1¢ X = NMe,C

$-N1 1.556(12)  1.560(5)  1.622(6)  1.556(7)  1.587(5)
N1-P1 1.620(11)  1.660(6)  1.627(6)  1.667(9)  1.607(5)
P1-N2 1.500(11)  1.589(5)  1.595(4)  1.590(7)  1.595(5)
N2-P2 1.611(11)  1.582(5)  1.605(6)  1.582(7)  1.597(5)
P2-N3 1.646(10)  1.671(6)  1.627(5)  1.656(9)  1.608(5)
N3-S 1.564(10)  1.557(5)  1.613(4)  1.544(7)  1.607(5)

Zpef 30 PRef 149 CRef 180 YRef 182
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respective trimeric phosphazene. In contrast, the S-N bond lengths are
significantly shorter than the mean bond length in a typical cyclic thi-
azyl system (eg. S3N3Cls, mean d(S-N) = 1.605 A22). The calculated total
m-bond orders are consistent with these observations. The dimethylamino
and phenyl derivatives are exceptions, having unusually long S-N bond
lengths. It would appear that these ligands w-donate into the w*-LUMO
of the ring. The antibonding character of this orbital in the N-S=N
region, thereby weakens the S-N bonds. Indeed, the dimethylamino deriva-
tive is thermally unstable and undergoes a facile ring opening reaction
at room temperature, involving S-N bond c]eavagelsl. This characteristic
is also evident in the reduction of (PhyPN),(NSC1) by SbPhz which results
in the formation of a dimeric twelve-membered heterocycle with a cross-

ring S-S o-bond!8%,

One may conclude that the mechanism of the reduction
involves population of the w*-LUMO, once again resulting in rupture of

the S-N bond. The P-N bonds which connect the two halves of the molecule
(N1-P1 and P2-N2) are long in comparison to the P-N-P bond lengths, refle-

cting the m-electron deficiency in this region.

QUALTTATIVE COMPARISON OF THE w-STRUCTURES OF (R»PN)(SN)»
AND (R,PN), (NS)*

(RoPN)(SN), and (R2PN)2(NS)+ can each be viewed as a single atom (E)
substitution of an (AB)n type six-membered ring (39). The former involves
replacement of one sulfur atom of a thiazene system by a phosphorus unit,
and the other is a phosphazene with one phosphorus unit substituted by a
sulfonium cation. As already discussed for the former, the high energy

of the phosphorus d orbitals effect a general stabilization of the =-MOs



- 71 -

of the S-N moiety (Figure 3.5(a)). ‘Therefore, the ring retains many of
the structural and electronic features of the original S-N system. In
contrast: incorporation of a sulfur center into the phosphazene system
results in more pronounced structural and electronic adjustments in
comparison to the pure P-N ring. Figure 3.5(b) shows the characteristic
energy spread for the w-MOs of“a typical phosphazene-type P,N3 unit (see
Section 1.4.3). The energy of the m-type sulfur orbital is intermediate
between the two energy groups of the P,N; m-MOs, and the interaction
results in a stabilization of the Tower energ} nitrogen based orbitals
and a destabilization of the upper phosphorus based orbital of suitable

symmetry. For this reason the m-electron distribution around the ring
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is Tocalized and the bond order (bond length) variations in this system
are greater than in the perturbed thiazene (ignoring w*-electrons).

Ring bond Tength variations of this type have been observed in
geminally substituted phosphazenes, in which the geminal groups have
significantly different electronic characteristics to the other 1igands
on the ring. For example in gem-NL}PquMe2 (40)18%, the nearest bond to
the Me,P group is the Tongest bond in the ring and is adjacent to the
shortest bond. The third bond is intermediate in Tength between the first

two and the fourth between the second and third. This bond alternation

Me Me
\P/
()] SE( S
NN
/' \
F F
39 40

is not explicable in terms of o-inductive effects which would cause the
ring bonds to vary smoothly in length with.distance from the perturbed
center. Paddock has shown, using simple perturbation theory, that the
bond Tength changes can be described in terms of the w-inductive effect

of the methyl substituents!®S.

Simple HMO calculations were carried’
out by adjusting the Coulomb parameter of the substituted atom, and the
bond atom polarizabilities (s(bond order)/ s(Coulomb parameter of per-

)88 were found to parallel the observed deviations. 1In

turbed center)
addition -the calculations demonstrated that the degree of the effect is
dependent on the magnitude of the electronegativity dffferences between

the nenzsubstituted ring atoms. When the electronégativities of the ring
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m-atomic orbitals are similar, the effect is smaller. At the other
extreme, in systems which have w-type orbitals far removed in energy, the
m-interaction is so poor that the perturbation is-not transmitted.

A1l of these conclusion$ can be extended to account for the charact-
eristics observed for the P=-N-S systems. However, the perturbation in
these systems is a consequence of the unique ring atom. The electro-
positive phosphorus center in (PN)(SN), effects only small bond Tength
alternations around the ring, due to the similar energies of the m-type
sulfur and nitrogen orbitals. In contrast, large variations result from

the sulfur perturbation of the P-N system in (RyPN),(NS).

3.3.3 ETGHT-MEMBERED UNSATURATED P-N-S HETEROCYCLES

(R,PN)(NS)s™ AND (R,PN)5(NS)*

Although neither of these systems has yet been prepared, isoelectronic
species are known and various predictions can be made in the context of the

other P-N-S heterocycles. (R2PN)(NS)3f (15) is a lOw-electron system and

R R 0. 0 Cp C
L N/ s A s
NN S / Ti /
()Y s | AN
15 41 42

as such is isoelectronic with 0,SuNy (41)187 and Cp,TiSghy, (42)8%. These

systems can be viewed as a replacement of an SZ'1L center of’Squz+ (20) by
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an R2P+, SO0, or Cp,Ti unit, respectively. ‘The structiures of El_and 42
have been determined by X-ray crystallographic techniques!®7188 and both
weré found to have the boat-shaped conformation reminiscent of the Lewis
acid adducts of SyNy (21). On this basis it is tempting to Suggest that
15 will have a similar structure.” In all cases the w-structure will have
the internal salt features seen in (R,PN)(SN), {see Section 3.3.2.1),
involving an interaction between the n-MOs of a 10w-electron open chain
S3Ny and the d orbitals of the unique unit. Consequently, the Tower
7-MOs are very similar in form and energy to those of 54N42+ (Figure 3.6

(a)). However, the HOMO is very different to the non-bonding sulfur based

m=MO0 (43) of SHNHZf. Substitution of one of the sulfur centers disrupts
the symmetry of the molecule removing the degeneracy, and introducing

some antibonding character into the orbital. This is illustrated in 44,
which shows the adjustment of the nodal planes of the MO by the interaction
of the unique atomic orbital (E = R2P+, S0,, Cp,Ti). Therefore, the
orbital is destabilized with respect té 43. In addition, the circumannular
n-electron delocalization is considerably reduced by the d orbital invol-
vement, in comparison to 54N42+. It is conceivable that the molecule
puckers into the boat form to relievé the antibonding character. Alter-

natively, 1§_é1so has the capability to form a cross-ring S-S o-bond
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(cf. 1,5-(RyPN)2(SN)o) the electronic significance of which will be dis-
cussed in Section 3.3.3.3.

(R’zPN)g(NS)+ (Figure 3.6(b)) can be viewed as a single atom adjust-

-ment of a tetrameric phosphazene. The substitution does not affect the
m-electron count, howéever, it is important to point out that the LUMO is
significantly stabilized in comparison to the phosphazene. As was seen
for the six-membered analog (see Section 3.3.2.3), this orbital is mainly
based on the sulfur center and is strongly antibonding in character. On
this basis one might expect this compound to exhibit many of the physical
and chemical features already discussed for (R2PN)2(NS)+.

Figure 3.6 shows a qualitative picture of the w-energy levels of the
two compounds in comparison to those of the parent systems and the inter-
mediate species 1,3-(RaPN)5(SN),, which will be examined in more detail
in Section 3.3.3.2. This series of systems demonstrates how the high
electronegativity of sulfur and nitrogen compared to phosphorus, stabilize
the Towér antibonding w-Tevels. This factor along with the effective
m-electron delocalization achieved in the S-N containing systems, facili-

tates accupation of these antibonding MOs.

1,3-(RoPN)o(SN)»

In accordance with all the P-N-S systems discussed so far, the calcu-
Tlations on the 1,3-(R2PN)2(SN)2 system reveal a polarization of the g-
structure into the P-N-P and S,N3 units of the molecule. The lower MOs
are once again based on the S-N section and in this respect are very
similar to the same orbitals of the six-membered (R,PN)(SN),. In view of

the structural similarities discussed in Section 2.3.3.3, these two systems
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appear to contain an interchangeable S,N3 unit.

In Section 3.3.2.3, (RyPN)(SN), was viewed as an "Internal salt" made
up of’a phosphonium cation interacting with anASZNg* anion. This eight-
membered ring can be discussed in a similar fashion, consisting of an
H2P%§=PH2 cation and the same SpN3~ anion. The molecule contains 10w~
electrons (see Section 1.3.5.1), eight are accommodated by the anion and
two by the cation. Calculations have been carried out on these two frag-
ments for comparison. The results of these calculations are all illus-
trated in Figure 3.7. The interaction between the m-type d orbitals (dys,
dyz) of a monoatomic cation and the w-MOs of an open'chain_SzNg-‘anion are
shown in (a). The most prominent effect of this interaction is the Tower-
ing in energy of the HOMO (2ay) and particularly the LUMO (3b1) of SpN3 ™,
as discussed in Section 3.3.2.2. 1In a similar manner, the interaction of
the w-MOs of HyP=N=PH, with the w-MOs of S,N;~ also leads to a stabili-
zation of the HOMO (2a,) and LUMO (4b;) of SpN3~ (b). By comparison with
the transitions identified for the six-membered ring using a rigorous
calculation (Xx), it seems reasonable to correlate the strong visible ab-
sorption band observed at 460 nm for 1,3-(R,PN),(SN),, with a 7*(HOMO 2a,)
~>7*(LUMO 4b;) electronic transition (y). In the same context, the second

absorption band observed for 1,3-(Me,PN),(SN), at 300 nm is tentatively

assigned to a ¢ (3b; )—>¢*(LUMO 4b,) electronic transition,

1,5- (RoPN), (SN),

The electronic Structire of 1,5-(R,PN),(SN), is very differént to -
that of its structural isemer. Although they are both formally 10w-elec-

tron systems, the positions of the ‘sulfur centers in the 1,5-isomer allows
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the possibility of a cross-ring S-S o-bond. A planar conformation (45)
requires that two electrons are contained in a #*-MO, whilst formation
of the cross-ring bond (46) accommodates these electrons in a o-MO with

bonding character. Both types of structure have been observed for

—S= N N
}v h{ /FRSTRN
E\ )E \ s l S ’

NSgN =S\
45 46

thiazenes of this nature. SqN42+ (E = s+)65’66 and 1,5-(PhCN)5(SN), (E =

Ph-C)17! have planar structures, and folded conformations are reported
for 1,5-C1,SuNy (E = C1-S)6%, 1,5-(PhsP=N)oSyuNy (E = Ph3P=N-S)87 and
1,5-(MeaNCN) (SN), (E = MepN-C)L7L,

In 54N42+, the two extra electrons are contained in a =-type non-

bonding orbital (43) and the high electron density is accommodated by

effective m-electron circumannular delocalization (see Section 1.3.5.5).
However, an electropositive perturbation of the system in the 1,5-posi-

tions Towers the molecular symmetry and the w-HOMO (47) possesses a degree
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of antibonding character with respect to the N-S-N region. 1In order to
relieve the antibonding nature, the two electrons are placed into a cross-
ring S-S o-bond and the ring folds. Such is the case with 1,5-(RyPN),(SN),
and many of the compounds Tisted. Presumably, an electronegative pertur-
bation will enhance w-bonding in the S-N region (48) and the open struc-
ture will be more favorable. The atoms in the 1,5-positions may be
removed from the molecular plane to relieve the antibonding interaction
(see Section 3.3.3.1).

These simple conc]usions.are supported by calculations carried out
by Oakley on these models!52. Results indicated that the relative stabi-
Tity of 45 and 46 was dependent on the effective electronegativity of the
atoms at the 1,5-positions. Electropositive groups at these positions
are expected to destabilize the w-structure and enforce the folded con-
formation. Conversely, electronegative ligands will stabilize the m-
structure and accommodate the antibonding character imposed by the two
extra electrons. It would appear that carbon has the characteristics
necessary for both structures (cf. 1,5-(PhCN),(SN),, planar and 1,5-
(MeoNCN), (SN)o, folded), and the exocyclic Tigands provide the deter-

mining factor.,



CHAPTER 4

2

SOME CHEMICAL PROPERTIES OF THE UNSATURATED'PHOSPHORUS, NITROGEN AND

SULFUR HETEROCYCLES CONTAINING TWO COORDINATE SULFUR

4.1 INTRODUCTION

It was evident in Chapter 1 that the electron richness of the cyclo-
thiazenes renders them far more reactive than the cyclophosphazenes. Much
of the oxidative and reductive chemistry of the thiazenes results in rupture
of the unsaturated ring framework. Conversely, there are few examples of
ring cleavage reactions of the robust cyclophosphazenes. The three un-
saturated P-N-S systems introduced in Chapter 2 exhibit a blend of spec-
troscopic and structural characteristics between those of the pure P-N
and S-N heterocycles, from which they are derived. The Tow oxidation states
of the sulfur centers in these compounds gives them the electron abundance
observed in the pure thiazenes. Consequently, the HOMO and.LUMO of the
phosphathiazenes are sulfur-based and for this reason much of their chemi-
stry is directed towards the sulfur centers. The chemistry of (PhZPN)Z-
(NSC1) has already been extensively investigated and found to be very
complex149,15%,181,182,183  Al1 of the studies indicate involvement of
the monofunctional sulfur center. For example, reduction results in
cleavage of a ring S-N bond, as discussed in Section 3.3.2.2.

This Chapter deals with a brief examination of some of the chemical
properties of the P-N-S systems containing dicoordinate sulfur. Due to
the thermal instability of many of the derivatives, the phenyl derivatives

have been employed, in most cases, for chemical studies. Investigations
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incTude: oxidation reactions, metathesis reactions of oxidation products,

and cycloaddition reactions (see experimental Sections 5.4, 5.5, 5.6 and 5.7).

4.2 OXIDATION REACTIONS OF UNSATURATED P-N-S HETEROCYCLES

4.2.1 OXIDATIVE ADDITION AND CATION FORMATION

The reactions of the unsaturated P-N-S heterocycles with halogens

and halogenating agents were employed to examine their oxidative chemistry.
Various results are possible including, an oxidative addition to the in-
organic ring, electron transfer from the ring to form a cation, and oxid-
ation of the exocyclic ligands attached to the phosphorus centers. Due

to the high electron density of the inorganic ring, the latter feature is
not observed. A1l the P-N-S systems containing dicoordinate sulfur are
readily oxidized by attack of the sulfur centers resulting in the form-

ation of cationic or neutral products, depending-on the heterocycle.

4.2.2 REACTIONS OF (PhoPN){(SN), WITH HALOGENS

(PhoPN)(SN), reacts instantly with many halogenating agents and the
reactions can be easily monitored by the color changes. Chlorination
(S0,C1,) turns the deep purple solution to a yellow color, from which a
yellow crystalline solid was isolated and characterized by chemical
analysis and infrared spectroscopy. Bromination and iodination give
orange and black solutions, respectively. However, the products could
only be obtained as oils and useful spectroscopic or analytical data were
unobtainable. The system appears to retain the heterocyclic framework

of the starting material upon chlorination, with chlorine atoms bound
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covalently to the two sulfur centers (49). Such a structure is consistent
with related thiazyl ha]ides“z. As would be expectéd, the two electrons
contained in a sulfur based antibonding w*-M0 (2a,) are readily released.
The infrared spectrum of 49 is very complex. However, the prominent
P-N (1125 cm-!) and S-N (899 cm'!) stretches can be recognised. The P-N
stretch is at Tower wavelength than that of (Ph,PN); (1190 cm™!)161,
Although the P-N bond appears weakened in comparison to the phosphazene,
it is considerably stronger than in the reduced compound (Ph,PN)(SN),
(1070 cm™!). This is a result of a general strengthening of the m-structure
of the ring upon removal of the antibonding character. The S-N stretch
is significantly Tower in energy than the same stretch in S3zN3Cl; (1015-
cm 1)78, but the reason for this is not clear. The spectrum is too com-

plex to confidently assign any S-C1 modes.

R R ¢ R R q
R/P\N/P\R R/P\N/P\\R /S\N/S\ /S\N/S\
R R R Ci Cl Ci Cl
2 35 49 9

(thPN)(NSCI)z is the second cyclophosphathiazyl halide and is a
member of the series of known compounds having the general formula (R2PN)X-
(NSC])y (2, 35, 49, 9). The P-N-P sectjon of 35 has been shown to retain
many of the spectroscopic and structural characteristics of the pure phos-
phazene (2)1%9, Therefore, one may expect the C1-S-N-S-C1 unit of 49 to
resemble the same unit in S3N3Cl; (9)22-78,79,81" There are two geometri-

cal possibilities for 49. The chlorine atoms may adopt either a cis (50)
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or trans (51) configuration with respect to the PS,N3 ring. Unfortuna-
tely, it has not been possible to obtain a suitable crystal of 49 for

a structural analysis, however, an X-ray structural determination of a

Q M Q
e S P 4 . I@Z
\ \N/
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50 51 52

related anionic system, (NSC1),(NSO,)” (52), has shown it to have the
chlorine atoms in a cis configurationl®®. 1In view of the cis configura-
tion in S3N3C1322:81 and 52, one may expect a similar structure for 49.
Although the reason for the preference over the trans arrangement is not
clear, simple electronic considerations allow a rationalization for the
formation of the cis structure. As illustrated in Section 3.3.2.1, the
sulfur based HOMO of (RyPN)(SN), is asymmetric with respect to the molecu-
lar C, axis. Assuming the oxidation mechanism involves a chloronium ion,
attack must be directed to one of the two sulfur centers; the formation
of a bridged intermediate (which would enforce a trans configuration) is
forbidden. Therefore, secondary attack may occur on both sides of the
P-N-S plane. Irrespective of the kinetic considerations, the cis con-
figuration appears to be the thermodynamic sink for these molecules.

There are no examples of six-membered trans thiazyl systems. In addition,
S3N3Cls is known to undergo a reversible monomerization in polar solvents
to NSC1190,191  However, the cis form is the only observed isomer of

S3N3C13.
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4.2.3 REACTIONS OF 1,3-(Ph,PN),(SN), WITH HALOGENS

CHLORINATION

In contrast to the oxidation properties of the six-membered ring
(Ph,PN)(SN),, the oxidation reactions of 1,3-(Ph,PN),(SN), are complex.
Although all the halogens react instantaneously with 1,3-(PhyPN),(SN),,
the isolable products vary considerably with the oxidant employed and the
conditions of the experiment. The dichloride (53) could not be isolated
from the chlorination reaction, instead, the yellow crystalline solid,
obtained in high yield, was identified as (Ph,PN),(NSC1) (35) by infrared
spectroscopy. The formation of this six-membered monochloride is inde-

pendent of temperature, however, it can be explained as a decomposition

R Fs —~N~ }SfFR f?~f§ —~N~ ;iJR
NaVNE I TaY
O 7 &
Cl/ N \Cl (lll
53 35

product of an unstable intermediate dichloride (53) via the release of
an NSC1 unit. The reason for the ring cleavage reaction is not clear,

although, a similar process is exhibited by SyN,Cly to form SgN3Cl378:79,

BROMINATION. AND IODINATION

Bromination proceeds rapidly to give a brown solution which fades to
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an orange color. An orange crystalline compound was isolated from the
solution, the nature of which-could not be determined using spectroscopic
methods and chemical analysis. Therefore X-ray diffraction techniques
were employed and the species was found to be a twelve-membered cationic
heterocycle, containing four phosphorus units, six nitrogen atoms and

two sulfur atoms with two tribromide counter ions (54) (see Section 4.2.3.
3). At higher temperatures 54 cannot be isolated, instead a monocationic
six-membered (thPN)z(NS)+ is obtained (previously prepared from (PhyPN),-

(NSC1))180, Continued heating results in the release of bromine from

the tribromide anion to yield the bromide derivative of 353803 SyN; Brs~

R R
EP F{N 2Brg \S\N/S,\
RY \N\S/N/ \R\R Br3 Br

54 55

is formed as a by-product.

A black solution is produced upon addition of iodine to a solution
of 1,3-{Ph,PN)5(SN),, from which a black crystalline material has been
isolated. By comparison with the bromine reaction and from infrared
spectroscopic data and chemical analysis, the solid was characterized
as the triiodide salt of the twelve-membered dication (54).

In conjunction with the reaction of SyN, with Tiquid Br, to give
SqN3+Br3- (for which NSBr has been identified as an intermediate)82,192,
193, the formation of 54 can be rationalized using the unstable dihalide

intermediate introduced in Section 4.2.3.1. Further bromination of a
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dibromide allows the possibility of tribromide anion formation to Teave

a cationic ring (55). 'The élimination of NSBr from this cation (cf.
1,3-(Ph,PN), (NSC1),) and dimerization accounts for the formation of both
54 and S4N3+Br3'. A similar discussion can be used for the jodine reac-
tion. The twelve-membered heterocycle is unstable with respect to the
six-membered ring, the reason for which is not clear. The anomalous
chlorination reaction can be understood with reference to the relative
stabilities of the trihalide anions. In contrast to the well known tri-
bromide and triiodide anions, the trichloride ion is very rare and poorly
characterized. It is unstable with respect to an S-C1 bond and conseg-
uently, the cationic eight-membered species (55) is not formed by chlorin-

ation (see Section‘4.2l3.1).

SPECTROSCOPIC AND STRUCTURAL CHARACTERIZATION OF
+ -
(PhyPN)s (NS )2 2¥ (Brs ) -

(thPN)u(NS)22+ is one of three known twelve-membered unsaturated
P-N-S heterocycles. Two neutral systems with the same ring framework as
54 have been prepared from the diverse reactions of the (Ph,PN),(NSX)
system. One has a cross-ring S-S o-bond (56)183 and the other has exo-
cyclic dimethylamino groups attached covalently to the sulfur centers
(57)81. These three systems exhibit the ring size flexibility of the
cyclophosphazenes and the chemical diversity of the thiazenes, and show
spectroscopic and structural characteristics of both. As with 56 and
57, the infrared spectra of the tribromide and triodide derivatives of
54 are very complex and it is difficult to identif& specific bands. The

single resonance observed in the 3P NMR spectra of the tribromide
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(12.0 ppm) and triodide (18.8 ppm) indicates four equivalent phosphorus
centers. However the Targe chemical shift difference between the two
salts suggests that the twelve-membered dication may not be present in
solution.

The crystal and molecular structure of (thPN)q(NS)22+(Br3-) was
determined by X-ray crystallographic methodsT. The crystal structure
consists of discrete cationic and anionic units with no unusual inter-
molecular contacts. Selected bond lengths and angles for the structure
are given in Table 4.1, and the atomic numbering scheme of the hetero-
cycle and the a-carbon atoms of the phenyl groups is showp in the
ORTEP drawing of the cation in Figure 4.1. A molecule of acetonitrile
solvent was found in the crystal lattice, the bond Tengths and angies
of which are also given in Table 4.1.

The heterocycle is severely puckered, reminiscent of the distorted
conformations observed for the larger cyclophosphazenes3® %0 41 How-
ever, the presence of the sulfur centers results in some important

differences. Although the two P-N-P units have structural characteristics

f The assistance of Dr. J. F. Richardson is gratefully acknowledged.
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Table 4.1. Selected bond lengths (K) and angles

(Deg) for (Ph,PN), (NS), 27 (

Brs_)s.CH3CN

Atoms Distance Atoms Angle
Brl-Br2 2.751(3) Brl-Br2-Br3 178.6(1)
Br2-Br3 2.384(3) Br4-Br5-Br6 176.5(1)
Br4-Br5 2.513(3) S1-N1-P1 128.8(7)
Br5-Br6 2.543(3) N1-P1-N2 113.7(5)
S1-N1 1.515(10) N1-P1-Cl1 108.1(6)
N1-P1 1.663(10) Cl1-pPi-C21 107.5(7)
P1-N2 1.599(10) N2-P1-C21 116.8(6)
N2-P2 1.556(10) P1-N2-p2 140.0(7)
P2-N3 1.658(10) N2-P2-C31 108.2(7)
N3-S2 1.516(10) C31-P2-C41 108.7(7)
S2-N4 1.535(10) N3-P2-C41 104.6(6)
N4-P3 1.649(10) N2-P2-N3 115.9(6)
P3-N5 1.567(12) P2-N3-S2 128.5(7)
N5-P4 1.589(12) N3-S2-N4 112.2(6)
P4-N6 1.657(10) S2-N4-P3 124.8(6)
N6-S1 1.521(10) N4-P3-C51 101.8(7)
P1-C11 1.786(15) C51-P3-C61 108.0(7)
P1-C21 1.774(15) N5-P3-C61 109.2(7)
P2-C31 1.778(16) N4-P3-N5 113.5(6)
P2-C41 1.784(14) P3-N5-P4 134.3(7)
P3-C51 1.803(16) N5-P4-C71 114.1(7)
P3-C61 1.721(15) C71-P4-C81 108.6(8)
P4-C71 1.802(16) N6-P4-C81 113.6(6)
P4-C81 1.769(16) N5-P4-N6 111.6(6)
N7-C1 1.131(27) P4-N6-S1 124.6(6)
Cl-c2 1.423(30) N6-S1-N1 111.8(6)
€2-C1-N7 175.8(22)

See Appendix A4.3 for bond lengths and angles of phenyl

groups.
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Figure 4.1 ORTEP view (50% probability ellipsoids) of (Ph,PN), (NS),2+
‘(pheny1 groups represented by a-carbon atoms) showing the
atomic numbering scheme.
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which are very similar to those observed in phenylphosphazenes, the P-N
bonds of the P-N-S units (average d(P-N(S)) = 1.657 K) are significantly
longer than the pure P-N bonds. In addition, the S-N bonds are shorter
(average d(S-N) = 1.522 K) than in most S-N heterocycles containing di-
coordinate sulfur (SuNu2+ average d(S-N) = 1.55 3)65=55. Such features
are comparable with the structural parameters observed in the six-membered
(R2PN)2(NSX) systems (see Section 3.3.2.2), but more pronounced. The
phenyl groups have no unusual attributes. Although both tribromide ions
are nearly linear, one is symmetric as observed in (Me3NH+)2 Br Bry~ and
the other asymmetric as observed in Cs+Br3-19“.

The basic structural features of the heterocycle can be more clearly
examined in terms of the Tocal geometries!®®. The possible geometries of
a phosphazene unit are illustrated in Figure 4.2(a) with the terminology
eﬁp]oyed to describe confofmationaT details of methylcyclophosphazenes.
Unlike (Me,PN)., which contains a mixture of GG, GT and CT geometries!96,

2+ have the more energeti-

all of the phosphorus centers in (Ph,PN), (NS),
cally favorable GG arrangement (The less restricted (Me,PN),197 and (Mez-
PN)gl98 adopt GG and GT configurations at phosphorus) facilitated by the
CT geometry at sulfur. The dication has pseudo symmetry through N2 and
N5, so that the opposite S-N bonds are eclipsed (E) (viewed doWn S-S
vector), as illustrated in Figure 4.2 (b). Although the NSN units are
also in a CT configuration in the reduced S-S bonded system (56), the

CT arrangements are in opposite directions. Due to the close proximity
of the NSN units enforced by the cross-ring S-S contact, the opposite
nitrogen atoms are staggered (S) about the S-S bond. Two opposite
phosphorus centers adopt a GG' conformation to accommodate the twisted

structurel 83,
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Figure 4.2 (a) Possible Tocal geometries at phosphorus, G = gauche
C =
E =

Cis T = trans. (b) Arrangements about the S-S vector,
eclipsed, S = staggered.

4.2.4 REACTIONS OF 1,5-(PhoPN)o (SN)» WITH HALOGENS

CHLORINATION AND BROMINATION

Reactions of 1,5-(Ph,PN),(SN), (17) with chlorinating agents and
bromine are rapid and the crystalline products are easily obtained in high -
yield. Two electrons contained in the cross-ring S-S ¢-bond of 17 are
removed and a dihalide is formed in which the halogens are bound cova-
lently to the sulfur centers (58). An analogous reaction with iodine is

not observed, indicating that a relatively strong oxidant is required to

remove the electrons from the bonding orbital (cf. (Ph,PN)(SN), and
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1,3-(PhyPN)2(SN)o). The smooth oxidative addition across the S-S bond
is very different to the oxidation chemistry of the 1,3-isomer. While
the chlorination reaction is reminiscent of the formation of SyN;Cl,

from SqNHGZ’GS,GQ

, the dibromide is the first example of a stable S-N
heterocycle with a thiazyl bromide unit. The numerous studies of the
bromination of SuNy have shown it to be a complex reaction producing
either polymers of the type (NSBr0.4)X199’2°°’2°1 (where bromine is
present as Brz and intercalated Br, mo1ecu1e52°2=?°3) or the salt SyN3'-
Br3 82, and in €S, a cationic carbon-bonded heterocycle, (BrS)CSzNz+
(containing an exocyclic S-Br bond) is formed?®*. The thermal instability
of sulfur-nitrogen heterocycles containing S-Br bonds can be attributed
to the ease with which elimination of the monomeric NSBr unit occurs.
Such a process requires cleavage of S-N bonds in cyclothiazenes. However,
expulsion of NSBr from this P-N-S ring would involve breaking a relatively
strong P-N bond.

The infrared spectra of the chloride and bromide derivatives of
1,5-(PhyPN)5 (NSX), are very similar, except for minor differences at
Tower energy, corresponding to S-X modes. The P-N stretches (1245 cm L

X = Cl; 1240 cm !, X = Br) are shifted to high frequency in comparison to

the reduced system, indicating a general stabilization caused by relief
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of the angle strain imposed by the cross-ring contact in 17. The 31p
NMR spectrum of the dibromide Shows a singlet at -7.34 ppm indicating
equivalent phosphorus centers.

As discussed for the six-membered species (Ph,PN)(NSX), (see Section
4.2.2.) two structural possibilities are available for 1.5-(PhyPN)y(NSX),
(58), with the halogen atoms in either cis or trans configurations with
respect to the heterocycle. It is not possible to determine the actual
configuration from the spectroscopic data, therefore an X-ray crystallo-

graphic study was carried out on the dibromide derivative?.

MOLECULAR STRUCTURE OF 1,5-(Ph,PN),(NSBr),

The crystal structure consists of discrete molecular units with
no unusual intermolecular contacts. Bond lengths and angles of the
molecular structure are given in Table 4.2, and the atomic numbering
scheme of the heterocycle and the a-carbon atoms is shown in the ORTEP
drawing of the molecule in figure 4.3.

Cleavage of the cross-ring S-S bond allows the heterocycle to
flatten (cf. 1,5-(PhyPN)o(SN), and 1,5-(Me,PN)5(SN),). The two phos-
phorus and four nitrogen atoms are planar to within 0.07 K, and the two
sulfur atoms are displaced on either side of this plane by 0.54 and
0.58 K, respectively. The result is a chair conformation. The P-N
bond Tengths are slightly shorter than those of the reduced ring
(1.623(3) and 1.620(3) ﬁ) and are only slightly Tonger than those typi-
cally found in cyclophenylphosphazenes {= 1.59 R). However, the S-N

T The assistance of Dr. J. F. Richardson is gratefully acknowledged.
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Table 4.2 Bond 1éngths (R) and angles (deg) for 1,5-(Ph,PN),(NSBr),

Atoms Distance  Atoms Angle Atoms Angle

Brl-S1 2.454(7) Bri-S1-N1  100.8(10) C11-Cl2-C13 118.5(17)
Br2-52 2.440(8) Brl1-S1-N4 105.3(7) Cl2-C13-C14 122.0(17)
S1-N1 1.51(2) S1-N1-P1 136.5(13) C13-C14-C15 119.1(19)
N1-P1 1.61(2) N1-P1-N2 118.0(11) C14-C15-Cl6  114.9(20)
P1-N2 1.68(2) N1-P1-C11 105.7(11) C15-Cl6-Cll  121.6(21)
N2-S2 1.47(2) N1-P1-C21 106.8(12) Cl6-Cli-Cl2 121.4(19)
S2-N3 1.57(2) Cl11-p1-G21 109.7(11) C21-C22-C23 126.8(21)
N3-P2 1.65(2) N2-P1-C11 105.5(10) C22-C23-C24 118.0(18)
P2-N4 1.54(2) N2-P1-C21 110.9(12) C23-C24-C25 123.3(17)
N4-S1 1.57(2) P1-N2-S2 144.5(16) (C24-C25-C26 120.1(17)
P1-C11 1.82(2) Br2-52-N2 104.5(8) C25-C26-C21 113.5(21)
P1-C21 1.80(2) Br2-S52-N3 105.2(9) C26-C21-C22 116.2(22)
P2-C31 1.79(3) N2-S2-N3 112.3(12) €31-C32-€33 115.7(21)
P2-C41 1.73(3) S2-N3-P2 132.2(12) C€32-C33-C34 115.1(20)
C11-C12 1.43(2) N3-P2-N4 120.6(11) €33-C34-C35 118.9(15)
C12-C13 1.35(3) N3-p2-C31 102.5(12) C34-C35-C36 115.2(22)
C13-Cl4 1.34(3) N3-P2-C41 111.6(12) €35-C36-C31  127.9(27)
C14-C15 1.59(3) (31-P2-C41 106.7(12) €36-C31-C32 124.4(23)
C15-C16 1.32(4) N4-p2-C31  111.0(12) C41-C42-C43 118.9(24)
C16-C11 1.37(3) N4-P2-C41  103.8(11) C42-C43-C44  123.8(24)
€21-C22 1.30(3) P2-N4-S1 143.9(14) C43-C44-C45 120.2(23)
C22-C23 1.37(2) N4-S1-N1 115.7(12) C44-C45-C46  119.8(16)
C23-C24 1.12(3) Pl-Cl1-Cl2 115.9(14) C45-c46-C41 122.6(17)
C24-C25 1.39(2) P1-Cil-Cl6 119.9(16) C46-C41-C42 112.1(23)
€25-C26 1.44(3) P1-C21-C22 125.5(21)

€26-C21 1.38(4) Pl1-C21-C26 118.0(18)

€31-C32 1.44(3) P2-C31-C32 117.1(20)

€32-C33 1.39(3) P2-C31-C36 118.3(21)

C33-C34 1.79(3) P2-C41-Cc42 118.8(19)

C34-C35 1.36(3) P2-C41-C46 127.3(17)

€35-C36 1.39(3)

€36-C31 1.37(5)

C41-C42 1.41(4)

C42-C43 1.47(4)

C43-C44 1.15(3)

C44-C45 1.38(3)

C45-C46 1.40(3)

C46-C41 1.38(3)




Br2 @ {ﬁ

Figure 4.3 ORTEP view (50% probability ellipsoids) of 1,5-(Ph,PN), (NSBr),
showing atomic numbering scheme.

_96_
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bond lengths are considerably shorter than those of 17 (1.596(2) and
1.584(2)‘3), indicating a Tocalization of m-bonding in the N-S-N units.
With reference to the six-membered (RsPN),(NSX) and twelve-membered
(RZPN)u(NS)z2+ systems, the short S-N bond lengths in all of these
structures may provide a rationalization for their thermodynamic stability
over the systems possessing adjacent NSX or Ns* moieties. Release of
the cross-ring constriction results in Targer endocyclic NPN and PNP
angles than in 17, comparable to those in (PhaPN)y (NPN = 119.9(1), PNP =
127.9(2)°)170,

The exocyclic bromine substituents adopt a trans configuration.
There are few structurally characterized compounds containing S-Br bonds
with which to compare the S-Br bond length values. However, the fact that
these values are longer than the sum of the covalent radii of sulfur and
bromine (2.28 A)295 and the bond length of the exocyclic S-Br unit in
(BrS)CSoN, 204 | suggests some ionic character. Indeed, the only other
structurally characterized phosphathiazyl halides (Ph,PN),(NSX) show
Tong S-X bonds (S-C1 = 2.357(2) Al¥9, s-1 = 2.713(3) Al82).

The trans addition of the halogen atoms to the P-N-S ring (59) is
consistent with the re]afed structure of SyNyCl, (19)8%. A folded struc-

ture is imposed on the latter by the remaining cross-ring S-S bond, which

X X X X
TN \s s %
N—P—N-5 IN__ /AN A TAY
/ / N_ SN N_ SN
SI—N--P_——-N Ng” Ng”

X
59 19 60
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is absent in'59. The thermodynamic preference for the trans configuration
in SyNyCl, s clear on steric grounds (cf. 60). However, simple kinetic
considerations also favor the trans structure %or'both compounds. Assum-
ing a chloronium (or bromonium) ion is involved in the initial oxidative
attack of the cross-ring bond, the symmetric nature of the S-S o-MO faci-
lTitates the formation of a bridged intermediate. Consequently, secondary
attack of the chloride ion would be restricted to the other side of the

ring, hence the trans addition.

4.3 METATHESIS REACTIONS OF P-N-S CHLORIDES: FORMATION AND DECOMPOSITION

OF R,PSsNs

4.3.1 INTRODUCTION

- The chemical reactivity of S-C1 bonds provides important synthetic
pathways to various S-N compounds from simple thiazyl chlorides. A number
of metathetical reactions have been employed to prepare new systems without
disrupting the heterocyclic framework of the starting thiazyl compound.
Me3SiNSNSiMes is a common metathetical reagent in S-N chemistry. Although
it has been found to undergo a number of interesting reactions, the reac-
tions with SsNsClgy and S,N,Cl, to produce SyNs (61)126 (cf. S,Ns~) and
SsNg (7)19, respectively, demonstrate its synthetic use in cteanly adding
an N,S unit across two S-C1 centers. The driving force of these reactions
is the formation of Me3SiC1; On the basis of these reactions, the same
bifunctionality of (Ph,PN)(NSC1), and 1,5-(Ph,PN),(NSC1), offers the

possibility for the preparation of bicyclic and cage P-N-S systems.
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4.3.2 PREPARATION OF RoPSNs.

(RyPN)(NSC1), {R = Me, Ph) reacts rapidly with MegSiNSNSiMe; to give
a brown crystalline solid in high yield. The compound was characterized
as a bicyclic system, RyPS3Ns (62), from spectroscopic data and chemical
analysis and by comparison with the previously reported fluoro deriva-
tive208, F,PS3Ns was isolated from the complex reaction between.PFs and
Me3SiNSNSiMes in ether. An X-ray structural analysis of the yellow
crystalline solid confirmed the bicyclic structure?®’, showing an N,$
unit attached to one side of a six-membered ring at the sulfur centers
to give a cage-like conformation. The most outstanding feature of the

0
structure is the unusually long S-N bond lengths (1.69 A) connecting the

S/N\Q + /N\S
\ N\S,N/»N /N\S, IN
. \ /
S LN
R" R
6 62

N,S unit to the P-N-S ring. This suggests some instability within the
molecule, the reason for which is unclear.

The bicyclic phosphathiazene is isoelectronic with SuN5+126,
formally an SyN, structure with one of the cross-ring S-S bonds bridged
by a nitrogen atom and one of the opposite sulfur centers replaced by
an R,P unit. Consequently, like SuN5+, the molecule has no cross-ring

interactions and should not be considered a cage.
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'4.3.3 THERMAL DEGRADATION QF R,PS3Ns: PREPARATION OF (F,PN)(SN),

Like many unsaturated S-N compounds (see Section 1;3.4), these
bicyclic species have a Tow kinetic barrier to decompo;ition. In
solution the sTow decomposition of MeyPS3Ns and Ph,PS3Ns is evident
from the color change to deep purp1e; A1l the reactions were monitored
using 31p NMR spectroscopy. During a controlled thermolysis, spectra
were obtained for samples of the reaction mixture at regular intervals.
The results for the methyl derivative are shown in Figure 4.4. The
signal in the initial spectrum (0 minutes) corresponds to the bicyclic
species. As expected, its intensity decreases during the reaction in
favor of one new signal, corresponding to the six-membered ring (Me,PN)-
(SN),. After 90 minutes, the latter is the only signal in the spectrum
indicating a quantitative decomposition process involving release of an
NoS unit. The crystalline (Ph,PN){SN), was recovered in high yield from
the thermal decomposition of Ph,PS3Ns.

ATthough an N,S unit has been postulated in the decomposition
mechanisms of a number of S-N systems®6s97,98,99  the species has never
been isolated (see Section 1.3.4). An ab initio study-of the hypothetical
species has indicated a very low energy barrier (9-15 kcal mol 1) between
N,S and its constituent elements208, explaining the difficulty in detec-
tion. An anion radical, N,S7, was reported as a thermolysis product of
FoPS3N5206 on the basis of an e.s.r. spectrum. The blue color of the
reaction mixture was assigned to a six-membered radical cation, (F,PN)-
(SN)2T. However, the thermolysis was reinvestigated in this work and the
blue product was isolated and characterized as the neutral species,

(F2PN)(SN), (see Section 2.3.2).
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Figure 4.4 3'P NMR study of the thermal decomposition of Me;PSsNs in
toluene at 98-100"C. Right signal corresponds to Me,PS3Ns
and left signal to (Me,PN)(SN),.
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The initial oxidative addition to the (RaPN)(SN), heterocycle is
indirectly reversible. Metathetical addition of an N»S unit followed by
thermal release of this unit regenerates the six-membered ring (Figure
4.5). The latter is formally a reductive elimination from the ring,
resulting in repopulation of the antibonding 7*-MO. The reversibility
of the oxidation demonstrates the relatively low energy of the w-system,
a function of the high electronegativity of sulfur and nitrogen and the
general stabilization of the S-N based orbitals by interaction with the

phosphorus center (see Section 3.3.2.3).

R /?I—S\ SO2Cly R /5\1——5{\
_R N —> R N
RO\ __ U R\ __ 7
N=S hl-—-Ei\\
Cl
A
Me3SiNSNSiMez
—S—N
Rez N\ '\
N
R/F{ _ /N //S
N—S—N

Figure 4.5 Reversible oxidative addition and reductive elimination to
(RyPN) (SN),.,

4.3.4 PREPARATION OF 1,5-(PhoPN), (NS)oNyS

1,5-(Ph,PN),(NSCT), reacts with Me;SiNSNSiMe; to give a red crystal-
Tine solid. The thermally unstable product was characterized, by infrared

spectroscopy and chemical analysis, as a metathesis product, 1,5-(Ph,PN),
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/S\N (NS)2N»S. Assuming the reaction is
N , analogous to the formati'on of SsNg from
NS~ o eS s b |
R\ A‘/ \N\\ /R xNyClo*7, a bicyclic structure is pre-
P FL\ dicted in which an N,S unit bridges the
R R opposite sulfur centers of the eight-
63 membered ring (63). Such a compound is
isoelectronic with the as yet unknown
SsNg>T. In order to confirm the structure of 1,5-(PhaPN)5 (NS),N,S an

X-ray diffraction study will be attempted.

4.4 CYCLOADDITION REACTIONS OF UNSATURATED P-N-S HETEROCYCLES

4.4.1 INTRODUCTION

The majority of the chemistry of unsaturated S-N heterocycles involves
oxidation or reduction of the system resulting in ring cleavage. However,
SyNy has been found to react with a variety of unsaturated organic systems,
without disruption of the ring, to form adducts. Becke-Goehring and
Schiafer reported SyN, adducts with cyclopentadiene, norbornadiene and
cycloheptadiene, which they suggested were analogous to the Diels-Alder
products, the thiazene acting as a diene209, More recént studies have
shown that the variable oxidation states of sulfur allow the formation of
slightly different products than those observed in the common organic
cyclization reaction. An X-ray structural determination of the SuNH' bis
(norbornadiene) adduct (64) has shown that the carbon units are bound at
the opposite ends of a relatively planar eight-membered SN, heterocycle,

by connection to the sulfur centers only210, Therefore, the cyclization
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reaction with the S-N system results in the formation of five-membered
CoSoN rings, in contrast to the six-membered rings commonly formed between
an organic diene and dienophile. Although SyN, also reacts with many

olefins, the products are not straightforward adducts?!!,212,

4.4.2 PREPARATION OF NORBORNADIENE ADDUCTS OF ‘UNSATURATED P-N-S

HETEROCYCLES

(R,PN)(SN), and 1,3-(R,PN),(SN), both undergo rapid cycloaddition
reactions with norbornadiene to produce 1:1 adducts!5! 65 and 66, respect-

ively. In contrast, the 1,5-isomer of the eight-membered ring does not

— R—p—Nx=
R /N S\ /'/: S\
SP N N N
R/ \\ // \ Il
R
65 66

react with norbornadiene. The cycloadditions can be visually monitored
by the Toss of color and the solution produces a white precipitate in
Et,0. However, when the adducts are dissolved in methylene chloride or
acetonitrile, the characteristic intense colors of the six-membered rings

are regenerated indicating that the additions are reversible. The color
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can be removed by addition of excess norbornadiene to the solution. The
ease of dissociation of the adducts is also observed in the mass spectra,
which show no parent ion; Instead, the fragmentation patterns resemble

a superposition of those found for the free olefin and heterocycle.
Nevertheless, the norbornadiene adducts are all stable in the solid state.
Ease of formation and recrystallization of the adducts allowed analytical

characterization of the unstable phosphathiazenes.

'4.4.3 MOLECULAR STRUCTURE OF P-N-S NORBORNADIENE ADDUCTS

The 1H and 13C NMR spectra of the norbornadiene adducts unambiguously
establish the positions 6f the addition. In all cases, one olefinic bond
of the norbornadiene molecule is bound across the two sulfur cehters,
3,5-positions in (R,PN)(SN), and 5,7-positions in 1,3-(R,PN),(SN),. The
13C NMR spectrum of (Me,PN)(NS),.C,Hg is shown in Figure 4.6, a represen-
tative of all of the 1H and 13C NMR spectra of these species. The
mirror symmetry of the molecule is illustrated by the chemical equivalence
of the 2 and 3, 5 and 6 and 1 and 4 positions in the norbornene residue.
This can only be attained by S, S rather than S, N or N, N addition of

the olefin to the heterocycle. 1In addition, the inequivalence of the two
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ure 4.6 13C NMR spectrum of (Me,PN)(NS),.CzHg.
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methyl groups attached to the phosphorus center indicates the symmetrical
addition of the olefin to one side of the heterocycle. As well as being
regiospecific, the addition appears to be stereospecific, there is no
evidence for more than one stereoisomer in solution or in the solid state.
Many of the possible conformations for the additijon can be rejected on
steric grounds. However, X-ray crystallography was required to assign
the endo or exo structure*.

A schematic representation of the molecular structure of (Ph,PN)(NS),.
C7Hg is shown in Figure 4.7. The structure confirms the addition of
norbornadiene to the P-N-S ring in a 3,5-fashion_across the two sulfur

atoms. Moreover, it establishes the exo stereochemistry of the addition.

C?7 CI3
1797(5)\ /1-796(8) Atoms Angle
"6'7(5)/” +627(7) N2-P1-C7 107.4(3)
N6~ N2 oo
_ N6-P1-C13 108.8(3
| 604(6)| |l-6l2(7) C7-P1-C13 104.6%33
S5 S3 I
ease \ Ng ] tessn)  ELE
N4-S5-N6 111.0(3
1-843(5) 1-845(5) S5-NG-P1 119.4§4§
c24——CI9
i 1540(8) i

" Figure 4.7 Pertinent bond Tengths (K) and angles (Deg) of (PhyPN)(NS),.
C7Hg. '

ﬁ: An X-ray crystallographic study was performed by Dr. P. N. Swepston,
Mr. M. C. Noble and Dr. A. W. Cordes.!S?
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The adduct exhibits the expected conformational changes in comparison to
the free heterocycle. The N4 atom is now displaced from the plane of

the central N,S, unit (which is planar to within 0.01 K) by 0.817(6) X,
producing a dihedral angle of 55.8(4)°. The phosphorus atom is rotated
towards the C;Hg group rather than away from it and is displaced by
0.195(2) K away from the central N»S, plane, producing a dihedral angle
of 13.4(4)° (cf. 19.8(2)° in tha free heterocycle). Thus the (PN)(SN),
ring adopts a somewhat flattened chair conformation. There is little
change in the geometry at phosphorus, but the sulfur centers are now close
to tetrahedral (cf. average NSN in free ring of 116.6(2)°). The Tengthen-
ing of all the S-N bonds can be attributed to the rupture of the w-system.
The S-C distance is similar to that found in SyNy.2C;Hg (62) (1.851(5)

0 210

A)

4.4.4. SYMMETRY ASPECTS OF THE FORMATION OF NORBORNADIENE ADDUCTS OF
UNSATURATED P-N-S HETEROCYCLES

It is possible to rationalize the formation of the olefinic adducts
of (RyPN)(SN), and 1,3-(R,PN),(SN), by reference to the electronic
structures of these heterocycles. It was evident in Chapter 3 that,
although the conjugation between the S-N g-structure and the phosphorus
m-type orbitals is important in these molecules, the ordering and consti-
tution of the #-MOs of a free 52N3' fragment are essentially unchanged by
the interaction with the phosphorus orbitals. Indeed, the six and eight-
membered system were both treated as internal salts containing an 52N3'
unit (see Section 3.3.3.2). Because the cycloaddition reactions have

been found to occur at the sulfur centers, for symmetry purposes both
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Figure 4.8 Symmetry correlation diagram for the w-HOMO and LUMO of
SoN3  interacting with the HOMO and LUMO of an electron-
rich olefin.

systems can be considered in terms of an SyN3~ unit with 8m-electrons.
Oakley has shown that a concerted reaction between the olefin and the
sulfur centers of the heterocycle can then be regarded as a symmetry
allowed (8S + 25) cycloaddition. Figure 4.8 illustrates the orbital
symmetry correlaticn diagram for the process. The preference for S, S
over N, N addition is obvious in terms of the eigenvector coefficients of
the HOMO and LUM0213. As discussed in Chapter 3, both orbitals are prim-
arily sulfur-based, so that efficient overlap in the transition state is
best achieved via addition at the sulfur as opposed to nitrogen. The
stereospecificity of the reaction has no ready explanation on symmetry
grounds.

More recently Oakley has found a similar reaction between norborna-
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diene and PhaP=N-S3N3, which can also be treated in the same fashion?!“..
In the report he also explains how the high energy of the olefinic HOMO

and the Tow energy of the S-N LUMO results in an orbital interaction which
is opposite to the common organic cycloaddition, involving a donation

from the diene to the olefinic m*-orbital. In order that the S-N cyclo-
additions are kinetically favorable, electron-rich olefins must be employed
(cyclohexene does not react with (RoPN)(SN)5) and the LUMO of the S-N
heterocycle must be Tow in enérgy, so that an effective interaction can

take place.



CHAPTER 5

"EXPERIMENTAL PROCEDURES AND SPECTRQSCOPIC AND STRUCTURAL

'CHARACTERIZATION

5.1 GENERAL PROCEDURES

5.1.1 REAGENTS

A1l the solvents employed for reactions and recrystallizations were
of reagent grade and most were dried before use: Toluene, pentane and
heptane were set to reflux overnight with sodium and freshly distilled
before use. Acetonitrile was set to reflux over calcium hydride and then
phosphorus pentoxide, and was freshly distilled from CaH,. Methylene
chloride was distilled from phosphorus pentoxide and diethyl ether (Malin-
ckrodt) from Tithium aluminium hydride, which was also used as received
in certain cases. A1l solvent distillations and all reactions were carried
out under an atmosphere of nitrogen (99.98% purity passed through Ridox
and silica gel).

SyN, was prepared by the literature method215 and recrystallized twice
from hot toluene. Tetramethyldiphosphine was prepared by reduction of
tetramethyldiphosphine disulfide (Alfa) with iron powder (Ventron), which
were both used as received. In contrast to the reported procedure?!®, we
discovered that an excess of iron produced a mixture of trimethylphosphine
and Me,P-PMe,. When a stoichiometric quantity of iron was used, the
Me, P-PMe, obtained was not'cohtaminated: ‘Tetraphenyldiphosphine217,
diphenylphosphine218, bis-(trimethylsilyl)sulfur diimide21°, dimethylphos-

220

phorane trichloride and diphenylphosphorane trichloride?2% were all
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prepared by the literature methods. Chlorodiphenylphosphine (Alfa),
triphenylphosphite (Aldrich), {odine (Shawinigan); norbornadiene {Aldrich),
bromine (Fisher) and phosphorus pentafluoride (Penwalt) were commercial
products and were used as received. Sulfuryl chloride (Aldrich) was

freshly distilled prior to use.

5.1.2 INSTRUMENTATION

Infrared spectra (4000 - 250 cm 1) were recorded as Nujol mulls (CsI
windows) on a Perkin-Elmer 467 grating spectrophotometer. UV-visible
spectra were obtained using a Cary 15 or a Unicam SP1800 spectrophoto-
meter. M, 3¢, 1N and 3P NMR spectra were recorded with a Varian
XL-200 spectrometer. Raman spectra were measured on samples in glass
capillaries with a Jarrel-Ash model 25-100 double grating spectrometer
equipped with a photon counting detection system, using a coherent
radiation Dye Laser pumped by a CR-4 argon ion laser. Mass spectra were
recorded on a Varian CH5 instrument operating at 70 eV. X-ray diffraction
data were collected on an Enraf Nonius CAD4F automated diffractometer
fitted with a Tow temperature attachment. Chemical analyses were performed
by the Analytical services of the Department of Chemistry, University of

Calgary, and by M.H.W. Laboratories, Phoenix, Arizona.

5.1.3. X-RAY DATA COLLECTION

‘The experimental conditions of each of the five X-ray data collec-
tions differ considerably, however, the general procedures were constant.
Unless otherwise stated the procédure described below was used for all the

crystallographic experiments.
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The crystal was mounted in an arbitrary orientation on the diffrac-
tometer. After optically centering the crystal, a polaroid photograph
was obtained (X=0, rotation about ¢). 'The horizontal and vertical co-
ordinates of 25 of the reflections observed on the photograph were
entered into the Enraf-Nonius centering program PHOTO. The 25 reflec-
tions were then accurately centered by the program SETANG and these data
were used with the program INDEX to calculate the initial cell constants
and orientation matrix. The program TRANS was then used to transform the
triclinic cell parameters into those of the correct higher symmetry cell.
The crystal was then accurately aligned using the program ALIGN. The 25
reflections were then recentered using SETANG and the data collection cell
parameters were obtained by the Teast-squares program LS. In cases where
the diffraction data was collected at Tow temperature (-100(5)°C), after
cooling alignment and centering procedures were repeated. Data were collec-
ted using the program DATCOL. Final cell parameters were obtained with
25 accurately centered, high angle reflections using the ;onstrained least-
squares program CELDIM. Intensities were measured using the w-26 scan
mode, with the first and Tast 16 steps of a 96 step scan considered to be
background. The intensity was calculated as I=(P-2(B1+B2))Q, where P is
the sum of the central 64 steps, Q is the scan rate and Bl and B2 are the

backgrounds. The standard deviation of the intensity o(I)=(P+4(B1+B2))1/2q.

5.1.4 SOLUTION AND REFINEMENT

Data were processed using the X-Ray 76 package of programs2?22 and all
the soTutions were obtained using MULTAN 78223, The data were corrected

for background, Lorentz and polarization effects and E values were calcu-
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Tated using a K curve?23. Atomic scattering factors were those of Cromer
and Waber22*. Real and anomalous dispersion corrections were applied to
all non-hydrogen atoms225. Agreement factors are of the form R = Z(IIFOI-
= - 2 231/2 _
IFCII)/ZIFOI and R (Zw(IFOl [F.]) /zwF ?) /2. The crystals were measu

red and the boundary faces identified manually under a microscope.

5.2 PREPARATION OF (R,PN)(SN),, 1,3-(RyPN)>(SN)» AND 1,5-(RoPN)»(SN)»

COMPOUNDS

5.2.1 REACTION OF Ph,P-PPh, WITH Sy Ny

SyMy (1.32 g, 7.2 mmol) was added to a solution of PhaP-PPhy (2.65 g,
7.2 mmol) in 50 ml of toluene and the mixture was stirred and heated to
reflux. After 16 hours the mixture was cooled to room temperature and
reduced in volume to about 20 ml1 by removal of the solvent in vacuo. The
solution was then filtered, to remove any precipitated (Ph,PS),, and
eluted down a 30 x 500 mm Bio-Beads S-X8 chromatography column. Five
fractions were collected, distinguished by their colors; pink, yellow,
orange, purple and yellow, respectively. The 31P NMR spectrum of the first
fraction showed it to consist of a complex mixture of phosphorus-containing
compounds, but no pure compounds could be isolated. Fractional crystal-
Tization of the next three fractions from warm acetonitrile resulted in
isolation of (haPN)3 and (Ph,PN), (0.15 g, combined weight) from fraction
two, 1,5-(Ph,PN),(SN),, d.p 210-5°¢ (0.07 g, 0.15 mmol, 2% based on nitro-
. gen), 1,3-(Ph,PN),(SN),, m.p 135-6°C (0.28 g, 0.60 mmol, 8% based on
nitrogen) and (Ph,PS), from fraction three and (Ph,PN) (SN), .- m.p 93-4°¢

(0.35 g, 1.2.mmo1, 14% based on nitrogen), (Ph,PS), and Sg from fraction
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four. SyM, (0.36 g, 1.9 mmol) was recovered from the fifth fraction.

Due to the difficulties encountered in separation, the weights of the
products should be regarded as isolation rather than optimum yields.

A 31P NMR spectrum of an identical reaction mixture (Figure 2.1) shows a
number of intense signals most of which can be attributed to the compounds

described above.

5.2.2 REACTION OF Me,P-PMe, WITH SuNy_

SNy (1.66 g, 9.0 mmol) was added to a frozen solution of Me2 P-PMe2
(1.10.g, 9.0 mmol) in 40 ml of toluene and the mixture was allowed to warm,
with care, to room temperature over a period of 30 minutes (CAUTION: The
reaction between MezP-PMez and SyNy is very vigorous in the initial stages.
If the temperature is allowed to increase too quickly, there is a possib-
ility of an explosion). The mixture was then set to reflux and after two
hours was cooled to room temperature. The volume was reduced to about
20 m1 by removal of the solvent in vacuo and then the mixture was filtered,
to remove any precipitated (MesPS),, and eluted down a 30 x 500 mm Bio-
Beads S-X8 chromatography column. Four fractions were collected; pink,
yellow, orange and purple. The first fraction was shown by 31P NMR spec-
troscopy to contain a complex mixture of products but no pure compounds
could be isolated. Fractional crystallization of the other fractions
resulted in the isolation of (Me,PN); and (Me,PN)y, from fraction two and
1,3-(MeoPN), (SN),, m.p 81-2°C, 1,5-(MesPN),(SN),, d.p 175-80°C and (Me,PS),
from fraction three. Removal of the solvent from the purple fraction,
left a deep purple oil which was fraztionally sublimed in vacuo onto an

ice-water (0°C) cooled finger to give deep purple crystals (with a green
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Tustre) of (MesPN)(SN),, m.p 16-17°C. Due to the difficulty in separa-
ting the products and the relative instability of thé methylphosphathi-
azehes, no yields were recorded. 'Thé 31P NMR spectrum of the reaction

mixture showed the isolated compounds to be the major components.

5.2.3 REACTION OF PhoPH with SyNi

SuNy (1.42 g, 7.7 mmol) was added to a solution of PhPH (2.87 g,
15.4 mmol) in 50 m1 of toluene and the mixture was stirred and heated to
reflux. After 16 hours the mixture was cooled to room temperature and
reduced in volume to about 20 ml by removal of the solvent in vacuo.
The solution was filtered and eluted down a 30 x 500 mm Bio-Beads S-X8
chromatography column. Three fractions were collected; yellow, orange
and purple, and fractional crystallization of each of these from aceto-
nitrile resulted in the isolation of (Ph,PN)3 from fraction one, 1,3-
(PhoPN)o(SN), (1.09 g, 2.2 mmol, 30% based on nitrogen) and 1,5-(PhyPN),
(SN), (0.02 g, 0.05 mmol, 1% based on nitrogen) from fraction two, and
(Ph,PN)(SN), (0.51 g, 1.8 mmol, 20% based on nitrogen) and Sg from fraction
three. The 31P NMR spectrum of an identical reaction mixture showed these

to be the major components in addition to PhyP(S)H.

5.2.4 REACTION OF (PhO)sP WITH SuN,

SuNy (1.13 g, 6.1 mmo1) was added to a solution of (PhO)sP (3.80 g,
12.26 mmol) in 20 mt of toluene, and the mixture was set to reflux for
one hour. The resulting black mixture was eluted down a 20 x 200 mm

Fluorisil chromatography column and the green-blue fraction was collected
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and reduced in volume by removal of the solvent in vacuo. This was then
eluted down a 30 x 500 mm Bio-Beads S-X8 chromatography column. The blue
fraction'was collected and removal of the solvent in vacuo gave #mpure

((Ph0)2PN)(SN), (0.31 g, 0.96 mmol) as a deep blue oil.

5.3 CHARACTERIZATION OF THE P-N-S HETEROCYCLES

5.3.1 (RyPN)(SN),

SPECTROSCOPIC DATA

Infrared, UV-visible and NMR (1H, 5N and 3!P) spectra are presented
in Tables 5.1, 5.2 and 5.3, respectively, for allfour derivatives (R =
Ph, Me, PhO, F) of (RaPN)(SN),. Due to the instability of the methyl,
phenoxy and fluoro derivatives, chemical analysis was only possible for
(PhaPN) (SN), (Table 5.4), and an infrared spectrum of (F,PN)(SN), was not

obtainable. (see section 5.6.3.2).

X-RAY DIFFRACTION STUDIES ON (Ph,PN)(SN),

A crystal suitable for X-ray diffraction studies was obtained by re-
crystallization from acetonitrile and the X-ray data were collected and the
structure solved by Dr. P. N. Swepston under the supervision of Dr. A. W.

Cordes at the University of Arkansas, Fayetteville, Arkansasl!50,151
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5.3.2 1,3-(RyPN)o (SN),.

SPECTROSCOPIC DATA

Infrared, UV-visible and NMR (*H and 31P) spectra and chemical analy-

sis data for the methyl and phenyl derivatives are presented in Tables

5.5, 5.2,°5.3 and 5.4, respectively.

X-RAY DIFFRACTION DATA COLLECTION FOR 1,3-{Ph,PN),(SN),

Crystals suitable for X-ray diffraction studies were obtained by re-
crystallization from acetonitrile. A block shaped crystal fragment was
cut from a 1afge orange crystal and was mounted on the end of a glass
fiber with epoxy resin. The crystal was then coated with epoxy resin. The
procedure for data collection preparation and data collection was identical
to that given in section 5.1.3. Crystal data and experimental conditions

for the data collection are given in Table 5.6.

SOLUTION AND REFINEMENT OF THE STRUCTURE OF
1,3-(Ph,PN), (SN),. -

Initial coordinates for all the non-hydrogen atoms of the asymmetric
unit (half of the molecule)?26 were obtained from the solution and.refined
by full-matrix Teast-squares techniques. A series of isotropic and aniso-
tropic refinement cycles resulted in agreement factors of R = 0.087 and
R, = 0.090. The weighting scheme used was w = (02(F) +.nF2)"! (n = 0.0003)

where ¢(F) was derived from counting statistics. The ten unique hydrogen
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atoms were.located.in a difference Fourier synthesis and were included in
idealized positions (C-H = .0.95 K) with thermal parameters 10% greater
than the carbon atom to.which they are attached, ‘but were not refined.
After two cycles of refinement including hydrogén atom contributions, the
model converged with agreement factors of R = 0.054 and Rw = 0.063. On
the final cycle of refinement the maximum shift/error = 0;02, and the
error in an observation of unit weight was 2:30. Atomic coordinates of

the asymmetric unit are presented in Table 5.7.

5.3.3 1,5-{R,PN)o(SN), -

SPECTROSCOPIC DATA

Infrared and NMR (1H and 31P) spectra and chemical analysis data for
the methyl and phenyl derivatives are presented in Tables 5.8, 5.3 and

5.4 respectively.

X-RAY DIFFRACTION DATA COLLECTION FOR 1,5-(Ph,PN), (SN},

A rectangularly-shaped pale yellow crystal, suitable for X-ray
diffraction studies was obtained by recrystallization from acetonitrile/
methylenecchloride. The crystal was coated in epoxy resin and mounted on
the end of a glass fiber. The procedure for data collection preparation
and data collection was identical to that given in section 5.1.3. Crystal
data and experimental conditions for data collection are given in Table

5.9.
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SOLUTION AND REFINEMENT OF THE STRUCTURE OF

. 1,5-(PhyPN), (SN)»

Crystallographic two-fold symmetry is imposed on the molecular struc-
ture and therefore only half of the atomic positions are unique??%.  A11 of
the non-hydrogen atomic coordinates were obtained from the solution and
were refined by full-matrix Teast-squares techniques; The agreement

factors following isotropic and anisotropic refinement of the positions

were, R = 0.054 and Rw 0.063, and the weighting scheme used was

w = (o2(F) + nF2)"! (n

0.0006). The ten unique hydrogen atoms were
included in idealized positions (C-H = 0.95 K) following determination of
their positions in a difference Fourier synthesis; They were given thermal
parameters 10% greater than the carbon atom to which they were attached,
but were not refined. The final agreement factors of the converged model
after two cycles of refinement including hydrogen atom contributions, were
R = 0.045 and Rw = 0.059. On the final cycle 6f refinement the maximum
shift/error = 0.08, and the error in observation of unit weight was 4.36.

Atomic coordinates of the asymmetric unit are presented in Table 5.10.

X-RAY DIFFRACTION DATA COLLECTION FOR 1,5-(Me9PN)2(SN)2

A yellow diamond-shaped crystal suitable for X-ray diffraction studies
was obtained by recrystallization from a methylene chloride/acetonitrile
mixture. The crystal was coated in epoxy resin and mounted on the end of
a glass fiber. Preliminary Weisenberg photographs were obtained and the
systematic extinctions indicated the space group was either Pnma or Pna2;.

The crystal was mounted on the diffractometér and the program SEARCH was
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employed to obtain the 25 reflections to he used for calculation of the
cell canstants and orientation matrix. The remaining data collection
preparation and data collection procedure were the same as those described
in Section 5.1.3. Crystal data and experimental conditions for the data

collection are given in Table 5.11.

SOLUTION AND REFINEMENT QOF THE STRUCTURE OF
1,5- (MEZBN_22 ( SN )2

Pnma was the final choice of space group, on the basis of the centric
distribution of E values. The solution gave the coordinates of the two
phosphorus atoms, the two unique nitrogen atoms, the one unique sulfur
atom and three of the four carbon-atoms226. The fourth carbon atom was
located in a difference Fourier synthesis. Two cycles of isotropic refine.
ement gave agreement factors of R = 0.047 and Rw = 0.059. A difference
Fourier following three anisotropic refinement cycles revealed the posit-
ions of the eight unique hydrogen étoms, which were included in the model
with the thermal parameter of the carbon atom to which they were attached,
but were not refined. Subsequent anisotropic refinement of the non-hydro-
gen atoms resulted in final agreement factors of R = 0.033 and RW = 0.036.
On the final cycle of refinement the maximum shift/error = 0.01 and the
error in observation of unit weight was 2.76. Atomic coordinates of the

asymmetric unit are presented in Table 5.12.
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5.4 REACTIONS OF P-N-S HETEROCYCLES WITH HALOGENS '

5.4.1 (Ph,PN)(SN), -

CHLORINATION

S0,C1, (0.06 m1, 0.7 mmol) was added dropwise, by syringe, to a
stirred solution of (PhoPN)(SN), {0.20 g, 0.7 mmol) in 20 ml of CHsCN.
The purple solution turned yellow immediately. The volume of the mixture
was reduced to 10 ml by removal of the solvent in vacuo; A few yellow-
orange crystals of (EthN)(NSC1)2 were obtained from the solution by cooling
in the freezer (-20°C). Infrared spectral data is presented in Table

5.13 and chemical analysis data in Table 5.4.

BROMINATION

Br, (0.04 ml1, 0.7 mmol) was added tropwise, by syringe to a stirred
solution of (PhoPN)(SN), (0.20 g, 0.7 mmol) in 20 m1 of CH3CN. The
purple solution turned red-orange immediately. The volume of the mixture
was reduced to 10 m1 by removal of the solvent in vacuo. Various attempts
to obtain a solid from the solution were unsuccessful. Subsequent solveant

removal in vacuo resulted in a red oil which could not be characterized.

IODINATION

A solution of I (0.18 g, 0.7 mmo1) in 20 mt of CH3CN was added drop-
wise to a stirred solution of (Ph,PN)(SN), (0.20 g, 0.7 mmol) in 20 m1 of
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CH3CN. 'The purple solution turned black immediately. The volume of the
mixture was reduced to 10 ml by removal of. the solvent in vacuo. Various
attempts to obtaih a solid.from the solution were unsuccessfu]g Subsequ-
ent removal of the solvent in vacuo.resilted in a black 0il which could

not be characterized.

5.4.2 1,3-(Ph,PN), (SN),

CHLORINATION

S0,C1, (0.04 m1, 0.4 mmol) was added dropWise;Eby syringe, to a
stirred solution of 1,3-(Ph2PN)2(SN)2 {0.20 g,_0:4 mmol) in 20 m1 of CHsCN.
The deep orange solution turned yellow immediately: The volume of the
mixture was reduced to 10'ml by removal of the solvent in vacuo. Yellow
crystals were obtained from the cooled solution (-20°C). An infrared
spectrum of the crystals identified them as (thPf\_l)z(NSCU“*'9 (0.15 g,

0.3 mmol, 75%).

BROMINATION

Br, (0.025 m1, 0.4 mmol) was added dropwise, by syringe, to a stirred
solution of 1,3-(Ph,PN),(SN), (0.20 g, 0.4 mmol) in 20 m1 of CH,CN. The
deep orange solution turned deep red-brown immediately. The mixture was
stirred for 30 minutes after which time the color became pale orange. The
volume was reduced to 10 m1 by removal of the solvent in vacuo. Orange
crystals of (thPN)q(NS)22+(BP3-)2 {0.11°g, 0.1 mmol 40%).were obtained

from the cooled solution (-20°C). Infrared and 31P NMR spectroscopic
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data.and chemical analysis data for (PhéPN)q(NS)22+(Br3')2 are given in
Tables 5.14 and 5.4 respectively. When the solution of (PhyPN)y (NS), *
(Brs~ ), was warmed the only isolable crystalline products weré (Ph,PN),

“(NS)*Brs™ and (PhaPN), (NSBr), identified by their infrared spectra.l®?

TODINATION

A solution of I, (0.10 g, 0.4 mmol) in 20 ml of CH3CN was added to
a stirred solution of 1,3-(PhyPN),(SN), (0.20 g, 0.4 mmol) in 20 ml of
CH3CN. The deep orange solution turned black immediately and was stirred
for 30 minutes. The volume of the solution was reduced to 10 mi by
removal of the solvent in vacuo. On cooling (-20°C) a black crystalline
solid was obtained which was recrystallized from CH3CN and gave black
shiny crystals of (thPN)q(NS)22+(I3')2 {0.16 g, 0.1 mmol, 45%). Infrared
and 31p NMR data and chemical analysis data for (thPN)q(NS)22+(13')2 are

~given in Tables 5.14 and 5.4, respectively.

X-RAY DIFFRACTION DATA COLLECTION FOR
(PhoPN)u (NS),2H(Bry ™),

A crystal suitable for X-ray diffraction: studies was obtained by
recrystallization from acetonitrile. Due to the moisture sensitivity of
(RthN)q(NS)§+(Br3-)2, it was necessary to carry out all the manipulat-
ions of the crystal undef an atmosphere of nitrogen in a glove bag. A
rectangularly-shaped crystal fragment was cut from a needle-like bright
orange crystal and mounted in a quartz capillary and was held in place

by silicon grease. The capillary was flame sealed. The preparation for
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data collection and data collection procedure were identical to those

. given in Section 5.1.3. Crystal data and experimental conditions for data

collection are given in Table 5.15.

SOLUTION AND REFINEMENT OF THE STRUCTURE OF

(thPN)u(N5)92+(BP3:lz

The initial atomic .coordinates of all the phosphorus, nitrogen,
sulfur and bromine atoms were obtained from the solution. Following iso-
tropic refinement the carbon atoms of the eight phenyl groups were Tocated
in a difference Fourier synthesis. The two tribromide anions and the
inorganic atoms of the heterocycle were refined anisotropically and the
phenyl groups were refined isotropically as groups. The atomic positions
of a solvent molecule (CH3CN) were obtained in a difference Fourier
synthesis and refined isotropically and anisotropically. The carbon -atoms
of the phenyl groups were refined separatély, isotropically and the initial
agreement factors were R = 0.078 and Rw = 0.089. The data was corrected
for absorption using the Gaussian method with a 12x10x18 grid2?27. Hydro-
gen atoms were added in idealized positions (C-H = 0.95 K) to the phenyl
groups, with thermal parameters 10% greater than the carbon atom to which
they are attached, but were not refined. After two more cycles of aniso-
tropic refinement the model converged with agreement factors of R = 0.048
and R = 0.045.  The weighting scheme used was W = (c2(F) + nF2)"1
(n = 0.0002). On the final cycle the maximum shift/error = 1.54, and the
error in an observation of unit weight was 0.87. Atomic coordinates of the
cation and two anions in the asymmetric unit are given in Table 5.16*.

——

Structure factors can be obtained from Dr. T. Chivers.
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5.4.3 1,5-(PhsPN); (SN),

CHLORINATION

S0,C1, (0.05 m1, 0.6 mmol) was added dropwise, by syringe, to a
stirred solution of 1,5-(PhyPN),!SN), (0.30 g, 0.6 mmol) in 15 ml of
CHoC1,.- Within seconds a whife precipitate appeared. The solid was re-
dissolved upon addition of‘50 ml of CHaCl, with warming. The pale green
solution was cooled in the freezer and produced shiny pale green (almost

white) crystals of 1,5-(Ph,PN),(NSCT), (0.27 g, 0.5 mmol, 80%) d.p 156-8°C.

BROMINATION

Br, (0.03 ml, 0.6 mmol) was added dropWise;'by syringe, to a stirred
solution of 1,5-(PhyPN),(SN), (0.30 g, 0.6 mmol) in 15 ml of CHyCl1,. The
solution became yellow and cooling (-20°C) produced shiny yellow crystals

of 1,5-(PhyPN), (NSBr), (0.33 g, 0.5 mmol, 80%) d.p 163-5°c.

SPECTROSCOPIC DATA FOR 1,5-(Ph,PN),(NSX), COMPOUNDS

Infrared and 31p NMR spectroscopic data and chemical analysis data

are presented in Tables 5.13 and 5.4, respectively.

X-RAY DIFFRACTION DATA COLLECTION FOR 1,5-(Ph,PN),(NSBr),

Crystals suitable for X-ray diffraction studies were obtained by
recrystallization from CH2Cl,. The moisture and air sensitivity of this

compound required that the ¢rystals be handled under a nitrogen atmosphere
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in a glove bag. A yellow block-shaped crystal was chosen and placed
in a quartz capillary, and was secured by silicon grease. The capillary
was flame sealed. The procedure for data collection preparation and data

collection were identical to those described in Section 5.1.3 and the

crysfal data and experimental conditions for data collection are presen-

ted in Table 5.17.

SOLUTION AND REFINEMENT OF THE STRUCTURE'OF

1,5-(PhyPN), {NSBr),

The solution gave the coordinates of the inorganic ring atoms and
the two bromine atoms. The carbon atoms of the four phenyl groups were
Tocated in a difference Fourier synthesis following an isotropic refine-
ment of the ring atoms. After two cycles of isotropic refinement of all
the atoms, the twenty hydrogen atoms of the phenyl groups were located
in a difference Fourier synthesis and were included in idealized positions
(C-H = 0.95 K) and given a thermal parameter 10% of that of the carbon
to which they are attached, but were not refined. Initial agreement
factors were R = 0.046 and Rw = 0.054. The data was corrected for absorp-
tion using the Gaussian method with a 12x8x16 grid227 and after two more
cycles of anisotropic refinement, the final.agreement factors.of. the
converged model were R = 0.043 and Rw = 0.047. On the final cycle of
refinement the maximum shift/error = 1.63, and the error in observation of

unit weight was 1.34. Atomic coordinates for the asymmetric unit are given

in Table 5.1815

¥

Structure factors can be obtained from Dr. T. Chivers.
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5.5 PREPARATION AND CHARACTERIZATION .OF BICYELIC P-N-S HETEROCYCLES

5.5.1 Ph,PSsNs

PREPARATION FROM (Ph,PN)(SN),

S0,C1, {0.10 m1, 1.0 mmol1) was added dropwise, by syringe, into a
stirred solution of (thPN)(SN)z :(0.30 g, 1.0 mmol) in 20 m1 of CH3CN.
Following the addition a solution of Me3SiNSNSiMe; (0.21 g, 1.0 mmol) in
10'm1 of CH3CN was added to the yellow solution, which turned brown. The
volume of the solution was reduced to 10'ml by removal of the solvent
in vacuo, and on cooling (-30%C) clusters of orange needle-Tike crystals
weré obtained and filtered immediately. Thesé were then recrystallized
from CH3CN to give brown-orange crystals of PhyPS3Ns (0.25 g, 0.7 mmol,
72%).

PREPARATION FROM Ph,PCl; and MesSiNSNSiMes -

Me3SiNSNSiMe; (0.35 g, 1.69 mmol) was dissolved in 8 ml of CH3CN and
added dropwise to a stirred slurry of haPC13 (0.33 g, 1.12 mmol) in
40 m1 of CH3CN. The mikture became clear yellow at first, but seon turned
deep_orange. After three hours there was no further visible change and a
31p' NMR spectrum of the reaction mixture showed it to contain a large
number of phosphorus containing compounds, one of which was Ph,PS Ng.  The
solvent was removed from the reaction mixture in vacua to leave a red-brown
0il. 'An infrared spectrum of the o0i1 showed bands corresponding mainly to

PhaPSgNs, howevér, it was not possiblé to isolate any pure material.
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5.5 2 MezP_S31\l_5

PREPARATION FROM (Me,PN)(SN),

Freshly sublimed (Me,PN)(SN), (0.24 g, 1.44 mmol) was dissolved in
20 m1 of CHgCN and S0,C1, (0.12 m1, 1.5 mmol) was added dropwise, by
syringe. The resulting yellow-green slurry was filtered to remove a pale
brown precipitate and the yellow filtrate was collected. A solution of
Me3SiNSNSiMes in 15 m1 of CH3CN was added dropwise giving an instantan-
eous color change from yellow to red-brown. The solvent was removed
in vacuo and the red-brown o0ily solid was recrystallized from CH3CN to
give brown crystals of Me,PS3Ns (0.13 g, 0.6 mmol). Due to the thermal
and chemical instability of this compound it was not possible to obtain a

chemical analysis.

PREPARATION FROM Me,PCl; AND MesSiNSNSiMes

Me3SiNSNSiMes (1.04 g, 5.1 mmol) was dissolved in 8 m] of CH2Cl2
and added dropwise to a stirred slurry of MesPCl3 (0.61 g, 3.5 mmol) in
40 m1 of CHyCl,. The mixture became a clear yellow solution but very
quickly turned deep orange-red. After three hours there was no further
visible change and a 3'p NMR spectrum of the reaction mixture indicated
a variety of species, none of which could be isolated. The solution was

gently warmed and within minutes the color changed to a deep purple.

5:5.3 F,PS3Ns

FoPS3Ns was prepared from the reaction between PF5 and Me3SiNSNSiMes
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in diethyl ether, using the procedure described in the Ph.D thesis of I.
Ruppert. The yellow crystalline solid was purified by sublimation onto

an ice-water (OOC) cooléd finger in vacuo.

5:5.4 SPECTROSCOPIC DATA FOR R,PS3Ns

Infrared and 31P NMR spectra of methyl, phenyl and fluoro derivatives
and chemical analysis data of the phenyl derivative are presented in Tables

5.19 and 5.4, respectively.

5.5.5 PREPARATION OF 1,5-(PhyPN),(NS)oNoS

A solution of MezSiNSNSiMes -(0.04 g, 0.2 mmol) in 10 ml of CH,Cl, was
added dropwise to a solution of 1,5-(Ph,PN),(NSCT), (0.10 g, 0.2 mmol) in
20 m1 of CH,Cl,. The solution quickly became orange in color. The volume
of the solution was reduced by removal of the solvent in vacuo and the
solution was cooled (-20°C). Red crystals of 1,5(PhyPN), (NS),N,S
(0.03 g, 0.05 mmol, 27%) were obtained, and the infrared and 31P NMR
spectra and chemical analysis data are presented in Tables 5.19 and 5.4

respectively.

5.6 THERMAL DECOMPOSITION OF BICYCLIC P-N-S HETEROCYCLES

5.6.1 PhyPSsNs

31p NMR STUDY OF THERMAL DECOMPOSITION

PhyPS3Ns (0.30 g, 0.8 mmol) in 20 m1 of toluene was warmed in an oil
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bath which had been previously heated to 95-100°C.  After allowing 5
minutes for the solution temperature to equilibrate, samples were removed
from the vessel at 0, 5, 10, 15, 25, 40, 55, 75 and 100 minutes, and

31p NMR spectra of these samples were obtained at -60°C.

REGENERATION OF (Ph,PN)(SN)»

PhyPS3Ns (0.20 g, 0.57 mmol) in 25 ml of toluene was warmed to reflux
for three hours. The resulting purple solution was reduced in volume, by
removal of the solvent in vacuo, to about 10 ml, and was eluted down a
30 x 500 mm Bio Beads S-X8 chromatography column. Two bands were observed,
purple and yellow. SuNy was isolated from the latter, and the purple

fraction contained (PhyPN)(SN), (0.12 g, 0.40 mmol, 70%).
5.6.2 MEZBS_?)ES

31p NMR STUDY OF THERMAL DECOMPOSITION

Me,PSgNs (0.25 g, 1.0 mmol) in 30 m1 of toluene was warmed in an oil
bath which had been previously heated to 95-100°C. After allowing 5
minutes for the solution temperature to equilibrate, samples were removed
from the vessel at 0, 5, 10, 15, 20, 25, 30, 40, 50, 60 and 90 minutes,
and 3'P NMR spectra of the samples were obtained at -60°C. An array of

these spectra is displayed in Figure 4.4.

REGENERATION OF (Me,PN)(SN)»

Me,PSgNs (0.25 g, 1.0 mmol) in 25 ml of toluene was set to reflux
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for two hours. The resulting red-purple solution was reduced in volume,

by removal of the solvent in vacuo, to about 10 ml and was eluted down a
30" x 500 mm-Bi6-Beads S-X8 chromatograpﬁy column. Two bands were.observed;
purple and yellow. SyNy was isolated from the latter. The purple material
was identified as (MezPN)(SN)z, by infrared spectroscopy. However, due

to the thermal instability of (Me,PN)(SN),, an accurate yield could not

be obtained.
5.6.3 FoPS3Ns

31p NMR STUDY OF THERMAL DECOMPOSITION

FoPS3Ns (0.65 g, 2.8 mmol) in 20 ml of toluene was warmed in an oil
bath which had been previously heated to 85-95°C. After allowing 5
minutes for the solution temperature to equilibrate, samples were removed
from the solution every 5 minutes and 31P NMR spectra of the samples were
obtained. The spectra obtained after 10 minutes were very complex ;nd
the only signals that could be definitely assigned were those of the

starting bicyclic compound.

PREPARATION AND ISOLATION OF (FZPN)(SN)2

FoPS3N5 (0.1 g, 0.4 mmol) was dissolved in 5 ml of Nujol. The flask
containing the solution was connected in series to another flask which
Ted to a vacuum line. The system was evacuated and the empty flask was
cooled in liquid nitrogen.. The solution was warmed with an 6i1 bath to
85-95%C. "The yellow color changed very quickly to a blue-green and a

volatile blue material appeared in the cooled flask. After three hours
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the blue green color in the reaction flask subsided and the reaction was
terminated. The cooled collection flask was allowed to warm to room
temperature causing the blue material to melt and form an oil, character-
ized as (EZPN)(SN)Z (see Section 5.3.1 and 5.7.3). This compound is very
thermally unstable in the pure form and decomposes over a period of an

hour to give a yellow-green liquid, at room temperature.

SPECTROSCOPIC DATA OF (F,PN)(SN),

UV-visible and NMR (1°F and 31P) spectra are presented in Tables

5.2 and 5.3 respectively.

5.7 CYCLOADDITION REACTIONS OF "‘P<N-S HETEROCYCLES

5.7.1 PREPARATION OF NORBORNADIENE ADDUCTS OF (RoPN)(SN)»

The following procedure was carried out for all the derivatives
(R = Ph, Me, PhO, F) of (RaPN)(SN),. A slight excess of norbornadiene
was added dropwise to a blue/purple solution of (RyPN)(SN), in diethyl
ether. The Toss of color was immediate and a white precipitate was
observed. The crude material was filtered off and recrystaliized from
a mixture of CH3CN, CH,Cl, and norbornadiene. Yields were almost quant-
itative. The crystals do not melt, instead all decompose above 100°C

initially exhibiting the intense color of the free heterocycle.

'5.7.2 PREPARATION OF NORBOﬁNADIENE ADDUCTS "OF 1,3-(Ph,PN),(SN)»

Norbornadiene (0.04 g, 0.4 mmol) was added dropwise to a solution of
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1,3-(PhyPN), (SN), in 20 ml of diethyl ether. The mixture was stirred fop
one hour after which time the color had changed from orange to very pale
yellow and a heavy precipitate was observed. The crude solid was filtered
off and recrystallized from a mixture of CH3CN and CH,Cl, to give colorless

crystals of 1,3-(PhyPN),(SN),.CsHg (0.14 g, 0.24 mmol, 60%).

5.7.3 SPECTROSCOPIC DATA OF NORBORNADIENE ADDUCTS OF P-N-S

'HETEROCYCLES

Infrared and NMR (1H, 13C, 19F and 31P) spectra and chemical analysis

data are presented in Tables 5.20, 5.21 and 5.4, respectively.

5.7.4 X-RAY DIFFRACTION STUDIES ON (PhyPN) (NS)5CrHg

A crystal suitable for X-ray diffraction studies was obtained by
recrystallization from CH3CN/CH,Cl,. The X-ray diffraction data were
collected and the structure solved by Dr. P. N. Swepston and Mr. M. C.
Noble under the supervision of Dr. A. W. Cordes at the University of

Arkansas, Fayetteville, Arkansas!Sl.
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Table 5.1.Infrared Spectra of (R,PN)(SN), compounds (cm™!)

R = Ph R = Me R = PhO
1587(w) 840 (vw) 863(m) 1594(s) 826 (vw)
1564 (w) 1489(vs) 802 (m)
1480(m) 765(m) 1470(s) 773(m)
1437(s) 759(m) 1414 (w) 750 (vw) 1456(s) 757(s)
1336(w) 741(vs) 1335(vy)

1315(w) 727(vs) 727 (w) 1308(vw) 717 (w)
1276(w) 692(vs) 1299(w) 688(vs) 1290(vw) 689(s)
621 (w) 1289(m) 656 (vw)
619(w) 1224(w) 1215(m) 646(vw)
1161 (w) 1190(vs) 618(vw)
1123(vs) 597 (w) 1161(s) 572(w)
1115(vs) 526(s) 557 (w)
1070(vs) 507(s) 1083(vs) 1095(s) 500{m)
1029(s) 447 (vw) 1035(s)
. 1026(m) 437(vw) 1019(w) 1010(m)
997(m) 350 (vw) 942(m) 390(w) 945(vs) 380(vw)
937(vw) 319(vw) 927(m) 360(w) 902 (m) 306{vw)
(
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Table 5.2 UV-visible spectra of (R;PN)(SN),

and 1,3—(R2PN)Q(SN)2 compounds

(RyPN)(SN)o Amax? € Amax € Amax e
R = Ph 550 5x103 301 1x1039
3" 3
R = Me 543 4x10 295 sh® 270 2x10
R =PhO 583 c shd ©
R=F . 573 c 410
1,3-(R,PN), (SN), Amax? e? Amax € Amax €
R = Ph 460  8x10® 342 4
R = Me 455 6x103 350
a Mmax values measured in nm. A1l CHoCl, solutions
b Extinction coefficients measured in M lem™?
¢ Not measured
Obscured by n—>1* transitions of phenyl groups
e . Sh = shoulder
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Table 5.3 NMR spectra of (RoPN)(SN)p, 1,3-(RoPN),(SN),

'and 1,5-(R25ﬂ22(SN)2 compounds®

X 15)P 31pr1©
{RaPN) (SN),
R = Ph - dd 116.2 (1JPN = 51.7) -21.2
dt 336.2 (3JPN = 17.2)
(ZJNN = 2.8)
d
R=Me d1.71 (29,, = 14.4)7 dd 123.2 (*dpy = 51.1) 6.2
dt 338.9 (3JPN = 16.6)
(2dyy = 3.0)
R = PhO - dd 135.8 (1JPN = 38.9) -3.4
dt 407.4 (3JPN = 20.8)
(ZJNN =2.7)
R=F d-22.2 (IJPF = 1054.7)° - d -7.6 (1Jp = 1055.3)
1,3-(RyPN)o (SN),
R = Ph - - 18.7
R=Me d1.85 (29, = 13.3) - 28.3
1,5-(RyPN) o (SN),
R = Ph - - 113.9
R = Me 1.46% - 110.0

1.51%
dd 19.6 (1JCP = 92)9
dd 18.9 (1JCP = 75)9

in CDC13, chemical shifts in ppm, coupling constants in Hz

reference NH3(1) at 25°¢ “ reference external 85% H3 POy
X = 'H reference MeySi € X = 19F reference F3CCOOH

X = 1h{3lp} 9 X = 13C reference Me, S

= doublet t = triplet
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Table 5.4 Chemical Analyses

T = % Theoretical F = % Found experimentally
Element H C P S
T: 3.46 49.47 14.42 10.63 22.01
(Ph,PN) (SN),
F: 3.67 49.26 14,18 10.79 21.84
T: 4.11 58.76 11.42
1,3 (PhyPN)» (SN),
F: 4.01 58.95 11.31
-T: 4.99 19.83 ° 23.13
1,3-(MeyPN), (SN),
F: 5.12 19.88 22.89
T: 4.11 58.76 11.42
1,5-(Ph,PN), (SN),
F: 4,05 58.83 11.75
T: 4,99 19.83 23.13 25.57 26.47
1,5-(MeyPN), (SN),
F: 4.69 19.98 22.91 25.44 26.39
T: 2.78 39.79 11.60 19.57
(Ph,PN)(NSCT), a
F: 3.32 40.39 11.78 19.89
24 Rk 2.96 40.22 6.71 32.80
(PhoPN)y (NS)5 (Brg)s - b
F: 3.30 42.27 6.18 26.13
o%, - T: 2.44 34.93 5.09 7.51 3.88 46.14
(PhaPN)y (NS)3 (I3)2 c
' F: 2.67 35.61 5.00 8.32 4.35 43.79
T: 3.59 51.34 9.98 12.63
1,5(PhyPN), (NSCT), a
F: 3.80 51.35 9.98 12.89
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Element H p S X
T: 3.13 44.48  8.85 24,80
1,5-(Ph,PN), (NSBr), b
F:  3.10 44.33  8.61 24,57
T: 2.87  41.00 19.92 27.36
Ph, PS5 N5
F:  3.35  40.93 20.09 26.73
T: 3.66 52.35 15.26
1,5-(PhyPN) 5 (NS ) NS
F:  3.77  52.56 12.80
: T: 4.73  59.51 10.96
(Ph,PN) (SN) 5 CoHg
F: 4.59  59.46 10.89
T: 5.44  41.68 16.20 11.94 24.73
(MEZPN)(SN)Z.C7H3
5.67  40.85 16.20 11.81 24.95
T: 4.37 54.93 10.11  7.45 15.43
((Ph0),PN)(SN),.CrHg
F:  4.23  54.64 10.09 7.41 15.61
T: 3.02 31.46 15.72
(F2PN) (SN), . CoHg
3.11  31.02 15.07
T: 4.84  63.90  9.62
1,3-(PhyPN) 5 (SN), . CoHg
F:  4.70  63.72  9.68

a, X

Cl;

b,X = Br;

c,. X
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‘Table 5.5 Infrared Spectra of 1,3-(RsPN),(SN), compounds (cm™!)

R = Ph R = Me

1585(vw) 870(m)

1479(w) 1418(m) 857 (m)

1440(s) 782(vw) 1409(m) 778(vw)

1332 (vw) 762 (vw) 755(m)

1309(vw) 755(vw) 1302(s) 730(vw)

741 (m) 1292(m)
732(s) 1284(s)
725(s) 1219(vs)
1196(vs) 702(s)
1179(vs) 696(s)
| 1161(s) - 672 (vw)

1127(m) 623(vw) 1116(vs) 637(m)

1108(m) 597(vw) 590 (w)

1070 (vw) 544 (vs)

1034 (vw) 534(s)

1030(vw) 513(vs) 1032(m)

1002 (vw) 435(vw) 464 (w)
976(vw) 972(m) 434(m)
928(m) 952(s) 425(m)

395(vw) 942(vs) 373(vw)
348(vw) 932(s)

849(vw) 337(vw) 881(s)
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Table 5.6 Crystal data and experimentaT conditions of the X-ray

diffraction ‘data collection for 1,3-(Ph,PN),(SN),

Coy HogNy Py Sy 7 Mol. Wt. = 490.53 Space group = C2/c
[+] (o] (]
a = 15.200(11) A b =9.307(3) A c =17.675(13) A g = 113.24(3)°
0 -
V = 2298(3) A3 D, = 1.45 gem™3 Z=4

Radiation: Mo Ko (graphite monochromator), A = 0.71069 K.
Temperature: -100(5)°c.

Maximum o: 30°

Scan mode: w-20

Scan range: rw® = 1.5(0.8 + 0.347 tane)°.

Scan speed: 0.6 - 6.7° min"l

20 range of 25 reflections used in determination of cell: 5°s;e<;21°.
Standard reflections: (0 0 12), (10 2 2), (3 3 1).

Standard reflections measured every 1000 seconds of X-ray exposure time,
and showed no significant intensity fluctuation.

Total number of reflections measured: 2042.
Number of reflections having I>30(I): 1529
Number of reflections in the final cycle: 1529.
Number of variables in the final cycle: 146.

" Highest peak in the final difference Fourier: 1.15 eA -3 at (0.0049,
0.1429, 0.3275). Of no chemical significance.

Absorption coefficient: u(Mo Ke) = 3.91 cm !
Crystal dimensions: 0.40 x 0.32 x 0.15 mm.
Boundary planes: (111), (II1), (I11), (11II), (o0o01), (o0o0I), (olIo).
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Table 5.7 Atomic coordinates (X10*) for the non-hydrogen

- atoms in the asymmetric unit of 1,3-(Ph,PN),(SN),

Atom x/a y/b z/c

P1  84.9(7)  2271.3(12)  3324.8(7)
51 599.2(9)  771.4(12)  3415.9(9)
N1 0* . 3045(5) 2500%
N2 755(3) 868(4) 3614(2)
N3 0% -1296(6) 2500%
c1 . -1105(3) 1843(4) 3265(2)
c2 -1902(3) 2436(4) 2648(2)
c3 -2820(3) 2148(5) 2606(3)
c4 -2941(3) 1267(5) 3180(3)
c5 -2155(3) 666(5) 3800(3)
c6 -1231(3) 954(5) 3849(3)
c7 627(3) 3526(4) 4136(2)
c8 1354(3) 3128(5) 4873(3)
c9 1793(3) 4125(6) 5486(3)
c10 1513(3) 5540(5) 5364(3)
c11 785(3) 5957(5) 1646(3)
c12 337(3) 4975(5) 1026(2)

*Parameters are restricted by the symmetry of the crystal
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‘Table 5.8 Infrared spectra of 1,5-(R2£ﬂ)2§SN)2 compounds (cm™!)

R = Ph R = Me

1587(s) 887(m)
1574 (vw) 871(w)
1437(s) 766(s) 1402 (w) 796 (vw)
1332 (vw) 749(m) 753(w)
1308(w) 740(s) 723(vw)

725(s) 1292(s)

691(s) 1287 (w) 688(s)
1166(w) 676(m) 663(w)
1125(vs) 1112(s) 647(s)
1086(s) 535(vs) 512(vw)
1053(vs) | 1050(vs ) 504 (vw)
1027(vs) 469(w) 450 (m)

998(s) 1 445(w) 955(3) 426(w)
407 (w)
362{vw) 359(vw)

270(vw)
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Table 5.9 Crystal data and experimental conditions of the X-ray

diffraction data collection for 1,5(Ph,PN),(SN),

CoyHogNy P> S, Mol. Wt. = 490.53 space group = C2/c
0 [+] [+]
a = 10.045(3) A b =15.930(2) A ¢ = 14.130(4) A B8 = 93.98(1) A
0
V = 2256(1) A3 Dc = 1.47 gcm™ 3 Z=14

Radiation: Cu Ko (Ni pre-filter), a = 1.5418R.

Temperature: -100(5)°C.

Maximume: 75° .

Scan mode: w-20.

Scan range: A = 1.5(0.9 + 0.142 tane)o.

Scan speed: 0.7 - 6.7 min 1.

20 range of 25 ref1ections‘used in determination of cell: 18°s;@<;33°.
Standard reflections: (0 8 0), (0 87), (40 4).

Standard reflections measured every 1000 seconds of X-ray exposure time,
and showed no significant intensity fluctuations.

Total number of reflections measured: 2323.
Number of reflections having I>3¢(I1): 1994.
Number of reflections in the final cycle: 1994.
Number of variables in the final cycle: 145.

o_
Highest peak in the final difference Fourier: 0.7 eA 3 at (-02124,
-0.0576, 0.3075). Of no chemical significance.

Absorption coefficient: p(Cu Ko) = 24.25.
Crystal dimensions: 0.28 x 0.20 0.19 mm.

Boundary Planes: (010, (0Io), (001), (ool), (110), (1I0), (101), (111).
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Table 5.10 Atomi¢ coordinates (X10*) for the non-hydrogden

atoms in the asymmetric unit of 1,5-(Ph,PN),(SN),

Atom x/a y/b z/c

P -1646.1(7)  722.9(4)  1620.2(5)
51 -708.6(6)  1658.3(4)  3205.2(5)
NL -1856(2) 1116(2) 2659(2)
N2 -376(2) 1150(2) 1162(2)
c1 -3095(3) 952(2) 851(2)
c2 ~4363(3) 741(2) 1133(2)
c3 -5492(3) 923(2) 548(2)
c4 -5365(3) 1302(2) -316(3)
c5 -4118(3) 1506(2) -612(2)
c6 -2976(3) 1335(2) -23(3)
¢7 ~1531(2) -402(2) 1663(2)
c8 ~1856(3) 852(2) 2465(2) ©
c9 ~1778(3) 1720(2) 2465(3)
c10 ~1378(3) ~214(2) 1670(3)
c11 -1047(3)  ~1700(2) 878(2)

€12 -1120(3) -829(2) 866(2)
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Table 5.11 Crystal data and experimental conditions of the X-ray

diffraction data collection for 1,5-(Me,PN),(SN),

C4H12N4P232 Mol. Wt. = 242.24 Space group = Pnma
o )
a = 11.081(5) A b = 8.216(5) A c
- 03 -1
V = 1078(1) A DC = 1.49 gcm VA

11.837(6) A

4

=0

Radiation: Mo Kq (graphite monochromator), A = 0.71069
Temperature: -100(5)°C.

Maximum ©: 30°

Scan mode: -20

Scan range: r® = 1.5(0.6 + 0.347 tano)°®.

Scan speed: 0.4 - 6‘7.7'0.m1'n'1

20 range of 16 reflections used in determination of cell: 11°<e<14°.
Standard reflections (-1 -2 6), (-4 -3 3), (-7 0 2).

Standard reflections measured every 1000 seconds of X-ray exposure
time, and showed no significant intensity fluctuations.

Total number of reflections: 1818.
Number of reflections having I>30(I): 692.

Number of reflections in the final cycle: 1143 (including those for which
Ic>36(Io)).

Number of variables in the final cycle: 64.

-3
Highest peak in the final difference Fourier: 0.23% (0.09192, 1.1241,
0.1667). Of no chemical significance.

Absorption coefficient: u(Mo Ko) = 7.309 cm L.
Crystal dimensions: 0.22 x 0.25 x 0.27 mm.

Boundary Planes: (100), (0I0), (001), (ooi), (110), (II0), (111),
(I11), (IT1), (111).
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Table 5.12 Atomic coordinates (X10%)fér the non-hydrogen

atoms in the asymmetric unit of 1,5-(Me,PN),(SN),

Atom x/a y/b z/c

P1 4195(1) 7500%* 310(1)
P2 538(1) 7500% 469(1)
N1 1080(3) 9110(4) 1115(2)
N2 3469(3) 9125(4) 713(3)
s1 2411(1) 9052(1) 1627(1)
c1 '817(5) 7500% -1026(4)
c2 -1069(5) 7500%* 647(4)
C3 4420(5) 7500% -1192(5)
c4 685(5) 7500% 4104(5)

*Parameters are restricted by the symmetry of

the crystal.
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Table 5.13 Infrared® and 31P NMR spectra of (Ph,PN)(NSC1), and
1,5-(Ph,PN), (NSX), compounds

(PhyPN) (NSC1 ), 1,5-(PhyPN), (NSCT), 1,5-(PhyPN), (NSBr),
1586 (w) 737(vs) 1580(w) 735(vs) 1585(w) 730(s)
1484 (w) 1475(m) 724(vs) 1475(w) 722(s)

1440(VS) 692(s) 1437(vs) 696(vs) 1439(s) 690(s)

1335(vw) 690 (w)
1312¢w) 637(m) 1312(m) .645(w) 1310(w)

619(vw) 1245(vs) 1240(vs)
1190(w) 543(vs) 1190(vs) 546(s) 1183(s) 545(s)
1177(vs) 527 (m) 1170(vs) 519(m)
429(5) 1164(vs) 480(w) 1156(vs) 479(w)

1125(vs) 472(w)  1125(vs) 1120(s)

1074 (vs) 448(w) 438(w) 1112(s) 440(w)
1028(m) 416(s) 1030(m) 421 (w) 1029(w) 420(w)
1000(m) 369 (w) 1000(m) 383(m) 1000(m) 376 (w)
898(vs) 358(w)

847 (w) 337(w) 851 (vw) 331(w)
768 (vw) 311(m)
756 (m) 299(m) 750 (m) 290(m) 741 (w) 265(w)

S1p{lHy  »p b 7.3
2 eml

b
not measured

€ in CDC13, 6 measured in ppm, external 85% H3PQy reference
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Table 5.14 Infrared® and 3P NMR® spectra of

LBDQPN)u(NS)22+(X-3)2 compounds

(PhoPN), (NS)o 2 (Bra™)  (PhyPN), (NS),2¥(157),

1583(m) - 720(s) 1582(m)
1578 (vw) 760(m) 1574 (vw) 750(s)
1478(m) 748(s) 1474 (m) 741 (m)
1438(vs) 737 (vs) 1437(vs) 735(s)
1330(w) 727(s)

1307(s) 696(vs) 1305(w) 694 (vs)
1290(s) 632 (w)
1260(s) 1248(vs) 588 (vw)
1200(vs) 560(vs)
1177(vs) 547(s) 1168(vs) 545(vs)
1160(s) 535(s) 533(vs)
1127(vs) 506 (vs) 1122(vs) 513(vs)
1117(vs) 1115(vs) 503(vs)

465(w) 1068 (vw) 465(w)
1027 (w) 1024 (w) 452 (w)
1000(m) 999(m) 433(s)

419(m) 889(s)
840(m) 322(vw) 846(w)

826 (m)
31p {H} 12.0 18.8
a -l
cm

in CDCl13, & measured in ppm, external 85% H3PO, reference
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Table 5.15 Crystal data_and experimental conditions of the X-ray

diffraction data colléction for (PhoPN)s(NS),>  (Brs ),

ngquNquSzBY‘e Mol. Wt. = 1461.54 Space group = P2;/n
. 0 0
16.956(3) A b =13.978(1) A c = 23.796(4) K B = 91.605(8)°

5638(1) R D,

i

a

v

il
f

1.618 .gcm™3 Z=14

Radiation: Mo Ko (graphite monochromator); A = 0:71069 K.
Temperature: 21(2)°C.

Maximum o: 22.5°

$can Mode: w-20.

Scan range: aw® = 1.5(0.60 + 0.347 tane)°.

Scan speed: 0.5° - 5% pin7l.

20 range of 25 reflections used in determination of cell: 8°<o<17°.
Standard reflections: (-3 7 2), (0 3 9), (0 4 -6).

Standard reflections measured every 1500 seconds of X-ray exposure time,
and showed no significant intensity fluctuations.

Total number of reflections measured: 8087.
Number of reflections having I>3¢(I): 1394.

Number of reflections in the final cycle: 4157 (including those for which
Ic>30(I0)).

Number of variables in the final cycle: 372.

Highest peak in the final difference Fourier: 1.0 eK-3‘(0.9412, 0.3806,
0.4053). Of no chemical significance.

Absorption coefficient: u(Mo Ka) = 28.01.
Crystal dimensions: 0.20 x 0.36 x 0;49 mm.
Boundary planes: (101), (101), (10I), (101), '(010), (010), (011).
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Table 5.16 Atomic Coordinates (x 10%) for the non-hydrogen atoms of
(PhoPN), (NS), 2 (Brs ™), CHs N

Atom x/a y/b z/c Atom X/a y/b z/c
Brl 4915(1) 4921(1) 4065(1) €33 8037(10) 7356(13) 2322(7)
Br2 4746(1) 3528(1) 3254(4) cC34 7929(9) 8232(12) 2055(6)
Br3 4588(1) 2349(2) 2535(1) €35 7159(10) 8481(12) 1897(6)
Br4 5110(1) 7900(2) 0407(1) C36 6562(9) 7800(12) 1986 (6)
Brb 5544(1) 9373(1) 0936(1) c41 5884(8) 5326(10) 1745(6)
Bré 6006(2) 10798(1) 1522(1) c42 5778(9) 5678(11) 1202(6)
P1 4172(2) 6614(3) 2289(2) 43 5732(9) 5055(12) 0762(6)
P2 5880(2) 6159(3) 2313(2) c44 5773(11) 4089(14) 0857(8)
P3 6055(3) 7490(3) 4152(2) c45 5868(10) 3720(12) 1384(7)
P4 4357(3) 7776(3) 4168(2) C46 5904(10) 4371(12) 1823(7)
S1 3770(2) 6340(3) 3440(2) cC51 6397(9) 8664(11) 3959(7)
S2 6237(2) 5845(3) 3480(2) €52 6759(11) 9214(16) 4375(7)
N1 3780(6) 6045(7) 2828(4) C53 6943(12) 10146(18) 4244(9)
N2 5106(6) 6751(7) 2351(4) C54 6779(14) 10498(17) 3742(11)
N3 6127(6) 5515(8) 2876(4) €55 6378(15) 9988(20) 3323(9)
N4 6073(6) 6919(7) 3546(4) 56 6207(11) 9005(14) 3447(8)
N5 5216(6) 7529(8) 4410(4) c61 6715(9) 7025(10) 4642(6)
N6 4190(6) 7289(7) 3541(4) c62 7505(11) 6869(12) 4518(7)
N72 2010(9) 6849(10) 3502(5) €63 8027(11) 6494(14) 4906(9)
c1? 1559(13) 6573(17) 3804(9) C64 7811(13) 6263(14) 5421(9)
c2? 0961(12) 6197(14) 4149(8) 65 7027(12) 6351(14) 5567(7)
Cl1 3736(9) 7775(11) 2241(5) C66 6482(9) 6734(12) 5167(7)
Cl2 2897(10) 7834(12) 2264(6) C71 4203(10) 9027(11) 4019(7)
C13 2558(9) 8768(13) 2199(6) C72 4593(11) 9680(16) 4332(7)
Cl4 3004(12) 9482(13) 2118(7) C73 4428(13) 10669(17) 4244(9)
C15 3823(13) 9477(14) 2137(7) €74 3936(13) 10933(14) 3851(9)
Clé6 4182(9) 8569(14) 2172(6) €75 3496(13) 10310(19) 3561(9)
c21 3816(8) 5941(11) 1703(6) C76 3654(11) 9321(14) 3626(7)
c22 3684(9) 6337(11) 1203(7) «c81 3676(9) 7414(12) 4677(6)
C23 3451(10) 5839(14) 0704(7) 82 3809(13) 6679(18) 5008(10)
C24  3452(10) 4861(13) 0771(7) €83 3272{17) 6299(17) 5386(10)
C25 3641(11) 4358(13) 1238(8) €84 2558(12) 6805(15) 5398(8)
C26 3818(9) 4929(12) 1718(6) €85 2389(10) 7494(13) 5076(7)
€31 6679(9) 6969(11) 2238(5) €86 2940(11) 7805(11) 4677(6)
€32 7454(10) 6682(11) 2413(6)

2 solvent molecule CH3CN
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Table 5.17 Crystal data.and experimental conditions of the X-ray

diffracticn.data collection for 1,5-(Ph,PN), (NSBr),

CayHaoNyP2S2Br MoTl. Wt. = 650.35 Space group = Pn
0 0 .
a = 11.4758(26) A b =7.2398(9) A c = 16.9139(41) R B = 106.42(1)°
0 -
V = 1347.9(5) A3 D, = 1.607 gem 8 Z=2

Radiation: Mo Ka (graphite monochromator), A = 0.71069 A.
Temperature: 21(2)°c.

Maximum 6 : 30°.

Scan mode: w-29

Scan range: re® = 1.5(0.56 + 0:347 tané)°;

Scan speed: 0.6° - 5% pin7l "

26 range of 25 reflections used in determination of cell: 6°< 6 <15°.
Standard Reflections: (I34), (417), (128).

Standard Reflections measured every 1500 seconds of X-ray exposure time,
and showed no significant intensity fluctuations.

Total number of unique reflections: 3917.
Number of ref]ections‘having I>35(I): 1199,

Number of reflections in the final cycle: 2588 (including those for which
Ic>30(I0)).

Number of variables in the final cycle: 185.

o_
Highest peak in the final difference Fourier: 1.36 eA 3 at (0.6809,
0.5025, 0.6916). Of no chemical significance.

Absorption coefficient: u(Mo Kd) = 21.94.
Crystal dimensions: 0.22 x 0.33 x 0;5 mm.
Boundary Planes: (I01), (101), (101), (oIo), (010), (IoI).
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Table 5.18 Atomic coordinates for the non-hydrogen atoms of

1,5-(Ph,RN), (NSBr), {X 10% for Br, S, and P: x 103 for C and N)

Atoml g/a §/b zfe Atom’ X/a y/b z/c

Brl 6244* -695(5) 7892* c22 354(2) 404(3) 494(1)
Br2 6858(1) 5684(5) 5437(1) c23 277(2) 491(3) 428(1)
S1 5917(1) -143(11) 6414(4) c24 259(2) 642(2) 433(19)
S2 7257(6) 5197(11) 6914(4) cC25 296(1) 739(2) 507(1)
P1 4809(7) 3384(11) 6567(5) (26 359(2) 644(4) 582(1)
P2 8341(6) 1586(10) 6758(4) €31 952(2) 35(4) 763(2)
N1 494(2) 131(3) 625(1) €32 963(2) 134(3) 840(1)
N2 609(2) 656(3) 702(¢1) €33 1022(3) 29(4) 909(2)
N3 826(2) 366(3) 714(1) C34 1079(2) -189(2) 886(1)
N4 718(1) 51(3) 633(1) €35 1044(2) -252(3) 807(1)
Cl1 402(1) 316(2) | 736(1) €36 960(3) -142(5) 752(2)
Ci2 409(2) 472(3) 788(1) c41 915(2) 161(3) 604 (1)
C13 342(1) 470(2) 843(1) ca2 995(3) 309(4) 605(2)
Ci4 264(2) 334(3) 844(1) (43 1068(2) 307(3) 546(2)
C15 253(2) 165(3) 783(1) C44 1047(2) 216(2) 488(1)
Cl6 313(2) 184(3) 728(1) C45 960(2) 78(2) 476(1)
C21 388(2) 463(4) 5-0(1) C46 892(1) 59(2) 532(1)

* Restricted to define the origin. °
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Table 5.19 Infrared” and 1P NMR® spectra of Ph,PSsNs.,

- Me;PSgNs_and 1,5- (Ph,PN), (NS)oN,S.

Ph,PS3Ns Me,PS3Ns 1,5-(Ph,oPN), (NS )N, S
1587(w) 747 (w) 1580 (vw) 740(m)
1480(w) 724(s) 722(vs) 723(s)
1440(s) 714(w) 1410(m) 713(vs) 1433(s)

1336(w) 697(m) 1380(w) 693(m)
687 (m) 1295(vs) 680(s) 665 (vw)
1130(s) 650(w) 635(s) 1180(w)
1116(s) 613(vw) 1115(vs)
1091(vs)  567(5) 1090(vs)  580(vs) 1092(vs) 549(vs)
1076(s) 540(w) 1070(vs) 540(vs) 530(vs)
1031 (w) 504(s) 1023(m) 501(s)
991 (m) 468(m) 980(vs) 475(vs) 996(m) 478(m)
436 (w) 948(vs) 440(m)
426 (vw) 920(vs) 418(vs) 412(w)
809(s) 870(vs) 382(vs) 812(w) 368(w)
768(w) 797(s) 340 (w) 760(w) 346 (w)
756 (m) 270(m)
$lp{iny -21.3 -4.4
2 incm "

b

in CDCl;, s measured in ppm, external 85% HyPO, reference
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Table 5.20 Infrared spectra of horbOrnadiene adducts of

P-N-S Heterocycles (Cm !)

(RoPN)(NS), . C7Hg

R = Ph R = Me R = PhO R=F 1,3-(PhyPN),(NS)y.CrHg
1588(vw) 1565 (vw) 1595(m)’ 1589(vw)
1569 (vw) 1560(vw) 1588(m)
1518 (vw)
1511 (w)
1498(vw) 1492 (vs)
1436{s) 1455(m) 1438(s)
1323(m) 1327(m) 1325(m) 1324 (vw)
1314 (w) 1299(s?) w 12944w)
1289(s) 1287(w) 1291 (vw)
1281 (w) 1282 (m) 1269(vw) 1264 (w) 1280 (vw)
1268(w) 1261 (vw) 1240(vs)
1258(w) 1258(w) 1225(m) 1206 (vw)
1189(vw) 1188(w) 1187(vs) 1194(s)
1180(w) 1177(w) 1171 (m) 1180(vw)
1159(w) 1156 (w) 1164 (w)
1120(s) 1125(w) 1130(vs)
1111 (vs) 1116(w) 1105(vs) 1113(vs)
1098(m)
1055(vs) 1054 (vs) 1082(vs) 1072(w)
1041 (vs) 1037 (vw)
1036 (vs) 1029(s) 1019(m) 1021 (vw)
1023(vs) 1020(s) 1024(s)
1013(vs) 1019(s) 1001 (vw)
w _ 1006 (m)
992 (vs ) 997 (vs) 985 (w) 981 (w)
979(m) 961(s)
952(m)
931(w) 933(vs) 934(vs) 919(m) cont'd ...



907 (vw)
867 (vw)

830 (vw)

797 (m)
777 (vw)
767 (w)
756(s)
741 (m)
725(s)
718(vs)
699(s)
688(m)
661 (vw)
629(w)
617(vw)

550(55
536 (m)
518(m)

495(w)
457 (vw)
447 (vw)
433(w)

355(vw)
335(vw)
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- Table 5.20 (continued)

907(m)

864 (vs)
842 (vw)
832 (vw)

787 (m)
773(vw)

745(s)
739(s)
721(vs)
694(s)

653(vw)

599(m)
546 (m)

501 (w)
450 (w)
425(w)
377 (w)
369(w)

325(vw)
273(vw)

)
- 899(m)
)

907 (m
(

868(m

823(vw)

- 822(vw)

803(s)
791 (m)
769(m)

757(s)

. 748(s)

735(s)

693(m)

667 (vw)
631 (vw)
619(w)
610 (vw)
573(m)
551 (m)
542 (w)
521 (m)
506 (vw)
500 (vw)
487(w)
451 (vw)
441 (vw)

368(vw)
359(vw)

907 (m)
'865(m)

832(w)

799 (m)
781 (w)

744 (m)
735(s)
720(w)
693(m)

663(vw)

616(w)

537 (w)

497 (w)
473(w)
435(vw)
424 (w)

- 368(vw)

332(vw)

885 (vw)

835(vs)

779(vw)

750(s)

729(vs)
705(m)

639 (vw)
616 (vw)
606 (vw)

552(m)
539(s)

512(s)

490(w)
465(vw)
453(w)
438(vw)
423 (vw)
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Table 5.21 NMR spectra of (R,PN)(NS),.CsHg compounds and

1,3~ (PhiPN), (NS ), . CrHg?

Lyb 13¢{1yyP 31p{lyye
{RaPN) (NS)5. C7Hg
R=Ph m.l.18, 1.84 (AB, 10.0) 41.9 -17.7
t 3.21 (2.0) 43.8
d 4.13 (1.6) 81.6
6.23 139.5
R = Me d 1.32 (%JPH = 13.4) d 21.9 (1JPC =99, 1) 1.8
d 1.57 (ZJbH = 14.0) d 22.4 (1JPC - 78.6)
m1.20, 1.80 (AB, 9.3) 41.4
3.26 43.7
d 4.31 (1.1) 82.2
6.39 139.6
R=Ph0 m1.09, 1.68 (AB, 10.0) 41.2 -23.4
3.08 43.5
d 3.93 (1.6) 84.0
6.12 139.0
R=F m1.32, -.80 (AB, 10.0) 41.1 d -10.9 (lJPF = 935.9)
t 3.33 (1.8) 43.9 d -23.2 (1JPF = 936.2)
d 4.66 (1.6) 85.0
6.40 139.2
197,944 32.5 (Y3pp = 1000.4,2d, = 81.9) dd -3.1 (19, = 935.1,2J_ = 80.5)
1,3-(PhyPN)s (NS)s5.CrHg
. 1.5 (AB) 44.2 6.2
t 3.22 (1.6) 45.2
d 4.02 (1.9) 82.7
6.10 139.4
2 in CDCl3, § in ppm, J in Hz b peference Me, Si
 reference external 85% HyPO, d peference F3CCOOH

m = multiplet d = doublet t = t}iplet
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CONCLUSTIONS AND FUTURE RESEARCH DIRECTIONS

The preparation and characterization of the three P-N-S heterocycles
fulfil the primary objective of this work. They are the beginning of a
series of unsaturated systems which relate the well known phosphazene and
thiazene series of compounds. In addition to providing a useful comparison
between the P-N and S-N heterocyclic environment, the results emphasize
many of the concepts already established for the parent systems. The strong
visible spectra observed for the open, almost planar systems are a useful
prdbe into the electronic environment of the P-N-S heterocycles and the
studies support the basic conclusions concerning S-N and P-N bonding.
Adjustment of exocyclic ligands on these compounds may provide further
useful electronic information. Two of four possible eight-membered P-N-S
heterocycles have been isolated. The unknown species both require a tri-
coordinate sulfur center, and it is conceivable that these systems may be
a minor product of the reaction between Ph,PCl1 and SyNy.

The chemical properties of the P-N-S heterocycles are reminiscent of
those of related cyclothiazenes. However, in certain cases the presence
of the P-N units gives unique stability to the products. For all of the
systems oxidation involves removal of two valence electrons resulting in
a general stabilization of the electronic structure of the heterocycle,
for one reason or another. Although the products are very different for
each system, the initié] steps appear to involve oxidative addition to the
sulfur centers. A variety of phosphathiazyl halides have been isolated
and characterized, inc]uding.the first example of an S-N heterocycle
containing a thiazyl bromide (NSBr) unit. However, an unusual ring-

opening reaction is observed for the oxidation of 1,3-(Ph,PN),(SN),, in
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which an NSX unit is thermally released from the heterocycle. The stab-
ility of the N-S-N'unit-appears to be the reason for processes of this
nature. The twelve-membered dicationic P-N-S species produced in these
reactions indicates the possibility of an extensive series of compounds
with the ring size flexibility of the cyclophosphazenes and the cationic,
neutral, and anionic chemistry of the cyclothiazenes. The phosphathiazyl
halides provide a number of synthetic possibilities, some of which have
already been explored, such as the metathetical formation of bicyclic
P-N-S systems. Finally, the cycloaddition reactions of the P-N-S hetero-
cycles are very similar to those of S N,. One may expect much of the
diverse chemistry of the cyclothiazenes to apply to these P-N-S systems

resulting in a variety of interesting compounds.
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APPENDICES -

- Thermal parameters and hydrogen atom positions for 1,3—(Eh2PN)2(SN)2.
Thermal parameters and hydrogen atom positions for 1,5—(Ph2PN)2(SN)2.
Thermal parameters, hydrogen atom positions, and C-H bond lengths for
1,5-(MeoPN)2 (SN)s

Thermal parameters, hydrogen atom positions, and bond lengths and angles
2+(Br37)2.

Thermal parameters and hydrogen atom positions for 1,5-(PhyPN), (NSBr),.

of the phenyl groups for (thPN)q(NS)z

The anisotropic thermal parameter was of the form

T = exp(-2n2 (U h%a*2 + ... Uj,hka*b* + ...)).

The hydrogen atoms are numbered according to the carbon atom to which

they are attached.



APPENDIX 1 .

Al.1l Thermal parameters (x 10%) for ndn-hydrogen atoms of

1,3-‘V(thl_>_N_).2 (SN)Z

Atom Urs Uzz Uiz Urs Uss

Pl 200(5) 284(5) 340(6) 57(5) 162(5) 57(5)
S1 374(7) 248(6) 794(10) 121(5) 327(7) 167(6)
N1 312(28) 279(28) 289(28) o* 190(23) 0*
N2 296 (21) 346(22) 528(26) 49(17) 213(19) 49(19)
N3 363(32) 250(28) 761(43) o* 282(31) 0*
Cl 243(21) 239(21) 295(23) 71(17) 177(19) 51(18)
C2 239(21) 241(22) 274(22) 2(18) 126(18) 14(18)
C3 200(21) 389(25) 360(25) 23(19) 120(19) -63(22)
C4 298(24) 288(23) 576(31) -64(20) 301(23) -114(24)
C5 476(31) 289(25) 577(32) 4(22) 389(27) 92(23)
C6 331(26) 345(27) 456(28) 129(20) 231(23) 165(22)
c7 187(20) 331(25) 274(23) 35(18) 140(18) 68(19)
C8 260(23) 438(27) 327(25) 127(21) 154(20) 141(22)
C9 223(24) 647(35) 309(26) 61(23) 114(21) 57(25)
C10 294(25) 525(31) 299(26) -54(22) 187(22) -61(23)
Cl1 403(27) 309(26) 322(25) -29(20) 230(22) -9(20)
Ci2 235(22) 408(27) 245(24) 69(20) 135(19) 98(20)

* Parameters are restricted by the symmetry of the crystal.

Al.2 Positional and thermal parameters (x 10%) for hydrogen atoms

of 1,3-(Ph,PN),(SN),

Atom x/a y/b z/c U

H2 -1845 3017 2239 276
H3 -3399 2592 2166 350
H4 -3538 1070 3155 426
H5 -2231 218 4251 492
H6 -634 622 4327 414
H8 1522 2153 4978 377
H9 2341 3872 5999 434
H10 1839 6184 5796 413
H11 581 6983 4568 380
H12 -162 5242 3511 325




APPENDIX 2

A2.1 Thermal parameters {(x 10%) for non-hydrogen atoms of

- (Ph, PN}, (SN)»

Atom Uiz U2z Uss Uiz Uis Uz

P1 92(3) 154(3) 252(4) -32(2) 71(3) -98(3)

S1 97(3) 101(3) 239(3) -21(2) -8(2) -45(3)

N1 126(11) 267(13) 300(13) -46(10) 75(9) ~-152(10)
N2 109(10) 239(12) 280(13) -54(9) 65(9) -84(10)
Cl 127(12) 157(12) 291(14) -4(10) 57(10) -105(11)
C2 145(13) 272(14) 271(14) -19(11) 84(11) ~-85(12)
C3 104(12) 261(14) 347(16) -23(11) 68(11) -126(12)
C4 124(12) 198(13) 371(16) 11(10) 20(11) -53(12)
C5 163(14) 248(15) 406(18) 14(12) 50(12) 56(13)
C6 140(12) 180(13) 414(18) -34(10) 75(12) -1(12)
c7 93(11) 172(12) 267(14) -30(10) 39(10) -79(11)
c8 139(12) 225(14) 363(16) -26(11) 62(11) -18(12)
co 145(13) 207(14) 310(14) -4(11) 63(11) -69(12)
Ci0 142(13) 177(13) 400(17) -28(10) 82(12) -50(12)
Cl1 141(12) 222(14) 347(16) -20(11) 104(11) -118(12)
Ci2 137(12) 218(14) 274(14) -18(11) 78(11) -68(11)

A2.2 Positional and thermal parameters (x 10%) for hydrogen atoms of

1,5-(Ph,PN), (SN)»

Atom x/a y/b z/c ]

H2 -4445 473 1728 250
H3 -6351 788 748 258
H4 -6144 1423 -720 257
H5 -4036 1762 -1212 303
H6 -2123 1477 -221 262
H8 -1802 -2299 2631 262
H9 -1979 -281 2626 236
H10 -1409 -2720 1828 256
H1l -761 -1990 342 252

H12 - -898 -526 321 218




APPENDIX 3

A3.1 Thermal parameters.(x 10%) for non-hydrogen atoms

of 1,5-(Me,PN), (SN),

Atom Uiz Uzz Uss U2 Urs Uzs

P1 135(5) 165(5) 164(5) O* 18(4). o*
p2 135(5) 155(5) 154(5) 0*  -10(4) 0*
s1 150(3) 158(3) 151(3) -2(3)  -10(3)  -17(3)
N1 150(13)  145(13)  196{13)  16(10)  -4(11)  -9(11)
N2 164(14)  169(14)  300{16)  -8(11)  78(13)  29(13)
cl 187(23)  239(25)  157(21) 0*  51(18) oo
c2 130(21)  301(27)  185(23) 0*  48(18) 0%
3 247(27)  343(31)  204(24) 0*  14(22) O*
C4 165(22)  225(24)  235(24) o*  -7(20) 0*

A3.2 Positional and thermdl parameters (x 10%*) for hydrogen atoms

and C-H bond Tengths (3) for 1,5-(Me,PN), (SN),

Atom X/a Y/b Z/q U Atoms Distance
H11 294 8509 -1376 197 Cl-H11 1.0929
H12 1765 7500% -1179 197 Cl1-H12 1.0661
H21 -1456 8377 306 219 C2-H21 0.9308
H22 -1176 7500% 1387 219 C2-H22 0.8842
H31 5000 8448 -1320 266 C3-H31 1.0211
H32 3529 7500* -1606 266 C3-H32 1.1027
H41 1176 8372 4242 220 C4-H41 0.9144
H42 588 7500% 3340 220 C4-H42 0.9112

* Parameters are restricted

by the symmetry of the crystal



APPENDIX 4

A4.1 Thermal parameters (x 103) for non-hydrogen atoms of
(PhoPN)s, (NS),2¥ (Bry 7)5. CHiCN

Atom Uyg Uy Ussg Uiy Usis

Brl 86(2) 72(2) 79(1) -4(1) 5(1)

Br? 59(2) 86(2) 103(2) -3(1) 4(1)

Br3 133(2) 115(2) ) 131(2) -19(2) 20(2)

Br4 76(2) 115(2) 146(2) -7(2) 0(2)

Br5 78(2) 101(2) 90(2) 24(2) 16(1)

Br6 191(3) 122(2) 132(2) 30(2) -9(2)

P1 35(3) 36(3) 53(3) -1(3) 0(3)

p2 42(3) 48(4) 44(3) -4(3) -1(3)

P3 45(3) 58(4) 51(3) -5(3) 1(3)

P4 53(4) 40(3) 52(3) -1(3) 9(3)

Sl 51(3) 50(3) 47(3) -4(3) 4(3)

S2 54(3) 48(3) 50(3) 3(3) 0(3)

N1 45(9) 41(9) 28(7) 0(7) 1(7)

N2 22(8) 27(9) 48(8) 15(7) -6(7)

N3 65(10) 57(10) 27(8) 26(8) -1(7)

N4 51(9) 11(8) 34(8) 3(7) 1(7)

N5 24(8) 72(11) 60(10) 3(9) 13(8)

N6 42(8) 27(8) 28(7) -12(7) 6(7)

N72 107(14) 68(12) 72(12) 13(11) -9(11)
Atom U Atom U . Atom U Atom U
C11 37(5) €31 42(5) C51 56(5) €71 59(5)
c12 66(6) (32 53(5) €52 97(7) C72 95(7)
C13 67(6) €33 84(6) (€53 131(9) €73 128(8)
cla 79(6) C34 60(5) €54 155(10) C74 108(8)
Cl5 109(8) €35 68(6) C55 168(10) C75 134(9)
Cl6 71(6) C36 58(5) €56 93(7) C76 89(7)
c21 39(5) c41 46(5) C61 52(5) 81 52(5)
c22 63(6) C42 73(6) C62 85(6) 82 154(10)
€23 88(7) 43 75(6) €63 106(7) (83 175(11)
c24 82(6) C44 99(7) 64 123(8) (€84 101(7)
c25 98(7) Ca5 85(6) C65 103(7) €85 77(6)
€26 68(6) C46 89(6) C66 75(6) C86 70(6)
c1®  121(10)
c2? 127(8)

2 solvent molecule CH3CN



- A4.2 Positional and thermal parameters (x 10%) for hydrogen atoms of

(th__lu(Nslz (Brs_)s.CHsCN

Atom x/a y/b z/c U Atom x/a y/b z/c U

H12 2572 7296 2313 770  H52 6842 8985 4749 1130
H13 2008 8868 2216 810  H53 7223 10524 4517 1580
H14 2750 10085 2038 1000 H54 6929 11149 3672 1800
H15 4119 10063 2126 1210 HS55 6214 10272 2968 1880
H16 4742 8519 2152 830  H56 5964 8610 3166 1060
H22 3735 7003 1167 760  H62 7680 7035 4151 1010
H23 3311 6130 349 1050 H63 8559 6391 4795 1210
H24 3294 4484 455 920 He4 8197 6030 5684 1350
H25 3666 3661 1245 1250 H65 6867 6170 5935 1100
H26 39 3 4632 2064 720  H66 5942 6774 5260 820
H32 7563 6069 2579 650 H72 4992 9483 4598 1100
H33 85564 7228 2461 940 H73 4671 11115 4491 1510
H34 8359 8648 1970 700 H74 3892 11606 3770 1110
H35 7027 9094 1743 770  H75 3093 10529 3306 1680
H36 6047 7936 1847 700  H76 3378 8871 3892 1050
HA42 5734 6346 1135 850  H82 4314 6353 4983 1780
H43 5688 5287 382 760  H83 3387 5750 5615 2040
H44 5703 3651 554 1180 H84 2203 6637 5683 1110
H45 5900 3045 1448 1110 H85 1882 7780 5093 830
H46 5966 4137 2200 1010 H86 2790 8268 4404 780

0
A4.3 Bond lengths (A) and angles (Deg) for the phenyl
groups of (PhQPN)g(NS)22+(BTq:)2

Atoms Distance Atoms Distance
Cl1-Cc12 1.43(2) C31-C32 1.43(2)
C12-C13 1.43(2) C32-C33 1.39(2)
C13-C14 1.27(3) C33-C34 1.39(2)
C14-C15 1.39(3) €34-C35 1.39(2)
Cl15-Cl6 1.41(3) C35-C36 1.41(2)
Cl16-C11 1.36(2) C36-C31 1.32(2)
C21-C22 1.33(2) C41-C42 1.39(2)
C22-C23 1.42(2) C42-C43 1.36(2)
C23-C24 1.38(3) C43-C44 1.37(3)
C24-C25 1.35(3) C44-C45 1.36(3)
C25-C26 1.42(2) C45-C46 1.39(2)
C26-C21 1.4162} C46-C41 1.35{2;
C51-C52 1.38(2 €71-C72 1.34(3
C52-C53 1..38(3) C72-C73 1.42(3)
C53-C54 1.31(3) C73-C74 1.29(3)

cont’d ...



A4.3 (continued)

Atoms Distance Atoms Distance
C54-C55 1.39(4) C74-C75 1.33(3)
C55-C56 1.44(3) C75-C76 1.42(3)
C56-C51 1.34(3) C76-C71 1.36(2)
C61-C62 1.40(2) C81-C82 1.31(3)
C62-C63 1.37(3) £82-C83 1.40(4)
C63-C64 1.33(3) £83-C84 1.40(3)
C64-C65 1.39(3) C84-C85 1.26(3)
C65-C66 1.41(2) C85-C86 1.42(2)
C66-C61 1.38(2) C86-C81 1.36(2)
Atoms Angle Atoms Angle
P1-C11-Cl12 117 P3-C51-C52 118(1)

P1-C11-C16 121
C16-C11-C12 121
Cl1-Cl2-C13 116
C12-C13-Cl4 120
C13-C14-C15 126
C14-C15-C16 116
C15-C16-C11 120
P1-C21-C22 122

(

g P3-C51-C56 119(1)

(

(

(

(

%
P1-C21-C26 121%

(

(

(

(

(

(

(

(

C56-C51-C52 123(2)
C51-C52-C53 118(2)
€52-C53-C54 121(2)
€53-C54-C55 123(2)
C54-C55-C56 116(2)
€55-C56-C51 119(2)
P3-C61-C62 122(1)
P3-C61-C66 122(1)
C66-C61-C62 116(1)
€61-C62-C63 122(2)
C62-C63-C64 122(2)
C63-C64-C65 120(2)
C64-C65-C66 119(2)

1)
1)
1)
1)
2)
2)
2)
2)
1)
1)
C26-C21-C22 116(1)
2)
1)
2)
2)
1; €65-C66-C61 121(2)
1
1)
1)
1)
2)
1)
1)
1)
1)
1)
1)
1)
1)
2)
2)
1)

C21-C22-C23 126
C22-C23-C24 113
€23-C24-C25 128
C24-C25-C26 114
€25-C26-C2 123
P2-C31-C32 119
P2-C31 C36 120
€36-C31-C32 120
C31-€32-C33 115¢
C32-C33-C34 126(
€33-C34-C35 117(
C34-C35-C36 118(
€35-C36-C31 124(
P2-C41-C42 118(
P2-C41-C46 123(
C46-C41-C42 119(
C41-C42-C43 119(

(

(

(

P4-C71-C72 119(1)
P4-C71-C76 121(1)
C76-C71-C72 120(2)
C71-C72-C73 119(2)
C72-C73-C74 120(2)
C73-C74-C75 122(2)
C74-C75-C76 119(2)
C75-C76-C71 119(2)
P4-C81-C82 122(1)
P4-C81-C86 120(1)
€86-C81-C82 117(2)
€81-C82-C83 125(2)
€82-C83-C84 114(2)
(83-C84-C85 124(2)
C84-C85-C86 120(2)
C85-C86-C81 120(1)

C42-C43-C44 120(
C43-C44-C45 122
C44-C45-C46 117
C45-C46-C41 123



APPENDIX 5

A5.1 Thermdl parameters (x 10%) for non-hydrogen atoms of

1,5-(PhoPN), (NSBr ),

Atom Ura Uz Uss Ur2 Uis Uas
Brl 92(2) 45(2) 46(2) 3(2) 27(2) 7(2)
Br2 71(2) 51(2) 51(2) 1(2) 25(2) 6(2)
S1 47(4) 25(4) 37(4) -6(4) 13(3) -11(3)
S2 21(3) 38(4) 47(4) -8(3) 13(3) -10(4)
P1 40(4) 32(4) 42(4) 0(4) 6(3) 6(4)
p2 24(3) 40(4) 30(3) -2(4) 13(3) 2(3)
N1 11(8) 67(15) 55(11) -6(10) 9(7) -14(10)
N2 55(11) 22(11) 53(13) -3(9) 19(9) -15(9)
N3 58(11) 34(12) 20(8) 15(10) -1(7) -3(8)
N4 3(6) 73(15) 33(11) -2(9) 9(7) -1(10)
Atom Atom U Atom U Atom U
Cl1 21(4) c21 37(7) C31 42(7) ca1 52(7)
Cl12 49(5) €22 40(5) €32 46(6) €42 58(8)
€13 51(5) €23 40(5) €33 86(9) C43 61(7)
Cil4 55(6) C24 53(4) C34 67(5) C44 49(5)
C15 48(6) C25 54(5) €35 73(6) €45 58(5)
Clé 41(6) C26 43(7) €36 82(11) C46 41(5)
A5.2 Positional and thermal parameters (x 10%) for hydrogen
1,5-(PhoPN), (NSBr),
Atom x/a v/b z/c ] Atom x/a y/b zfc U
H12 4587 5756 7844 490  H32 9188 1741 8766 510
H13 3528 5682 8818 590 H33 11079 187 9063 910
H14 2175 3384 8820 610 H34 10369 -1603 9247 700
H15 2011 641 7832 500 H35 10728 -3643 7941 750
H16 2955 1025° 6811 420 H36 9399 -1966 6944 690
H22 3831 2798 4847 470 H42 10017 4083 6423 550
H23 2452 4196 3751 430 H43 11320 3944 5531 630
H24 2120 7076 3861 560 H44 10930 2299 4487 490
H25 2801 8683 5108 600 H45 9467 -36 4304 600
H26 3884 6990 6328 460 H46 8272 5205 430

-274




