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ABSTRACT

This thesis commences with an introduction to tienastry and materials

properties of dithiazolyl radicals and a reviewpoévious research on the isolobal
heterocyclic phosphorus-containing derivativestipalarly dithiaphospholes and

diazaphospholes.

P-chloro-1,3,2-benzo-dithiaphospholes were prepdrech the condensation of
PCk and 1,2-benzodithiols in good yield. Reductioroeded Z,2e P-P o-bonded
dimers containing a formal'Foxidation state which were characterised by X-ray
diffraction. Re-oxidation generates the crystaliganically characterisedP-
halogeno-1,3,2-benzo-dithiaphospholes.  The  syrghesiand structural
characterisation of the isolobal P-chloro-1,3,2-benzodiazaphospholes,
CeH4(NR),PCI (R = H, Me, Et, COMe, COOMe) is described. Thdcome of
attempted reductive coupling was found to be seesiio reaction conditions,
affording the P dimer alongside other decomposition products cherised by X-

ray diffraction.

Functionalisation of th€-chloro group by salt metathesis and/or condensatas
used to prepare a series of poly-cyclic structucestaining two or more
diazaphosphole, dithiaphosphole and dithia-arsoigsrlinked via bridging units
which were characterised by X-ray diffraction. Tpaddle-wheel molecules
N(C/HeSPny (Pn = P, As) were prepared by a stepwise condensatif
Li[N(SiMej3),] with P-chloro-dithiaphosphole andls-chloro-dithia-arsole whereas
the bis-triamide gH4(NR[CsH4(NR).P]), was prepared from condensation of the
P-chloro-diazaphosphole withrtho-CgH4(NHR),.

Treatment ofP-chloro-dithiaphospholes dp-chloro-benzodiazaphospholes with
MCl3; (M = Al, Ga) generated a series of two-coordinat®gphenium cations
whose structures were determined by X-ray crysjediphy. This methodology
was extended to prepare the heavier dithia-arsemindndithia-stibenium cations

and the structure of the first benzodithia-arsenaation is reported. These cations

iv



are Lewis acidic and form a series of 1:1 complexgh PhE (E= P, As, Sb)
which are characterised by multinuclear NMR. Thiidphosphenium cation (as
its GaCl salt) also forms adducts with dioxane and promyleride but is an
efficient catalyst for the cationic ring openinglyaerisation (CROP) of THF to
form poly(THF), [O(CH)4].. The conversion rate and yield is sensitive tactiea
conditions. Notably the corresponding A|Qlalt did not polymerise THF due to
reformation of the P-chloro-dithiaphosphole and formation of the adduct
AICl3-2THF. The related arsenium and stibenium catitwsvdimited activity as
reagents for the CROP of THF.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

1.11 Overview of research: Phosphorus-containingaterials and their

analogues

This dissertation presents studies on the syntheb@racterization, exploration, and
catalytic properties of new five-membered hetencaylaterials based on phosphorus and
other heavyp-block group 15 elements (arsenic and antimonyjpsphorus is often
considered asd‘ carbon copy of carbonlue to the similar reactivity and bonding
associated with these two elemehTis similarity arises out of the diagonal relasbip
between these elements which leads to similarreleegativities £c 2.55;yr 2.19) and
bond enthalpies to a range of elemesetsg.(C-O 358 kJ mat; P-O 335 kJ mél; C-Cl
and P-Cl at 327 and 326 kJ niptespectively; C-F 485 kJ migland P-F 490 kJ md).2
Although the P-P bond (209 kJ rilis somewhat weaker than C-C (346 kJ thothere

is still a propensity for P-based compounds torete This is highlighted by the many
forms of elemental P including white phosphorus),(fed and black phosphortidn
addition, many other cyclic and acyclic catena-phosus compounds are known.
While tebonding between the lighter main group elements @ N, O) is well
established and the strength mbonding for these light atoms is comparable vath
bonding, the more diffuse nature of thp 8rbitals is typically considered to lead to
weakerrebonding and a tendency to oligomerise. As a camsece multiple bonding for
the heaviep-block elements is generally less common. Inde&hg not until 1981 that
the first compound containing a P=P double bonds®ePMes*, was reported by
Yoshifuji.> The use of sterically protecting groups to inhibligomerisation has also
been employed to generate As=As, Sb=Sb and Bi=Bd&bSince then other multiple

bonds to phosphorus have been reported, includinggha-alkynes, R



Besides the well-defined examples of simple hontalep=E multiple bonds, a range of
T-conjugated P-containing heterocycles are knowno#gst some of the most common
are those relatedia formal isolobal substitution of RC by P within a@mtional all-
carbon aromatics such agHg and GHs. For example a range of ‘metallocenes’ based
on the (BUCYP, anion have been reported by NiX@nd P-rich analogues of benzenes,
exemplified by trit-butyl-1,3,5-triphosphabenzene'B{C)P; have been reviewed.
Although the degree of heteroaromaticity still rémsaunder some debal®,an
examination of the series of P-substituted arormatixpose a group of well-correlated
thermodynamic, structural, and chemical propertdmvadays the aromaticity has been
explicitly noted in phosphorus-containingr 6systems® A widespread series of
heterophospholes including O, S, Se, and N hemmathave been found to exhibit
heteroaromaticity and significant aromatic stahifian energy®***

Similar to other elements of the third period, gitusus possesses diffuse valence
orbitals leading to longer bonds and more polatesabectron density which stabilise
longer-range bonding interactions through disperdarces or significant bonding at
distances at or beyond the conventional P-P bargttg2.20A)

The overall aim of this research is to combine sduvt®pics following current trends of
heterocyclic chemistry, focusing on several isolakdelocalised structures which build
upon dithiaphospholyh, diazaphospholyB, and some arsenic/antimony analogueA .of
These structures are isolobal with 1,3,2-dithiaz@TA) radicalsC which have been

known to possess some interesting magnetic pregevthich are discussed in the next

section’?
R
S, N S,
gw; P N
S N S
R
Benzo-1,3,2- Benzo-1,3,2- Benzo-1,3,2-
dithiaphospholyl diazaphospholyl dithiazolyl
radical radical (DTA) radical
A B C



1.1.2 Physical properties of dithiazolyl (DTA) regls

Developments in sulfur—nitrogen chemistry have maidg@ificant contributions in the
synthesis of molecular materials. In the last fesecadles thiazyl (S/N containing) and
selenazyl (Se/N containing) radicals have attraptaticular attention as building blocks
for both conducting and magnetic materiafs:> as well as paramagnetic ligands in
coordinatioi* and organometallic chemistt§? For example, work by Oakley has
focused on the use of thiazyl and selenazyl rasliaal conducting materials, achieving
true metallic behaviour with conductivities up @ B/cm for selected pristine and doped
radical system&> Within the Rawson group the family of dithiadiagoIDTDA) radicals
has been studied as building blocks for molecuketianagnets with magnetic ordering
up to 70 K'?*14a1These DTDA radicals have also been used as parstiadjigands in

coordination chemistry and as building units in aitonductors: 2’

N~ S S
(% N L
N~ S S

Dithiadiazolyl (DTDA) Benzo-bis(1,3,2-dithiazolyl)
radical diradical (BBDTA)

+

The closely-related 1,3,2-DTA radicdlshave also been investigatéd:****¥The DTA
radical C was originally reported by WolmershauSeand subsequent studies by
Passmor? indicated that N-Ns-bond formation was unfavourable afdis found to
exist in equilibrium with itst*-* dimer, (C), in solution. In the solid staté adopts a
multi-centren*-n* diamagnetic dimer motif with close intra-dimer-S contacts (¢.s =
3.1752(8) A) although heating generates a poorljneé paramagnetic phase which
undergoes long range antiferromagnetic order b&®w.*** Other derivatives of these
radicals also exhibit bulk magnetic order with te&rachlorogallate salt of the radical
cation BBDTA" exhibiting ferromagnetism below 7 ¥ whereas [BBDTA][FeC] is a
ferrimagnet below 44 K3 However it is the propensity for many DTA derivat to
exhibit bistability, in which they undergo a firsrder phase transition between a

diamagnetic dimer motif and a paramagnetic monowtach has attracted particular



attention as this can occur at/near room tempexawith spin switching driven by heat,
light, and pressur€®?* This behaviour offers the potential for switchabiaterials for
data storage. In addition, ther-@lectron 1,3,2-dithiazolyl (DTA) radicals also ffior
conducting charge-transfer salt8.

There has been a considerable body of work dedidatéhe expansion of these families
of sulfur—nitrogen radicals. Pioneering research haterocyclic C/N/S chemistry by
Banister” Roesky?® Passmoré? Oakley?’ Chiver$® and Rawsotfinter alia initiated

the development of many thiazyl-based radical sygfems. Recent work by Oakley has
shown that the magnetic anisotropy of these raglicah be substantially enhanced by the
inclusion of heavyp-block elementS®?°since the spin-orbit coupling constant scales as
Z*(Z denotes the nuclear chardAs a consequence, while light atom radicals (CJN/O
are expected to give little magnetic anisotropy bebave as ‘Heisenberg’ spin systems
with small coercive fields, replacement of theg@terp-block elements such as C, N, O
by heavierp-block elements such as P, S are highly desirablgetelop radicals with

larger magnetic anisotropy necessary to form peem@amagnets.
1.1.3 Dithiaphospholes - Analogues of DTA structsre

Inorgano-phosphorus chemistry has been entireljateaed through the discovery and
development of stable phosphorus derivatives siheebeginning of the 1970's. There
are many types of phosphorus-containing heteracgtiuctures. These include trivalent
phosphorus atoms which bear a lone-pair with rgmtasive coordination numbers of
two or three, to pentavalent ones exhibiting gdnewardination numbers between four
and six. In addition, low valent' Rhemistry has become an established fildmong
five-membered heterocycles containing mixed grodiplb, and 16 elements, those with
phosphorus and sulfur have gained less attentian the ones with phosphorus and
oxygen due to their synthetic limitatiofisHowever the benzo-1,3,2-dithiaphosphéle
can be considered as a heaveblock analogue of the benzo-1,3,2-DTA radi€al
through isovalent replacement of N by its heavieicfpgen congener, P. Indeed these
form two examples within a larger series of simbayclic structures containing a five-

membered heterocycle {&Pn] (Pn = group 15 elements N, P, As, Sh).

4



1.1.3.1 Syntheses of dithiaphospholes

1 1
5| S.2 5_S.2 @:S\ S
PH PR PH [ P~
4>S 4 S’ S S N(CH2CH2C|)2
3 3
1,3,2-dithiaphosphole 1,3,2-dithiaphospholane Benzo-1,3,2-
dithiaphosphole
S1 S2 S3 S4

1,3,2-dithiaphosphol&l is closely related to the 1,3,2-dithiaphosphol&2(R = H)
which was first synthesized by Arbuzov and Zoramsir in 1952? Benzo-1,3,2-
dithiaphospholeS3 originally named 1,3-dithia-2-phosphaindan, waisidlly prepared
in 1960 by Campbell and Way in a stereochemixairenation of the optical stability
induced only by three-covalent phosphorus-contginicompounds® The 1,3,2-
dithiaphospholane-2-oxide derivativ€4 containing >PN(CHCH,C1), side-chain have
been studied due to their potential activity as ptesm (tumor or abnormal tissue)

inhibitors 3%
PCl; S, S, S
| P—Cl + || P—SCH,CH,S—R |
- HCl S S S
ROPCI, —S,
SH — i P-OR
. pyridine S
| -HCl
SH
CH,CH,G O
N—R
{ cl
C|H20H2C Cl S\ //O
. i P
pyridine [S/ \N(CH20H2C|)2

-HCl
Scheme 1.1Syntheses of monocyclic 1,3,2-dithiaphospholévdéves3*°

Generally, the dithiaphosphole heterocycle is gateervia ring-closure condensation
between a dithiol and a phosphorus halide derigatiith the HCI by-produatliminated

by heating or the addition of a ba$&** Most of these heterocycles have developed from



commercially available 1,2-ethanedithiol, 1,2-ewndithiol, benzene-1,2-dithiol and

toluene-3,4-dithiol starting materials (Schemesahd 1.2).

C|2PONM62

S\
. /P@NMez
pyridine R S

-HCI
SH S
R SH - HC R S
R =H or Me
R'PCl, S,
PR
pyridine R S

-HCI

Scheme 1.2Syntheses of bicyclic 1,3,2-dithiaphosphole deiies®

1.1.3.2 Chemical reactivities of dithiaphospholes

S, S
S \ MCI \+
o0y o Cre e OO e
s - NaCl S M= Al or Ga S
2
03 o SN
S, s/ 0

OXe % ise

R S _— R S O 0

spirophosphoranes

s, S, S
10 'P—NMe, + P-s s—K j©/
/@[S:P*OCOC% + HNMe, amino-dithiaphospholane

S
6h S, S
L - P=S S—R

thiophosphite

Scheme 1.3Chemical reactivities of the dithiaphosphole figrrit=°



Dithiaphospholes have been investigated as staratgrials to synthesize other P-
containing heterocycles such as the 2-coordinatsgitenium catiof®®° low oxidation
state B systems® new sulfur-containing spirophosphoranes,  amino-
dithiaphospholan&® and diphosphif&® (Scheme 1.3). However the chemistry of these
heterocycles is not well explored, and predomiyastems from a few studies by
Baudlef® in the 1970's and Burforf"*%fin the 1980’s. In many cases a mixture of
products was obtained with a paucity of structulatia with compounds predominantly
characterised by NMR spectroscopy.

The lone pair associated with th& Bentre offers potential Lewis base behaviaug,
for coordination to softer transition metals andnaall number of studies have recently
focused on dithiaphospholanes as ligands, for elathp complexeS$5— S7.3” Notably
both the complexeS5 and S6 catalyze the etherification between propargyliohtis
and methanol or ethanol (8—48 h, @) 40-85% isolated yields}?

s ST
p, O Y P-S  S—P-

- 3 B S/¢ ? S
W el N2 c—IN s —
cl R D S
S X =Cl or CgFs
S5 S6 s7

1.1.4 Diazaphospholes - Isolobal Analogues of DT#uUStures

Heterocycles comprising phosphorus—nitrogen framksvare considered to be one of
the oldest inorganic rings ever known, and theyehatracted applications as precursors
for inorganic polymers (polyphosphazen&spowerful bases, nucleophiles, or catalysts

in inorganic synthesi¥.

Diazaphospholes comprise a five-membered ring aunta one phosphorus and two
functionalised nitrogen atoms. These represent ee rttworoughly examined group of

heterophospholes than the dithiaphospholes deskciibethe last section. However,
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research on neutral monocyclic 1,3,2-diazaphosplale/hich is proposed as a transient
species has not been fully developed so far. Itrast) its ionic derivatives such as anion
N2 and cationN3 are more stable and have been syntheéfz&te synthesis of cyclic
phosphenium catioN3 can be readily accessed by P-hydride abstractiof st

Pilgram and Kort& are credited for their initial discovery of an Baed azaphosphole.
In 1963 they reported the synthesis of the firshzdphospholeN-phenyl-1,3,2-
benzodiazaphosphoM5, from condensation betwe&iphenyl-1,2-diaminobenzene and
triphenylphosphite at 150-180 °C. Even though ttosnpound was later found to
undergo oligomerizatioft their discovery was farsighted in terms of sigimify the
possibility of the involvement of two-coordinatetivalent phosphorus in cyclic

delocalization thereby affording aromatic stabtiiaa.

A o H H Ph R
N N N N N N
[ P [ P [ P® [ PH ©: P | P
N N N N N N
H H R
N1 N2 N3 N4 N5 NG

There is not a standardized nomenclature for ongaosphorus compounds due to the
co-existence of several more or less systematissifieations. The parent neutral
heterocycleN1 always appears to be designated as a 1,3,2-diaz@ipble and the anion
N2 is named as a 1,3,2-diazaphospholide. The neNthadterocyclic phosphinisl4 has
been called either a 2,3-dihydro-1,3,2-diazaphokgpbo 1,3,2-diazaphospholene while
its completely saturated heterocycle is then naa®d,3,2-diazaphospholidine. Cation
N3 can be categorized as a derivativdNdf and can therefore be designated as either a
1,3,2-diazaphospholium or 1,3,2-diazaphospholeriami® In addition, the dicoordinate
phosphorus cations (3Plike N3 are also referred to as phosphenium catigh$2?*4n
this thesis ions of typ&l3 will be referred to as phosphenium cations forststency.
Covalently bound precursors such as derivativéd$doivhere P-H is replaced by P-X will
be described aB-chloro phospholes etc. In addition the radicalsvee from reduction
of these phospholes wil be described as phosplhadiytals. The corresponding radical



N6 can be considered to be isolobal with the DTA raldicrough replacement of (i) S by
N-R and (ii) N by P and both can be classifiedias-nembered heterocycliai®lectron

radicals!?c*°

1.1.4.1 Syntheses of diazaphosphole derivatives

Synthesis ofC-alkyl-substituted or benzo-fused five-memberedyiazaphospholes can
be typically achievedia a [4+1] cyclo-condensation between an electropiiliand a
nucleophilic GN; building block. Amongst these neutral 1,3,2-diazegptholes, thd-
halogeno-substituted diazaphospholes are avaitglblecondensation of 1,2-diamines
with PXs. For example, the single-ring 2-chloro-1,3,2-d@masphole has been produced
by means of condensation between diaminomaleanéritl PGJ(Scheme 1.43° SuchP-
halogeno-diazaphospholes have been used as prectiosofurther reactions such as
coupling reductions, halide substitutions, anddeatibstraction®

NH, PCI3 NC H
I | P-Cl
NH, -2 HC| NG H

Scheme 1.4Synthesis of monocyclic 2-chloro-1,3,2-diazapiade.

Additionally, a-diimines are the most common starting materialgatd the syntheses of

monocyclic diazaphosphole derivatives. They caretgm base-activated reactions with
PCk to form 2,4-dichloro-1,3,2-diazaphospholes. On titeer hand, they can be
transformed into di-lithio-diaminesia two-electron reduction (by Li, Na, or Mg),

followed by condensation with P£1%or RPCH*%4" to form diazaphospholes (Scheme
1.5).

Similarly, benzannulated 1,3,2-diazaphospholes egadily obtained fromN,N*-
disubstitutedb-phenylenediaminegia base-promoted condensation with REIRPC}.*®



PCly; 2Et5N R?

(R = H) CINN,
| P-cCl
“EtzNHCI

;U’Z
[N}
)
)

2L le:NLi PCls leIN\
P—Cl
L 2 LiCl N

dilithium diazadienide

Scheme 1.5Syntheses of monocyclic 1,3,2-diazaphospholevaivies from diimines.
44d,47

1.1.4.2 Chemical reactivities of diazaphospholawiives

P-functionalized 1,3,2-diazaphospholes (X = Cl, Brhave attracted significant interest
due to their distinctive reactivity which can bériauted to the bond/no-bond resonance

(covalentvsionic resonance) forms (Scheme I'%).

>|< X
/P /P
R\ N-R R\N®N,R

Scheme 1.6 The bond/no-bond resonance forms @& functionalized 1,3,2-
diazaphospholes.

The unique P-X bonding iR-functionalized 1,3,2-diazaphospholes is charazeriby
considerable n(Ny*(P-X) hyperconjugation, leading to strong polatiaa of the P-X
bond in the sens&P-X>.%° Surprisingly, this induced polarization is pressheven
when P and X have similar electronegativities (K= §p = 2.1))**"**°The majority
of publications regarding the chemical reactivitefs1,3,2-diazaphospholes and their
derivatives have focused on substitution of funr@iagroups at the C, N, and P atoms of
these heterocycles. The reactivities related to PBeXds have been extensively studied
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and P-halogeno-diazaphospholes are commonly utilizedstasting materiaf§ which
facilitate substitution of theéP-bound halogen by another halogéh hydrogerf!“"
phosphina® amino>! or alkoxy group¥ (Scheme 1.7). Manf-chloro-diazaphosphole
derivatives are air and moisture sensitive, showiotlp oxidation to P(V) and hydrolysis
of the P-Cl bond?

R R
N, N
[ P—R |
N N
R R
R
R N -
N <& | P Y
\ _ J/ ‘\O N
[N'P N Sy ““%iq?’“ R
LY X O
R ;AN S Y- = OTf or BF,
£ / e A\ 4
IR AW S
/ o
R
% /

Y,

o) [ N
- y Qég [/P—NHZ (R = Mes)
\ i Y, 5
e

[ N‘
AN R
&
N H @© -AgCl| AgF
o R R
R R e or|or N N
I\II\ -Me3SiCl | Me3SiBr | \P\N/P< | (R="Bu)
[ P-OR' R 5 N
I\\I I\/I R R
R [ P—X
N
h (X=ForBr)

Scheme 1.7Reactivities oP-chloro-1,3,2-diazaphosphol&s?’ >3
1.1.5 Phosphenium ("), arsenium (RAs’), and stibenium (RBSb") ions

Phosphines (P RPH, R:PH) have been considered as conventional ligandisylarly
for low oxidation state metals due to (i) theirdgpair donor capacity; (ii) the availability
of low-lying P-C o* orbitals which offer sometracceptor characteristics and (iii) the
ability to fine-tune both the steric and electropioperties of the phosphinéAs a

consequence phosphines are amongst the armouryrasfgsfield ligands used in
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organometallic chemistry in which the steric anelcgbnic nature of the phosphine can

be systematically tunef®>°

In recent decades, singlet carbenes have attrapgmificant interest in coordination
chemistry and organometallics as alternatives twsphines due to their stromgdonor

character and tunabteacceptor charactéf.In particular Arduengo's developmenthof

heterocyclic carbenes (NHCs) has been rapidly ¢reglon a range of active catalysts
including the Grubbs-Il catalysts for olefin metsis®’ The relationship between
carbenes, their heavier silylene congeners andsthedectronic phosphenium cations,
which are simply attained by treatment ofPRI with AICI;,** offers a series of singlet
carbene-analogues which simultaneously offer a |osie of electrons and a formally

|44 Replacement of the carbene C by isolobaleds to a phosphenium

e,56e,58

vacantp orbita
cation capable of acting as a pasdonor but strongr-acceptor (Figure 1.1
Similarly, replacement of C by Si leads to silylervehich offer a softer donor set to the

metal center?

Figure 1.1 The parallel between the singlet states of phesijpim cations, carbenes, and

silylenes.

Such isolobal analogies provide a drive to esthbilisvel synthetic methodologies which
may lead to new structures, bonding, and chemiattivities®® Phosphenium ("),
arsenium (RAs"), and stibenium (BSb") ions have been shown to exhibit amphoteric
properties as either Lewis acids or prospectiveitdases because they offer both a lone
pair of electrons and a vacanorbital *****¢®"Here the steric and electronic effects of the
R groups coupled with the ability to tune the ‘heeds’ of the group 15 element, offers a

potentially strong chemical diversity in Lewis altidse character as a potential ligand.
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Their Lewis acidic nature was first illustrated Itlye formation of phosphenium-
phosphane adducts in which phosphanes act as Leag®s in the research of Schultz
and Parry? For instance, the cation #i acts as a Lewis acid regardless of the existence
of lone-pair electrons at the phosphorus atéisince the mid-1970s, phosphenium ion
chemistry has attracted progressively more intefresh chemists. These species have
proved to be very useful reagents with versatilectigity due to their electrophilic
character. Conversely, the phosphorus lone paattrdouted to their reactivity toward
azides, and to exhibit a rich coordination chemistt®

1.1.5.1 General synthesis of phosphenium, arseranthstibenium cations

The simplest models of coordination chemistry carctnstructed by the combination of
electron-rich pnictogen centers and electron-daficigroup 13 centerse.qg. donor-
acceptor bond fAN—BX3). Examples of phosphorus coordination chemistey \aell-
known @.9. RsP—EX3).2* For chlorophosphines, although—E coordination §.g.
R,(Cl)P—ECI;; E = Al or Ga] has been detected in some exanfiplée Lewis acidic
ECl (AICI; or GaCh) favours interaction with the chlorine center offiet
chlorophosphine, resulting in heterolytic cleava@éhe P-Cl bond to yield phosphenium
salts RP".**¢In addition, the naturally weak-donor potentialhafophosphinés and the
heterolytic lability? of P-X bonds permit the generation of new inténesstructures

instead of formation of a coordinate-fE bond.

R R,
pn-Cl -+ A — Pn anion]
R R
Pn = P/As/Sb Halide abstracting agent [anion] = [AICI,]"; [GaCl,]; [OSO,CFg]

Scheme 1.8General synthesis of phosphenium, arsenium, @mehsum cations.
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1.1.5.2N-heterocyclic cations

4 : :

S PR X P P

[ /E R\N \\N/R X R\N \N/R R\NN/R
H
N7 N8 N9 N10

The five-membered heterocyclic systeNis (E = N', P, As’, Sb) have flourished as a
consequence of the discovery of stable carbEiie = C:) in the early 1990s. These N-
heterocyclic carbenes are powerful nucleophiles]y &ave great contributions in
coordination chemistry as well as in cataly§fsAlthough the cyclic phosphenium cation
N7 (E = P) was discovered (in 1972)before the carbene analogue, its significance was
not widely appreciated. However, the numerous aadable applications of carbenes
have aroused an uninterrupted pursuit of isoelaatnmorganic replacements from other

elements in groups 13—18.

Recently, the B-aromatic 1,3,2-diazaphosphenium iomM$9,( N10) symbolized cyclic
phosphenium cations have intrigued chemists sineg are isoelectronic with the well-
known and heavily utilised family of Arduengo cambs. The solid state structureN8

(R ='Bu, X = Cl) reveals a P- - -Cl distance (2.715(Zf%ghorter than the sum of the van
der Waals radii (3.55 RY but notably longer than those of representatiwalent P—Cl
bonds (PG 2.043 A% Mes*NPCI 2.142(4) A° Mes* = GH.'Bus-2,4,6). This
compound undergoes autoionisation in solution ana iregular observation for non-
metals and certain phosphenium salts in which a@ation interactions are less than the
sum of the van der Waals radii, and appear somewlsansitive to the structural
characteristics of the cation or anidrClearly solvation of the cation and anion in polar
solvents compensate the cleavage of the P-X bohe.bbnding, structure, reactivities
and aromatic nature df-heterocyclic phosphenium cations have currentigobee the
themes of experimental and theoretical rese#fci{d449:470.72
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1.1.5.3S-heterocyclic phosphenium cations

Calculations have revealed that thebond strengths of P=N (44 kcal-riiplare
comparable to those of P=S (40 kcal-Mdf This theoretical analysis supports the fact
that aromatic structures containingP$ as well as their analogues 48], [S;Sb])
might also offer alternatives to N-heterocycliclslised phosphenium cations. These
species are believed to gain their stability basedwo principles: i) their ©electron
count follow the Huckel #+2 rule; ii) ther-delocalization of the positive charge over the
aromatic framework? although this occursiia 2p-3p Tebonding in N-heterocyclic
phospheniums (NHPs) anda 3p-3p Tbonding in S-heterocyclic phospheniuffiszor
diazaphosphenium cations the P-N bonds are palarise’-N®> (Pauling
electronegativities of P and N are 2.19 and 3.®&peetively), leaving much of the
positive charge on the P-centre. This makes therre an efficient Lewis acid, but
rather poor Lewis base. Conversely the electromggabf S (2.58), whilst larger than

that of P, is less than that of N and is expeatel@¢dd to poorer Lewis acidity but better

-3 NS
(P R1-  |{+)X
S X9

S8 S9
X = P/As/Sb

Lewis-base character.

Despite the fact that monocyclic 1,3,2-dithiaph@spam GS,P* cations £8
theoretically adopt planar aromatic structuresir thedts have not been isolated {&The
inclusion of a benzene ring into the two-carbonkbaoe can afford extensive stability in
1,3,2-benzodithiaphosphenium ions and heavier atmalogues 9. The 1,3,2-
benzodithiaphosphenium ions are considered ash&@ronaphthalenic cations which
are stabilized by ppr bonding between P(lll) and S. Crystallographicdss by
Burford on [GHsS,P][AICI,] reveals this heterocycle adopts planar geont&tR/e%e
The shortening of the P-S bond with respect gd/S,P-Ph reflects stabilisation byg-
3pn bonding, providing insight into the capacity fwbonding between these heavier
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main group elements. The isolobal nature of theB#sSin relation to the more
thoroughly studied NHPs indicate these systems mffgr some potential Lewis
acid/base charactdf?2623%4although several S-E-S (E = P, As, Sb) salts Haeen
isolated as air-sensitive, yellow-to-orange crystalsolids, studies of their structures and

chemical reactivity are limitetf®?-25¢

1.1.6 Ring-opening polymerization

Ring-opening polymerization (ROP) has become onth@fmost important methods to
produce polymers in the latter half of thé"a@ntury’® ROP has proved to be a valuable
route to polymers with very specific, and contrbléa properties. This process can be
classified as a chain-growth polymerization in whimonomer units consecutively add

into an active chain at its terminal end to formloager polymer chain (Scheme
1 9) 76a,b,76d,77

E ] = i + @ —_— Mwmpv xX*
Active propagating chain
(cationic, anionic, radical) cyclic monomer

Scheme 1.9A generic ring-opening polymerization process.

However, ROP is much more complicated in realitgduse many stages are involved
such as initiation, chain growth, and terminatios well as accompanying side
reactions’®’® ROPs are categorized according to the type ofatnit used. These are
broadly described as cationic ROPs, anionic RORs radical ROPs. Cyclic monomers
for ROPs are diverse and include cyclic olefi%, ethersM2, thioethersM3, amines
M4, lactonedM5, thiolactonedVi6, lactamsM7, and many other heterocycles with one
or more heteroatoms in therinG&.The driving force for ROP is the relief of ringain

or steric repulsion between atoms at the reactemter. Consequently, the enthalpy
change in ROP is negative, following a similar trem other types of polymerization. In
conclusion, the reactivity of cyclic monomers todspolymerization depends on the

ability to release the ring strain. Therefore, R@Rely occurs with cyclic monomers
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possessing little or no ring strdihRelevant to this thesis is the cationic ring-opgni

polymerisation process (CROP) which is discussedore detail below.

F|2 //O //O /,O
M1 M2 M3 M4 M5 M6 M7

Cationic ring-opening polymerization (CROP)

Cationic ring-opening polymerization (CROP) is dypterization process characterized
by employing cationic initiators and involves pogty charged intermediates. Several
important industrial polymers such as polyacetais)ytetrahydrofurans, poly(3,3-
bis(chloro-methyl)oxetanes), polysiloxanes, and ymars of ethyleneimine and
poly(phosphazenes) are synthesized by these melffo@ROP reactions are often
relatively time-consuming processes with slow kiteetReaction times are regularly in
the order of hours even at higher temperaturesoime cases, the reaction rate can be

improved significantly up to 400 fold with microweassistanc&® ¢

Initiation . CROP can be typically initiated by electrophdigents such as Brgnsted acids
(HCI, HSQy, HCIO,, etc.), Lewis acids (AlG) BR;- OEb, TiCls, etc.), carbenium ions,
onium ions, and photo-initiatof&°7%%€"""Here donation of a lone pair to the electron-

poor initiator leads to initial ring-opening of togclic monomer (Scheme 1.16§:827%

CH»
/ >
N X B
CH Initiator
P i o,/ \CHZ m o e
:X\ @B/A—X A—X—CH, H,C—X
CH,

X=0;N;S
cyclic monomer

Scheme 1.10Initiation process in ring-opening polymerization
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CROP of heterocyclic monomers frequently necegsitahother reagent, which serves as
a co-initiator €.g.an alkyl halide or water), alongside a Lewis d&fd**°BF; and its
precursor B OEg are the most commonly Lewis acids utilized in CR@Bvertheless,

if these activators are employed in the polymezatof THF, the presence of
cationogenic compound®.¢. acid halides) is mandatory. This indicates that dlotive
species is not the parent Lewis acid itself {BBut the R alkyl cation generatedia
halide abstraction from R-¥%The Lewis acid Pfhas been comprehensively studied for
the CROP of THF, and its mechanism is supportedbbth **F and 3P NMR
spectroscop¥! In this case the REcation appears as the initiator, reacting with TtelF

form an oxonium ion (Figure 1.2).

- F3P=0

+ -
2PFs + 20 E—— F4P—O—(CH2)4—O<:| PFe

F—(CH2)4—+O<:| PFg
nO@ PF _ A + -
- F%(CH2)4—0+(CH2)4—0<:| pr; ——— PFo CO%(CHZ)“_Ot_(lCHZ)“_OG PFe

Figure 1.2 Mechanism of the CROP of THF by f€hain growth from both ends).

Chain growth. In the chain growth process the initial speciesmied is, itself,

sufficiently Lewis acidic to react with another nooner unit to generate an equivalent
Lewis acid centre which can continue to propaghgreaction. The active species for
chain growth in CROPs are typically oxonium, suifon, ammonium or phosphonium

cations’®
+ + | I |
@ S —N— —R— —F+
| | | | |
oxonium sulfonium ammonium phosphonium

One of the suggested mechanisms for CROP implentbataddition of a monomer
molecule to the cationic centre of an active chaénan $1 or $2 mechanism®® The

stability of the active cationic species determimgsich of the two mechanisms is
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predominant. For instance, CROP will typically urgte Sy1 type mechanisms if the

positive charge is stabilized by electron-donatingups’®®

Conventionally, CROP of some heterocyclic monomgasticularly cyclic ethers such as
THF and oxetane, can be considered as a “livingt@ss at appropriate temperatures and
monomer concentrations. That means the processrsoowithout terminatiori’®®
Compared to step growth polymerization, chain-ghovi@ROPs provide significant
advantages to manage the average molecular waffotding well-defined average
molecular weights (MW) and poly-dispersity indicé3DI) close to 1.0, reflecting a
narrow distribution of polymer molecular weightsoand the meaff® Such ‘living’
polymerisation processes afford PDI close to 1.@neas step polymerisation afford PDI
~ 2 and addition PDI can often be as high as 10eataig broad distributions of

molecular weight®®&7":7°

SNl CH,
X=0;N;orS -'x/ >
CHy AN m CH
./ /\ / CH v/ ’
X =——= wX—CH, *cH —————— ™“X—CH; HC—X
ey | N
/ /CH

CH, CH, /_\ CH
i v _— i
- + ———~ wX—CHp H,C—X

AN AN AN

CH; CH; CH,

Figure 1.3 Suggestedd and &2 mechanisms for chain growth in a CROP reaction.

Termination. For CROP reactions, the addition of a Lewis bafeiently quenches the
growth process and ‘termination reagents’ suchresnpxy anions, phosphinasght be
deliberately added for quantitative or qualitataealysis> or polyanions can also be
utilized to synthesize block copolyméfé. These polyanions effectively (cross)link
individual polymer chains. In many cases these it&ation reagents can be of the form

X-H where the X group terminates the chain growthcpss, liberating H(Scheme
1 11)76b,76d,77
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In the absence of a terminating reagent, terminatian take place in intra- or inter-
molecular fashions when monomers are almost eptocehsumed. At that point, the
active end can "backbite" the chain, generatingaaroctycle. Additionally, alkyl chain

transfer is also a potential process where theeaeind is extinguished by transferring an

alkyl chain to another polymer molecyfé.

N"J\O/\/\/OH

HOH o~ ~OR

ROH NH

NH; e T S

f:O(j + RNH, > ,\rﬂ\o/\/\/NHR + H*

RCOOH ™~ _~_-OCOR

PRS o +

PhO" NG OPR3
r“"\r\o/\/\/oph

Scheme 1.11Examples of termination process in the CROP of TH
1.1.7 Persistent and stable radicals of the heaviain group 15 elements

The exploration of stable radical chemistry hagsaated significant attention from
researchers in the last two—three decades as mgitdocks for the design of molecule-
based materials such as conductors, and matffidtse first main group radicalsS,",

in the form of $N4Cl,, was originally prepared in the 1800s by Demafayt the
concept of ‘organic’ compounds containing odd nuralzd electrons was first proposed
by Gomberg’s proposal of a trivalent carbon inraidical, PEC’ in 1900%* The isolation
and characterization of persistent radicals ofttbavier group 14 and 15 elements was
not extensively carried out until the 1969lthough the chemistry of radicals based on
heavierp-block group 15 is less established than thoserofig 16, the structural and
chemical diversity of these radicals (especiallythbd?(lll) and P(V)) has been
characterisef>®° Some categories of phosphorus-based radicals e investigated.
Multiple examples of pures-radicals where the unpaired electron is localized
sterically protected include phosphinyls,ff and phosphoranyls JR].2”# In addition

n-based P-radicals have been reported in which ripaited electron is stabilized by

20



delocalization over several nuclei, such as 1,Babpha-allyls [(RRCR],®
diphosphanyls [®PPR],%° and [(CHYNR),P]".*®

1.1.8 Stabilization strategies for radicals

Typically radicals are reactive and will undergdf-siémerisation according to the

process:
R+R — R-R
Two key strategies have generally been utilizestabilise main group radicals:

i) n-delocalisation of the unpaired electron over salvatoms in the molecules
containing electronegative elements. This approadaces electron density on any one
atom making conventional ‘2 centre, 2 electrort,28) covalent bonding less favourable.
In such cases, the unpaired electron typically pesua low-lying weakly antibonding
singly-occupied molecular orbital (SOMO) and is mpdified by the families of 7 S/N
and Se/N radical€ Despite thertconjugation which disfavoursc2e bonding, many
suchreradicals still dimerise through a so-called ‘pdee@ond’,i.e. a multi-centre, two
electron bondric2e).®* Such ‘pancake bonds’ are clearly discriminatednfrean der
Waals forces by the short nature of the intra-digwrtacts which are substantially less
than the sum of the van der Waals radii and th@ensity for atoms to adopt specific
‘eclipsed’ geometries reflecting a strong oriemtasl preference rather than the
conventional ‘staggered’ geometry ofraTt interaction such as that seen in graphite

where the C of one ring is located over the ceofttbe r-system of the next layer.

i) Kinetic and thermodynamic stabilization can Iaehieved using sterically
demanding groups close to the radical center. phasects the radical centre through
unwanted reactivity and hampers dimerization throwgducing the degree of orbital
overlap at the longer distances enforced by th&ybsuibstituent&® Structural studies
have identified that £« monomers (E = P, As) associate in the solickstatorm dimers
R.:EER, with short 2,2e E-E bonds,e.g. the & P-basedN-heterocyclic radicals
[(CH)2(NR)P] (R ='Bu; R = mesityl; R = 2,6-diisopropylphenyl) are dira in the solid
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staté’ but readily dissociatevia low-energy P—P bond cleavage in solutiang(
[(CH)2(NMe)P] has a dimerization energpg) of ~ 3 kJ mot ).** In addition such
radicals can be sufficiently stable to be identifie the gas phase by electron diffraction,
e.g.{(MesSiLCH}.E (E = P, As)* In reality, the tendency of radical dimerizatioia
covalent bonding often makes isolation of theseicedsl difficult, particularly for

elements with inherently large E-E bond enerdfés.
1.1.9 General procedures for syntheses and chanazétions

All reactions in this dissertation were carried ouder an inert nitrogen atmosphere,
using standard Schlenk techniques or in an inembgphere nitrogen-filled glove box
(MBraun Labmaster 130) with typical water levelsd¢han 7 ppm and oxygen levels less
than 2 ppm. All glassware was oven-dried at 325or a minimum of 4 h prior to use.
High purity solvents (Aldrich) were additionally idd and deoxygenated by passing
through molecular sieve and copper catalyst coluosisg an Innovative Technology

Solvent Purification System.

Nuclear Magnetic Resonance (NMR) spectra were decbrat room temperature in
deuterated solvents on Bruker Avance 300 and 50@ Bp¢ctrometers. Chemical shifts
(6) and coupling constant magnitudes, |J|, are gwemppm and Hz, respectively.

Chemical shifts are relative to SiMand referenced to the residual solvent sighd] (

13C) or relative to an external standattB( ELO- BF;; *°F, CFCE; 3P, 85% HPQ,).

Melting points were obtained on samples sealedassgcapillaries under dry nitrogen
using an EZ OptiMelt Automated Melting Point Systétanford Research Systems).

Elemental analysis was obtained by using a PerkireE2400.

Infrared (IR) spectra were recorded on a Brukehahp ATR FT-IR spectrometer with
Opus software.

Mass spectrometry (MS) were recorded on a Microrh&Sk Classic, using electrospray

ionization operating in positive mode. All samplausions were introduced in to the
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instrument by a syringe pump. The software usesdnmlate isotope distribution patterns

was MassLynx version 3.5.

Single crystal X-ray diffraction studies were penfi@d using a Bruker SMART APEX
diffractometer equipped with a Bruker Kryo-flex ostream device and MoeKradiation
or on a Bruker Duo diffractometer equipped withGxford cryostream device using Mo-
Ka radiation. Crystals were examined in paratonewod mounted on a goniometer head
using a cryo-loop. Data were typically collected Bt3 K and processed using
SAINTPLUS with absorption corrections applied usi®ADABS or TWINABS.
Structures were solved by direct methods and réfinging full-matrix least squares
within SHELXTL. All non-H atoms were refined anisopically and H atoms added at
calculated positions and refined using a riding elodA summary of structural
information including unit cell parameters and finasiduals are tabulated in the
Appendices.

Powder X-ray diffraction was carried out on a Bnuk& Discover powder diffractometer
equipped with an Oxford Cryosystems cryostreamadeand Cu-i§ radiation (40 kV,
40 mA) source. Samples were sealed in glass cgpiliaes to avoid air/moisture contact
during experiment. The step size was 0.02° and@dliating time was 0.3 s for each step.

Diffraction patterns were recorded in the range < 45°.
1.2  Conclusions and Outlook

The above review in the field of phosphorus basatenals to-date demonstrates that the
research on the five-membered heterocyclic diazggtae ring systems (section

1.1.4)2044b:46-47.49517293 i gignificantly more establishedthan the isolobal

dithiaphosphole ring systems (section 1.433° Nevertheless, the reactivity profiles of
both heterocycles reveal potentially similar bebavi centered on the heterocyclic
phosphenium ions which are common to both systé@imes.status of the monocyclic N/P
chemistry has now reached some degree of matiNiyertheless, the achievements
accomplished in this field so far show that besidesventionally predictable chemical

behaviors of typical phosphines, they also exhdaime unexpected reactivity trends
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associated with the low valent phospheniurhcéntre or potential to generate P-based

radicals.

In Chapter 2 of this thesis, the chemistry of difftiospholes and the formal' P

derivatives formedvia 1e reduction are described, whereas Chapter 3 foonsesew

contributions to the field of diazaphospholes. Gbaap4 describes the synthesis,

characterisation and chemistry of novel phosphenamd arsenium cations, while

Chapter 5 examines the reactivity of the Pn-Cl bdadtransfer diazaphosphole,

dithiaphosphole and dithia-arsole units in ordercémstruct more complex polycyclic

systems. Chapter 6 concludes with an examinatiorthef ability of phosphenium,

arsenium and stibenium cations to promote the CRIOMF.
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CHAPTER 2

BENZO-1,3,2-DITHIAPHOSPHOLYLS: HEAVY p-BLOCK

ANALOGUES OF THE BENZO-1,3,2-DITHIAZOLYL RADICAL

2.1 Introduction
2.1.1 Benzodithiaphosphole chemistry

The synthesis ofP-chloro-1,3,2-benzodithiaphosphold]@l was first reported by
Baudler and coworkers from the reaction of benzdithiol with PCk in ether
Treatment of I]CI with a Lewis acid, MG (M = Al, Ga) was reported to afford the
dithiaphosphenium saltl]MCIl 4] which was crystallographically characteriSe@he
related dithiaphosphenium salt][OTf] was prepared from 1JCI and AgOTf. The
cationic phosphenium cati@i were reported to form adducts with pyridih€he related
P-phenyl-dithiaphospholed]Ph and R]Ph were prepared from the corresponding dithiol
and PhPGCl and could be oxidized with ortho-quinones suchoa$o-chloranil or
phenanthrenequinone to the spirocyclicd®mpound$.Baudler indicated that reduction
of [1]CI with elemental Na in xylene yielded the dim&),(vhich exhibited a broatfP
solution NMR spectrum, potentially indicative oframagnetic broadenirly.However,
the structures ofl]Cl or (1), or related derivatives have not been reported @asrthe
chemical reactivity and properties of dimdp,(been investigated. A summary of the
known 1,3,2-dithiaphosphole chemistry is shown icheéne 2.1. The isoelectronic
relationship between N and P means that 1,3,2-lihzaphospholes potentially possess
structures similar to those of the isoelectronicADiadicals which exhibit unusual
magnetic propeties and which inspired us to ingas#i their heavigs-block congeners.
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Scheme 2.1A schematic summary of the known 1,3,2-dithiapihaée chemistry (R =
H, Me).

2.1.2 Project aims

The inclusion of heaviep-block elements into the framework of radiGktan lead to
increased magnetic anisotropy through larger spiit-ocoupling and improved
dimensionality in their electronic structtt@his has led us to pursue synthetic routes to
heavier p-block analogues o8 in order to probe trends in structure, bonding and
reactivity. Here the synthesis, structural and cotaonal studies on the
dithiaphospholyl dimer 1), are reported which is related tofN] framework by

isoelectronic replacement of N by P.

/tBu
s S. s S, N,
Crpe <0, O o
R S R S S R S N
Bu
[1]ClI (R=H) ()2 (R=H)
[2]Cl (R =CHy) (2)2 (R=CHy) 3 3

37



Recent collaboration work between Rawson and Wirigig shown that the analogous
species3' in which S is replaced by isolob®u-N forms as-bonded dimer in the solid
state 8'), but dissociates in solutiona homolytic P-P bond cleavage to generate radical
3. A comparison of the properties din relation to isoelectroni and3' was therefore
targetted. Herein the syntheses and structuralestuah []JCI and (1), are addressed. In
addition the syntheses oR]Cl and @), are described and) is shown to readily
undergoes oxidative P-P bond cleavage to affgpd.[The structures ofZ|Cl, [2]Br and

[2]l have been determined by single crystal and powdry diffraction (PXRD).

2.2 Results and Discussion
2.2.1 Synthesis and characterization of [1]Cl ar@|ClI

The synthesis of1]Cl broadly followed the protocols first describbgt Baudlet with
some minor modifications (Scheme 2.2). Condensdit@iween benzene-dithiol and RCI
affords spectroscopically purd]Cl as a colourless oil at high yield, consisterithw
previous literature. Reaction of toluene-dithiotlwiPCk occurs under similar conditions
to give pure 2]Cl as a viscous oil. Storage of these oily produatt -20°C and then at
room temperature for several days in the gloveypekds [1]Cl and P]Cl as analytically
pure poly-crystalline solids. THEP NMR spectra ofJJCl and P]CI exhibit singlets at
158.5 and 161.4 ppm respectively.

SH S, Na S s
PCl3 pP—Cl toluene S/P_P\S
SH R S R R
R - 2HCI - NaCl

R =Hor CH3 [1]Cl (R =H) ()2 (R=H)
[2Cl (R = CHg) (2)2 (R=CHs)

Scheme 2.2. Synthesis of [1]Cl, [2]CI, {Bnd (2).
Structure and bonding in [1]CI

A poly-crystalline sample ofl]Cl was grown from cooling its colorless oil forday

at -20°C and leaving at RT for several days in the glowe-he well-resolved powder
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X-ray diffraction pattern measured at 110 K (Fig@rg) was indexed on the monoclinic
space group R using DICVOL® The structure was initially solved using a rigiodly
refinement and a simulated annealing method (DASHased on the geometry-
optimised gas-phase structure (B3LYP/6-31G*+) JC]. Subsequent refinement of the
heavy atom positions (S/P/CI) afforded a modestrawgment in the final profile (Figure
2.1).
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Figure 2.1 X-ray powder diffraction pattern) profile (—) and difference-£) for [1]ClI
at 223 K, based on the monoclinic space gmlgpn (a = 6.013 b = 17.026,c = 8.000
A B=97.77).

Subsequently a small shard cut from a poly-crys&lbundle was used for a single
crystal study which confirmed the molecular geometnd space group (monoclinic,
P2i/n) of [1]Cl identified from the initial powder diffractiostudies. The single crystal
data permitted a full geometry refinement and tinecture of L]JCI is shown in Figure
2.2. The structure clearly reveals a covalent Bdadid [2.1037(9) A] a little longer than
that observed for P€(2.043 AY° and a geometry akin to the phenyl derivatiVg°h in
which the phenyl ring is also covalently bonded displaced out of the ring plaf&*
This is markedly different from the bonding in istent BJCI which is considerably
ionic with the closest catiomanion contacts being-SCl at 3.120 A* This can be

attributed to the difference in bond polarity wittthis pair of heterocycle§'6—N® vs
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¥S—P™) which leads to delocalisation of the positivergeain B]CI over two S atoms.
Based on Fajan’s rulé$ the reduced partial charge on each S atom leadsdiaced
covalency and hence an ionic structure. The P-SIbdB.0864(8)-2.0880(7) A) are
longer than those iniJJAICI4] (mean 2.016(2) AP° suggesting P-S single bond
character in JJCI but some multiple bond character ifj[AICI 4]. Unlike the planarl®
cation in [L][AICI 4], the five-membered £5,P ring is folded about the S-S vector with
the GS, and P$ planes forming an angle of 28235 hese observations support the
previous thesfd° that planarity optimises.p, bonding between the heaviptlock

elements leading to bond shortening.

Figure 2.2 Molecular structure ofl]Cl determined from single crystal X-ray diffraatio
Thermal ellipsoids for non-H atoms drawn at the 5@¥bability level. Selected
heterocyclic bond lengths and angles are: P-Cl @), P-S1 2.0879(7), P-S2
2.0864(8), C1-S1 1.761(2), S2-C6 1.765(2), C1-@®1(3) A; S1-P-S2 95.39(3); S1-P-
Cl 101.49(3), S2-P-Cl 101.66(3) C1-S1-P 99.44(6K-S2-P 99.37(6), S1-C1-C6
118.9(1), S2-C6-C1 118.7(1)

Covalent bonding of P to Cl therefore occurs atetkigense of disruption to thesystem.
Indeed an Natural Bond Orbital (NBO) analysis (basen DFT B3LYP/6-311G*+
calculations)® of CsH.S,PCI and [GH4S,P]" confirms this assumption with the dominant
resonance form oflJCl exhibiting single bonds from P to both S and Cbnversely the
[CeH4S,P]" cation reflects significant,mp, bonding between P and S atoms (A detailed

comparison is provided in Chapter 4).
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2.2.2 Synthesis of (1)and (2) and structure of (1)

Reduction of {]JCI and PR]JCI in Na/toluene affordedl}, and @),, respectively, as off-
white/pale yellow microcrystalline solids. Thes@atons were monitored by/P{'H}
NMR to follow the progress of the reaction with tredluction productslj, and @),
appearing at 38.3 and 40.6 ppm respectively. How#we rate of reduction appeared
variable even when using seemingly similar reactomditions. In particular it was
found that the rates of the reductions are semsitivthe size of the sodium pieces
employed. Initial reactions required 2—4 days tsuea complete reduction (monitored by
%P NMR). However pre-treatment of a suspension afitso metal in toluene in a
microwave (100C, 20 minutes) proved efficient to form a fine sodidispersion which
affords consistently shorter reaction times (2 §layshis suggests a heterogeneous
reduction process in which the rate of reactionedels upon the surface area of the

sodium metal.

starting day starting day

- | ai“terlll ldav ; after 1 day
l | after 2 days after 2 days
" ey
- b ‘ alter 3 ays "~ o l_ . after 3 days
after 4 days after 4 days

T T T T
160 140 120 100 80 60 40 160 140 120 100 BO &0 40

Figure 2.3 **P{*H} NMR studies of reductions ofL]CI (left) and R]CI (right) with Na
metal in toluene at reflux.

41



3P NMR studies reveal that reductions @jdl and P]CI with Na metal in toluene
proceedvia build up of an unknown intermediat& ¢ 113 ppm) prior to conversion to

(1)2 and @), respectively.

EPR studies onlj, and @), in both the solid state and solution at room temajee
indicated both X), and @), were EPR silent consistent with complete dimeraratat
ambient temperature. Variable temperature studid40°C also failed to lead to thermal

dissociation, indicating a large exothermic dimatian energy.

2.2.2.1 Structure ofl),

Figure 2.4. Crystal structure oflj,. Thermal ellipsoids for non-H atoms drawn at 50%
probability. Selected heterocyclic bond lengths andles are P1-S11 2.1003(13), P1-
S12 2.1056(14), P1-P12.233(2), S11-C11 1.770(3), S12-C16 1.769(3), C16-
1.398(5) A; S11-P1-S12 95.95(5), C11-S11-P1 9735(C16-S12-P1 97.10(12), S11-
C11-C16 118.7(3), S12-C16-C11 119.7(3)

Crystalline (@), was formed by slow evaporation of a toluene sofutio afford a
polycrystalline mass. The structure d),(proved particularly problematic to determine
due to persistent twinning. Nevertheless, a satisfg solution could be determined in
the monoclinic space group2/n with half a molecule in the asymmetric unit witket
structure of {), located about an inversion centre (Figure 2.4 PhP bond length
(2.233(2) A) is comparable with that observed ftieo alkyl and aryl diphosphanes,
R.P-PR (2.20 — 2.31 A}**indicating dimerizatiorvia a formal P-P single bond rather
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than the multi-centre & ‘pancake bonding’ interaction seen for DTA radical The
heterocyclic geometry ofl), is very similar to that of J|CI, though the P-S bonds
(2.1003(13) and 2.1056(14) A) are a little longmart in [L]JCI consistent with a formal
reduction in oxidation state from"Pto P' and the fold of the heterocyclic ring is
marginally larger at 33.03 Similar folding was observed in the isoelectronic
[CeH4P,SbL* tetra-anion (28.21 — 29.8Min which dimerisation occurgia Sb-Sb bond
formation’® Clearly folding of the ring from coplanarity is direct reflection of P-X
covalency (seel|Cl andvide infrg).

2.2.2.2 Theoretical calculations

Density functional theory (DFT) studies (B3LYP/6-31G*+) revealed excellent
agreement between the gas-phase geometry-optirstsacture of 1), and the crystal
structure (Figure 2.5). Calculations (including exapoint energy correction, ZPE) on
(1), and the radical §HsS,P" formed by homolytic cleavage of the P-P bond iatid
that whilst dissociation is unfavourable in the gasise (B3LYP/6-31G*+AH = +119
kJ/mol; B3LYP/6-311G*+AH = +120 kJ/mol) the bond enthalpy of the P-P bisngss
than the average P-P bond dissociation enthalpy1Q- KJ/mol)'® Nevertheless, this
dimerisation enthalpy is considerably larger thdrattobserved in the isovalent
benzodithiazolyl radicaB (AHgm ~ 0 kJ/mol)*® Whilst the P-P bond length in the
isolobal diazaphosphole dime¥'), (2.2439(3) A) is comparable with), dissociation of
(3')2 to radical3' occurs in solution, indicating the importance tdrie factors in the
latter case. Similar ZPE-corrected gas-phase @lons (UB3LYP/6-31G*+) reveal
AHgim to be substantially lower (-60 kJ/mol) for fornmatiof ('), consistent with this

difference in behaviour.

The propensity fol to dimerise in relation t8 would appear to arise from the differing
electronegativities of P and N in relation to SeTore electropositive elements will
offer larger coefficients to the (antibonding) SOME)gure 2.6). Thus fot the greatest
electron density resides at P favouringcg€ o-bond interaction whereas f8iit is more

evenly distributed over the two S atoms, favoudni, 2’ =*-7* interaction at S22
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Figure 2.5 Overlay of the crystal structure (1), (coloured byelement) and the DF

geometryeptimised structure (gree
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|
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1||‘

Figure 2.6. Singly occupied MQO'’s o1 (left) and3 (right) illustrating the redistribution «

electron density from P i1 to S in3.
2.2.2.3 Structure oRf,

The structure of3), is potentially more complex due to the asymmetquoed by the
presence of the methyl group. Thus bccis' and ‘trans forms of 2), could potentially

exist. In addition thecis' arrangement has a pair of opl enantiomers.

S S S S S S

\ / \ / \ /

/@E /P<P\ /P—P\ /P<P\
S S S S S S

Figure 2.7. ‘Cis isomers of 2); (left and centre) andrans isomer (right)

Compound ), was analytically pure b*P NMR @p40.6 ppm and microanalysis b
attemptsto grow suitable crystals for-ray diffraction persistentlproved unsuccessf
Whilst PXRD studies 0(2), confirmed its crystallinity (Figure 2.8attempts to solve tr
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structure of 2), have, to date, proved unsuccesful. Nevertheless stimlarity in
properties P NMR chemical shift and lack of EPR spectrum ewnelevated

temperatures) indicates a structure analogoub)1o (

1800+
1600+
1400+
1200
1000+
800 1
600
400 -

200+

Figure 2.8 PXRD pattern of2),.

5-methyl-1,3,2-benzodithiaphosphoryl dimer
'H NMR (300 MHz, CD.Cl,)

D Cl,

I ! I ! I ! I E I ! I ! I 3 I ! I ! I i I T I T I k I
7.2 a.8 6.4 6.0 5.4 5.2 4.8 4.4 4.0 3.6 3.2 2.8 24 2.0 PPM

Figure 2.9 *H NMR spectrum of2).

While 'H NMR spectroscopy will not distinguish between {har of optical isomers,
resolution of a mixture ofcis’ and ‘trans isomers may be possible. HoweveltaNMR
study of @), (Figure 2.9) reveals only one singlet for thes&oups ¢4 2.31 ppm). It is
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therefore believed that either (a) there is onlg momer formed or (b) if several isomers

exist both théH methyl resonances aftP NMR resonances happen to be coincident.
2.2.3 Oxidation of (2)

Oxidation of @), with SO:Cl,, Br, and } all proceed smoothly at°’O in 2-3 hours to
provide quantitative yields o[X (X = Cl, Br, I) which were isolated after workwgs air
and moisture sensitive white-to-yellow solids. Theyere characterized by

microanalytical data, X-ray crystallography, & and"H NMR spectroscopy.
Crystal structures of [2]Cl, [2]Br and [2]I

Single-crystal X-ray structure determinations wpegformed for compound2]X (X =
Cl; Br; ). The structures oP]X (X = Br and I) were determined by X-ray diffréah and

found to be isomorphous witR][Cl, all adopting the monoclinic space graRp/c.

Table 2.1 Selected bond lengths [A] and angles [°] ], [2]X, [2][GaCly],? and ().
Fold angle [°] is the angle between [SCCS] and [§ishes.

P-X P-S s-C cC  SP-s Zﬁ;’e

(1l 21037(9) 2.0879(7) 1.761(2) 1.391(3) 95.39(3) 28.35
2.0864(8) 1.765(2)

[21cl 21103(7) 2.0932(7) 1.767(2) 1.390(2) 95.43(2) 26.06
2.0921(6) 1.766(2)

[2]Br 2.304(3) 2.079(3) 1.772(9) 1.39(1) 96.1(1) 24.27
2.078(3) 1.761(9)

2]l 25687(8) 2.0861(9) 1.759(3) 1.395(4) 96.16(4) 19.62
2.090(1)  1.757(2)

[2[GaCL]® - 2.027(2) 1.736(6) 1.409(8) 98.37(8) 0.83
2.033(2) 1.749(5)

(1) i 2.1003(13) 1.770(3) 1.398(5) 95.95(5) 33.03

2.1056(14) 1.769(3)

Data from Chapter 4

Important bond lengths, and bond angles are sumathim Table 2.1 and compared with
structural data obtained fot)gand [L][GaCl,] (see Chapter 4). The molecular structures
of [2]Cl, [2]Br and 2]l are presented in Figures 2.10 — 2.12.
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Whilst there are some small variations in heterbcywond lengths and angles [2]Cl,
[2]Br and P]I, there are no marked trends which can beerned between the:
structures. However there are the expected incsgask-X bond length on descendil
the halogen grouponsistent with the increasing covalent radiusheftialogen and the-
X bond lengths are comparable with conventior-X bonds (P€Il 2.03A, P-Br 2.22 A
and P-1 2.55 A¥! and there is a stey decrease in the fold angle betweeS, and SP
planes on replacing Cl (26.°) by Br (24.27) and | (19.62). This may indicate .
reduction in covalency and a move towards morecibonding.cf 2* which is essentiall
planar. However the shortening of th-S bond associated with multiple bonding2” is
not evident in the IS bond lengths in the seri[2]Cl, [2]Br and [2]!.

Figure 2.1Q Crystal structure o0f2]Cl with thermal ellipsoids for nokt atoms drawn ¢
the 50% probability leve

Figure 2.11 Crystal structure ¢[2]Br with thermal ellipsoids for nokt atoms drawn &
the 50%probability level

a7



Figure 2.12 Crystal structure ofZ]l with thermal ellipsoids for non-H atoms drawn at
the 50% probability level.

2.2.4 *P{H} NMR studies

The shielding constant can be broken down into diamagnetic shieldimg;s),
paramagnetic shieldingoar), neighbouring group shielding{eigy and other effects
(Ootme). For *H NMR, the chemical shift is mostly dominated bye thiamagnetic
shielding which is related to the electron densihd hence sensitive to the electron
withdrawing/releasing groups attached to the H eusl Conversely for other nuclei
other contributions can be significant. The parametig shielding arises from motion of
electrons between ground state and excited sthttalsrand is therefore closely related
to the energy of low-lying states. The paramagnshi@lding is not due to unpaired
electrons but merely relates to the fact that tffece of paramagnetic shielding is
opposite to diamagnetic shielding. Neighbouringugreffects arise from the effect of the
magnetic moments generated by neighbouring atorgsooips, of which the ring current
effect in deshieldindH nuclei is an example. Other effects can be thereaof the
environment, hydrogen bonding, the effect of a pergnetic ion etc.

Given the complexity of possible factors (such =slation state and valency) associated
with phosphorus, it is perhaps surprising tHRtNMR chemical shifts provide any useful
information. Nevertheless for a series of strudtyrelosely related structures such as
phosphines, B, empirical correlations can be made. For exargpleertiary phosphines
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3 = -62 +XorWhereok is a constant for a specific R grotfpThe additive nature of the
chemical shielding effects for different groups daerefore be used in a chemically
meaningful way. For example thH&P NMR data of 2]X all reveal singlets whose
chemical shifts cover the range of 155-164 ppm. Mtescending the halogen group (ClI
— Br — 1), their 6p values do not follow a simple order just basecdetattronegativity
arguments:Z|Cl (6p 161.4 ppm), 2]Br (6p 163.6 ppm), 2]l (dp 155.4 ppm) but the order
of chemical shifts amon@]X compounds is directly comparable to the trendhiea P>
series?® PCk (3p 220 ppm), PBy (8p 228 ppm) and RIS 178 ppm), indicating the
dominance of paramagnetic shielding over diamagnshielding in these systems.
Conversely thehemical shift of I]JClI is shifted by about 2-3 ppm with respect 2dl
reflecting the more subtle neighbour group effectvhich the electron-donating methyl
group leads to a shielding of ca 2-3 ppm. Such teraffects ort*P chemical shift have
been previously observed and shown to follow a Hathstyle correlatio?

The reduction productd), and @), which contain P-P bonds (with a formal P oxidation
state of +2) both reveal singlets in th&P NMR spectra in the region 38 — 41ppm,
significantly shifted from their  precursors.

Table 2.2 *'P{*H} NMR chemical shift of the synthetic compounds.

Compound [1]CI (2)2 [2]CI [2]Br [2]1 (2) 2

3 (Ppm) 158.5 38.3 161.4 163.6 155.4 40.6

The3'P chemical shifts of primary phosphines have bé&enva to follow the empirical
law dp = -62 +X0para Whereopara refer to paramagnetic shielding effects for eatcthe
three R groups attached to the phosphine. Fromegiarted®P NMR data for PX (X =
F.Cl, Br, I, NMe, OMe and SMe, Ph) we can derigg., values for each substituent.

These are presented in Table 2.3.
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Table 2.3 Opara Values for each substituent derived from the reoio'P NMR data of
PRs.

Group F Cl Br I OMe NMe, SMe Ph
P @) PR, 98 220 228 178 140 122 126 -6
Opara 53.3 94 96.3 80 67.3 61.5 62.5 18.7

Using these paramagnetic shielding constants weesgimate the’P NMR chemical
shift range of I]X and [2]X derivatives. Thus for (R2PCl a chemical shift of 157 ppm

is calculated ¢f. [2]CI at 161 ppm). SimilarlyZ]Br is computed in the range 159 ppm
and observed at 164 ppm whilgl[is calculated at 143 ppm and observed at 155pm.
Notably the groups further from theP centre will have a secondary effect and, for
example, the introduction of a methyl group leawla shift of 2-3 ppm when comparing
[1]Cl and 2]JCI. In Chapter 52]N(SiMe3), is observed upfield at 94 ppm. The calculated
value for P[NMe; is 124 ppm. Although there is less good agreernetween observed
and calculated'P chemical shifts the SiMegroup can be considered electron-accepting
which would have a deshielding effect in comparisbmethyl.

In this context it is noteworthy that th# NMR data for EBr, (146 ppm) and £, (107
ppm) provide ai,aravalue for a P substituent in the region 9 — 16 pfsom which ().
would be estimated around 73—76 ppm which is afsignt deviation from observation.
This likely arises from the fact that for suchR groups changing the R substituent
simultaneously changes both the primary coordinasighere of thé'P centre as well as
the electronics of the substituent P&oup. While both Br and | can be considered
electron-withdrawing, thetdonating S centre would lead to a significant Islg
effect. While some aspects of tf® chemical shifts of these systems appear predictab

such approaches should clearly be treated witharaut
2.3  Conclusions

The 1,3,2-dithiaphospholylium salts and 1,3,2-dittiospholyl ‘radicals’ are heayy

block analogs of the 1,3,2-dithiazolylium and 1;8ithiazolyl radicals respectively.
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However the difference in bond polarity of the S—-aNd S—P bonds afforded by the
different electronegativities of N and P with resp® S leads to marked differences in
the structures of both cations and neutral speEiasl” the increased positive charge on
the single P centre, favours covalent 26 P-X bond formation (X = ClI, Br, I) whereas
the distribution of positive charge over two S asom 1,3,2-dithiazolylium salts leads to
more ionic bonding with close cation...anion contdotshe S atoms. This difference in
electronegativity also means that the SOMQ bés the largest coefficient at P favouring
2c, 2e dimerisation through irreversiblebond formation whereas the SOMO dhas

larger coefficients on S and adopts a weak, mehite, reversibler*-n* bonding

interaction which maximises spatial overlap at$hatoms.
24 Experimental

All reagents were used as received without anyhéururification unless otherwise
noted; benzene dithiol, PLICDCk, CDs, CD.Cl,, SQCI,, Br,, I, and Na (Sigma-
Aldrich), toluene dithiol (Acros).

2.4.1 Synthesis of P-chloro-1,3,2-benzodithiaphosiah [1]Cl

A solution of 1,2-benzenedithiol (2.00 g; 14.1 mol CHCIl, (20 mL) was added
dropwise to a solution of P€(1.94 g; 14.1 mmol) in Cl, (20 mL). The reaction
mixture was heated at reflux undes & 40°C for 1 h, and then stirred for a further 12 h
at room temperature. The solution was evaporatedacuoto afford a colourless oil
which, when stored at -2, yielded colorless crystals dflCI (2.673 g, 92%).

'H NMR (300 MHz, CDC}): & 7.66-7.69 (m, 2H, aromatic CH-CS-CS-CH); 7.29-7.35
(m, 2H, aromatic CH-CH).

$p'H} NMR (121.5 MHz, CDGJ): 8p 158.5 (S).
Found (CsH4S,PCl requires): C = 35.04% (34.87); H = 2.23% (1.95)

Melting point: 44-45°C.
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2.4.2 Synthesis of benzo-1,3,2-dithiaphospholy! di(1),

A suspension oflf|CI (1.00 g; 4.84 mmol) and finely chopped Na (0g3@3.0 mmol) in
toluene (20 mL) was stirred at 160 for 4 days. The mixture reaction was filtered and
the filtrate evaporatedn vacuoto afford a yellow solid. Recrystallization by wlo
evaporation of a toluene solution afforded veryepallow crystals ofX),. Yield: 0.413

g (50%).

'H NMR (500 MHz, CDCJ): 84 7.34-7.37 (m, 4H, aromatic CH-CS-CS-CH), 7.25-7.29
(m, 4H, aromatic CH-CH).

3p{’H} NMR (202.5 MHz, CDGCJ): 5p 38.3 (5).

Found (Cy2HgP.Ssrequires): C = 43.19% (42.09); H = 2.90% (2.36).
Melting point: 224-225°C.

2.4.3 Synthesis of P-chloro-5-methyl-1,3,2-benzbidiphosphole, [2]CI

A solution of toluene-3,4-dithiol (1.00 g; 6.4 mmoh CHCI, (10 mL) was added
dropwise to a solution of phosphorous trichlori@e88 g; 6.4 mmol) in CECl, (10 mL).
The reaction mixture was heated at reflux undeatN40°C for 1 h, and then stirred for a
further 12 h at room temperature. The solution wesporatedn vacuoto afford a
colourless oil. Storage at -2@ afforded colorless crystals Btchloro-5-methyl-1,3,2-
benzodithiaphosphole. Yield: 1.363 g (96%).

'H NMR (300 MHz, GDg): 81 6.98 (d,*Jqn = 8.1 Hz, 1H, aromatic CH); 6.82 (s, 1H,
aromatic CH); 6.48 (Jun = 8.1 Hz, 1H, aromatic CH); 1.80 (s, 3H, §H

3C NMR (75.5 MHz, CRCl,) 5¢ 138.01, 137.30, 134.47, 128.06, 126.55%gc = 5.5
Hz, 1C, aromatic SC), 125.74 {@pc = 5.4 Hz, 1C, aromatic SC), 21.03.

3p{H} NMR (202.5 MHz, GDg): 8p 161.4 (s).

Found (C/HeS,PCl requires): C = 38.16% (38.10); H = 2.87% (2.74)
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Melting point: 40-41°C.
2.4.4 Synthesis of 5-methyl-1,3,2-benzodithiaphuodpl dimer, (2)

A suspension of 5-methyl-1,3,2-benzodithiaphospimlichloride(1.07 g; 4.85 mmol)
and finely chopped Na (0.30 g; 13.0 mmol) in tokiéR0 mL) was stirred at 10C for 4
days. The mixture reaction was filtered and theeafié evaporateth vacuoto afford a
yellow solid. Recrystallization by slow evaporatioha toluene solution afforded very
pale yellow crystals of 5-methyl-1,3,2-benzodittiappholyl dimer. Yield: 0.631 g
(70%).

'H NMR (300 MHz, CDRCly): 84 7.35 (d,%Jun = 8.1 Hz, 2H, aromatic CH); 7.31 (s, 2H,
aromatic CH); 6.98 (fJ.n = 8.1 Hz, 2H, aromatic CH); and 2.31 (s, 6H,sLH

3p{!H} NMR (202.5 MHz, CDGJ): 8p 40.6 (S).

Found (CraH1,SuPorequires): C = 45.48% (45.39); H = 3.34% (3.27).
Melting point: 221-222°C.

2.4.5 Halogenation of (2)

2.4.5.1 With SeLl,

To a solution of 5-methyl-1,3,2-benzodithiaphosghaimer (40 mg; 0.11 mmol) in
toluene (5 mL) at 6C under N was added dropwise 0.35 mL of fresh-prepared suifu
chloride solution (227 mg SQI, in 5 mL CHCI,). The reaction mixture was stirred at O
°C for 2 h. Solvent was removéu vacuq and colourless oil was stored at “ZDto give
colourless crystals ofP-chloro-5-methyl-1,3,2-benzodithiaphosphole. Yield2 mg
(88%).

'H NMR (300 MHz, GHe): &1 6.98 (d,3344 = 8.1 Hz, 1H, aromatic CH); 6.82 (s, 1H,
aromatic CH); 6.48 (Jun = 8.1 Hz, 1H, aromatic CH); 1.80 (s, 3H, §H

3p{H} NMR (202.5 MHz, GDg): 8p 161.4 (S).
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Melting point: 40-41°C.
2.4.5.2 With By

To a solution of 5-methyl-1,3,2-benzodithiaphosghaimer (57 mg; 0.15 mmol) in
toluene (5 mL) at 6C under N was added dropwise 0.88 mL of fresh-prepared bremi
solution (153 mg Brin 5 mL CHCI,). The reaction mixture was stirred af® for 2 h.
Solvent was removeid vacuoto give yellow solid which was recrystallized itH&CI, to
afford yellow crystals ofP-bromo-5-methyl-1,3,2-benzodithiaphosphole. Yieb& mg
(70%).

'H NMR (500 MHz, GDe): 84 7.03 (d,*Jsn = 8 Hz, 1H, aromatic CH); 6.87 (s, 1H,
aromatic CH); 6.55 (Jun = 8 Hz, 1H, aromatic CH); 1.86 (s, 3H, §H

3p*H} NMR (202.5 MHz, GDe): 8p 163.6 (S).

Found (C;HeS,PBr requires): C = 31.70% (31.71); H = 2.30% (2.28)
Melting point: 55-56°C.

2.4.5.3 With{

To a solution of 5-methyl-1,3,2-benzodithiaphosghaimer (48 mg; 0.13 mmol) in
toluene (3 mL) at 6C under N was added dropwise a solution {33mg; 0.13 mmol)
in toluene (2 mL). The reaction mixture was stir@d0 °C for 2.5 h. Solvent was
removedin vacuoto give a yellow solid which was recrystallized @H,Cl, to afford

yellow crystals oP-iodo-5-methyl-1,3,2-benzodithiaphosphole. Yiel8:rig (68%).

'H NMR (500 MHz, GDg): 84 6.95 (d,%Juy = 8 Hz, 1H, aromatic CH); 6.79 (s, 1H,
aromatic CH); 6.48 (fJ.n = 8 Hz, 1H, aromatic CH); 1.79 (s, 3H, §H

3p{IH} NMR (202.5 MHz, GDg): 8p 155.4 (s).

Melting point: 79-81°C.
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Found (C;HelPS; requires): C = 26.65% (26.94); H = 2.09% (1.94).
2.4.6 Crystallography

Powder X-ray diffraction studies ord]{Cl and @), were undertaken on a Bruker D8
Discover powder diffractometer equipped with an @daf Cryosystems cryostream
device and Cu-K radiation. Data were collected at @®ervals with counting times of
0.3 s in the range § 20 < 45°. The unit cell of {]CI was determined from indexing 15
peaks § < 3¢F) using DICVOL® and the structure ofl]JCl was solved using DASH
implementing a Z-matrix based on a geometry optnhiB3LYP/6-31G*+}® gas phase
structure from within Jagudr.In the latter stages the C-S, S-P and P-C| bamgthes and

angles were refined to afford a modest improvenrefit to the diffraction profile.

Single crystal structure determinations dfdl, (1), [2]CIl, [2]Br and ]I were
determined on a Bruker APEX three circle diffraceter using a Bruker cryoflex cooler.
Data were processed using SAMTand an absorption correction applied using
SADABS (TWINABS for (L),).?” Structures were solved and refined agaffstvithin
SHELXTL.?® Crystallographic summaries of these structurespeesented in Appendix
1.

2.4.7 Theoretical calculations

Full geometry optimizations of closed-shell spediese undertaken in Jagurusing
Density Functional Theory with the B3LYP functioffahnd 6-31G*+ or 6-311 G*+
basis set and a closed shell singlet configurat@aiculations of the gas phase energetics
of dimerisation process were based on the enedji¢lse closed shell singlefl); and

open shell doublet and included appropriate zero point energy caoest
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Table 2.4 Energies of monomer and dimer, and the energggdsmassociated with the

dimerization processes (2 monomerdimer).

Utot Htot Gtot AUdim AHdim AGdim
(hartrees) (hartrees) (hartrees) (kd/mol)  (kJ/mol) (kJ/mol)
142 -1368.704516  -1368.703572  -1368.748262
-116.202 -118.656 -55.260
()2 -2737.453725  -2737.452781  -2737.517778
1.° -1368.820264  -1368.819320 -1368.863924
b -117.218 -119.673 -57.442
(2)2 -2737.685612  -2737.684668  -2737.749941
24P -1408.116651  -1408.115707  -1408.165696
bt -116.581 -119.036 -55.123
(2),°")  2816.278141  -2816.277197  -2816.352593
24P -1408.116651  -1408.115707  -1408.165696
b(cis.1 -116.592 -119.044 -56.181
(2" 2816.278145  -2816.277200  -2816.353000
2¢° -1408.116651  -1408.115707  -1408.165696
b(cis.2 -116.581 -119.036 -57.879
(2),°¢%2  _2816.278141  -2816.277197  -2816.353653

¥%6-31G*+ basis sef5-311 G*+ basis sef'™Dimerization

Total internal energy, §J; total enthalpy, H;; total Gibbs free energy,&
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CHAPTER 3

BENZODIAZAPHOSPHOLES: TOWARDS DIAZAPHOSPHOLYL

RADICALS

3.1 Introduction
3.1.1 Benzodiazaphospholyl radicals — BicycliegNGP systems

Acyclic tetrakis(dialkylamino)diphosphanes of commrairucture (R\).P-P(NR). have
periodically been examined throughout the past fdecades. The alliance of
prospectively reactive P—N and P—P bonds provid#isaasity of chemical reactivity and
the sterically hindered bisphosphanes can go thraagersible homolytic cleavage to
afford phosphanyl radicafé&??

Only a few five-membered mono-heterocyclic diph@sps of structure [(CHINR):P].
have been reported to ddteéd report in 2009 showed that the symmetrical speci
[(CH)2NRXLPL (R ='Bu; R = mesityl; R = 2,6-diisopropylphenyl) dissateid at room
temperature to afford P-basen fadicals. These radicals are obtainedlow-energy P—
P bond cleavage, driven by entropy coupled with aanhlination of electronic

delocalization within the NP framework coupled with steric stabilizatih.

R R R
N N N
[ :p—p< ] _ 2 [ P
NN N
R R R

3.1.1.1 Solid-state structures of [(GKNR)LP].dimers

Three derivatives [(CHJNR)XP]. (R ='Bu; R = mesityl; R = 2,6-di-isopropylphenyl)
have been determined crystallographically and edgtans-oid dimers in the solid state
to minimize steric hindrance between the bulky stlents R groups on the four
heterocyclic nitrogen atonié.The bulky R groups create a substantial increasieei P—P

bond length, from 2.2439(8) A (R'Bu), to 2.324(2) A (R = mesityl), to mean 2.33A (R
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= 2,6-di-isopropylphenyl) in comparison to a typi€aP bond (2.21 Aj.When the R
group becomes increasingly sterically demandingjtaal structural distortions occur
such as puckering of the rings, and the twistingtled R substituents out of the
heterocyclic plane. The twisting of the P—-P bondayvirom the centro symmetric
arrangement can also occur to avoid the sterichclbstween the five-member
[(CH)2(NR),P] ring units®® In addition five derivatives with a saturated Hamhke,
[(CH2)2(NR),P]. have been reported (R = 2,6-di-methylphenyl, 2;8isbpropyl-phenyl,
mesityl, butyl and 2-t-butyl-phenyf§:**°Selected structures are presented in Figure 3.1.

Figure 3.1 Structures of two unsaturated diazaphospholyledsm centrosymmetric
[(CH)2(N'Bu),P]; (left) and twisted [(CHXN(PrLCsHs))2P]> (right).

3.1.1.2 EPR spectroscopy

The dimers [(CHXNR):P]. (R ='Bu; R = mesityl; R = 2,6-diisopropylphenyl) are all
EPR-silent in the solid state because of the pomesari P-P bonds. At 353 K the
colourless toluene solution (R'Bu) turns faint yellow, heralding the dissociatioithe
P-P bonded dimer to form two radicals. The EPR tspecreveals a 1:1 doublet of
1:2:3:2:1 quintets fa= 41 G, 2 x g=5.8 G] atg = 2.00088, in agreement with hyperfine
coupling to one phosphorus and two equivalent géronuclei. AdditionafH coupling

to substituentsBu) or to heterocyclic C—H atoms was not detecTéis is in contrast to
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related indium complexes, [(CHINR).In] which display hyperfine coupling ttH, *N

and indium isotopes€n and**3In, bothl =%,).°

The dimers with longer P—P bonds appear to dissoamore readily in solution,
consistent with bond weakening. The dimer [(&NR):P]. (R = mesityl) possesses an
analogous structure and the radical can also keriet by EPR spectroscopy at 315 K,
[g = 2.0178, a= 40 G, 2 x g = 5.2 G] and the bulkiest derivative (R = 2,6-di-
isopropylphenyl) shows considerable dissociatioroam temperatureg[= 2.0248, a=

42 G,2 x a=5.4GJ*

A | II | A | |
Y f Il' | : | l. | \
M"‘".MJ‘; l] fl | | I [ ”J | [I ‘ || ‘I .Ii"lh
| . |u\\ \ | I' | | | |rI E-l oy, gt
|| IR’y -| L\ ST
LY WY
‘ [y o L | '
| ' ;
l,: Y
|
;4 Field (G)
3320 3340 3360 3380 3400 3420

Figure 3.2 EPR spectrum of [(CH)N'BU)P] in toluene at 353 R® Adapted from

reference {3d} with permission of The Royal SocietyChemistry.
3.1.1.3 Syntheses of symmetrical [1,3,2]diazaphalgpdimers

The most common general synthetic method to pregezaphospholyl dimers is the
reductive coupling of 2-chloro-1,3,2-diazaphosphlplegularly offering moderate yields
(40 - 60%)?

62



R R R
N, Mg; THF N, N
[ p—Cl E P—F j
N NN
R R R

R R R
N, Mg; THF N, N
[ P-cl [ P—Fk ]
N N N
R R R

Scheme 3.1Syntheses of symmetrical [1,3,2]diazaphosphatyleds.

A recently improved synthetic approach describéisna-saving, consecutive “one-pot”
synthesis from ethane-1,2-diamines or 1,4-diazalenas’®> This route offers high
selectivity and high yields because it reduces|tss of products due to unexpected
hydrolysis. However, in some cadédeterocyclic secondary phosphanesH{NR).,PH

or GH4(NR),PH) are generated alongside, or instead of, thgetadiazaphospholyl
radical dimer.

R
[NH i) PClg; Et3N; THF
NH i) Mg; 1>
R — R R
[ N\ /N |
e
s NN
_N / R R
[\ i) Li; EtsNHCI; THF
N X
\R i) PCl3
i) Mg; I»

Scheme 3.20ne-pot syntheses of P-P dimers.
3.1.2 Project aims

Our research interest has been focused on neweslasspersistent radicals which are
isoelectronic with the well known DTA radicals. @hapter 2, replacement of N by
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isovalent P was undertaken but led to B-Bond formation with a lack of tunable steric
protection near the reactive P centre. Here weaceplthe S atoms in the
dithiaphospholyls by isolobal NR, providing the opinity for both extendedt
conjugation to the benzo-fused substituent andcsibr-tunable R groups at ff:” The
[C2(NR),P] framework is therefore similarly expected toab@r-electron radical system
(or 11mtif the benzo-fused bicyclic system is consideraall the effect of extended
delocalisation can be compared with steric prodacéis a method to inhibit dimerization.
Notably in both the dithiaphospholyl §&P) radicals and diazaphospholyls;(€R).P),

the electronegativity differences afford similar ndo polarities viz >S-P*and
®N-P* such that the electropositive P-centre will conttébmore to the SOMO in both
cases. This will favour localisedc,2e P-P bonds (as identified above), although the
differences in electronegativity are anticipateccteate some differences in charge and
electron distributions between the diazaphosphbigterocycle (N/P) compared to
dithiazolyl (S/N) and dithiaphospholyl (S/P) coumarts.

3.2 Results and Discussion
3.2.1 Syntheses of P-chloro-benzodiazaphospholes

An adaptable synthetic methodology was devised tocess benzo-fused
diazaphospholes. In these processes, the readdjlable ortho-phenylenediamine,
CsHa(NH2),, was used as starting material. Treatmento-@henylenediamine with
methyl chloroformate or acetyl chloride accordinghe literature protocbiafforded the
intermediate N,N-dimethylcarbamate- andN,N-diacetylo-phenylenediamine in high
yields (64-70%, Scheme 3.3). Their structures werdirmed by NMR spectroscopy and
X-ray diffraction (Figure 3.3). These intermediatesre reduced using LiAlHto afford
N,N-dimethyl- andN,N"-diethyl-substituted-phenylenediamine in good yield (70-76%)

using a literature methad.
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Figure 3.3 Molecular structures of the intermediabé®N-dimethylcarbamate- (left) and

N,N-diacetylo-phenylenediamines (right).

R R R
NH, NH N one-electron l\/l N
PCl3; EtzN N reduction \ /
— > EEE—— /P Cl ——— » /P—P\
NH, NH Et,O or THF N l\\l N
R R R

R - 2EtNHCI
- 2HCl ;‘;EN [5]Cl (R = -COOMe) expected dimer
[6]CI (R = -COMe)
H [7]C! (R = -Me)
N, [8ICI (R = -EY)
O
/
N
\
H
[4icl

Scheme 3.3Synthesis oP-chloroN,N’-substituted diazaphospholes and dimers.

In comparison to the direct ring closure reactiohdenzene and toluene dithiols with
PCk to afford [LJCI and R]CI, P-chloroN,N"-substituted precursors were generated by
condensation of the diamine precursors withsHCthe presence of Bt to remove the
HCl by-product (as EN-HCI), otherwise theo-phenylenediamine itself proved
sufficiently strong to act as a base. Each of Rhehloro-benzodiazaphosphole$|I,
[6]CI, [7]CI and B]CI) was isolated in high yields (80-88%) from therresponding
amine, although the pareBRtchloro derivative 4]CI could be synthesized directly from
the condensation betweerphenylenediamine and PGh MeCN in the absence of §&t

in medium vyield (47%). Condensation betwdeMN-dimethyl-o-phenylenediamine and
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PBr; was carried out using a similar protocol to giviBf as a green powder in moderate
yield (43%).

TheP-chloro-benzodiazaphospholeS]l, [6]CI, and [7]Cl) are off-white to pale yellow
solids which are thermally stable, but very sewsito moisture and air. Crystals &|Cl
and B]Cl were obtained from recrystallization by slowaperation of saturated Gal,
solutions under M Crystals of 7]Cl were grown similarly by slow evaporation of

acetonitrile solutions under,N

For comparison, condensation betw@geiN'-diethyl-diaminobenzene and PQ@ielded
a purple solid §JOCI (39%)!° which was recrystallized by slow evaporation of
acetonitrile solution to obtain suitable crystats X-ray diffraction. Unlike the ¥
derivatives, this P(V)-containing heterocycle, li@eviously reported derivatives,

appears air stabfé.
3.2.2 Structures of [5]Cl, [6]CI, [7]CP and [8]OCH°

The crystal structures oBJCl, [6]CI, [7]CI*° and BJOCI*® were determined by X-ray
diffraction. The crystallographic data are listed Appendix 3. All four compounds
crystallised with one molecule in the asymmetriat.u@ompound $|Cl crystallised in
the monoclinic space grouB2/c (Figure 3.4), crystals of6]Cl crystallised in the
triclinic space grouf-1 (Figure 3.4), T]Cl crystallised in the orthorhombic space group
P2:2:2; with one molecule in the asymmetric unit (Figur)3 The related P(V)
compound 8]OCI crystallises in the orthorhombic space groRpca (Figure 3.5).

Relevant geometric parameters for these four comg®are presented in Table 3.1.

66



Figure 3.4 Molecular structures oB[Cl (left) and B]Cl (right) determined from single
crystal X-ray diffraction with thermal ellipsoidsorf non-H atoms drawn at 50%

probability.

Figure 3.5 Molecular structures of7[Cl (left) and BJOCI (right) determined from single
crystal X-ray diffraction with thermal elipsoids afon-H atoms drawn at 50%
probability*°
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Table 3.1 Selected bond lengths [A], bond angles and folgles [°] for B|CI, [6]ClI,
[7]C1,*° and B]OCI.*°

P-Cl P-N N-C c-C N-P-N Zﬁ;ﬂ'e
[5ICI 2.1210(9) 1.709(2) 1.418(2) 1.399(2) 88.63(8)  10.36
1.713(2)  1.417(2)
[6|ClI 21267(6) 1.715(1) 1.436(2) 1.399(2) 89.93(6)  13.37
1.709(1)  1.429(2)
[7c1e 2297(1) 1.668(2) 1.398(3) 1.399(3) 90.4(1)  12.32
1.669(3) 1.401(3)
(7[GaCL]™ - 1.650(2) 1.384(2) 1.397(2) 91.33(7) 1.6
1.654(2) 1.385(2)
[8]0CI™ 2038(2) 1.651(5) 1.412(8) 1.390(8) 94.2(3)  2.60

1.661(5) 1.410(8)

®Data from Chapter 4

The heterocyclic geometries of these compoundsbevadly similar to those of the
dithiaphosphole systems in which the P-Cl bondmdpetter represented in a covalent
rather than ionic manner. The P-Cl bondsS}C], [6]Cl and [7]CI (2.1210(9) — 2.297(1)
A) are a little longer than conventional" | bonds, e.g. PCk (2.043 A)? but
significantly shorter than the sum of the van dexal§ radii (3.55 A}? Notably the P-Cl
bond lengths are somewhat shorter than the valeesrted for [(CR)»(NRY).P]CI**
mono-heterocycles in which"PCI bond lengths fall in the range 2.243(1) to 2@9 A.

It has been shown that mdstheterocyclic phosphines [(GR(NRY,P]X (X = CI, H, P)
experience some degree of P-X bond polarizatiorchvis reflected in bond lengthening,
a decrease in covalent bond order and a build wharfge separatiorfP- - X, reflecting
increased bond ionicit "> Such behaviour is similar to the S/P heterocydiesdribed
in Chapter 2) and other monocyclic diazaphosph$l@us the P-Cl bonds in the current

series would appear somewhat more covalent thanahdenzo-fused analogues.

The skeletal geometry of7][Cl is in agreement with the observation that theur@ N
atoms can adopt ap’ hybrid geometry with approximate-126ond angles (Figure 3.6),

affording efficientreconjugation. Conversely, S and P, in line with beavierp-block
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elements, exhibit less tendency to hybridize, prisfg geometries close to Q0A regular
planar 5-membered ring exhibits internal angle$Gs and both a decrease in the C-N-P
bond angle from the ideal value (£ 113.5-113.7and expansion of C-S-P from®0
to 99.4 can be considered to generate some degree o$trimig;’ which can in part be
alleviated by folding (at the expense of reducedjugation). The small angles at both S
and P lead to significant strain which is, in paeljeved by significant folding for the
dithiaphospholes (26.06 — 28235 In the case of th®-chloro-benzodiazaphosphole
rings, the angle at N is much closer to idealitgducing strain and affording a
heterocyclic ring where the degree of folding iscmueduced (10.36-13.37 Indeed, if
distortion from planarity can be considered a measiiring strain in these systems, then

the diazaphospholes would appear less strainedhieacorresponding dithiaphospholes.

Figure 3.6 Comparison between bond angles of N and S atorhseterocycles based on
the crystallographic data fot]iCl and [7]CI*.

Substituents on the N atoms affect endocyclic Rl I4-C bond lengths to some extent
(< 3%). Within the serieb]Cl, [6]CI and [7/]CI the P-N bond lengths irb]Cl and [6]CI
are the same within error (3 standard deviatioms)shghtly longer than those observed
in [7]CI. This may be due to the change in the electraifects of the R substituent
where the ketone and ester C=0 groups actelectron withdrawing whereas the alkyl
group in [/]Cl is o-electron releasing. These bond lengths and amgesomparable to
reported values for other diazaphospholes (P-N 2.09D7 A; N-C 1.46 + 0.06 A; C=C
1.36 + 0.07 A; N-P-N 89.31 - 92.2P-N-C 113.18 1416218
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The “envelope shape” of the five-membered ring7C[ possesses longer P-N and N-C
bonds than those observed in the pladarcation in [f][GaCly] (Chapter 4). This

behaviour is similar to the trends observed in ditbiaphosphole/dithiaphosphenium,
C,S,P, ring (see Chapter 2). Both are consistent wathdbshortening in the cation and
can be rationalized in terms of ring planarity whigptimizes p bonding within the

CoN2P ring, leading to shorter bonds. Additionally, has been proposed that the
attachment of halogen atom on P causes P-N andb©qd lengthening due to the

disruption ofr-system, permitting the P atom to distort out glCplane®®
3.2.3 Spectroscopic studies on benzodiazaphospholes
3.2.3.1 Infrared (IR) spectra

A comparison of the IR spectra d?P-halogeno-benzodiazaphospholes with their
correspondingN,N’-substituteds-phenylenediamine precursors reveal diagnosticgdgmn
which can be used to probe the condensation reabgbveen the diamines and PGt
PBr. Specifically the absence of N-H stretching frewpies (3312 cm of
CsHa(NHCOOMe) and GH4(NHEL),, 3230 cni of CsHa(NHCOMe), and 3343 c of
CsH4(NHMe),) in P-halogen-benzodiazaphospholes are diagnostic esedefor
formation of the [GN,P]X heterocycles (X = CI or Br). Notably the abseraf avy.y
vibration also reflects the absence of theNEt]Cl by-product.

3.2.3.2 Nuclear Magnetic Resonance (NMR) spectra

The identification and characterization of all puots were systematically carried out by
multinuclear NMR spectroscopy.

a. HNMR

The absence of N-H protons &,N-substituteds-phenylenediamine precursors in
samples of P-halogen-benzodiazaphospholes could also be ddteoye’H NMR
spectroscopy. The positions of the NH proton (itvesast CDCE) in the precursor
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substrates were variable,g. oy 7.47 ppm for GHs(NHCOOMe), 4 8.58 ppm for
CeHay(NHCOMe), & 3.27 ppm for GHy(NHMe), anddy 3.32 ppm for GH4(NHEL),.

In addition, the'H NMR spectra of some compounds (such4€l[ [7]CI, and [7]Br)
reveal a single resonance for thgN-hydrogen oN,N-methyl substituents which is split
into a doublet due to a coupling to tHe center. In4]CI 8y 7.72 ppm (d?Jpy = 23.7 Hz,
2H, NH), in [7]Cl 84 2.67 ppm (d3Jp1 = 12.1 Hz, 6H, NCH), and in []Br &y 3.37 ppm

(d, ®Jpy = 13.1 Hz, 6H, NCH). TheJpy coupling values are consistent with those in their
corresponding®P 'H-coupled NMR spectra discussed below. These oatens
substantiate the condensation reaction betwsgd-substituteds-phenylenediamines

and PC{ or PBg to generate new P/N heterocyclic compounds.
b. CNMR

While the resonances for all carbon-13 atoms\Nji-substituteds-phenylenediamine
precursors appear as singlets38 NMR spectra, th&’C NMR spectra of th@-chloro-
benzodiazaphospholes are more complex du&@e'P coupling affording doublets
reflecting either’Jpc or *Jpc coupling. For example5[Cl exhibits two doublets due to
2Jpc coupling;dc 152.02 ppm (d?Jpc = 14.3 Hz, PICO), 131.46 ppm (dJec = 9.7 Hz,
heterocyclic PIL). For [6]CI three doublets are detectéd; 168.79 ppm (d2Jpc = 23.1
Hz, PNCO), 132.52 ppm (dJpc = 7.9 Hz, heterocyclic PB), 25.93 ppm (d*Jpc = 15.8
Hz, CH). Similarly two doublets are recorded iA¢! (3¢ 137.19 ppm (d?Jpc = 12.8
Hz, heterocyclic PB), 29.37 ppm (?Jpc = 17.7 Hz, PICH3).

c. P NMR

%P NMR spectra offer particularly diagnostic valwegh specific chemical shift ranges
for N/P heterocycles which are also sensitive eodiverse types dfl,N-substituent. The
pyramidal starting materials P@&nd PBg exhibit peaks adp 220 ppm andp 228 ppm
respectively. After condensation tfi# NMR spectra reveal diagnostic singlets in the
3p{*H} NMR spectra with chemical shifts in the ranged3275 ppm, depending upon
the halogen antll,N-substituents. As with the starting materials Fhleromo derivatives
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occur at a higher chemical shift than the corredpanchloro derivativese.g.[7]Br (~
173 ppm) > T]CI (~ 153 ppm). These values are comparable todttieaphospholes,
[1]CI (op 158.5 ppm), 2]CI (6p 161.4 ppm), 2]Br (6p 163.6 ppm), 2]l (6p 155.4 ppm),
reflecting similar chemical environments across theries of &PX and NPX
compounds. Replacement of the halogen by N or @mdosection 3.2.4) leads to further
shifts with P-O and P-N compounds occurring in tiege 104-94 ppm. THEP NMR
spectrum of P(V)-containingBJOCI displays a singlet at 21 ppm, clearly distifrem
the three-coordinate"Pderivatives but comparable to the P(V) hydrolysisduct of
[7]CI (15.3 ppm, section 3.2.6).

@[PBr
@pc.
\ @[PCI /
oo 172.5 @[PQ @EN
8 152.5 z ENPD

3 150.2 & 1424
o~ 35 104.6

PCl3 (8p 220 ppm) 51271 o o .
PBr3 (8- 228 ppm) T 8 97.5
@[ Pl
) 0.
o}\o/ OYO\ - Y
8 122.7 @[ P K @
)\ N /g
3 94.1

b
o

3 5.2

ppm

Figure 3.7 *P{*H} NMR chemical shifts of N,N-substituted-1,3,2-
benzodiazaphospholes prepared in this chapter.
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The 3*P{*H} NMR chemical shifts of tri-coordinate phosphoresmpounds prepared in

this thesis containing the;B,P ring are presented in Figure 3.7.

Using a similar methodology to that described irmer 2 we can estimate tHe NMR
chemical shift based on the paramagnetic shieldorgtants. For example for anR\Cl
coordination geometry (using NMéor N) the®*'P chemical shift is predicted to be= -
62 + (61.5 x 2) + 94 = +155 pprof @xperimental: T|Cl at 152.5 ppm).

Notably the N,N-substituents affect the chemical shift. Broadleapng there is a
correlation between the Hammett parameter for theubstituent and th&P chemical
shift (Table 3.2). However the electron-donatingyhroups lead to a downfield shift
whereas electron-withdrawing groups lead to an elgbfishift. Whilst this appears
counter-intuitive, as described in Chapter 2, cotie@al diamagnetic shielding effects
are typically less important than the paramagnstielding contribution fof'P NMR
spectra.

Table 3.2 Correlation betweef'P NMR chemical shift and Hammett parametefor

the exocyclic R group bound to N.

Group COMe COOMe H Et Me
Hammetto 0.50 0.45 0.0 -0.15 -0.17
Op 127.1 122.7 142.4 150.2 152.5

Depending on thal,N-substituents, thiH coupled®'P NMR spectra display signals with
splitting patterns due to the coupling betwé& ( = 1/2) and*H (I = 1/2). In theP-
halogeno-benzodiazaphosphole system,bfhand>Js coupling can be detected. Thus,
while most of single-phosphorus-containing compauesthibit a singlet in botf'P
NMR and*P{*H}NMR, a triplet can be resolved fod]Cl (8p 142.4 ppm2Jpy = 23.7
Hz) and septets for boti]C! (8p 152.5 ppm3Jen = 12.1 Hz) andq|Br (8p 172.5 ppm,
3Jp = 13.1 Hz) (Figure 3.8).
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Figure 3.8 Splitting patterns of signals in thie coupled®P NMR spectra of4]Cl (left)
and [7]ClI (right, simulation was made with SpinWorks J)1.

3.2.4 Reductions of P-chloro-diazaphospholes

The reductive coupling oP-chloro-diazaphospholes was attempted under atyaoie
conditions €.g. different solvents and reducing metals) but proseghificantly more
challenging than the dithiaphosphole synthesesritbescin Chapter 2. The progress of
these chemical reactions was monitored®!®{*H} NMR and the reaction terminated
when a new singl&P—containing product could be identified. Most rméed reductions
appeared “complete” after 24h at reflux in MeCNTatF (i.e. afford only one singlet)
but longer reaction times (4 — 11 days) were regluior toluene. A summary of the

reaction outcomes is presented in Table 3.3.
31p{H} NMR studies of the reduction process

Akin to S/P heterocyclic systems, the coupling dduns of N/P compounds appear to be

multi-step reactions which occuia unknown intermediates.
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Table 3.3 Results of coupling reductions BfchloroN,N-substituted diazaphospholes.

- dp (ppm)
Starting op (ppm) of , Product
. Reducing reagents o of
material CeH4(NR),PCI (yield %) oroduct
Ma/Toluene White needle
[5]Cl 122.7 9 crystals 94.1
Reflux, 11 days (59%)*
Mg/MeCN Yellow needle
[e1c 122.7 Reflux, 1 day crystals 99.1
Na/THF .
[S]CI 122.7 Reflux, 1 day Yellow solid 141.3
Whit dl
[5]CI 122.7 Mglfl'leo":je”e crysltZIgee © o5
' Reflux, 1 day '
(27%)*
Mg/l /Toluene Yellow plate
[eicl 127.1 Reflux, 1 day crystal (75%) 5.2
Mg/THF .
[6]CI 127.1 Reflux, 1 day Yellow solid 91.7
Mg/MeCN : :
[6]CI 127.1 Reflux, 1 day Off-white solid  101.2
Mg/Toluene .
[7]CI 152.5 Reflux, 4 days Brown solid 17.0
Pale yellow
[71Cl 152.5 Na/Toluene crystals 104.6
Reflux, 3 days (72%)*
Mg/Toluene
[8]CI 150.2 Reflux, 4 days Black gel 14.9
: ack ge .
[8[Cl 150.2 Na/Toluene Black gel 103.0

Reflux, 4 days

* indicates successful crystal structure deternmmat
Mg/l, indicates trace quantities gfds activator for the Mg surface.

The®P NMR of (1); and @),,*° exhibit singlets in the regiodr 38-41 ppm whereas the
starting materials1]Cl and ]CI can be observed aroursg 158-162 ppm. Given the
similar chemical shifts of1]Cl and theP-chloro-diazaphospholes, successful reduction

75



was expected to lead to diazaphospholyl dimersacharized by*'P chemical shifts in

theca. 0 — 20 ppm region.

Among numerous studies of these N/P heterocyadiaaons, four reactions were found
to undergo similar reactivity to the S/P systernesluction of §]Cl by Mg/Toluene, §]CI

by Mg/l,/Toluene, ¥]CI by Mg/Toluene, and]Cl by Mg/Toluene. In each case one new
major singlet emerging in the upfield area arour200ppm which can be tentatively
assigned tod)2 (3p 1 ppm), 6)2 (8 5 ppm), )2 (6p 17 ppm), and ), (3p 15 ppm),
respectively. In each case the change in chemigt etween starting materials and
corresponding products are shifted upfielddayl20-135 ppm but these products were
often contaminated with starting material or otirgermediate evidenced bYP{H}
NMR.

The reduction of§JCl in Mg/Toluene yieldedq],O containing the P-O-P bridging unit
and which was characterised by X-ray diffractioec(®n 3.2.5.2). The former is
believed to be generated through oxidation ®.(**P NMR studies of this reaction
reveal initial formation of a major product@.l ppm, proposed to b&)¢, after 2 days
(Figure 3.9) which after reaction for a further &yd afforded selectivehs[,O (*P &

94.1 ppm) presumabhlja oxidation over the extended reaction time.

The presence of; lin the reaction mixture has an unanticipated éftetthe one-day-
reduction of §]CI by Mg/Toluene, yielding a different produ@(97.5 ppm) whosé'P
NMR spectrum remained unchanged after a furthegetitays. [The,lwas added to
facilitate cleaning of the Mg surface to try andremse reaction rate]. The structure was
subsequently determined to b&]QMe by X-ray diffraction (section 3.2.5.4).
Unsurprisingly b],0O and pJOMe have similar chemical shifts. The formationBOMe
must arise from a metal-catalysed de-esterificatibthe ester group with the resultant

methoxide anion displacing the chloride group bgl@ophilic substitution.
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Figure 3.9 *'P NMR spectra of the reduction [5]CI (left) and [7]CI (right), both of
which appear to proceedh the dimer ), or (7), which appears around— 20 ppm.

Reduction of 7]CI (Na/Toluene) followed an alternative reactioatlpvay. After 24h i
single peak was detected around 20 ppm (Figure G@kistent wittinitial formation of
(7). which after 3 days was replaced by a singlet atGL@pm, a position diagnostic

threecoordinate P. Subsequent recrystallization andctstre determination (secti

3.2.5.3 revealed it to be gHi(NMe),P-NMeGHsNMe-P(NMe}»CsH,4 presumably
afforded by thermal degradation 7).

The reductions of thd>-chloroN,N-dialkyl-diazaphospholes7]Cl and [8]CI afford
analogous results in terms*'P chemical shifts either in reduction by Mg/Toluemey
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Na/Toluene. Thus reduction with Mg/Toluene affopiteducts which appear as singlets
around 15-17 ppm, consistent with formation 9% @nd g),. Conversely reduction with
Na/Toluene afforded singlets around 103-105 ppmpsistent with GHi(NR)P-
NRGCsHsNR-P(NR)}CsH4. Although all attempts to prepare suitable crygstar X-ray
structure determination failed, tf# chemical shift§s 103.0 ppm) is very close to that
observed for gH4(NMe[7])2 (6p 104.6 ppm), suggesting]Cl is reduced by Na/Toluene
to give a bis-triamide structure.

The formation of species such asHl{NMe[7]). and GH4(NELt[8]).is noteworthy since
previous studies found that reaction between 2rokemethyl-1,3-di-tert-butyl-
[1,3,2]diazaphosphorinane and metallic Na(K) a@axylene at 110 °C under Wiirtz
coupling conditions does not afford P-P dimer apeeted"? but leads to a

disproportionation and ring-opening to generatésariamide (Scheme 3.45.

Bu 'Bu

Na(K); o-xylene

|
N\
P-cCl
N 110°C

BBu 'Bu
l ]
tBu Na(K)Cl tBU IBU
| Bu 'Bu Iil
2-Chloro-4-methyl-1,3-di-tert-butyl- N\P—Ill IlI—P/
1,3,2]diazaphosphorinane , \
[1,3,2] phosp '|“ K/K 'T‘
Bu Bu
Bis-triamide

Scheme 3.4Reduction of 2-chloro-4-methyl-1,3-di-tert-bufyl;3,2]diazaphosphorinane
by Na(K) ino-xylene at 110 °C°
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3.2.5 Structures and bonding in the reduced prodaict
3.2.5.1 Crystal structure 06),

Yellow plate crystals off), were obtained by slow evaporation of a saturatduete
solution under Matmosphere. The compound crystallises in thdartiickpace group-1
with half a molecule in the asymmetric unit. Theusture was severely twinned but

clearly revealed the molecular connectivity (Fig8r0).

03

Figure 3.1Q Crystal structure ofg], with thermal elipsoids plotted at 50% probability.
atoms omitted for clarity. Selected heterocyclimtbdengths and angles are: P1-P1
2.1598(3), P1-N1 1.7126(2), P1-N2 1.8068(2), C11C3277(2), C1-N1 1.4263(2), C2-
N2 1.3584(2) A; N1-P1-N2 86.17, N1-P1-P1 100.79,-m2P1 103.83, P1-N1-C1
111.72, P1-N2-C2 111.98, N1-C1-C2 112.75, N2-C21C2.68.

The structure of dimer6}, is similar to ), and P-P dimers of the monocyclic
[(CH)ANR)PL systent® adopting atrans-oid geometry in the solid state so as to
minimize steric repulsion between (COMe) groupd\oatoms. The dimer exibits a P—P
bond length of 2.1598(3) A, a little shorter th&we P—P bonds for other alkyl and aryl
diphosphanes, R-PR (2.20 — 2.31 A) in the literaturd:*?® which is not unexpected
given the significantly larger steric effecs asatail with the larger R groups necessary
to protect the P centre. Dimerization B),(follows the trend ofX),, occuring by means
of a formal P-P single bond rather than a multitee@" ‘pancake bonding’ interaction
as observed in DTA radicals.
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The heterocyclic geometry ob);is very similar to that ofd]Cl, but the fold of the ring
is larger at 19.10in comparison to that ir6[Cl (13.37). The same observation is also
noted betweenl]Cl and (L), (see Chapter 2). While P-N (1.7126(2)-1.8068(2)oAhd
lengths in 6), are longer than those in precur@Gl (P-N 1.709(1)-1.715(1) A), the
endocyclic C-N (1.3584(2)-1.4263(2) A) and C-C @73(2) A) are shorter than those in
[6]Cl (C-N 1.429(2)-1.436(2), C-C 1.399(2) A). The NN angle decreases from
89.93(6Y (in [6]Cl) to 86.17 (in (6),), consistent with the elongation in P-N bond
lengths.

Theoretical calculations

Density functional theory (DFT) studies were undkeh to probe the nature of the

frontier orbitals, and to calculate the dimerizati@nergy of €)..*°> The model

heterocyclic radical §44(NCOMe)P" and 6), systems were geometry-optimized at the
triple zeta UB3LYP and B3LYP/6-311G*+evel of theory respectively.

Figure 3.11 SOMO of6 (a), and spin density distributions in the hetgote of 6° (b),
(CH)2(NCOMe),P" (c), CeHsSP" (d), andCeHsSN' (€).

The Singly Occupied Molecular Orbital (SOMO) &freveals unpaired electron density
located mainly on the heterocycliehGP ring with greatest electron density at the P atom
(Figure 3.11). This feature is similar to the (GIMR)P>? and GS,P ring systems
(Chapter 2), though it is notable that there isitamlthl T=delocalisation of electron
density to the exocyclic COMe group in additionttalelocalisation to the benzo-fused

ring.
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A comparison of the spin density distributions witlthe series §H,SN°, CsHsSP"

CeH4(NCOMe)P (Table 3.4) reveals that replacement of N by Rlde®@ a significant

increase in spin density on the pnictogen (from 56%%3%). Further replacement of S

by NCOMe leads to a further increase in spin dgreitP suggesting that dimerization

via Pn-Pn o-bond formation is more favourable in the ordeggHENCOMe)lP >

CsHiSP" >> CsH4SN'. While EPR studies clearly reveal the stability@H,S;N" in

solution, both P-based systems are EPR silent gtemsiwith much greater association

energies. In order to examine the effect of extdnznjugation both g4(NCOMeLP

and GH;(NCOMe)P" were examined. Surprisingly the benzo-fused rirgher than

leading to enhanced delocalisation, leads to atgrdacalisation of spin density at P

(77% cf 73% for GH,(NCOMe)P). Seemingly the role of the benzo substituent does

little to enhance radical stability and the elewtcésteric factors of the RN functionality

are likely to be more influential on dimerizatidrah extended conjugation.

Table 3.4 Atomic charges and atomic spin densities fromlieh population analysis

of the five-membered heterocycles in some radicals.

C5H4SQN. N S S Cendo Cendo

Atom charge -0.22659 0.25725 0.25699 -0.14710 44
Atom spin 0.55582 0.20635 0.20630 -0.01425 -0.01400
Sum of atomic spin 94.022%

C5H4SQP. P S S Qndo Cendo

Atom charge -0.13968 0.02175 0.02148 0.01176 08120
Atom spin 0.73387 0.12131 0.12126 -0.00225 -0.00233
Sum of atomic spin 97.186%

CsH4(NCOMe),P P N N Cendo Cendo

Atom charge 0.11576 -0.23911 -0.23783 0.11908 @120
Atom spin 0.77073 0.01982 0.01932 0.00217 0.00110
Sum of atomic spin 81.314%

(CH)2(NCOMe),P P N N Cendo Cendo

Atom charge 0.19049 -0.20718 -0.20616 -0.14883  5aba
Atom spin 0.72777 0.02009 0.01953 0.02594 0.02606
Sum of atomic spin 81.894%
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DFT calculations on the dime6)¢ are consistent with the formation oflbébonded 2c—
2e P—P dimewia atrans-cofacialn*—=n* interaction (Figure 3.12). This is confirmed by
an NBO analysis (Figure 3.12) which reveals thattlaé bond orders within the
heterocycle in @), can be considered single bonds. While the exocyii bond order
(0.89) is somewhat less than the heterocyclic lwdérs (0.96 — 0.97), it is close to that

expected for a single bond.

Figure 3.12 Bonding interaction between radicals in the HORIJ6), (left) with NBO
charges and bond orders (right).

Zero-point energy corrected thermodynamic calcoiheti based on the dimeg){ and
radical 6" reveal a gas-phase P-P bond dissociation enthaldy ¢f 99 kJ/mol at the
B3LYP/6-311G*+ level. This is smaller than that oefed in (), at the same level of
theory, but significantly larger than that of [(GENMe),P], (~ 3 kJ/mol, calculations on
the dimer [(CH)(NMe),PL at the B3LYP/6-31G leveff The computational result is in
agreement with EPR spectra, which are all silentylene solution and in solid state at
room temperature and even up to 0 due to the presence of strong P-P bonded

dimers QHgim ~ -100 kJ/mol).
3.2.5.2 Crystal structure ob[,0

White needle crystals of [E4(NCOOCH;).P,O were obtained by slow evaporation of
its CH.CI, solution under a Natmosphere. The compound crystallises in the monoc
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space groupC2/c with half a molecule in the asymmetric unit (Figu8.13) with O(10)

located on a 2-fold rotation axis.

Figure 3.13 Crystal structure ofg],O with thermal elipsoids plotted at 50% probability
H atoms omitted for clarity. Selected heterocytland lengths and angles are: P1-0O10
1.630(3), P1-N11 1.745(6), P1-N12 1.737(7), N11-C#PR(1), N12-C16 1.412(9), C11-
C16 1.376(9), N11-C17 1.373(9), N12-C19 1.385(8L7®11 1.189(8), C19-013
1.20(1), C17-012 1.33(1), C19-014 1.339(9), 012-Q@18B(1), 014-C20 1.440(8) A;
P1-010-P1 147.0(5), O10-P1-N11 103.4(3), O10-P1-NI£29(3), N11-P1-N12 86.5(3),
P1-N11-C17 119.9(5), P1-N12-C19 119.9(5), P1-N11-Cl15.6(5), P1-N12-C16
116.2(5), N12-C16-C11 111.0(6), N11-C11-C16 11Q°7(6

The O-bridged compound]pO has a P-O bond length of 1.630(3) A, typical ddP-O
single bond (1.63 Aj® and P-O-P bridge angle of 147.0(5The rather obtuse angle
(>120) is rather unexpected but may be due to packifegtst typically the exocyclic P-
X bond appears near-orthogonal to the heterocygbme but with two heterocycles
attached to the exocyclic O atom a conventi@pilor si¥ O atom (109 — 129 would
lead to significant steric repulsion between ringkectronic effects cannot entirely be
ruled out in order to optimize-bonding but the P-O bond length itself mitigatggaiast
significant multiple bond character. The heteroiydhg planes in the P-O-P compound
appear to be almost planar with fold angles of @06, considerably lesser than that of
[5]CI (10.63). The N-P-O bond angle 104.1{8 akin to those of the tetrameric O-
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bridged macrocycle [{R&-NBuU}a(p-O)]s (P-O 1.654-1.665 A; N-P-O mean 109.8
Generally, the phosphorus atoms % inherit the pyramidal geometry at P 6fClI.
The sum of the bond angles at P (29418 about 2% larger than the one of the
corresponding chloride starting materi&)(! but still closer to the values expected for a
non-hybridized P centre (2%9Qather than classicap® hybrid (328).

Unfortunately the quality of the structure deteration for B],O was poor affording
large errors on the geometric parameters. Nevedbhelvhile the heterocyclic geometry
appears similar to that oBJCl, the P-N bond lengths irB,O (1.737(7)-1.745(6) A)
appear marginally longer than those BJdl (P-N 1.709(2)-1.713(2) A). The N-P-N
angle (86.5(3) is slightly smaller than that oBJCI (88.63(8Y).

Theoretical calculations

Natural Bond Orbital (NBO) analysis provides anigéint method to examine intra-
/inter-molecular bonding interactions, charge tfansand conjugative interactions in
molecular system<.The NBO process breaks down the multi-centre @diked bonding
interactions associated with delocalised MOs armbnstructs it in terms of a ‘best’
classical Lewis structure derived from localisex€ bonds and lone pairs. Deviations
from the localised Lewis structure are then taketo iaccount through second-order
effects which are described in terms of interactibletween filled (donor) Lewis-type
NBOs and empty (acceptor) non-Lewis NBQO%. a hyperconjugation effect. The
strength of these interactions, in terms of thatieraction stabilization energy, is derived
through a second order perturbation theé8yor each donor (i) and acceptor NBO (j) the
stabilization energy E(2) associated with electd®iocalization between donor and
acceptor is estimated as E(2\E;; = dF(i,j)/(E,--Ei) (where {jis the orbital occupancy, E
and Eare diagonal elements and F(i,j) is the off-diagdBO Fock matrix elementy’
Higher E(2) values indicate stronger interactiomwaen electron donors and electron
acceptors, and more extensive conjugation of thelaveystem. Selected perturbation

energies of donor-acceptor interactionsap@ are summarized in Table 3.5.
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Figure 3.14 NBO atom labelling scheme fds]pO.

Table 3.5 Summary of second-order perturbation theory amslgf the Fock matrix in

NBO basis for $],0, showing second order contributions with E(2)3kBal/mol.

Donor (L) NBO Acceptor (NL) NBO E(2) E(NL)- F(L,NL)
kcal/mol  E(L) a.u. a.u.

47. LP(3) 02 137. BD*(1) P1-02 106.19 0.99 0.289

48. LP(1) N3 158. BD*(2) C15- 016 6.%4 0.28 0.112

47. LP(3) 02 136. LV (2) P29 35190 0.85 0.304

69. BD(1) P1-O2  136.LV (2) P29 72.67 0.51 0.172

59. LP(1) N30 191. BD*(2) C42- 043 56.94 0.28 0.112

E(2): means energy of hyperconjugation interactior;ewis; NL: non-Lewis

E(NL)-E(L): Energy difference between donor (L) axteptor (NL) NBO orbitals
F(L,NL): the Fock matrix element between L and NB® orbitals

LP: 1-center valence lone pair; LV: unfilled valenmonbonding orbital of "lone vacancy"
BD: 2-center bond; BD*: 2-center antibond

An NBO analysis of the bonding irb]pO reveals the best resonance model can be
considered as5[][507 with a formal P-O single covalent bond within dinggment and

a dative covalent bond from the O to the cationiceBtre in the second fragmesit
(Table 3.6). The NBO analysis reveals 3 lone pair© consistent with >P-Gand a P-O
single bond op character on O with a charge on O of -1.12370.alamcy between the
two fragments is evident from the second orderupkedtion analysis which reveals the
dominant second order contribution is electron tionaof an O lone pair to the vacamt
orbital on the phosphenium centre (135 kcal/mof) daelocalisation of the P-O covalent
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bond to the phosphenium centre (73 kcal/mol). THasge second order perturbations
indicate defficiences in a localised bonding view [®],0. Other significant
delocalisations (> 50 kcal/mol) relate to aylelocalisation of thg-orbital lone pair on
N to the C=0Ort* orbital consistent with a conventionat,3e bonding view of an amide
functional group and (b) delocalisation of a bridgiO lone pair to the P-G* orbital.
The net effect of this interaction (weakening the-®2 bonding) and the lone pair
donation to the vacamtorbital on P29 leads to similar net bonding eda¢tween the P
atoms and central O within the molecule.

Table 3.6 Natural Bond Orbital Analysis of selected locatizorbitals in §],0.

Bond orbital Coefficients / Hybrids

LP (1) P1 S (68.09%) p 0.47 (31.89%)@D (0.02%)
LP (1) O2 S (12.49%) p 7.01 (87.50%0).@D (0.01%)
LP (2) O2 s (0.00%) p 1.00 (99.99%)@00(0.01%)
LP (3) 02 S (87.47%) p 0.14 (12.49%).@0D(0.04%)
LP (1) P29 S (68.09%) p 0.47 (31.89%)@D(0.02%)

BD (1) P1-02 (13.99%) 0.3740*P1 s (11.07%) p 7.89 (87.35%) d(L58%)
(86.01%) 0.9274*02 s (0.00%) p 1.00 (99.97%) d (DARY%)
LP (1) N3 s (0.01%) p 1.00 (99.99%) d 0.00(0.00%)

LP (1) N30 s (0.01%) p 1.00 (99.99%) d 0.00 (0.00%)

LP: 1-center valence lone pair; BD: 2-center bond.

3.2.5.3 Crystal structure of¢8l4(NMe[7]) 2

Pale yellow crystals of gHi(NMe[7]), were formed by cooling a saturated toluene
solution to -20°C in the freezer. The compound crystallises in th@noclinic space
group C2/c with half a molecule in the asymmetric unit lochbout a crystallographic
2-fold axis (Figure 3.15).
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Figure 3.15 Crystal structure of §Hs(NMe[7]).. Thermal elipsoids plotted at 50%
probability and H atoms omitted for clarity. Sekttheterocyclic bond lengths and
angles are: P1-N11 1.714(1), P1-N12 1.713(1), P1-M599(1), N11-C11 1.388(2),
N12-C12 1.390(2), C11-C12 1.402(2), N11-C17 1.450§L2-C18 1.449(2), N21-C24
1.461(2), N21-C21 1.426(2), C21-C21 1.414(2) A; NPIIEN12 88.12(6), N11-P1-N21
104.53(6), N12-P1-N21 105.69(6), P1-N11-C11 115,3P1-N12-C12 115.2(1), N11-
Cl1-C12 110.7(1), C11-Cl1l2-N12 110.7(1), C12-C11-N110.7(1), P1-N12-C18
122.4(1), P1-N11-C17 123.0(1), C12-N12-C18 122,0(1)1-N11-C17 121.6(1), P1-
N21-C24 122.6(1), P1-N21-C21 118.18(9), C24-N21-CP18.1(1), N21-C21-C21
122.5(15.

The endocyclic P-N (1.713(1)-1.714(1) A) bonds #ager than those in starting
material []CI (1.668(2)-1.669(3) A) with the remaining C-Nca€-C bonds being the
same within experimental error. The new exocychidl Bonds (1.699(1) A) are a little
shorter than the endocyclic P-N bond lengths ((I)t8.714(1) A). Both P-N, and P-
Nendo bond lengths fall in the ranges between conveati®®N (1.54-1.63 Af and P-N
(1.71-1.73A¥* bonds.

In CeHa(NMe[7])2, the N-P-N bond angle (88.92ecomes smaller in comparison to the
N-P-N (90.4) of [7]CI and certainly strained with respect to the igbridised expected
angles of 98 Moreover, it is worth noting that the J,P] heterocycles are almost
planar with fold angles of just 1.§7substantially less than that found R{! (12.32),
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suggesting an interplay between ring strain araklocalisation. Although the total of
bond angles at P atoms (298.3s slightly larger than that of the chloride $itay
material [7/]Cl, the phosphorus atoms ingk4(NMe[7]), still preserve their pyramidal
shape ¢f non-hybridised sum expected at 2addsp® hybrid at 328.9).

The exocyclic N21 atom is almost coplanar withthgsee bonded atoms (P1,C21 and
C24), displaced just 0.094 A from the plane. Alhb@angles around N21 atoms are close
to 120 (P1-N21-C24 122.6(1), P1-N21-C21 118.18(9), C24-N221 118.1(1)).

Theoretical calculations
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Figure 3.16 NBO atom labelling scheme foglds(NMe[7])-.

Table 3.7 Summary of second-order perturbation theory amlgf the Fock matrix in
NBO basis for @Hs(NMe[7])-.

Donor (L) NBO  Acceptor (NL) NBO E(2) E(NL)- F(L,NL)
kcal/mol E(L) a.u. a.u.
42.LP (1) N2~ 126. BD*(1) P1- N22 10.75 0.45 0.062
43.LP (1) N4 126. BD*(1) P1-N22 11.14 0.44 0.063
44. LP (1) N22 124.BD*(1) P1- N2 7.45 0.43 0.051
44.LP (1) N22 125. BD*(1) P1- N4 6.85 0.43 0.049
46. LP (1) N33 165. BD*(1) P32-N53  10.75 0.45 0.062
47.LP (1) N35 165.BD*(1) P 32-N53 11.14 0.44 0.063
48. LP (1) N53 163. BD*(1) P32N33  7.45 0.43 0.051
48. LP (1) N53 164.BD*(1) P32-N35  6.85 0.43 0.049

E(2): means energy of hyperconjugation interaction;ewis; NL: non-Lewis
E(NL)-E(L): Energy difference between donor (L) axteptor (NL) NBO orbitals
F(L,NL): the Fock matrix element between L and NB® orbitals

LP: 1-center valence lone pair; BD*: 2-center amiith

88



An NBO analysis of gHi(NMe[7]). reveals single bond heterocyclic geometry
consistent with the expected Lewis structure. Tected perturbation energies of donor-
acceptor interactions ingl4(NMe[7]).are summarized in Table 3.7. UnlikgJO which
indicated significant second order perturbatiosiag from lone pair donation from the
lone pair on the bridging O back to the heterocythe energies of second order

interactions are all substantially lower (< 15 kawadl).
3.2.5.4 Crystal structure ob][OMe

Colourless needle crystals &|@Me suitable for single X-ray diffraction were pered
by slow evaporation of a concentrated toluene swiut[5]JOMe crystallises in the
orthorhombic space groupnmawith the molecule located on a mirror plane withf laa

molecule in the asymmetric unit (Figure 3.17).

The unique heterocyclic P-N (1.746(1) A) bond léngt longer than those of the
precursor $JCI (P-N 1.709(2)-1.713(2) A), but other heterodgcldistances are
equivalent within error. The N-P-N angle reducesf88.63 (in [5]Cl) to 86.94 and the
ring becomes closer to planarity with a fold angfigust 3.09, significantly smaller than
that of B]CI (10.63). Overall, the P atom conserves the pyramidal gdignwith its total
angle of 298 which is greater than that d§]CI (288). The exocyclic P-O bond length
(1.601(2) A) is shorter than that i6]§O (1.630(3) A) and a typical P-O single bond (1.63
A).% This may reflect some degree wdonation from the methoxy lone pair to the
heterocyclic ring weakening P-N bonding charackerorder to probe this interaction
B3LYP/6-311G*+/NBO calculations were undertaken,alagous to those used to
examine §],0.
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Figure 3.17 Crystal structure ofgJOMe with thermal elipsoids drawn at the 50%
probability level and H atoms omitted for clari§elected heterocyclic bond lengths and
angles are: P1-N1 1.746(1), P1-O3 1.601(2), O3-@4&2(4), N1-C1 1.422(2), C1-C1
1.396(2) A; N1-P1-N1 86.94(7), 03-P1-N1 103.85@)-N1-C1 115.7(1), P1-N1-C4
119.9(1), C1-N1-C4 123.3(1), N1-C1-C1 110.7(1)

Theoretical calculations
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Figure 3.18 NBO atom labelling scheme fds]DMe.

An NBO analysis of $JOMe reveals the anticipated localised structureuad the
N,POMe component. The only significant second ordetypbations reflect furthem

delocalisation of the multicentre bonding withinetiphenylene ring, reflecting the
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inadequacy of the localised structure for a deleedl system. Clearly the exo methoxy

group does not appear to affect changes in theROiNg geometryia Tedonation.

Table 3.8 Summary of second-order perturbation theory amslgf the Fock matrix in

NBO basis for $)JOMe, showing second order contributions with E¥Z0 kcal/mol.

Donor (L) NBO Acceptor (NL) NBO E(2) E(NL)- F(L,NL)
kcal/mol E(L) a.u. a.u.

35.LP (1) C20 100. BD*(2) N18-C19 6.%5 0.05 0.136

74.3Cn(1) C7-C%22 84. BD*(2) N5-C6 204.23 0.06 0.095

E(2): means energy of hyperconjugation interactior;ewis; NL: non-Lewis
E(NL)-E(L): Energy difference between donor (L) axteptor (NL) NBO orbitals
F(L,NL): the Fock matrix element between L and NB® orbitals

LP: 1-center valence lone pair; BD*: 2-center amtith; 3Cn: 3-center NL orbital

3.2.6 Stability of P-chloro-benzodiazaphospholesainmoisture

The fact thatP-chloro-benzodiazaphospholes are considerably teengo air/moisture
was readily apparent during NMR spectroscopy studda exposure to air, P-Cl bond in
[7]CI is swiftly hydrolysed. Conceptually this can leensidered as a condensation
reaction, generating7[OH, with elimination of HCI. Subsequent rearrangernwvia a
1,2-H atom transfer lead to net oxidation 8f ® P’ with formation of the P(=O)H unit
(Scheme 3.5). This conclusion is supported by treop-coupled®'P NMR spectra,
which reveal a significant coupling between thend the adjacent H-{pr= 646.8 Hz)
and a coupling to the N-GHyroup £Jp11= 9.3 Hz) affording a doublet of septets, whereas
the broad-band proton-decoupléR{*H} NMR spectrum appeared as a sing&t15.3
ppm). This was matched by a correspondiig\NMR spectrum in which the larggpy
coupling appears as apparent singlets around d.8.8nppm but is really a doublet at ca

8.7 ppm.
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Figure 3.19 (left and middle)'H NMR spectra of the hydrolysis product of]¢!
illustrating the'Jpy and ®Jey coupling; (right) correspondind® NMR spectrum with
simulation (SpinWorks 3.1.75.

3.3 Conclusions

Crystallographic and spectroscopic investigatioagehled to a detailed picture of the
structure and bonding in the family of bicyclic 23&enzodiazaphospholes. Generally,
the structures and bonding situation of these hysystems resemble those of the
monocyclic 1,3,2-diazaphospholes. The structuth@thloride ‘salts’ comprise covalent
P-Cl bonds with pyramidal P centres. The extenfotding of the heterocycle seems
sensitive to the substituent X and, to a lesseergxtthe R group bonded to the
heterocyclic N atom. These rings are sensitiveifmaisture affording P(V) systems in
the form of P(=O)H bonds. Reductions®halogeno-benzodiazaphospholes appears to
initially form the benzodiazaphospholyl dimers whare readily re-oxidized to the P-O-

P bridged systems or undergo degradation to fommpéex structures in which the ring is

bridged by arortho-phenylenediamine unit.
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3.4  Experimental

All reagents were used as received without anyhéurpurification unless otherwise
noted; methyl chloroformate, 1,2-phenylenediampwidine, E§N, LiAIH 4, PCk, PBB,
CDCls, CsDg, CD,Cl,, Na (Sigma-Aldrich), Mg (Strem Chemicals).

3.4.1 Preparation of gH4(NH),PCI, [4]CI*

Modified procedure: A solution of P€(2.54 g, 18.50 mmol) in MeCN (20 mL) was
added dropwise to a solution ogH3(NH,)2(2.00 g, 18.50 mmol) in MeCN (20 mL). A
yellow precipitate immediately formed. The mixtweas then stirred at reflux overnight
and the resultant orange solid was filtered offe Hellow filtrate was driedh vacuoto

afford a yellow solid which was stirred in pentgd® mL) for 1 hour. The solvent was

decanted, and the product was diregacuo Yield: 1.51 g (47%).

'H NMR (800 MHz, CRICN) 8y 7.72 (d,2Jpp = 23.7 Hz, 2H, NH), 7.14-7.17 and 6.98-
7.01 (dd and ddfJun = 5.9 Hz *Ju = 3.2 Hz, AABB’, aromatic CH).

13C NMR (75.5 MHz, CRCN) 8¢ 135.22 (d2Jpc = 10.7 Hz, PNC), 122.24, 113.41.
31p{H} NMR (121.5 MHz, CRCN) 8p 142.37 (S).
3P NMR (121.5 MHz, CRCN) 8p 142.36 (t2Jpn = 23.7 Hz).

IR vmax(cmY): 2995 (mb), 2802 (mb), 2589 (mb), 1594 (m), 1%&ij, 1492 (m), 1368
(m), 1277 (m), 1264 (m), 1210 (m), 1186 (w), 1069,(910 (m), 889 (m), 748 (s), 593
(m), 489 (m), 443 (m).

Found (CsH4(NH).PCI requires): C = 40.93% (41.76); H = 3.42% (3.90)= 15.62%
(16.23).

Melting point: 133-134°C.
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3.4.2 Preparation of N,Mdimethylcarbamato-benzodiaminesB4(NHCOOCH;).®

Methyl chloroformate (31.50 mL, 0.408 mol) was adldeopwise to a cold suspension of
1,2-phenylenediamine (20.05 g, 0.185 mol), pyedi#4.80 mL, 0.556 mol) and
chloroform (200 mL) in an ice bath. The reactiorxtuie was left to stir overnight at RT.
The volatiles were then removed under vacuum frbendrange solution to provide a
thick orange liquid that was washed with ethyl atei{200 mL). The organic layer was
extracted with water (200 mL), and then extracteith véaturated sodium chloride
solution (200 mL). The resulting organic layer vdaed over magnesium sulfate and the
volatiles were pumped off under vacuum to affoxdhek orange solid. The crude product

was re-crystallized in ethanol to yield pale peactstals (28.61 g, 70%).

'H NMR (300 MHz, CDC}) &4 7.47 (s, 2H, NH), 7.14-7.18 (m, 4H, ringHG), 3.77 (s,
6H, COOCH).

¥%C NMR(75.5 MHz, CDC}) §¢ 155.43, 129.94, 125.91, 124.43, 52.89.

IR vmax(cm™®): 3312 (bm), 2959 (w), 1728 (m), 1683 (m), 1669,(1520 (s), 1462 (m),
1432 (m), 1310 (m), 1265 (m), 1233 (s), 1060 (656L(m), 957 (w), 871 (w), 830 (w),
770 (m), 753 (m), 704 (m), 561 (bm), 466 (m).

Melting point: 156-157 °C.

3.4.3 Preparation of P-chloro-N,Ndimethylcarbamato-1,3,2-benzodiazaphosphole
CeH4(NCOOCH;),PCI, [5]CI

A solution of GH4(NHCOOCH;), (5.00 g, 22.3 mmol) and &t (6.50 mL, 46.6 mmol)
in THF (40 mL) was added dropwise to a solutioP@f; (2.50 mL, 28.7 mmol) in THF
(20 mL) at 0°C. The reaction mixture was then warmed to roonptrature and stirred
overnight. The mixture was filtered to give a yellsolution and the solvent removed

vacuo to afford an off-white solid. Yield: 5.67 g (88%%uitable crystals for X-ray

diffraction were obtained from slow evaporatiorad€HCl, solution.
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'H NMR (300 MHz, CDCJ) &y 8.04-8.07 (m, 2H, ring &ls), 7.18-7.22 (m, 2H, ring
CeHa), 4.00 (s, 6H, COOCH).

13C NMR (75.5 MHz, CDCJ) 8¢ 152.02 (d?Jpc = 14.3 Hz, PNCO), 131.46 (dlpc= 9.7
Hz, heterocyclic PNC), 124.65 (s, aromatic), 11{€)%romatic), 54.46 (s, GH

31p{IH} NMR (121.5 MHz, CDGJ) 8p 122.73 (S).

IR Vmax(cm™): 2978 (w), 2946 (w), 2602 (m), 2497 (m), 1752 (4§29 (m), 1681 (m),
1608 (w), 1545 (m), 1522 (m), 1481 (m), 1298 (P64 (m), 1035 (m), 1017 (m), 956
(m), 776 (m), 752 (m), 510 (m), 492 (m).

Found (C1oH1004N2PCI requires): C = 42.09% (41.61); H = 3.49% (3.49)= 9.75%
(9.71).

Melting point: 134-135 °C.
3.4.4 Preparation of N,N'-dimethyl-1,2-diaminobenze GH.(NHCH5),’

A solution of GH4(NHCOOCH;), (10.02 g, 44.69 mmol) in dry THF (130 mL) was
added dropwise to a cold suspension of LIAIES.11 g, 134.65 mmol) in dry THF (120
mL) in an ice bath. The resulting grey solution vgésred at room temperature for 1 h
then at reflux overnight. The mixture was cooledft, and then water (10 mL), 10%
NaOH (15 mL) and water (30 mL) were added slowlppivise to the reaction,
respectively. The solution was allowed to stir ovgint at room temperature under
nitrogen. The reaction mixture was filtered, and thsidue extracted with warm THF
(200 mL). The filtrate and extracts were driadsacuoto give an oily solution. Addition
of 10% HCI (210 mL) made the oily solution turn r&the aqueous phase was washed
with CHyCl, (3 x 130 mL), basified with 10% NaOH (270 mL), aagtracted with
CH.CI, (3 x 150 mL). The organic phase was dried over drdus MgSQ, and the
solvent was removed under vacuum to yield a re(4dd3 g, 76%).

'H NMR (300 MHz, CDC}) &y 6.82-6.85 (m, 2H, aromatic CH), 6.67-6.70 (m, 2H,
aromatic CH), 3.27 (s, 2H, NH), 2.86 (s, 6H, N¢&H
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¥C NMR (75.5 MHz, CDCJ) 8¢ 138.69, 119.40, 110.82, 31.40.

IR vmax(cmi): 3343 (wb, NH), 3050 (w, CH), 2980 (w), 2939 (@877 (w), 2804 (w),
2607 (w), 1700 (w), 1600 (m), 1560 (w), 1510 ()76 (m), 1439 (m), 1419 (w), 1340
(w), 1305 (w), 1261 (s), 1223 (m), 1163 (s), 11@9,(1092 (w), 1039 (m), 945 (w), 897
(w), 826 (w), 732 (vs).

Found (CsHyN; requires): C = 70.25% (68.52); H = 8.26% (11.50) R0.40% (19.98).

3.4.5 Preparation of P-chloro-N,Ndimethyl-1,3,2-benzodiazaphosphole
CeHa(NCH3),PClI, [7]CI*

Modified procedure: A solution of gEl4(NHCHSs), (2.40 g, 17.6 mmol) and & (6.20
mL, 44.5 mmol) in dry THF (25 mL) was added dromvi® a cold solution of P¢l
(2.00 mL, 22.9 mmol) in dry THF (25 mL) under ngen. The purple mixture was
allowed to stir overnight at room temperature ahdréd to afford a yellow solution. The
solvent was removeith vacuoto give a yellow powder (yield: 2.92 g, 83%) whialas

recrystallized from dry acetonitrile to afford ctgis suitable for single X-ray diffraction.

'H NMR (300 MHz, GDg) 81 6.87-6.91 and 6.49-6.52 (dd and d#ly = 5.88 Hz,*Juy
= 3.1 Hz, AABB', aromatic CH), 2.67 (dJpn = 12.1 Hz, 6H, NCH).

13C NMR (125.8 MHz, CDGJ) 8¢ 137.19 (d?Jpc = 12.8 Hz, heterocyclic PNC), 121.27
(s, aromatic), 110.02 (s, aromatic), 29.37Jg = 17.7 Hz, PNCH).

3p{H} NMR (121.5 MHz, CDGJ) &p 152.53 (s).
3P NMR (202.5 MHz, CDG) 6p 152.58 (septeflen = 12.1 Hz)

IR vmax(cm®): 3059 (W), 2962 (), 2925 (w), 2820 (w), 2603 (@#98 (W), 1592 (w),
1478 (m), 1460 (m), 1444 (m), 1275 (m), 1197 (n)18 (m), 1047 (m), 1024 (m), 922
(W), 886 (M), 747 (s), 692 (M), 543 (M), 507 (WG94W), 466 (W), 440 (W), 394 (S).

Found (CgH12N,requires): C = 47.46% (47.90); H = 5.15% (5.02) 13.61% (13.96).
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Melting point: 121-122 °C.

3.4.6 Preparation of P-bromo-N,Ndimethyl-1,3,2-benzodiazaphosphole
CGH4(NCH3)2PBF, [7]BI’

A solution of GH4(NHCHz)2(2.105 g, 15.5 mmol) and & (6.50 mL, 46.6 mmol) in

dry THF (15 mL) was added dropwise to a cold solutf PBg(1.60 mL, 17.0 mmol) in

dry THF (5 mL) under nitrogen. The purple mixturasaallowed to stir at 0 °C for 1 h.
The solid was filtered off to afford a brown sobrti The volatiles were removed

vacuoto give a green powder. Yield: 1.63 g (43%).

'H NMR (300 MHz, CDC}) 6, 7.09-7.12 and 6.98-7.01 (dd and 8y = 5.85 Hz,*Juy
= 3.2 Hz,°Jy = 0.7 Hz, AABB’, aromatic CH), 3.37 (dJpr = 13.1 Hz, 6H, NCH).

13C NMR (125.8 MHz, CDGJ) 8¢ 137.5, 122.2, 110.7, 30.0.
3p{HINMR (121.5 MHz, CDGJ) 8p 172.43 (s).
3P NMR (121.5 MHz, CDG)) 8p 172.50 (septefJpn = 13.1 Hz).

IR vmax(CMY): 2964 (w), 2922 (W), 2675 (w), 1733 (w), 1591 (A%#78 (m), 1456 (m),
1296 (m), 1274 (m), 1214 (m), 1195 (m), 1121 ()44 (m), 1025 (m), 887 (s), 867
(M), 746 (s), 692 (M), 542 (W), 507 (W), 469 (MJ04m).

Melting point: 129-130 °C.
3.4.7 Preparation of N,Mdiacetyl-o-phenylenediamine ¢l (NHCOCH).?

Acetyl chloride (29.0 mL, 0.408 mol) was added davige to a cold suspension of 1,2-
phenylenediamine (20.15 g, 0.186 mol), pyridingé.80 mL, 0.556 mol) and chloroform
(300 mL) in an ice bath. The orange solution wa$ e stir overnight at room

temperature. The volatiles were then removed undenum from the orange solution to
provide a thick orange liquid that was washed \wittnyl acetate (200 mL). The organic
layer was extracted with water (200 mL), and thetragted with saturated sodium

chloride solution (200 mL). The resulting orgaraydr was dried over MgSGnd the
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volatiles were removed under vacuum to afford aange solid. The crude product was

re-crystallized from ethanol to yield small beiggstals (22.92 g, 64%).

'H NMR (300 MHz, CDC}) 84 8.58 (s, 2H, NH), 7.26-7.30 (m, 2H, aromatic CH)5-
7.21 (m, 2H, aromatic CH), 2.09 (s, 6H, CO{H

¥C NMR (75.5 MHz, CDCJ) 8¢ 170.03, 130.48, 126.02, 125.47, 23.67.

IR vmax(cm™): 3230 (w), 3015 (w), 1665 (m), 1607 (w), 1525 (160 (m), 1367 (m),
1311 (s), 1275 (m), 1245 (m), 1036 (), 971 (m)8 8B), 764 m), 708 (m), 681 (M), 603
(M), 561 (M), 532 (M), 475 (W), 459 ().

Melting point: 174-175 °C.

3.4.8 Preparation of P-chloro-N,Ndimethylcarbamato-1,3,2-benzodiazaphosphole
CsH4(NCOCH),PCI, [6]CI

A solution of GH4(NHCOCH;), (5.00 g, 26.0 mmol) and &t (7.50 mL, 53.8 mmol) in
THF (40 mL) was added dropwise to a solution ofR€I50 mL, 28.7 mmol) in THF
(20 mL) at 0°C. The reaction mixture was then warmed up to reemperature, and
stirred overnight. The mixture was filtered to giaeyellow solution. The solvent was
removedn vacuoto afford a pale yellow solid. Yield: 5.65 g (85%)rystals suitable for

X-ray diffraction were obtained by slowly evaponafia saturated Gigl, solution.

'H NMR (300 MHz, CDC}) &y 8.22-8.25 (m, 2H, ring §4), 7.21-7.26 (m, 2H, ring
CeHa), 2.65 (d,*Jpy = 5.4 Hz, 6H, COCH).

13C NMR (75.5 MHz, CDCJ) ¢ 168.79 (d2Jpc= 23.1 Hz, PNCO), 132.52(tllpc= 7.9
Hz, heterocyclic PNC), 125.48 (s, aromatic), 11g98aromatic), 25.93 (dJec = 15.8
Hz, CHy).

3p{*H} NMR (121.5 MHz, CDGJ) 8p 127.10 (s).

IR vmax(cm™): 2920 (w), 1662 (m), 1564 (m), 1538 (m), 1398 (4945 (m), 1204 (w),
1102 (m), 987 (w), 931 (w), 841 (W), 788 (), 740)( 648 (W), 589 (m).
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Found (Cy0H1004N2PCI requires): C = 46.79% (46.80); H = 4.03% (3,98 10.83%
(10.92).

Melting point: 105-106 °C.
3.4.9 Preparation of N,Mdiethyl-phenylene-1,2-diamine, &l 4(NHEt).’

A solution of GH4(NHCOCH;), (10.05 g, 52.28 mmol) in dry THF (150 mL) was
dispensed dropwise to a cold suspension of LiAIES.15 g, 135.7 mmol) in dry THF
(120 mL) in an ice bath. The resulting grey solutwas stirred at room temperature for 1
h then at reflux overnight. The mixture was codied °C and then water (10 mL), 10%
NaOH (15 mL) and water (30 mL) were added slowlppivise to the reaction,
respectively. The solution was allowed to stir ovgint at room temperature under
nitrogen. The reaction mixture was filtered, theidae extracted with warm THF (200
mL) and the volatiles removed from the filtraite vacuoto give an oily solution.
Addition of 10% HCI (210 mL) made the oily solutitewn red. The aqueous phase was
washed with CHCI, (3 x 130 mL), 10% NaOH (270 mL) added and extihaigth
CH.CI,; (3 x 150 mL). The organic phase was dried overydrdus MgSQ, and the
solvent was removed under vacuum to yield a dadkorewn oil (6.01 g, 70%).

'H NMR (300 MHz, CDC}) &y 6.78-6.81 (m, 2H, aromatic CH), 6.67-6.70 (m, 2H,
aromatic CH), 3.32 (s, 2H, NH), 3.15 @& = 7.2 Hz, 4H, NCH), 1.32 (t,°J4n = 7.2
Hz, 6H, CH).

13C NMR (121.5 MHz, CDGJ) 8¢ 137.45, 119.10, 111.44, 38.94, 15.19.

IR vmax(Cm): 3312 (bm), 2959 (w), 1728 (m), 1674 (m), 1607,(&520 (s), 1462 (m),
1310 (m), 1265 (m), 1233 (s), 1060 (s), 753 (M¥% {#A), 466 (M).

Found (CgH12N2requires): C = 74.72% (73.13); H = 8.37% (9.82) W7.07% (17.06).
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3.4.10 Preparation of P-chloro-N,Ndiethyl-1,3,2-benzodiazaphosphole,
CeH4(NEL),PCI, [8]CI

A solution of GH4(NHEt), (2.90 g, 17.66 mmol) and 4& (7.25 mL, 52.0 mmol) in THF
(20 mL) was added dropwise to a solution of @130 mL, 26.36 mmol) in THF (20
mL) at 0°C. The reaction mixture was then warmed up to reemperature and stirred
overnight. The mixture was filtered to give a brosetution.The solvent was removied
vacuoto afford a black gel. Yield: 3.22 g (80%).

'H NMR (300 MHz, CDCJ) 8y 7.06-7.07 (m, 2H, aromatic CH), 6.94-6.98 (m, 2H,
aromatic CH), 3.27 (¢Jun = 7.2 Hz, 4H, NCH), 1.37 (t,*Juy = 7.2 Hz, 6H, CH).

*C NMR (125.8 MHz, CDGJ) 8¢ 136.8, 121.3, 110.6, 38.9, 14.3.
3p{*H} NMR (121.5 MHz, CDGJ) 8p 150.22 (s).

IR vmax(cmi®): 2984 (w), 2939 (w), 2892 (w), 1599 (w), 1486, (5371 (m), 1377 (m),
1356 (m), 1263 (s), 1176 (m), 1104 (m), 1086 (n©54E (m), 1001 (m), 900 (m), 781
(m), 750 (s), 686 (m), 539 (s), 515 (s), 432 (M).

3.4.11 Reductive coupling ofgEl4(NMe),PCl by Na to form GH4(NMe[7]),

A suspension of g4(NMe),PCI (0.29 g; 1.45 mmol) and finely chopped Na (0giO
4.35 mmol) in toluene (20 mL) was stirred at £Q0for 3 days. The mixture reaction was
filtered and the filtrate evaporatéd vacuoto afford a yellow solid. Recrystallization by
storing toluene solution in the fridge at -20 afforded very pale yellow crystals of
CeHa(NMe(7))2. Yield: 0.162 g (72%).

'H NMR (300 MHz, CDCl,): §16.78-6.90 (m, 6H, aromatic CH-CH), 6.63-6.71 (m, 6H
aromatic CH-CN-CN-CH), and 3.10-3.13 {dsn = 9.6 Hz, 18H, N-Ch).

¥P'H} NMR (202.5 MHz, CDGJ): 8p 104.6 (S).

Found (Ci-HsP,Ss requires): C = 62.02% (62.06); H = 6.84% (6.51);=N17.95%
(18.09).
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Melting point: 82-83°C.
3.4.12 Reduction of gH4(NCOOMe}PCI by Mg/Toluene to form [5]0

A suspension of gH4(NCOOCH;),PCI (0.50 g, 1.73 mmol) and Mg powder (0.50 g, 20.6
mmol) in toluene (30 mL) was stirred at reflux ift lays.*'P{*H} NMR was used to
monitor the reaction. At completion, the reactioixtore was filtered and the filtrate
evaporatedn vacuoto afford a white solid. Recrystallization by sl@vaporation of a
CH.Cl, solution afforded white needle crystals oglHANCOOCH;),P]0O. Yield: 0.265

g (59%).

'H NMR (300 MHz, CDC}) 8y 7.96 (m, 2H, aromatic CH), 7.10-7.18 (m, 2H, artma
CH), 3.87 (s, 6H, COOCH1

3C NMR (75.5 MHz, CDCY) 8¢ 152.92 (d?Jpc = 15.6 Hz, PNCO), 131.67 (floc = 9.5
Hz, heterocyclic PNC), 124.05 (s, aromatic), 11g<l@romatic), 54.02 (s, GH

3p{’H} NMR (121.5 MHz, CDGJ) 8p 94.06 (S).

Found ([CsH4(NCOOCH;),PL,0 requires): C = 47.55% (45.99); H = 4.37% (3.86F
10.36% (10.73).

Melting point: 158-159°C.
3.4.13 Reduction of [5]Cl by Mg/Toluenefio form [5]OMe

A suspension of gH4(NCOOMe}PCI (0.50 g, 1.73 mmol), Mg powder (0.50 g, 20.6
mmol), and several crystals of in toluene (10 mL) was stirred at reflux overnight
3p{’H} NMR indicated the starting materialsBs(NCOOMe}PCl was consumed and a
new singlet appeared ed. 98 ppm. All solids were filtered off, the toluenaswemoved
from the filtratein vacuoto give a white solid. Yield: 0.132 g (26.8%). Restallization
by slow evaporation of its toluene solution affatdmlorless needle crystals &QMe

for single X-ray diffraction.
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'H NMR (300 MHz, GDg) 81 8.39-8.42 and 6.95-6.98 (dd and dily; = 6.1 Hz,*Jqy =
3.4 Hz, AA'BB’, aromatic CH), 3.38 (s, 6H, COOGH 2.83 (d,Jp = 9.0 Hz, 3H,
POCH)).

13C NMR (75.5 MHz, GDg) 8¢ 153.47, 133.22, 123.93, 116.30, 53.00, 50.68.
3p{IH} NMR (121.5 MHz, GDs) 8p 97.52 (S).

IR vmax(cmi): 2961 (w), 1722 (m), 1482 (m), 1436 (m), 1360,(&B96 (M), 1260 (m),
1199 (m), 1083 (m), 1018 (m), 988 (M), 799 (M), 7Y, 734 (M), 534 (M), 480 (m).

Found (CgH4(NCOOMe)}POMe requires): C = 46.12% (46.49); H = 4.44% (%.6lL=
9.28% (9.86).

Melting point: 127-128 °C.
3.4.14 Reduction of gH4(NCOMe)PCIl by Mg/Toluene/}

A suspension of g4(NCOMe)PCl (0.50 g, 1.95 mmol), Mg powder (0.50 g, 20.6
mmol), and several crystals of in toluene (10 mL) was stirred at reflux overnight
*1P{*H} NMR indicated starting material &gl4(NCOMe)PCl was almost consumed and
a new phosphorus species formed (singlet 5.17 pflingolids were filtered off, and the
filtrate evaporatedn vacuoto afford a lemon yellow solid. Yield: 0.322 g (7%).
Recrystallization by slow evaporation of a tolusoéution afforded yellow plate crystals

suitable for single X-ray diffraction.

'H NMR (300 MHz, CDC}) &4 8.23-8.26 (m, 2H, ring &4), 7.23-7.25 (m, 2H, ring
CeHa), 2.64 (d,*Jpy = 5.7 Hz, 6H, COCH).

3C NMR (75.5 MHz, CDCJ) 8¢ 168.66 (d,%Jpc = 22.9 Hz, PNCO), 132.78 (s,
heterocyclic PNC), 125.56 (s, aromatic), 118.98a¢smatic), 25.81 (fJpc = 15.5 Hz,
CHy).

¥P'H} NMR (121.5 MHz, CDGJ) 85 5.17 (S).

102



IR vmax(cmi): 2922 (w), 1703 (m), 1683 (m), 1479 (m), 1365 (54 (m), 1169 (m),
1060 (m), 1022 (m), 1002 (m), 881 (m), 784 (m), 169, 736 (m), 561 (m), 469 (m),
418 (m).

Found ([CeH4(NCOMe)P], requires): C = 54.84% (54.30); H = 4.93% (4.56);=N
12.90% (12.67).

Melting point: 100-101°C.
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CHAPTER 4

SYNTHESIS AND LEWIS ACIDITY OF PHOSPHENIUM,

ARSENIUM AND STIBENIUM CATIONS

4.1 Introduction
4.1.1 Heterocyclic phosphenium, arsenium, and stihen cations

Monoheterocyclic phosphenium, arsenium, and stibveniations (CHYN'Bu),E" (E =
P/As/Sb) are isoelectronic with the analogous grd4p carbenes andgilylenes!
Theoretically they all possess sixelectrons. Therefore, they drive appealing quastio
regarding electron delocalization within the ringsovided that there is a formal positive
charge located on the phosphorus, or arsenic,tonamy centre, these cations might be

expected to display more extensive delocalizatibmant their neutral group 14

counterparts.
/Bu /Bu
N, N, S, .
[ E [ si E
N N R S
‘Bu ‘Bu
E = P/As/Sb R = H or CHz

Bi-cyclic frameworks incorporating p§’] such as @H.S;E° and GHeS,E are
considered as IB-cationic hetero-naphthalenic systems because theyredated to
naphthalenevia their common 1fi electron count. Their electronic structures include
npr-3pn (= 3, 4, 5) bonding between the heavier group 1®nefas (P/As/Sb) and
sulfur? In 1988 1,3,2-benzodithiaphosphenium salts wese f$olated as air-sensitive,
yellow-to-orange crystalline solids which were jultharacterized as tOaromatic

cationic heteronaphthalenic systems, consisteffit thi& Huckel 4+2 rule®>
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4.1.2 Cyclic inter-pnictogen compounds

Inter-pnictogen compounds containing a coordinaiedbbetween pnictogen elements
(Pn = N; P; As; Sb; Bi) in their molecular framewsrmave been explored in the design
for materials with new propertiésThe Pr~Pn homo-atomic coordination chemistry is
basically illustrated by the following reaction cisting of the combination of a Pnh
R-PnCl, and a halide abstracting ageng( A = MeSiOSQCHF;, AICl;, GaCh). Firstly,
the cation (Lewis acceptor) is immediately formealthe heterolytic cleavage of the Pn-
Cl bond assisted by the interaction between thercid center and the halide abstracting
agent. The Pa-Pn coordination of the PnRfiLewis donor) to the positive centepf1
(Lewis acceptor) proceeds subsequently to deliher inter-pnictogen salt [BRn-
PnR)][anion].’

Ph Ph
® R R
R ?h I , e
- - A —>  Ph=Pn—Pn_ | anjon Ph=Pn—Pn | anion
REn cl + Ph E: + Ph R [ ] Ph R [ ]
- (Halide ) i i i
Pn = PIASISD abstracting [anion] = [AICI,]'; [GaCls]’; [OSO,CF3]

agent)
Scheme 4.1Preparation of inter-pnictogen compoufids.

In these systems the adduct can be variously destnn terms of two alternative
structures; in the case of Pn = P either a phospimegation with a dative covalent
phosphine or as a phosphonium cation with a catigi®onded phosphino group, PR
(Scheme 4.1).

4.1.3 Project aims

In this work, the formation of phosphenium, arsemiwand stibenium cations based on
C/S/P, C/S/As, C/SISbh, and C/N/P heterocyclic systevas investigated. All compounds
(Scheme 4.2) were characterized by NMR spectrosaopyseveral of them by means of

X-ray diffraction and analytical methods.
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R COMe

S\ + ’\]\+ N\+
/Pn MC|4- /P GaCI4' /P 0802CF3_
S N

N
R COMe

[2][MCl4] (Pn = P)

[9][MCl,] (Pn = As) [4][GaCly] (R = H) [6][OSO,CF3]

[10][MCl,4] (Pn = Sh) [7][GaCly] (R = CHy)

M = Al or Ga
Scheme 4.2Salts based on C/S/P, C/S/As, C/S/Sb, and C/Bi@dcyclic systems.

In addition the synthesis of inter-pnictogen commisli including coordinate bonds
between R-P (phosphenium-phosphine), «fAs (phosphenium-arsine), <FPSb
(phosphenium-stibine), AsP (arsenium-phosphine), and<SP (stibenium-phosphine)
are reported (Scheme 4.3). They can be preparedoine-step reaction using a halide
abstracting agent (Alglor GaC}) to activate P—CI, or As-Cl, or Sb-Cl bonds in the
presence of triphenylphosphine, or triphenylarsimetriphenylstibin€. The flexibility
and simplification of these procedures promiseprwvide good opportunities for the
widespread development of inter-pnictogen strust@® well as for the development of

new inorganic materials.

S\P_+P,Ph S\P_P+,Ph _ S\Pn_E,Ph _
. < \\ph[anion] g Q\Eh amon] < \Ph anlon]
P

Ph Ph
[1-PPh3] [anion] (R = H) [2:PnPhg] [anion] (Pn = As, Sh) [9-PPh3] [anion] (Pn = As)
[2:PPh3] [anion] (R = CH3) [anion] = [AICl,]'; [GaCly] [10-PPh3] [anion] (Pn = Sb)

Scheme 4.3Inter-pnictogen Pn-Pn structures.
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4.2 Results and Discussion

4.2.1 Syntheses of As-chloro-dithiaarsole and Shecb-dithiastibole, [9]CI and
[10]CI

4.2.1.1 Syntheses @]l and [10|CI

The syntheses 0B]Cl and [LOJCI were performed using similar procedures to ¢hob
[1]CI and P]CI.*° Condensation of toluene-3,4-dithiol with arsemichioride/antimony
trichloride afforded theAs-chloro-dithiaarsole 9|Cl, and Skchloro-dithiastibole 10|CI

as yellow solids in high yields (82-85%). Both welearacterized by NMR spectroscopy
and analytical methods. The molecular structurd®€! was determined by single-
crystal X-ray diffraction and found to be the saasethat reported by Kisengt al®®
although the quality of the structure describecehsrsignificantly improved (R 0.021

based on all data).
4.2.1.2 Crystal structure of[ClI

The crystal structure 0B[Cl adopts the monoclinic space graag/c with one molecule
in the asymmetric unit (Figure 4.1). In generas, lieterocyclic geometry is similar to
those of thd>-chloro-dithiaphospholes aiRichloro-diazaphospholese. the heterocycle
is folded and the chlorine atom lies out of theehatyclic plane (Figure 4.1). The
replacement of P by As ir2]Cl gives rise to some changes in bond lengths kzont
angles within the heterocyclic structure; while sobond lengths in2|Cl (S-C 1.766(2)-
1.767(2) A, C-C 1.390(2) A) are unchanged when camex to P]Cl (S-C 1.761(1)-
1.764(1) A, C-C 1.394(2) A), the increased covalatius of As leads to increases in
both Pn-Cl and Pn-S bond lengths when P is replbgetie heavier pnictogenf. P-Cl
(2.1103(7) A) and P-S (2.0921(6)-2.0932(7) ¥9. As-Cl (2.2497(5) A) and As-S
(2.2113(4)-2.2163(4) A). While the As-Cl bond (2245) A) in P|CI is longer than
normal As-Cl bondse(g.2.161 A in AsCJ),* the As-S bonds (2.2113(4)-2.2163(4) A)
are equivalent to the conventional As-S bond len@t25 A)*? Compared to other

arsenic(lll) systems containing analogous AsCk®res such as 5-chloro-1,4,6,5,-
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oxadithiarsocané (As-S 2.259, 2.247 A; As-Cl 2.268 A) and 2-chldr8,6,2-tri-
thiarsocan¥ (As-S 2.268, 2.248 A; As-Cl 2.356 AQ]CI has shorter As-S and As-Cl
bond lengths.

Figure 4.1 Molecular structure oCI with thermal ellipsoids drawn at 50% probalyilit

for non-H atoms.

Akin to [1]CI, [2]CI, [5]CI, [6]CI and [7]Cl, compound 9]Cl also contains a tri-
coordinate geometry with angles close t§ g@nge 92.45— 99.86 The sum of bond
angles at As is about 29&hich is less than the range values of the S/Pognak (299-
300") and close to that expected for a non-hybridised c&ntre (27¢) which is as
expected on descending the group. Resembf}t),[[9]CI has a non-planar heterocycle
which is folded about the S-S vector with a folgjlanof 23.66, smaller than that within
the [GS,PCI] unit in 2]CI (26.06).

The packing of 9]CI reveals a short intermolecular contact betwAsnand the benzo
group of a neghbouring moleculeafdcen: = 3.25 A] which propagate through the solid
state to form a one-dimensional chain motif (Figdr2). Such As-arengcontacts have

been observed elsewhere and proposed to be stditecting®
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Figure 4.2 Solid state packing o8]CI showing the As-arenginteractions.
4.2.2 Syntheses of dithia-phosphenium, arsenium astithenium cations
4.2.2.1 Syntheses of phosphenium, arsenium, do@hitm cations

Reaction of the chloro-compoundg]¢l (Chapter 2), 4]ClI, [6]CI, [7]CI (Chapter 3),
[9]CI, and RLOICI with MCIl; (M = Al, Ga) or MeSIOSQCF; in CH,Cl, or MeCN
followed by evaporation of the resultant solutiorffomled the corresponding
MCIJ/OSQCF; salts of the dithiaphosphenium cati@i (yellow-to-orange), dithia-
arsenium catior®” (red), dithiastibeniuni0 (dark red), and diazaphosphenium cations
4" (yellow), 6" (yellow) and7" (purple) (Scheme 4.2). These were isolated asmely
air-sensitive solids which decomposed after lomgitestorage in the glove-box.
Methylene chloride appears to be an appropriateesblfor most of these reactions
because it is non-coordinating but has a satisfiactuigh dielectric constant to dissolve
the salts?®

In solution, as expected, the existence of thetipescharge and the low coordination
number on P atom is the root of deshielding chehshits of phosphenium cations.
The chemical shifts of the phosphenium iom§[GaCls] op 212.6 ppm, §][OSO,CF;] dp
219.2 ppm, and7][GaCly] 6p 217.5 ppm) are ~ 65-92 ppm downfield in compariton
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those of the correspondirychloro precursors 4]Cl 6p142.4 ppm, §]Cl 6p127.1, and
[7]Cl & 153.1 ppm), consistent with previous observatifSnsConversely the
dithiaphosphenium cations” and 2° seemingly exhibited ampfield shift, appearing
around 55 ppm. This seemingly anomalous behavias alluded to by Burford who
first prepared such dithiaphosphenium catitfsTheir studies revealed tHéP NMR
shift was very sensitive to concentration with &re” and 2" cations evident around
~410 ppm at high dilution but were sometimes broad ey proposed formation of
aggregates such a&ClI]" at higher concentration. Notably more recent waykRussell
characterised [{(RGP}.Cl]* which appeared in the region 70-100 pps,upfield with
respect to the parent chloro-phospHihelhis is in good agreement with the peak
observed at 57 ppm which we tentatively attribot§2sCI]*. Thus it would seem that an
equilibrium is present in which the dithiaphospheniis present only at high dilution
(Scheme 4.4)3'P NMR studies at different concentrations failed itentify free

phosphenium cation in this case.

Cl
S\ MC|3 S\ //+\\\ /S MC|3 S\ +
2 P-cl P—R 2 P MCly
S M = Al or Ga S MCl, S s
(3 = 161 ppm) (3> = 57 ppm) (3> = 414 ppm)

Scheme 4.4Equilibrium betweenZ]Cl, [2,CI]* and2".

Notably treatment ofZ]Cl (161 ppm) with AIC} afforded a single peak at 57 ppm,
consistent with formation of 2jCl]*. Subsequent treatment o2,Cl]" with THF
regenerated?|Cl and the adduct AlGI2THF, confirming that the reversible nature of
the first step. Conversely the solid state structirthe phosphenium catio8][[GaCly]

was determined by X-ray diffraction and is desalibelow.
4.2.2.2 Structures of[[GaCly], [ 7][GaCl 4] *® and [9][GaCl ]

Crystals of [GHsS,P][GaCl] and [GHsSAs][GaCly] were grown by slow evaporation
of anhydrous CkLl, solutions while crystals of §El,(NMe).P][GaCl,] were formed by
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slow evaporation of a MeCN solution undes. I$ingle-crystal X-ray structure studies
were carried out for compoundg][[GaCly, [7][GaCls and P][GaCly]. Selected bond
lengths, and bond angles are listed in Table 4.1.

a.  Crystal structure of [2][GaCl,]

Compound 2][GaCls] crystallised in the monoclinic space grolg®/c with one
molecule in the asymmetric unit and the moleculiarcsure of R][GaCly] is illustrated in
Figure 4.3.

Compared to the “envelope shape” of the five-memtbeing in R]CI (fold angle of
26.06), the heterocycle in2][GaCly] is almost planar (fold angle 098 The2" cation
possesses shorter P-S (2.027(2)-2.033(2)A) bonas those of its neutral precursor
[2]CI (P-S 2.0921(6)-2.0932(7)A) but the S-C and ®dd lengths are the same within
experimental error (3 esd’s). The P-S bond lengthg][GaCl,] lies in between P=S
double bond (mean 1.908(8) A in3) and P-S single bonds (mean 2.097(8Y%As
mentioned in Chapter 2 and 3 such bond shortemintpe cation can be explained in
terms of ring planarity which optimizgs-prt bonding in the €S,P ring, enhancing the
bond order and leading to shorter bonds. Convertbadyexocyclic P-Cl bond in2]Cl
disruptstebonding affording longer P-S and C-S bonds andhjisrthe P atom to distort
out of GS, plane®® The P-S bond shortening #also results in an enlargement of S-P-S
angle (98.37(8) in comparison to that oR[CI (95.43(2f). The bond lengths and angles
within [2][GaCly] (P-S 2.027(2)- 2.033(2)A, S-C 1.736(6)-1.749(5) &-C 1.409(8)A
and S-P-S 98.37(8)are comparable to those df[AICI 4] (P-S 2.015(3)-2.016(3) A, S-
C 1.711(6)-1.728(5) A, C-C 1.383(7) A and S-P-$9710¥).*

The closest cationanion P--Cl contact is 3.326(2) A, significantly longer thaine
covalent P-Cl bond in2]Cl (2.1103(7) A), but shorter than the sum of ia@ der Waals
radii (3.55 A), confirming the ionic nature of ttstructure.Unlike the only other
previously reported dithiaphosphenium catiori][4ICI 4],* which exhibits alternating
cation-anion layers perpendicular to the crystafipbic b axis, the packing pattern of
[2][GaCly] has no layer-like order (Figure 4.3).
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Figure 4.3 Crystal structure (left) and unit cell packinggfit) for [2][GaCly]. Thermal
ellipsoids drawn at 50% probability for non-H atoms

b.  Crystal structure of [7][GaCl4]*®

The crystal structure of7[[GaCl,] has higher symmetry than that o2][GacCl,],
crystallising in the orthorhombic space grdeipcawith one molecule in the asymmetric
unit (Figure 4.4). In general, bond lengths anddbangles of T|[GaCls] (P-N 1.650(2)-
1.654(2) A, N-C 1.384(2)-1.385(2) A, C-C 1.397(2) dhd N-P-N 91.33(7) fall within

the normal range of values reported for monocyt|&2-diazaphosphenium caticfs.

Compared to [&'BuN),P][X] (X = BF4, PR)® for which N-P-N are 90.38(7)and
90.71(119, respectively, T][GaCly] possesses a larger N-P-N angle of 91.33(&n
increase of N-P-N angle iii* can be understood on the basic of P-N bond length
shortening (1.650(2)-1.654(2) A) in comparison iose of [G('BuN),P]" (mean 1.662

A). On the other hand, the N-P-N angle #his smaller than that in the unstrained,
acyclic cation [Pr.N)-P]" (N-P-N 114.8(2).*

All of the cation-anion interactions, which areddban the sum of the van der Waals’
radii, occur between the chlorine atoms (Cl4, @IRB) of the anion and some atoms (P1,
H3 on C3, C7) of the cation. The closest® contacts occur between P1 and Cl4 atoms

(3.452-3.457 A) and link molecules into a one-disienal chain structure (Figure 4.4).

115



Figure 4.4 Molecular structure of7J[GaCly]*® (top) with thermal ellipsoids for non-H
atoms drawn at the 50% probability level; (bottopnppagation of cation-anion--FClI

contacts in the solid state.
c.  Crystal structure of [9][GaCl,]

The salt §][GaCly] crystallises in the monoclinic space groBg;/m with two half
molecules 0@ and Ga{J in the asymmetric unit, with each located on aroniplane
(Figure 4.5).

The abstraction of the chlorine atom fro8]Gl to generate 9][GaCly] alters the
heterocyclic [GS,As] structure. Most notably the structure 3fis rigorously planar in
relation to P|CI (fold angle of 23.6f). In addition the positive charge 6f, leads to
some bond shortening with respect @l (As-S from 2.2113(4)-2.2163(4) A i®]Cl to
2.1414(9)-2.151(1) A fo®"; S-C from 1.761(1)-1.764(1) A i®[Cl to 1.727(3)-1.734(3)
A in 9. The reduction of the As-S and S-C bond length@ ican be explained as the

result of planarity which optimizesp34p, bonding between the heavigrblock
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elements. The S-As-S bond angle expands from 9P46([9]CI to 93.38(3)-94.82(3)
in [9][GaCly].

Figure 4.5 The two crystallographically independent molesutd [9][GaCls] with
thermal ellipsoids drawn at 50% for non-H atoms.

While [9]CI exhibits short intermolecular Asareng contacts, 9][GaCl,] exhibits a web
of As-Cl contacts with each of the two crystallograpHicahdependent As centres
forming multiple As*Cl contacts (3.295 — 3.560 A) less than the sunthefvan der
Waals radii (3.80 A). Both9J[GaCly] and [7][GaCls] form supramolecular chains formed
via Pn--Cl contacts. However the web of ‘A€I contacts (Figure 4.6) appears more
extensive than in7][GaCl,] (Figure 4.4) with inter-chain AsCI contacts in addition to
intrachain contacts. These cation-anion contacts[9fiGaCl,] are the root of a
macrostructure comprising layers perpendicularh® ¢trystallographic axis (Figure
4.6). Layers of cations are separated by 7.015(2jdivalent to the crystallographie
axis. The phosphenium salt J&,S,P][AICI4] also adopts a layered structure with

cation--anion contacts (Figure 4.6).
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Figure 4.6 (left) Propagation of AsCl contacts in the structure dd][GacCl,]; (right)
propagation of P-CI contacts inIJ[AICI 4].

d. Analysis and comparison of structures and bondig in [2][GaCl,],
[7][GaCl 4],*® [9][GaCl,] and [9]CI

A summary of the heterocyclic geometries 8f[GaCly], [7][GaCly], [9][GaCly] and
[9]CI are presented in Table 4.1. Chlorine atom abttyn to form phosphenium or
arsenium cations would appear to lead to a markediation in the folding of the
heterocyclic framework and some shortening of theeFbond lengths, consistent with a

move towards more multiple bond character.

The heterocycles become approximately or complgikdgar with folding angles close
to 0 (O in [C;SAs], 0.83 in [C,S,P], and 1.48in [CoNLP]). This phenomenon is also
observed in similar cations from previous studiess argued that the planarity of these
systems implies the involvement of the heterocentera 1@ electron environment
(C=C, two lone pairs from N or S, and the vacgnbfoitals from P or As), facilitating

an effective delocalization of the positive chafge.
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Table 4.1 Selected bond lengths (A), bond angles and folfles {) of heterocycles in
[2][GaCly, [7][GaCly],*® [9][GaCl,] and R]CI.

[2][GaCl,] [7][GaCl ™ [9][GaCl ] [9]Cl
P-S P-N As-S As-S
2.027(2) 1.650(2) 2.1414(9) 2.2163(4)
2.033(2) 1.654(2) 2.146(1) 2.2113(4)
2.146(1)
2.151(1)
S-C N-C S-C S-C
1.736(6) 1.384(2) 1.727(3) 1.761(1)
1.749(5) 1.385(2) 1.731(2) 1.764(1)
1.734(3)
1.734(2)
C-C C-C C-C C-C
1.409(8) 1.397(2) 1.399(4) 1.394(2)
1.397(3)
S-P-S N-P-N S-As-S S-As-S
98.37(8) 91.33(7) 94.82(3) 92.45(1)
93.38(3)
Fold angle?
0.83 1.46 0 23.60
0

4.2.3 Syntheses and spectroscopic analysis of ptactogen compounds

S S Ph3Pn S
\ MCI + Pn=P, As \ .Ph
/@[ Pn-Cl 2 @[ Pnomol, ) /@[ Pn—Pr, MCly
R S R S R S ‘i
R =Hor CHj
M = Al or Ga

Scheme 4.5Preparation of inter-pnictogen compounds.

In order to obtain inter-pnictogen compounds, pesi reports suggested one-pot
procedures in which a mixture of Pn-Cl and a haldbstracting agent are stirred in
CH.ClI, for 1-2 h at room temperature, then PyRhadded and the reaction mixture

stirred for a further 1-2 fi However, in our hands, when usingsPhthis methodology
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afforded an extra singlet appeared@5.0-6.0 ppm in thé’P NMR spectra which was
indentified as [P¥P—MCI3] (M = Ga, Al). This was confirmed through NMR stesl of
the reaction of PP ©p -4.0) with MCk in CH,Cl, or toluene in 24 h. This suggests that
the rate of chloride abstraction from the Pn-Cl dos comparable with the rate of
PhsP—MCl3z adduct formation.

To avoid this problem, Pn-Cl and a Lewis acid (AlGt GaC$) were reacted in toluene
for 24 h, resulting in a biphasic mixture, reflectiseparation of the ionic salt from the
toluene solvent. A toluene solution of PaPRn = P, As, Sb) was subsequently added
and the mixture stirred for a further 24 h. Thengered oily products obtained after
removing the upper-layer solvent appeared to biglesia solution but very unstable as
solids, decomposing rapidly on storage even inglowe-box. No crystals could be
obtained for X-ray diffraction even though many rgstallization approaches were
attempted. Nevertheled% NMR of these reactions provided some useful nsigo the

chemical reactivity of these pnictogen cations.

Initial studies clearly reveal th&®® has some Lewis acidity; reaction dZ][AICI 4]
(generatedn situ from [2]Cl and AICkL) with several soft donors, B (E = P, As, Shb)
affords 1:1 complexes which were characterised*#/ NMR. The 3P NMR of
complexes betweerd” or 2" with PhsP exhibit AX-type spectra with two doublets
indicating the bonding P between two unequivalent phosphorus atoms:
[1-PPh][AICI 4] (85 7.6, 48.7;"Jpp = 442 Hz); R-PPh][AICI 4] (85 7.9, 52.3;'Jpp = 444
Hz); and R-PPh][GaCly] (8p 7.8, 51.7;'Jpp = 447 Hz). These coupling constants are
similar to those of [P#P-P=CSiMg][AICI,] (8 20.2, 300.5;'Jsp = 450Hz)*' and
[Ph.P(CI)-PPH]|[GaCly] (8p 75.5, -0.9;'Jpp = 381.0 Hz)? consistent with P-Pn bond

formation.
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S. +.pn
/@E P-As:gn AlCI;
d,52 ppm /@:5\ + Ph = /C[S\ + Ph
P-PZpp AICI, As-PLpp ACK
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Jpp =444 Hz

Figure 4.7. *'P NMR spectra ofg: PPR][AICI 4], [2- AsPh][AICI 4], and P- PPR][AICI 4]
complexes.

Table 4.2 3P NMR chemical shifts of adducts of heterocyclitiares with PRE (E = P,
As, Sh).

Colour dp(ppm) Lep 5p of cation
(Hz) (ppm)

[1-PPR][AICI 4] Yellow 7.6 (d), 48.7 (d) 442 56.1 (s)
[2- PPR][AICI 4] Orange 7.9 (d), 52.3 (d) 444 58.4 (s)
[2- PPR][GaCly] Yellow 7.8 (d), 51.7 (d) 447 57.2 (s)
[2- AsPR][AICI 4] Red 47.1 (s) - 58.4 (s)
[2- SbPR]|[GaCly] Yellow-orange 48.8 (Ss) - 57.2 (s)
[9- PPR][GaCly] Red 6.1 (s) - -
[9- PPR][AICI 4] Orange 6.6 (S) - -
[10- PPR][GaCly] Dark red 5.7 (s) - -

When the Lewis base Bfhis replaced by BAs or PhSb, a singlet is observed in tH@
NMR spectra. However similar trends in the chemstuadt of the phosphenium centre are
observed forZ-PPh]", [2-AsPh]", and R-SbPK]". For instancedpof [2][AICI ;] moves
from 58.4 to 52.3 ppm or to 56.8 ppm upon coordamatvith PPRor AsPh, anddp of
[2][GaCl,] shifts from 57.2 to 48.8 ppm upon formation oé thdduct 2- SbPR]|[GaCl,].
In addition, dp of the Lewis base PR®p-4.0) shifts to 7.9 ppm, 6.1-6.6 ppm and 5.7
ppm upon coordination ta8*, 9*, and 10", respectively (Figure 4.7). Actually, tH&P
chemical shifts of As-P bonds in9- PPR][AICI 4] (3p 6.6 ppm) and9-PPh][GaCly] (5p
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6.1 ppm) are similar to the previously reported wddC,HoNAS-PPR][OTf] (dp 6
ppm)?® Besides, the SbPPh bond exhibits a resonance &t 5.7 ppm which is
comparable with similar SBPPh adducts such as §&b—PPh and PhCGISb—PPh
complexe&’ both of which occur at 5.6 ppm. In these systemaslt1 nature of the adduct
was confirmed by the integrals of thé NMR resonances for the phenyl rings in relation

to the methyl group (and aromatic H) of the phosjlma/arsenium cation.
4.2.4 Theoretical calculations
4.2.4.1 Computational studies on phosphenium cation

Geometry-optimised DFT calculations were undertakging the B3LYP functional and
6-311G*+ basis set. Natural Bond Orbital (NBO) cédtions were employed to compare
the partial charges and bond orders betwehloro-benzodithiaphosphole Brchloro-
benzodiazaphosphole and its corresponding catiosumary of the bond orders is
presented in Table 4.3 and partial charges in Taldle

Table 4.3 Bond orders in the heterocyclic structures oleifrom NBO analysis at

B3LYP/6-311G*+ level in some chlorophospholes ahdirt equivalent phosphenium

cations.
Bond P'Cl P'S or P'N N'Cendoor S'C C'C N'Cexc
1 - 0.97 & 1.66 0.97 & 1.44 0.97 -
[1]CI 0.90 0.95 0.97 0.97 -
2" - 0.97 & 1.66 0.97&1.44 0.97 -
[2]CI 0.90 0.95 0.97 0.97 -
4" - 0.98 & 1.68 0.98 &1.52 0.97 -
[4]CI 0.86 0.96 0.98 0.97 -
[5]CI 0.91 0.95 0.97 0.97 0.95
6" - 0.97& 1.64 0.98 &1.47 0.97 1.06
[6]CI 0.90 0.95 0.97 0.97 0.95
7" - 0.87 & 1.36 0.98 &1.51 0.97 0.99
[7]CI 0.85 0.96 0.97 0.97 0.99
8" - 0.98&1.64 0.98 & 1.51 0.97 0.98
[8]CI 0.84 0.96 0.97 0.97 0.98
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These NBO studies (based on DFT/B3LYP/6-311G*+ uwationsf® of the
chlorophospholes validate the presence of P-S, &N C-C single bonds around the
heterocyclic ring and an exocyclic P-Cl single boimdagreement with previous studies
by Gudat'® These data clearly point to disruption of thesystem in [GS,P] and
[C2(NR)2P] units in the chloro-functionalised substituentsading to a non-planar
heterocycle. On the other hand, the phospheniumnsateflect significant pp, bonding
between P and S in dithiaphospholes (bond orde$),1® and N in diazaphospholes
(bond order 1.36-1.68), S and C (bond order 1 M4}.40(bond order 1.47-1.52).

Table 4.4 Atomic partial chargess) gained from the Natural Population Analysis
(B3LYP/6-311G*+¥° of the heterocycles in the synthesized chlorophotgs and their

corresponding cations.

P Cl N orS C Adp_c
1" 0.50 - 0.30 -0.21 -
[1]CI 0.51 -0.33 0.07 -0.20 0.84
2 0.48 - 0.36 -0.27° -
[2]CI 0.50 -0.33 0.07 -0.27° 0.83
4 1.17 - -0.80 0.14 -
[4]CI 1.18 -0.46 -0.89 0.13 1.64
[5]CI 1.25 -0.36 -0.77 0.14 1.61
6" 1.18 - -0.72 0.15 -
[6]CI 1.20 -0.36 -0.77 0.14 1.56
7" 1.15 - -0.65 0.15 -
[7]CI 1.21 -0.48 -0.75 0.15 1.69
8" 1.14 - -0.65 0.15 -
[8]CI 1.21 -0.49 -0.75 0.15 1.70
Co(NPh)PCF® 1.17 -0.42 -0.68 -0.08 1.58
C,(N'Bu),PCF® 1.20 -0.53 -0.71 -0.09 1.72

(*Average values)

Further supporting evidence for the presence-electron delocalization in the rings of
phosphenium cations can be achieved from a congarisetween exocyclic and
endocyclic C-N bond lengths . The exocyclic C-N bonds (1.468-1.474 A) can be
judged as pure single bonds singe interactions between GHgroup and

diazaphosphenium rings are absent. This is in aggaewith the NBO calculations in
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that all the N-Gy, bond orders fall into a range of 0.95-0.99. Howetlee endocyclic C-
N bonds appear to be comparatively shorter (1.3885LA). It is actually intermediate
between single and double bonds (for instance inarh,5-diazabicyclo(4.3.0)non-5-ene:
C-N single bond 1.465 A, C=N double bond 1.279°AThe bond shortening may be
attributed to partial double-bond character resgltifrom n delocalization in the

diazaphosphenium rings.

The elimination of Clmakes phosphenium cation isoelectronic with otresavy-atom
equivalents oN-heterocyclic carbenes, simultaeously offeringlarfe pair plus a vacant
p-orbital (conjugated to the C/S framework). Therefdahe phosphenium cation might be
both a o-donor and m-acceptor®?® The donor capacity of various systems of
phosphenium cations has been widely examined mstef ligands for transition metals
(primarily with group 6 and 8 metals, or with rhori)?° A series ofy>-cyclopentadienyl
(Cp) molybdenunm® and tungsten complex&%®* as well as a Cp-free complex of
manganesé have been synthesized through reactions of nehamphosphines with

anionic transition-metal fragments.

Notably chloride ion abstraction does not signifita change the charge on the group 15
element itself but the other heteroatom bonded,te.g. removal of Cl from [1]CI (P
+0.50, S +0.07) formg* (P +0.51, S +0.30). The net positive charge onpitietogen,

however, likely reduces its donor capacity.

Based on the difference of atomic partial chargésc between P and ClI, it can be
concluded that (a) P-Cl bonds $heterocyclic phospholes are substantially lesamol
than those inN-heterocyclic ones; (b) the electron withdrawingyating nature oiN-
substituents influences P-Cl bond polarity. THe—CP~ interactions appear to be more
ionic whenN-substituents are placed in the order: -COMe < -Gf@& -H < -Me < -Et
with ethyl offering the strongest bond polarity.igs consistent with strongly electron-
withdrawing groups drawing electron density frora # centre which then enhances P-CI
covalency, leading to a reduction in ionicity. Thabservation is consistent with the
features of N-monoheterocyclic phospholes previously repoffedndeed N-alkyl

chlorophospholes derived from four-membered (P-NNC-and five-membered
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(P-N-C=C-N) C/N/P heterocycles have been proposedtha@s most appropria
candidates for halide abstract because of their more polar G-bonds® Indeed
strongly electrorreleasing groupare expected to stabilise phosphenium centresng.
to a move from covalent-Cl to ionic P"CI> and a concomitant -Cl bond
lengthening. In order to probe this further, a correlation betwethe electrol
donating/releasing properties of iexoR group attached to the heterocyclic N and t-
Cl bond length was examined. In this context we leggdl the Hammett parameteon,
and o, as potential estimates of the electronic effectsthef R grour® Figure 4.8
illustratesthe correlations of the-Cl bond length witho, ando, parameters. While boi
provide good correlations, the? value (1.00 for a péect correlation) is marginall
better for theo,, parameter, reflecting a through bond electronieaffrather thal

stablisation by resonanc

Table 4.5 Data to construct Hammett correlation c-Cl bond lengtt Hammett

parametersaken from referenc{33}.

Substituent dp.ci/A om o)

-COMe 2.1267 0.38 0.5

-COOMe 2.121 0.37 0.4¢

-H 2.26 0 0

-Me 2.297 -0.07 Q.17

-Et 2.30 -0.07 0.1t
23 @ 23 ¢@

2.25
y =-0.386x +2.268 2:25

R?=0.9957

y =-0.2753x + 2.2556
R? = 0.9923

22 2.2

P-Cl bond length
P-Cl bond length

2.1 21
-0.1 0 0.1 0.2 03 0.4 -0.2 0.1 0 0.1 0.2 0.3 0.4 0.5

Hammett parameter (om) Hammett parameter (op)

Figure 4.8 Correlationof P-Cl bond length with the Hammett paramet, (left) ando,
(right)
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An examination of the LUMOs of the series Wfheterocyclic phosphenium cations
(Figure 4.9) reveal exensivedelocalisation in which the exocyclic R group oty
adjusts delocalisation to the NR group but alsthébenzo-fused substituent. For R = H,
Me and Et there is no evident delocalisation toghkecyclic R group but for the acetyl
derivative there is clear delocalisation to thetgcearbonyl, leading to a much lower
LUMO, i.e. the acetyl derivative is anticipated to be a sufislly stronger Lewis acid.

In addition E reduction to generate a radical is more favourtdyléhe acetyl derivative.

4* (-7.35) 6°(-7.84) 7" (-6.91) 8" (-6.75)

Figure 4.9 LUMOs (B3LYP/6-311G*+) of som&-heterocyclic phosphenium cations
and their orbital energies (eV), in parentheses.

Notably the rt-delocalisation afforded by the acetyl group alssduces therte
delocalisation to the benzo ring whereas electrmmatng groups lead to larger

coefficients on the benzo-ring.

4.2.4.2 Computational studies on periodic trendsveen phosphenium, arsenium and

stibenium cations

Conventional all-electron B3LYP/6-311G*+ calculat® which take into account
additional diffuse and polarisation terms necesdary ‘softer’ 3p elements clearly
replicate structural variations within the seriédphosphenium cations discussed in the
previous section. In order to examine heavier grddp elements (which are not
parameterised within the 6-311G basis set withigudg, a number of effective core

potential (ECP) basis sets were examined. These l68R sets implement an effective
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nuclear charge to accommodate the core electrohshacleus and explicitly considers
just the outer valence electrons. In order to distalan appropriate basis set to model
trends within group 15 ECPs which reproduced théY836-311G*+ computations
were considered appropriafeh initio DFT/B3LYP/LACV3P methods have been applied
to calculate geometric data (bond lengths, bondleahgthermodynamic stability,
standard enthalpies which reflect the total enargeintent, as well as the standard free
energies for six-memberred hetero-aromatic ringgaining group 15 elements (N, P,
As, Sb, Bi)** The LACV3P*+ basis set is selected in these stutliecause it is fully
parameterized for all the group 15 elements. It Hasen confirmed that
DFT/B3LYP/LACV3P calculations can deliver a relialgstimation of the geomet#y.

In order to evaluate the dependence of theoretialglulations on basis sets, geometry-
optimized calculations and Natural Population As&yof2” and P]CI were carried out
using both B3LYP/6-311G*+ and B3LYP/LACV3P*+ basset and functionals. The
results obtained (Table 4.6) show that the atorartiad charges and bond orders derived
from these basis sets are the same, proving thatAlCV3P*+ basis set replicates well
the all-electron approach.

Table 4.6 Comparison of atomic partial charge$ &nd bond orders gained from the
Natural Population Analysis of the heterocycles $#heterocyclic phosphole,

phosphenium cation and its congeners.

Pn ClI S C Adpnci  Pn-S Pn-Cl S-C C-C
otb 0.48 - 03¢ -027 - 0.97;1.66 - 0.97;1.44 0.97
ote 0.48 - 0.3F -027 - 0.97;1.66 - 0.97;1.44 0.97
[2lcl® 050 -0.33 0.07 -02F 083 0095 0.90  0.97 0.97
[2lcl® 0.50 -033 007 -0.2¢¢ 0.83 0.95 0.90 0.97 0.97
[9]*° 066 - 027 -027 - 0.97;1.65 - 0.97 1.52
[9)CI® 0.71 -0.41 oo -02F 112 0.95 0.88 0.97 0.97
[10]"° 1.00 - 0.068 -027 - 0.97;1.68 - 0.98;1.47 0.97
[10/CI° 1.09 -0.51 912 -02¢ 1.60 0.96 0.89 0.97 1.58

(Pn = P/As/Sb?Average valuesB3LYP/6-311G*+B3LYP/LACV3P*+)
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Similar to2" and7", all calculations demonstrate the presences-pf ponding between

Pnand S, as well as C and C or S and C atomg indterocycles & and10".

Lowest unoccupied molecular orbitals (LUMOS) of thlgovementioned cations which
interact directly with an electron pair in"@ generate the Pn—CI (Pn = P/As/Sb) bonds

are particularly studied in the nature of bondirithworresponding Pn-chloro precursors.

1" (-8.41F 2" (-8.25} 2" (-8.24) 9" (-8.40% 10" (-8.24F

Figure 4.10 LUMOs calculated by B3LYP§-311G*+;LACV3P*+) of S-heterocyclic

phosphenium cations and their congeners, anddhgtal energies (eV), in parentheses.

Reassuringly, LUMOs oP" obtained from two different basis sets (6-311G*da
LACV3P*+) are comparable (Figure 4.10) and withime tgroup 15 series almost
invariant at the B3LYP/LACV3P*+ level of theory,dhgh notably the Lewis acidity
(LUMO energy) in the series varies in the or@déx 9" > 10" and in agreement with the
partial charge of the pnictogen (Table 4.6).

A comparison of the bonding in;BsS,Pn" reveals subtle differences in bonding on
descending the group. The NBO structures (best 4 estructure) for each derivative
coupled with their NBO partial charges and bondewsdare presented in Figure 4.11.
Notably the most stable resonance form varies oh e@se. On descending the group
there is a steady increase in the positive changihe pnictogen (in agreement with the
increasing electropositive nature of the pnictogam)l a decrease in the Wiberg bond
index reflecting poorertbonding on descending the group (Wiberg bond srderS
1.33, As-S 1.26 and Sb-S 1.16). Notably the NBCtglacharges on the S centre
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decrease on descending the group. This leads éamaconstant charge on thg”8 unit
of +1.07 (Pn = P), +1.08 (Pn = As) and +1.11 (P8bJ} suggesting that bonding within
the phenylene ring is somewhat invariant. An anslg$ the second order perturbation
(deviations from the best localised Lewis struckurelicate that the only significant
perturbations (> 50 kcal/mol) are associated witielocalisation within the aromatic
core for GHgS,P" and GHsS,Sb’ to stabilise the formal negative charge. In theecef
C/HesS,Sb' there are additional significant perturbations asged with delocalisation of
the lone pair on the C centre to SbRS and C-C 1t* orbitals. Notably there is no
perturbation energy greater than 50 kcal/mol fgi{S,As".

+ + +
097 -S 097-S 098_S
_ \\kse &65 N.GS
P As 0.97 Sb
~ A.w 0.97 —~ /097
1.45 .S+ 0078 14739

P +0.48 As+0.66 Sb+1.00

115

S
\o \
P 1.27 As 1.28 Sb
/1.32 / /
S

1.15 117 S 1.16 S

Figure 4.11 (top) NBO bond orders and best resonance steickerived from the NBO
analysis for the @¢S,Pn" ring; (middle) NBO partial charges around the hmtgclic
ring; (bottom) Wiberg bond orders

Replacement of S by NMe leads to substantial cheirgthe charge distribution (Figure
4.12), substantially enhancing the electropositiaire of the Pcentre with the N atoms
possessing a partial negative charge and leadiagstoall positive charge at the benzo
ring carbons. The resonance form for the diazagiespm cation exhibits the same

resonance structure as the dithiastibenium caliotably the Wiberg bond index for the
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P-N bond is even lower than that for S-Sb suggegstiary limited multiple bond

character and a strongly polar ionic contributiom gtability. All second order

perturbations in the NBO analysis o§HG(NMe),P" (> 50 kcal/mol) were associated
with stabilisation of the formal C lone paila delocalisation to the C=@* and C=N1t*

orbitals.

+0.29

S\ +0.15 N-\0-65
/P +0.48 P +1.15
S +0.15 N -0.65
+0.30
115 S 114 N
s Nt
P P
/1.32 /1.04
1158 114N

Figure 4.12 (top) NBO bond orders and best resonance steickeiived from the NBO
analysis for the @4¢S,P" and GH4(NMe)P" cationic rings ; (middle) NBO partial
charges around the heterocyclic ring; (bottom) W§k®ond orders

4.3 Conclusions

The bonding in bicyclic benzodithiaphosphenium, Zwefithiaarsenium and benzo-
diazaphosphenium cations differs significantly fronthe precursor chloro-
phosphines/arsines. The latter are best descnibmims of a localised bonding structure
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whereas the cations exhibit planar five-memberad structures in which there 1%

delocalisation affording Iflelectron species isolobal wiMrheterocyclic carbenes.

These cationic species are formally amphotericsggsing both a lone pair and vacant
orbital. Computational studies reveal the Lewiglagi(LUMO energy) is sensitive to the
nature of the ring and the pnictogen; within theiese GH,S,Pn" the order of Lewis
acidity is As > P ~ Sh. Within the series of didzagpheniums, &4(NR),P", the Lewis

acidity can be tuned by the electron-withdrawinigaising nature of the R group.

A series of new inter-pnictogen complexes base®&#h S/As, and S/Sb cations have
been synthesized from tlchloro-benzodithiaphospholé&s-chloro-benzodithiaarsole,
and Sbchloro-benzodithiastibole by treatment with a liewacid, followed by addition
of PhPn (Pn = P, As, Sb) which affords 1:1 adducts whigre characterised by
multinuclear NMR.

4.4 Experimental

All reagents were used as received without anyhéurpurification unless otherwise
noted: toluene-3,4-dithiol, AlG| GaCk, AsCk, SbCk(Sigma-Aldrich).

4.4.1 Preparation of [GHeSP][AICI 4], [2][AICI 4]

A solution of GHgS,PCI (synthesized in Chapter 2) (1.00 g; 4.53 mmolCH.Cl, (20
mL) was added dropwise to a solution of Al(.604 g; 4.53 mmol) in Ci€l, (10 mL)
under N. The resulting orange mixture was stirred at rademperature overnight. The

solvent was then removeéu vacuoto give an orange solid. Yield: 1.45 g (90%).

'H NMR (300 MHz, CDBCl,) 84 8.51 (d*Juy = 8.7 Hz, 1H, aromatic CH), 8.43 (s, 1H,
aromatic CH), 7.89 (dJun = 8.7 Hz, 1H, aromatic CH), 2.71 (s, 3H, §H

13C NMR(75.5MHz, CRCl,) 8¢ 152.80, 149.58, 143.61, 132.96, 127.88%0dc = 5.1
Hz, aromatic S§ 127.60 (dJpc = 4.2 Hz, aromatic SC21.74.

3p{’H} NMR (121.5 MHz, CRCly) 8p 58.38 (S).
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Found ([C7HeSP][AICI 4] requires): C = 23.21% (23.75); H = 1.41% (1.71).
Melting point: 101-102°C.
4.4.2 Preparation of [GHeSP][GaCly], [2][GaCl4]

A solution of GHgS,PCI (synthesized in Chapter 2; 0.500g; 2.27 mnmolCHCI, (10
mL) was added dropwise to a solution of Gal399g; 2.27 mmol) in C¥Cl, (10 mL)
under N. The resulting yellow orange solution was stiregdroom temperature for 2
hours. The solvent was then removiadvacuoto give a yellow-orange solid. Yield:
0.840g (93%). Crystals were obtained by slow evaipamm of a CHCI, solution of the
product in a Schlenk flask undeg.N

'H NMR (300 MHz, CDBCl,) 847.90 (d,Juy = 9.75 Hz, 1H, aromatic CH), 7.82 (s, 1H,
aromatic CH), 7.39 (dJun = 9.75 Hz, 1H, aromatic CH), 2.50 (s, 3H, §iH

13C NMR (75.5 MHz, CDCl,) 8¢ 142.81, 140.05, 132.31, 130.33, 127.74%0g: = 5.1
Hz, aromatic S§ 127.40 (dJpc = 4.2 Hz, aromatic SC21.66.

31pfIH} NMR (121.5 MHz, CDGJ) 8p 57.2 (S).

Found ([C/HeS,P][GaCl] requires): C = 21.36% (21.19); H = 1.68% (1.52).
Melting point: 80-81 °C.

4.4.3 Preparation of gH¢S,AsCI, [9]CI°

To a solution of toluene-3,4-dithiol (1.000 g; éwmol) in CHCl, (40 mL) was added

arsenic trichloride (1.160 g; 6.4 mmol). The reactmixture was stirred at reflux under
N, at 40C for 1.5 h. Solvent was removéadvacuoto afford a pale yellow solid (1.389g;
5.25 mmol; 82%).The product was recrystallized bgling a saturated MeOH solution

to -20°C for 24 h to give suitable crystals for X-ray difttion.

'H NMR (300 MHz, CDC}) 84 7.48 (d,Jun = 8.1 Hz, 1H, aromatic CH), 7.42 (s, 1H,
aromatic CH), 7.04 (dJun = 8.1 Hz, 1H, aromatic CH), 2.37 (s, 3H, §H

132



3c NMR (75.5 MHz, CDCJ) 6¢ 139.55, 136.60, 136.08, 127.44, 127.34, 126.68520
Found (C;HeASCIS; requires): C = 32.00% (31.77); H = 2.16% (2.29).

Melting point: 81-82°C.

4.4.4 Preparation of [GHSAS][AICI4], [9][AICI 4]

A solution of GHgS;AsCI (1.00 g; 3.78 mmol) in Ci€l, (20 mL) was added dropwise
to a solution of Al (0.504 g; 3.78 mmol) in Ci€I, (10 mL) under M. The resulting
red solution was stirred at room temperature ogéitniThe solvent was then removied
vacuoto give an orange-red solid. Yield: 1.34 g (89%).

'H NMR (300 MHz, CRCl,) 64 8.31 (d,*Jun = 8.25 Hz, 1H, aromatic CH), 8.22 (s, 1H,
aromatic CH), 7.75 (fJun = 8.25 Hz, 1H, aromatic CH), 2.66 (s, 3H, §H

13C NMR (75.5 MHz, CDCl,) §:150.20, 146.91, 141.14, 130.92, 128.61, 128.2B21.
Found ([C7HeS,AS][AICI 4] requires): C = 21.09% (21.13); H = 1.80% (1.52).

Melting point: 122-124°C.

4.4.5 Preparation of [GHS;As][GaCly), [9][GaCl,]

A solution of GHgS;AsCI (0.500g; 1.89 mmol) in Ci&l, (10 mL) was added dropwise
to a solution of GaGl(0.333g; 1.89 mmol) in Cil, (10 mL) under M The resulting
red solution was stirred at room temperature io@ré. The solvent was then remowed
vacuoto give an orange-red solid. Yield: 0.807g (97 @)ystals were obtained by slow

evaporation of a saturated gEl, solution of the product in Schlenk flask under N

'H NMR (300 MHz, CDCl,) 84 7.89 (d,*Jun = 8.25 Hz, 1H, aromatic CH), 7.82 (s, 1H,
aromatic CH), 7.40 (fJun = 8.25 Hz, 1H, aromatic CH), 2.51 (s, 3H, §H

13C NMR (75.5 MHz, CRCN) 5¢ 140.66, 137.73, 137.15, 128.24, 128.05, 127.44820.
Found ([C/HeS,As][GaCly] requires): C = 18.52% (19.08); H = 1.64% (1.37).
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Melting point: 128-129C.
4.4.6 Synthesis of £15S,SbCl, [10]CI°

To a solution of toluene-3,4-dithiol (1.000g, 6.4no1) in CHCIl, (40 mL) was added
SbCk (1.460 g, 6.4 mmol). The reaction mixture wasratirat reflux under Nor 1 h.
The resulting yellow solution was cooled on an waer bath but no precipitate

appeared. The solvent was remoiwredlacuoto give a yellow solid (1.70 g, 85%).

'H NMR (500 MHz, CDC}) 8y 7.45 (d,Jun = 8.2 Hz, 1H, aromatic CH), 7.39 (s, 1H,
aromatic CH), 6.92 (dJun = 8.2 Hz, 1H, aromatic CH), 2.34 (s, 3H, §H

3Cc NMR (75.5 MHz, CDCl,) 6¢140.54, 137.07, 136.39, 130.59, 129.90, 127.0%220.
Found (C;HeCIS;Sb requires): C = 26.52% (26.99); H = 1.65% (1.94).

Melting point: 142-143C.

4.4.7 Synthesis of [#16S,Sb][GaCly, [10][GaCly]

A solution of GHgS,SbCI (0.800g, 2.57 mmol) in GBI, (30 mL) was added dropwise
to a solution of GaGl(0.452g, 2.57 mmol) in Ci€l, (10 mL) under M The resulting
red solution was stirred at room temperature io@ré. The solvent was then remowed
vacuoto give a dark red solid. Yield: 1.201g (96%).

'H NMR (300 MHz, CQCN) 4 7.37 (d,Jun = 8.1 Hz, 1H, aromatic CH), 7.33 (s, 1H,
aromatic CH), 6.89 (¢Ju+ = 8.1 Hz, 1H, aromatic CH), 2.28 (s, 3H, §H

13C NMR (75.5 MHz, CQCN) 8¢ 141.61, 138.12, 136.23, 130.86, 130.29, 126.98420.
Found ([C/HeS,Sb][GaCl] requires): C = 16.40% (17.24); H = 1.57% (1.24).

Melting point: 110-111°C.
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4.4.8 Synthesis of [HS;Sb][AICI,], [10][AICI 4]

A solution of GHgS,SbCI (1.00 g, 3.21 mmol) in GBI, (40 mL) was added dropwise to
a solution of AIC} (0.428 g, 3.21 mmol) in Ci&l; (10 mL) under M The resulting red
solution was stirred at room temperature overnidtie solvent was then removed

vacuoto give a dark red sticky solid. Yield: 0.91 g %%

'H NMR (300 MHz, CDCl,) 84 8.60 (d,Jun = 8.7 Hz, 1H, aromatic CH), 8.50 (s, 1H,
aromatic CH), 7.99 (dJun = 8.7 Hz, 1H, aromatic CH), 2.75 (s, 3H, §H

3% NMR (75.5 MHz, CBCl,) 6c145.42, 141.94, 140.65, 135.07, 134.44, 126.51.82.
Found ([C7HeS,Sb][AICI,] requires): C = 18.60% (18.90); H = 1.54% (1.36).

Melting point: 165-166°C.

4.4.9 Preparation of [GH4(NH).P][GaCl,], [4][GaCl4]

A solution of Ga (0.306 g, 1.74 mmol) in MeCN (5 mL) was added dnse to a
suspension of gH4(NH),PCI (synthesized in Chapter 3, 0.300 g, 1.74 mimdileCN (5
mL). The yellow solution was left to stir at RT f2h. The solvent evaparatgdvacuoto
give a yellow solid. Yield: 0.450 g (74%).

'H NMR (300 MHz, CRRCN) 8 12.38 (s, broad, 2H, NH), 7.81-7.85 and 7.62-TtB5
AA'BB' aromatic CH).

13C NMR (75.5 MHz, CRCN) ¢ 138.35 (d2Jpc = 6.2 Hz, PNG, 128.24, 116.24.
3p{’H} NMR (121.5 MHz, CRCN) 8p 212.55 (s)

Found ([CeH4(NH).P][GaCl] requires): C = 20.53% (20.67); H = 1.92% (1.7R)=
7.98% (8.04).

Melting point: 137-138°C.
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4.4.10 Preparation of [gH4(NCOCH;),P][OSO,CF3], [6][OTT]

A solution of MeSIOSQCF;(0.520 g, 2.34 mmol) in MeCN (5 mL) was added drisgw
to a solution of gH4(NCOCH;).PCI (synthesized in Chapter 3, 0.500 g, 1.95 mnmol)
MeCN (5 mL). The yellow solution was left to stidr@t RT overnight. Volatiles were
evaporatedn vacuoto give a yellow solid. Yield: 0.505 g (70%).

'H NMR (300 MHz, CRCN) &4 8.22-8.25 (m, 2H, ring §E4), 7.21-7.26 (m, 2H, ring
CeHa), 2.65 (d,*Jpy = 5.4 Hz, 6H, COCH).

3C NMR (75.5 MHz, CRCN) 5:169.82, 155.48, 128.53, 117.05, 115.26, 27.37.
31pfIH} NMR (121.5 MHz, CRCN) 8p 219.19 (S).

Found ([CeH4(NCOCH;).P][OSQCF;] requires): C = 35.88% (35.68); H = 2.98%
(2.72); N = 7.65% (7.57).

4.4.11 Preparation of [gH4(NCH3),P][GaCl,], [7][GaCl,]

A solution of Gad (0.176 g, 1.00 mmol) in MeCN (5 mL) was added erige to a
solution of GH4(NCHz3),PCI (synthesized in Chapter 3, 0.20 g, 1.00 mmoleCN (5
mL). The purple solution was stirred for 1 h atmotemperature. Volatiles were removed
to give a purple solid (0.295 g,78%) which was ystallized from MeCN to yield
suitable crystals of [§H4(NCHs),P][GaCl] for X-ray diffraction.

'H NMR (300 MHz, CDC}) 84 7.81 (m, 2H, aromatic CH), 7.78 (m, 2H, aromati¢)C
4.13 (d,3Jpy = 10.71 Hz, 6H, NC¥).

13C NMR (75.5 MHz, CRCN) 8¢ 140.01 (d2Jpc = 5.59 Hz, heterocyclic PNC), 128.14
(s, aromatic), 114.50 (s, aromatic), 34.16Jg; = 16.76 Hz, PNCH).

31p{'H} NMR (121.5 MHz, CRCN) 8p 214.41.

Found ([CsHa(NCHs),P][GaCl] requires): C = 25.38% (25.51); H = 2.81% (2.68)=
7.62% (7.44).
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Melting point: 265-266°C.
4.4.12 General procedure for the preparation oféntpnictogen complexes

Equimolar quantities of AlGlor GaC} (1 mmol) and @HsS,PnCl (Pn = P/As/Sb) (1
mmol in 10 mL of toluene) were combined and stire¢dRT overnight. A solution of
PnPh (1 mmol in 10 mL of toluene) was then added airdest for a further 24 hours to
yield a biphasic mixture (the top layer was usuphlye yellow, and the bottom layer was
yellow/orange/red). The upper solvent phase wasrded. Solvent removal from the
bottom residue afforded very viscous orange-toeiés] and no precipitation when using
layering methods. Yield: 1fPPR][AICI4] (71%); [2-PPRJ[AICI4] (75%);
[2-PPR][GaCl) (68%); [2:AsSPh][AICI4] (78%); [2-SbPh|[GaCly] (63%);
[9- PPR][GaCls] (66%); [O- PPR][AICI 4] (72%); [10- PPR][GaCls] (65%).

4.4.12.1 Data for]-PPh][AICI 4]

'H NMR (300 MHz, CRCly) 84 7.72-7.77 (m, 3H, aromatic CH in PJph7.63-7.68 (m,
6H, aromatic CH in PR 7.58-7.60 (m, 6H, aromatic CH in Pphr.18-7.22 and 7.01-
7.04 (dd and ddfJqn = 6.0 Hz,*Juy = 3.3 Hz, AA'BB', aromatic CH).

13C NMR (75.5 MHz, CDCl,) 8¢ 135.80 (d2Jpc = 3.32 Hz, PPJ), 135.15, 134.34 (d,
2Jpc = 7.40 Hz, PP}, 130.80 (dlJpc = 10.72 Hz, PGn PPh), 128.49 (s, PR 126.14,
117.78.

3pf*H} NMR (202.5 MHz, CDCl,) 8p 48.75 (d.}Jpp = 442 Hz, heterocycle S,P),7.63
(d, 3pp= 442 Hz, PP}).

4.4.12.2 Data forZ-PPR][AICI 4]

'H NMR (300 MHz, CDC}) 8, 7.81-7.89 (m, 3H, aromatic CH in Pph7.72-7.74 (m,
6H, aromatic CH in PR} 7.67-7.70 (m, 6H, aromatic CH in Pph7.14 (d,33uy = 7.7

Hz, 1H, aromatic CH), 6.92 (s, 1H, aromatic CHY16(d,3Juy = 7.7 Hz, 1H, aromatic
CH), 2.27 (s, 3H, CH).
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13C NMR (75.5 MHz, CBCl,) 8¢ 138.47, 137.46, 136.06 (dJpc = 2.87 Hz, PPY),
135.75, 134.15 (FJpc = 5.81 Hz, PPJ, 130.77 (dXJpc = 10.57 Hz, PGn PPh), 130.50
(s, PPh), 122.21, 115.41, 114.24, 20.73.

3pf*H} NMR (202.5 MHz, CDCly) 852.30 (d,'Jep = 444 Hz, heterocycle S,P),7.92
(d, YJpp= 444 Hz, PP).

4.4.12.3 Data for2-PPh][GaCly]

'H NMR (500 MHz, CDBCl,) & 7.75-7.80 (m, 3H, aromatic CH in Ph7.68-7.73 (m,
6H, aromatic CH in PR} 7.63-7.66 (m, 6H, aromatic CH in Pph7.12 (d,*Jun = 7.5

Hz, 1H, aromatic CH), 7.01 (s, 1H, aromatic CH8%5(d, 3.y = 7.5 Hz, 1H, aromatic
CH), 2.23 (s, 3H, CH).

*P{"H} NMR (202.5 MHz, CRCly) 8p51.73 (d,"Jpp = 447 Hz, heterocyclesSP), 7.81
(d, 1Jpp = 447 Hz, PP.

4.4.12.4 Data forZ-AsPh][AICI 4]

'H NMR (500 MHz, CRCl,) 8y 7.72-7.75 (m, 3H, aromatic CH in As§h7.59-7.62 (m,
6H, aromatic CH in AsRj), 7.49-7.50 (m, 6H, aromatic CH in AsfPh7.16 (d,*Juy =

7.5 Hz, 1H, aromatic CH), 7.04 (s, 1H, aromatic CH1 (d,*Jsy = 7.5 Hz, 1H,
aromatic CH), 2.23 (s, 3H, GH

¥C NMR (75.5 MHz, CDCly) 8¢ 138.25, 135.05, 133.43, 132.60, 131.42, 130.90,
130.63, 128.87, 128.63, 126.28, 21.32.

31p{H} NMR (202.5 MHz, CDGJ) 8p47.11 (s, heterocycle;S,P).
4.4.12.5 Data forZ-SbPh|[GaCl,]

'H NMR (300 MHz, CDC}) 8 7.63-7.66 (m, 3H, aromatic CH in Sh{ph7.42-7.45 (m,
6H, aromatic CH in SbR} 7.33-7.36 (m, 6H, aromatic CH in Shpt.18 (d 34 = 7.8
Hz, 1H, aromatic CH), 7.06 (s, 1H, aromatic CHR3(d,3Jun = 7.8 Hz, 1H, aromatic
CH), 2.34 (s, 3H, CH).
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3p{’H} NMR (121.5 MHz, CDGJ) 5548.80 (s, heterocycle;S,P).
4.4.12.6 Data for9-PPR][AICI 4]

'H NMR (500 MHz, CDBCl,) & 7.95-7.99 (m, 3H, aromatic CH in Ph7.73-7.79 (m,
6H, aromatic CH in PR} 7.56-7.65 (m, 6H, aromatic CH in Pph7.03 (d,*Jun = 7.5

Hz, 1H, aromatic CH), 6.91 (s, 1H, aromatic CHY9%(d,3J.y = 7.5 Hz, 1H, aromatic
CH), 2.22 (s, 3H, CH).

13C NMR (75.5 MHz, CDCl,) 8¢ 138.03, 137.11, 135.38 (dJpc = 3.32 Hz, PP,
134.19 (d,2Jpc = 8.61 Hz, PPJ), 130.65 (d,'Jpc = 12.08 Hz, PAn PPh), 128.53 (s,
PPh), 127.18, 126.42, 118.62, 117.85, 20.39.

3pfIH} NMR (202.5 MHz, CBCl,) 86.63 (s, PPY).
4.4.12.7 Data for9-PPh][GaCl,]

'H NMR (300 MHz, CRCL,) 8 7.70-7.74 (m, 3H, aromatic CH in Pph7.62-7.63 (m,
6H, aromatic CH in PRy 7.54-7.60 (m, 6H, aromatic CH in P§h7.01 (d,*Jn = 9.1

Hz, 1H, aromatic CH), 6.89 (s, 1H, aromatic CHY7(d,3J.4 = 9.1 Hz, 1H, aromatic
CH), 2.18 (s, 3H, C#).

13C NMR (75.5 MHz, CDCl,) 8¢ 138.04, 137.18, 135.37 (dJpc = 3.32 Hz, PP,
134.23 (d,?Jpc = 8.61 Hz, PPJ), 130.67 (d,Jpc = 12.08 Hz, PAn PPh), 128.54 (s,
PPh), 127.21, 126.44, 118.68, 117.91, 20.41.

¥p{’H} NMR (202.5 MHz, CDGJ) 856.05 (s, PPJ).
4.4.12.8 Data for]0-PPh][GaCl,]

'H NMR (300 MHz, CDC}) 8, 7.81-7.85 (m, 3H, aromatic CH in Ph7.70-7.72 (m,
6H, aromatic CH in PR}y 7.58-7.63 (m, 6H, aromatic CH in P§h7.39 (d,*Jqn = 8.1

Hz, 1H, aromatic CH), 7.32 (s, 1H, aromatic CHB8(d,3Jun = 8.1 Hz, 1H, aromatic
CH), 2.31 (s, 3H, C#).
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13C NMR (75.5 MHz, CDCY) 8¢ 137.39, 136.01 (*Jpc = 2.87 Hz, PPY), 134.30 (d,
2Jpc = 9.06 Hz, PPJ, 130.33 (d1Jpc = 12.23 Hz, PGn PPh), 127.84 (s, PR 123.01,
122.15, 116.22, 115.10, 113.97, 20.67.

31p{H} NMR (121.5 MHz, CDG) 8p5.70 (s, PPY).
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CHAPTER 5

EXPLORATION OF HETEROCYCLIC CHEMISTRY OF

BENZODITHIAPHOSPHOLES AND BENZODIAZAPHOSPHOLES

5.1 Introduction
5.1.1 P-N bond-containing heterocyclic materials

The discovery of the first organophosphorus comdomn1897 (MeP prepared from
methyl chloride and calcium phosphide) ignited gtady of phosphorus-containing
compounds. However, more recent developments insgitaous chemistry rapidly
escalated due to the introduction 3P NMR spectroscopy and solid state structure

determination by X-ray crystallography since th&ast

In the most general sense, heterocyclic compounglentral to many chemical and
biological processes. More recently the incorporatof main group elements into
organic structures has become increasingly impbriannext generation molecular
electronics such as conducting poly(thiophene) paly(pyrrole¥ and light-emitting

materials such as those derived from boron-comgimiompounds such as BODIBY.
Therefore, scientists have been attempting to wtaed and develop the chemistry of

heterocyclic compounds to improve our quality & i

Many P-N bond-containing ligands have been prepamd employed to stabilize a
variety of transition metals over the past yeafBhis results from several unique
advantages of these ligandsy.some moieties such as P/N and P/O primarily perias
reversible binding donors to a metal cefitérerefore, offering or protecting temporarily
a vacant coordination site, essential for many lgitaprocesse$. A number of
diphosphinoamine RN(PRh (PNP) ligands have been publicized in terms ofrthei
catalytic ability for the Suzuki-Heck cross-coupgifhAdditionally, their Pd complexes
have also proved to be excellent catal§&fsThe reaction between an aldehyde and a
functionalized-phosphine tertiary amine resultghe insertion of carbon fragments into
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the P'-N bonds or the cleavage of ™ bond>**®For example, Priyat al.reported the
first insertion of C-fragments from aldehydes itite P-N bonds of phosphinoamines to
generaten-amino phosphonatéswWhen treated with paraformaldehyde, tH&-¥ bond
can undergo Chlinsertion, and then oxidation of'Ro P’. A number of mono- and
bis(phosphino) amines have been found to displaylai reactivities towards many
different aldehydes and ketorf@sSuch insertion reactions might contribute sigaifitty

to the preparation and isolation of phosphine oxidavatives which offer prospective
herbicidal, antimicrobial, and neuroactive reagénts

At the present time, phosphorus chemistry is camnei to be one of the most important
research areas due to its many applications witién pharmaceutical and cosmetics
industries, as well as agriculture. In addition,nnghosphine-based complexes are
indispensable catalysts in industrial processEserefore, a greater understanding of P-
based chemistry offers potential to promote devalaqs in these areas and scientists
continue to explore more novel phosphorus-basedpoands to enrich the library of

phosphorus chemistry.
5.1.2 Project objectives

In the route to explore new P-N involving ligantdsave been inspired to develop novel
structures based on a variety of heterocylic S/Rs,Sand N/P system3.his chemistry
has developed from the reactivity of the P-ClI and-G\ bonds in P-chloro-
dithiaphospholes anié-chloro-dithiaarsoles and the relateathloro-diazaphospholes. In
particular the potential to utilise the reactivitiythe P-Cl (or As-Cl) bond to transfer the
heterocyclic ring to make more complex structuras lheen explored. Here the synthesis
and structural studies on some unusal heterocgdinpounds with various structures
containing two or three heterocycles are descrifdéskse comprise the paddle-wheel
complexes N?]; and NPJs , as well as the systematic synthesis gfl LNR[5]), which
was initially prepared fortuitously during attemghteeduction of @H4(NR),PCI (Chapter
3).
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v X NORR
S\ /N\P\/S S\A/N~AS R R
Q s 0 Q &
N[2]3 N[9]3 CeH4(NR[5])2 (R =-COOMe)

5.2 Results and Discussion

5.2.1 Paddle-wheel structures of five-membered iditthosphole and dithiaarsole

rings

5.2.1.1 Syntheses of §f and NP 3

. . S\
LiN(SiMe3), ¥ 2/@[ Pn-Cl Q
S Toluene S . Si— S S. .S
Pn-Cl ——— Pn—N__. Pn
s -Licl s S"l\— MeCN s
-2 (CHg)sSiCl S NP
[2]CI (Pn = P) /@‘ § S

[9]CI (Pn = As)

Scheme 5.1Synthesis ofN(C;HsSPn).

Precursors @sS;PnN(SiMe), (Pn = P or As) were readily obtained in quantiti
yields (by NMR) as spectroscopically pure colodsyellow oilsvia metathesis of the
chloride salts Z]CI or [9]CI with lithium bis(trimethylsilyl)Jamide in a 1:Inole ratio.
However condensation of these silyl derivativeshwiirther R]Cl or [9]Cl depended
upon solvent. Attempts to achieve the second amd tAn-N bond formationvia
condensation of two equivalents @I or [9]CI with C;HsS,PnNN(SiMe).in toluene at
120-1306C proved unsuccessfilP NMR revealed that the second and third substitsti
of SiMe; by GHgS,Pn at N atom i(e. the elimination of MgSICI) did not reach
completion even at these elevated temperaturespaverds of 3-5 days. A range of other
solvents were investigated and eventually MeCN vVeamd to be the most suitable

solvent not only for the substitution reactions hkalso, fortuitously, for product
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purification. In particular, all starting materiaad by-product, (CkJsSiCl, are soluble in
MeCN, whereas (#sS,PnkN (Pn = P, As) precipitates from solution. Isolatiby

filtration followed by recrystallization providedigable crystals for X-ray diffraction.

Similar reactivity was explored for the antimonyridative but continued to prove
elusive. Firstly, both the starting material /HgS,SbClI and intermediate
C/HsS,SbN(SiMe), appear insoluble in MeCN. Last but not least, thedpct is very
sensitive to air and light, its yellow colour turimo brownish in the course of cooling
down the reaction mixture and isolating it throudtnation. Previous studies by Wright
amongst others have shown that certain complexdabeoheavier pnictogens such as

phosphinidines are prone to disproportionationitegtb the formation of Zintl phasés.
5.2.1.2 Structures and bondingfC;HsSPn);

Single X-ray diffraction was carried out for compols N(GHgS;P); and N(GHeS,AS)s.

Crystallographic data are presented in Appendix 6.
a. Crystal structure of N(C/HgSP)3

White needle crystals of N(EsS,P); were grown by cooling a concentrated £CH
solution at -20°C. It crystallises in the rhombohedral space grBepwith a third of a
molecule in the asymmetric unit, with the N atoropdited on the crystallographic 3-fold
axis. Crystals of N(@sS,P); selected for X-ray diffraction were persistentgniipered

by merohedral twinning and the data reported retlea best refinement based on several
full data collections.

The five-membered rings of R[; have an analogous “envelope" geometry to the
previously-studied €5,P-containing compoundg]X (X = ClI, Br, 1), with a fold angle

of 20.66 (cf other structures which fall in the range 19.620856(see Table 5.1). The P-
S (2.105(2)-2.125(2) A) bond lengths in 2| are slightly longer than othe2]K
derivatives (P-S mean 2.086 A). The greater unicgytan the S-C and C-C bond lengths
means that all derivatives are the same within exm@atal error and no meaningful

comparison can be drawn. As with oth@X derivatives, these geometric parameters
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coupled with folding of the heterocycle are coreistwith a loss offrdelocalisation
when compared t&2][[GaCly]. Although there is some variation in both SPSdangle

and P-S distance there is no clear correlationeexiietween these two parameters.

Table 5.1 Selected bond lengths [A] and angles [°] of sohmterocyclic GS,P-
containing compounds. Fold angle [°] is angle benmSCCS] and [SPS] planes.

P-X P-S s-C c-C S-P-S Zglgol'ef,

[2]CI? 2.1103(7) 2.0932(7) 1.767(2) 1.390(2) 95.43(2) 26.06
2.0921(6) 1.766(2)

[2]Br® 2.304(3) 2.079(3) 1.772(9) 1.39(1)  96.1(1)  24.27
2.078(3) 1.761(9)

[2]1 ° 2.5687(8) 2.0861(9) 1.759(3) 1.395(4) 96.16(4) 19.62
2.090(1)  1.757(2)

[2][GaCl]® - 2.027(2) 1.736(6) 1.409(8) 98.37(8) 0.83
2.033(2) 1.749(5)

N[2]s 1.7274(2) 2.105(2) 1.782(6) 1.377(8) 94.39(9) 20.66

2.125(2) 1.768(2)
a™Data from Chapter 2, and Chapter 4, respectively.

The exocyclic P-N bond lengths (1.7274(2) A) fafi®o the range of normal P-N single
bonds (1.70-1.77A% The P1-N1-P1 (119.8)Lis very close to 120expected forsp’

hydridization at the ‘hub’ N1 atom with N1 displakcgist 0.076 A from the plane defined
by the three P1 atoms with the N atom adoptinggarnal planar geometry. Notably the
three-fold rotation axis places the three pendaathgn groups all on the same side of the
molecule with respect to the;¥ plane and there was no evidence for disordehef t

methyl groups over the alternative site.
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Figure 5.1 Molecular structure of N(#1sS,P); determined from single crystal X-ray
diffraction with thermal ellipsoids drawn at theds@robability level for non-H atoms.

Along the crystallographicc axis molecules of N(#1sSP); molecules adopt an
alternating stacked structure with inter-layer N- separations of 4.354 and 6.892 A
(Figure 5.2). The shorter-NN contacts are associated with an aggregation gsog#éh a
series of six symmetry equivalent'S contacts between molecules (3.512 A) which are
marginally shorter than the sum of the van der Waaldii (3.60 A) and which form a
chair-like supramolecular conformation of S atorfsgre 5.3). There are no close
contacts between these ‘dimers’ along the thresd-&dis. These columns then adopt a

hexagonal array.
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Figure 5.2 Crystal packing for N(&HsS;P); viewed parallel to the-axis (left) showing
the three-fold symmetry axis; and the alternating NN separation which propagates

parallel to thec-axis.

Figure 5.3 S...S contacts between molecules o2]i[
b.  Crystal structure of N(C;HeS,AS)s

Yellow crystals of N(GHsS,As); were grown by cooling a concentrated O solution

to -20°C. The molecule adopts the triclinic space gréuf with one molecule in the
asymmetric unit. The structure is similar to M{eS,P); described above but now the
pendant methyl groups are located on differentssidé¢h respect to the AN plane,
leading to a lowering of the crystallographic synmyeln other respects the molecule
adopts a similar geometry and packing arrangemeni[R]s. Although the five-

membered units of 9]; preserve the "envelope" geometry of its precufS{el, the
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fold angles (mean 14.8pare significantly smaller than that @)C| (23.60). The six
As-S bonds (2.237(3), 2.245(3), 2.265(3), 2.2262347(3), 2.239(2) A) in N5 are all
lengthened in comparison to those %l (2.2163(4)-2.2113(4)A). The heterocyclic S-C
and C-C bonds are the same within experimentalr gffable 5.2). Although the
lengthening of the As-S bonds in % (with respect toJ|Cl) likely renders a reduction
in S-As-S bond angles (91.46(9), 91.1(1), 91.5%(9he studies on the corresponding
dithiaphospholes (discussed previously) indicatd there is no direct correlation with
the fold angle and the Pn-S bond length.

Table 5.2 Selected bond lengths [A] and angles [°] of soneterocyclic GS,As-
containing compounds. Fold angle [°] is angle betwgCCS] and [SASS] planes.

As-S S-C Cc-C S-As-S Fold angl&/

[O]CI?  2.2163(4) 1.761(1) 1.394(2) 92.45(1) 23.60
2.2113(4) 1.764(1)

N[9s  2.237(3) 1.752(8) 1.38(1)  91.46(9) 14.07
2.245(3) 1.756(8) 1.37(2)  91.1(1)  14.66
2.265(3) 1.75(1) 1.38(1)  91.54(9) 14.83
2.226(3) 1.748(9)

2.247(3) 1.771(8)
2.239(2) 1.75(1)

®Data from Chapter 4

The As1-N1 1.849(9), As2-N1 1.850(6), As3-N1 1.g38(bond lengths at the core of
the structure are comparable to the conventiond!-W¥ ones (mean 1.858AJ. The
As1-N1-As2 117.8(4) As1-N1-As3 115.7(4) As2-N1-As3 117.7(&)bond angles are
close to 12Panticipated forsp” hydridization at N1. This is also supported by thet
that N1 is close to being coplanar with the threeded As atoms (displacement from the
As; plane is just 0.320 A). Therefore, the N1 atomehsimilarly possesses trigonal
planar geometry, analogous to the nitrogen in foeementioned P-based derivatives.
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Figure 5.4. (left) Molecular structure of N({#E1sS,As)s determined from single crystal X-
ray diffraction. Thermal ellipsoids drawn at 50%olpability and H atoms omitted for

clarity; (right) pairs of molecules linked througis-*S contacts.

In contrast to N(@HsS,P) its crystal structure has lower symmetry with twolecules
existing in the triclinid?-1 unit cell. For N(GHsS;As)stwo molecules form a dimer with
a shorter N°N separation (3.761 A) than in Nf@S,P). Here the two molecules are
linked via a set of six S'S contacts (3.443 — 3.588 A) forming a supramobecahair
conformation analogous to the''S contacts in NjJs (3.512 A). Notable however the
replacement of P with As leads to a set ofAS contacts (3.482 — 3.498 A) which are
significantly less than the sum of the van der Waaldii (3.85 A) (Figure 5.5) and

arguably contribute more significantly to the asaton in the solid state.
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Figure 5.5 Aggregation of N(@HsS;As)s to form dimers can be considered to be driven

by S-S contacts (left) or SAs contacts (right). H atoms omitted for clarity.

In the case of Nj|sthe next pair of molecules are laterally displaaedy from the non-
crystallographic 3-fold axis with no significantrdacts along the “stacking direction”,

reminiscent of NgJs.
c.  Analysis and comparison of structures and bondg in N(C;HeS,Pn);

X-ray crystallography reveals that to some exteatN(GHgS,P); and the N(GHsS,AS)3
adopt similar fashions of spatially atomic arrangets within the “paddle-wheel”
shapes. Their crystal structures consist of moscuhits N(GHsSPn), therefore they
might be interpreted as tertiary amineBsMith three large @HsS,Pn substituents. Each
molecule consists of three 1,3,2-benzodithiaphogpbo 1,3,2-benzodithiaarsole rings
connected to a central nitrogen atom as showngareés 5.1 and 5.4. Although many
species including a central nitrogen atom surrodniole three phenyl rings have been
reported, these are unprecedented examples oftwstallg characterized pnictogen

compounds bearing an analogous model.

The structures show that the central nitrogen at®rtocated on a (crystallographic)

three-fold axis and is almost coplanar with thee¢hpnictogen atoms (P/As), consistent

153



with an essentially trigonal planap? geometry. There is an expected increase in Pn-N
bond length on descending the group 15 due to nbeease in covalent radius on
descending the group. As a consequence the exo®&i bond (1.727 A) is shorter than
the As-N bond (1.849-1.875 A). This leads to gneateric congestion at the central N
atom which, in turn, leads to a marked rotatiorthef heterocyclic ring planes from the
central NPg-plane. Notably the dihedral angle for the P deinea(88.17°) is larger than
that for the As derivative (82.54°, 82.94°, 83.7Wiean 83.09 consistent with the
greater steric demand associated with the shodérid®nd. The crystal structures of
N(C7HeSPn) resemble that of N(GN3)sCls (tris(2,4-dichloro-1,3,5-triazine)amine,
TDT)* although the three 4815 rings in TDT are inclined at smaller dihedral al
(34.33) with respect to the centraki plane.

These kinds of “paddle-wheel” shapes might be assuito inherit the geometric
characteristics of phosphorus/arsenic atoms fronair titorresponding precursors
C/HsS,PnCl,i.e. the nitrogen atom replaces the chlorine atom,RmdN bonds locate at
flagpole positions against the heterocyclic rinjeleed, the Pn atoms adopt neutral
tricoordinate pnictogers{-Pn) in pyramidal structures with local 3-folds(Csymmetry
about the pnictogen. The electronic structure of gfeometry is traditionally considered

to be associated with an energetically high-lyiitgpgen lone pait?®
5.2.1.3 Spectroscopic studies of paddle-wheel midsc
a.  P{*H} NMR of N[2] 5

Table 5.3 *'P{*H} NMR chemical shifts of starting materials anaguct.

Compound C7HGSQPC| C7H682PN(SIM63)2 N(C7H6$2P)3
5p (ppM) 161.4 94.4 86.8

The3'P{*H} NMR of N(C;HsS,P) exhibits a singlet, reflecting the chemical equévale
of the thre€’P centres in solution. The chemical shift is sufitsadly different compared

to [2]ClI but relatively close to intermediat]N(SiMes), as expected for a molecule with
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a similar first coordination environment at the entte (see Chapter 2). Using the
methodology established in Chapter 2 and*tReNMR data for MgPN(SIiEt),*°we can
estimateoyara for the N(SiE$), group around 10.5 which gives a predictdd shift for
[2IN(SiMes), in the 74 ppm region. Although there is some @igancy here between
calculated and observed chemical shifts, it isrbeia the right region of thé'P NMR
spectrum and it is evident that tbg,a values for amino groups,2R, are very sensitive
to the nature of R [compareyaa values for N(SiE), and NMe at 10.5 and 61.5

respectively].

b.  Time-of-flight mass spectrometry (TOF-MS)

MN(tdtP)352Pd C21H1 BNP356 in DCM dil w MeOH + FA

N{iF)3 [0 038) Is {1 00,1 D0) C21H19NP3SE 1: TOF MS ES+
100+ 5609055 5 B0a12
.
5719025
5729044
[} T T T | T T T T T T
NP3 61 {1.240) AM {Cen.4, B0.00, Ar,6000.0 588.87,1.00.LS 10); Cm {155) 1: TOF MS ES+
00— 560,955 5 93ed
W Yoo
5718038
79163
s50.5471 559.2491 5739199 50.064
r : 3181 556 9025581 4127 5470 ‘ r—"”m‘ 77 4700 586 3694 (rﬁm.am 5953848
I3|.I|| L .J/L.||.I|I|....| 1|.I||||l |.I|IJ i Ot ) |..||.|.I oL, I...Ilfllu NI,
550 5&5 560 5E5 570 575 580 585 5a0 545 &00

Figure 5.6. A comparison of the calculated (top) and expenitale(bottom) TOF-MS
spectrum of [N(GHeSP )+ H]".

To characterize structures of the paddle-wheel cubds N(GHsS:Pn), electrospray
TOF-MS was employed to verify their molecular wegyhiThe sample was dissolved in
CH.Cl,, diluted with MeOH and formic acid added. A moleeuion for (M+H) was
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observed at M = 569.9055 (theoretical value M =.6896) in good agreement with the
calculated (M+H)ion (M = 569.9055) to within 5 ppm mass accuracg aanfirmed by
the good agreement with the expected isotope loligton pattern.

Similar approaches to identify the molecular iomrivced from N(GHsSAs)s proved
unsuccessful, with the dominant ion observed matgtiat for GHgS,As" group (M =
228.9221). This indicates that the arsenic deneats significantlymore labile with
respect to cleavage of the N-Pn bond. It can bdircoed by the conventional bond
dissociation energies (enthalpy chargdf,og kJ/mol) for a bond A-B which is broken
through the reaction AB» A + B with values refer to the gaseous state @n298 K
(As-N 582(126) kJ/mol; P-N 617(21) kJ/mof).

[TTO6 C21H1856As3N in DCM diluted with MeOH + FA
TTO6 (0.020) |s (1.00,1.00) CTHES2As 1: TOF MS ES+
100+ 2289127 B.35a12
W %
2009154
TTO8 142 (2.606) Crm (2:164) 1: TOF MS ES+
100+ 2289221 2.98a4
%_
220,9254
223.1089 2271330 L 2450912
I " ry " Iy a ) " & bAoA A A b A miz
w T T T T T T T T T T T T 1 T T T 1 T T T T T 1 T 1 T 1 T T 1 T T T T T T T T 1
20 212 214 Pl 218 220 222 224 26 228 230 232 234 236 238 240 242 244 246 248 250

Figure 5.7. A comparison of the simulated spectrum (upperepato the observed

spectrum (lower panel) of N¢8sS,As)s, reflecting fragmentation to form;8sS,As".
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5.2.1.4 Theoretical calculations

A

E= -5.950 eV E=-1.318¢eV

Figure 5.8 (Left) Highest occupied molecular orbital (HOM@pd (right) Lowest
unoccupied molecular orbital (LUMO) orbitals of 2§§ from DFT/B3LYP/6-311G*+

calculations.

Geometry-optimised DFT calculations were undertakernhe P-based system using the
B3LYP functional and 6-311G*+ basis $8tAn Natural Bond Orbital (NBO) analysis
was employed to identify the frontier orbitals, tpgrcharges, and hybridization on the
structure™® The frontier orbitals of NJJ; are illustrated in Figure 5.8. It is clear thag th
HOMO is not associated with the non-bonding N Ioo&r but rather a linear
combination oft MOs on two of the three heterocycles with a sroatitribution from
the bridging N atom. Conversely the LUMO would agp® arise from a non-bonding
combination of orbitals based on the Nit (with some additional delocalisation to the
heterocyclico-framework). It is noteworthy in this context théte near orthogonal
orientation of the heterocyclic ring to the Nplane should permit-donation of the N
lone pair into the P-8* orbitals which should lead to P-S bond lengthgnihile this

is clearly evident in M]3 , similar arguments can be applied 2§d1, [2]Br and [2]I but
the effects are less evident in these cases.drcdmtext it is noteworthy that the methoxy
derivative pJOMe (Chapter 3) is arranged to maximise sulgpe interactions between
the examethoxy group and the heterocycle. Indeed a coisgarf the P-N bonds in

[5]CI with [5]OMe and p].O reveal marked lengthening on replacement of Cthay
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stronger rTedonor O. However NBO studies is ambiguous abowat degree ofn-

delocalisation to the heterocycle from the exo Brdup

An NBO analysis reveals that the N atom in2N[undergoesspf hybridization an is
involved inc-bonding with three neighbouring P atoms, and msssea N lone pair @f
character (Table 5.4).The partial charges on N Rratoms in N2|; are -1.50420 and
(+0.75881, +0.75881, +0.75881), suggesting a slyqmgjarised bonding model.

Structurally the geometry of B[; and NP]; appear similar but the mass spectroscopy
indicates weaker As-N bonding. In order to probe tionding in N§]; geometry-
optimised DFT/B3LYP/LACV3P*#° calculations were undertaken, coupled with a
subsequent NBO analysis. Despite the similarities in structure there arebdtisu
differences in the bonding patterns evident intthe systems. The frontier orbitals of
N[9]5 are illustrated in Figure 5.9 and are similaritose of NP]; with the HOMO still
localized on the heterocyclic rings and the LUMGle@ing non-bondingrecharacter

based on the Ab! core.

E =-5.904 eV E=-1.794 eV

Figure 5.9 (Left) Highest occupied molecular orbital (HOM@nd (right) Lowest
unoccupied molecular orbital (LUMO) orbitals of i from DFT/B3LYP/LACV3P*+

calculations.

Despite such similarities in the frontier orbitdlee NBO analysis provided an entirely

different interpretation of the bonding for 3§ with a complete absence of covalent N-
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As bonds. The best Lewis structure ofdN[might be described as three;HgS;As]
cations around a central [N] anion with four lona&irp located on ons and threep
orbitals (Table 5.4). The partial charge on the thireand the three As atoms are -
1.62847 and (+0.95823, +0.95711, +0.95868), resmdygt suggesting that the arsenic

derivative might be considered more ionic in natuie [C/HsS,As']5[N*].

Table 5.4 Natural Bond Orbital Analysis of bond orbitalstime heterocycles of I€]3
and NPJs.

Bond orbital  Coefficients / Hybrids

N[2]z LP (1) N3 5(0.00%) p 1.00(100.00%) d 0.00( 0.00%)

BD (1) P2-N3  (23.27%) 0.4823*P2 s(11.58%) p7.5148%) d 0.12(1.42%)
(76.73%) 0.8760*N3 s(33.31%) p 2.00(66.63%) d DY)

°N[2]; LP (1) N3 $(0.00% p 1.00(100.00%) d 0.00(0.00%)
BD (1) P2-N3 (23.27%) 0.4823* P2 s(11.58%) p 7.51(87.00%) d (LL2%)
(76.73%) 0.8760*N3 s(33.31%) p 2.00(66.63%) d (DATE%)

°N[9]s LP (1) N1 5(0.00%) p 1.00(100.00%) d 0.00(0.00%)
LP (2) N1 $(99.95%) p 0.00(0.01%) d0.00(0.05%)
LP(3) N1 $(0.00%) p 1.00(99.97%) d 0.00(0.03%)
LP (4) N1 5(0.00%) p 1.00(99.97%) d 0.00(0.03%)

3B3LYP-6-311G*+7; "B3LYP-LACV3P*+%;LP: 1-center valence lone pair, BD: 2-center bond.

The deficiency in such an ionic perspective isectd in the second order perturbation
theory analysis within the NBO basis (Table 5.5)ichindicates many significant
interactions between the central N-anion and thecdkgaining cationsc@. 75-220
kcal/mol). The9" cations are amphoteric and therefore can act agsLacids and the
most significant second order perturbations candresidered as lone pair donation from
N1 to vacant orbitals on each As centre. This netteeme bonding perspective is not
entirely unreasonable given the more electropasitigture of As over P giving rise to

more polar As-N bondings P-N bonding.
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Table 5.5 Summary of second-order perturbation theory amslgf the Fock matrix in
NBO basis for N§|s.

Donor (L) NBO  Acceptor (NL) NBO E(2) E(NL)-E(L)  F(L,NL)
kcal/mol a.u. a.u.
54. LP (2) N1 132. LV (2) As2 86.33 0.68 0.216
55. LP (3) N1 132. LV (2)As2 184.18 0.24 0.189
54. LP (2) N1 133. LV (2)As18 86.65 0.68 0.216
56. LP (4) N1 133. LV (2)As18 218.56 0.24 0.206
54. LP (2) N1 134. LV (2)As34 86.50 0.68 0.216
55. LP (3) N1 134. LV (2)As34 146.32 0.24 0.169
56. LP (4) N1 134. LV (2)As34 75.20 0.24 0.121

E(2): means energy of hyperconjugation interactior;ewis; NL: non-Lewis

E(NL)-E(L): Energy difference between donor (L) axteptor (NL) NBO orbitals
F(L,NL): the Fock matrix element between L and NB®! orbitals

LP: 1-center valence lone pair; LV: unfilled valenmrronbonding orbital of "lone vacancy"

5.2.2 Bifunctional diazaphosphole systems

5.2.2.1 Synthesis of bis-triamide compounds

Q o

3 o

COOMe COOMe / f
N N Et3N, THF N 1
. | ) '

2 p-cl + ©: 3 NP g

N N—H reflux Me0OC™ \ /~ ~coome

! I N N_
COOMe COOMe 22 d:éls MeOOC @ COOMe

CgHa(N(COOMeE)[5]) 2
Scheme 5.2Synthetic procedure for bis-triamidgHG(N(COOMe)p)).

The initial formation of @H4iNMe[7]), during attempted reduction of7]CI in
Na/Toluene (Chapter 3) prompted us to examine tysematic synthesis of this

compound.

Bis-triamide GH4(N(COOMe)p]). was readily accessed through the condensation

reaction betweeilN,N-dimethylcarbamato-benzodiamine ar&ldl in the presence of a
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base such as #. The progress of this reaction was monitored *#B{*H} NMR
spectroscopy (Figure 5.10) due to the differentrabal shifts of the starting materiap(
122.7 ppm) and producd{93.6 ppm). An intermediate appears at 79.7 ppm hwban
tentatively be assigned t8]{N(COOMe)GHsN(COOMe)H in which just one of the two

reactive NH groups has undergone condensation.

123

starting day

93.6
79.7

after 1 day

after 2 days

= FE 7 a & % oy o L % i = [

130 110 a0 70 50 30 10 -10 ppm
Figure 5.10 *'P{*H} NMR of the condensation process betweghl{fNHCOOMe) and
CeHa(NCOOMe)PCI.

Using this methodology ¢El4(N(COOMe)[]). could be isolated in 70% yield. However
attempts to prepare this compound in a one-potgsofrom the parent amine and £CI
in a 3:2 ratio (Scheme 5.3) proved unsuccessfuerAf-2 days the reaction yielded a
mixture of unknown product$p 78.8 (major), 82.9 and 92.8 (minor). To date apfiEnto

separate these products have proved unsuccessful.

COOMe
N—H EtsN, THF _
3 + 2PCl a mixture of products
s reflux
N—H
COOMe -6 HCI

Scheme 5.3An attempt to synthesize bis-triamideHz(N(COOMe)p]), via a one-step

reaction.
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5.2.2.2 Spectroscopic studies of bis-triamide campe
a. Infrared (IR) spectra

An assessment of the IR spectra of bis-triamidgH,N(COOMe)p]), with the
corresponding N,N-dimethylcarbamato-benzodiamine indicates a notadtieictural
change upon condensation, particularly the absehdbe N-H stretching band (3312
cm’of CeHa(NHCOOMe)) in the IR spectrum of §E4(N(COOMe)p]), provides direct
evidence for the elimination of HCI between N-H &I bonds.

b. Nuclear Magnetic Resonance (NMR) spectra

Multinuclear NMR spectroscopyH and>'P) were employed to examine the structure of

this derivative.

'H NMR (in CDCl 5)

CHszin [5] units

\ CHs in
CsHa(NCOOMe)z unit

ar’omatic H aromatic H in
] units CsHa(NCOOMe)z2 unit

\M 1

8.5 . 7.5 ? 8.5 .0 5.5 5.0 4.5 4.0 3.5 EEm
[=4] o
- o
O‘- =]
- —

Figure 5.11 *H NMR of GsH4(N(COOMe)p])..

~

0.983 &7

2.050

Two regions of aromatic protons iB][and GH4(NCOOMe) units of the bis-triamide
product exhibit distinguishable multipletsét7.93-7.94 (4H, GHaring in [5]) and 7.49-
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7.51 (2H, GH4ring in GH4(NCOOMe)). However, the other aromatic protons are partly
overlapping around 7.12-7.17 (m, 4H, ringHzin [5] units) and 7.06-7.09 (m, 2H, ring
CsH4in CsH4(NCOOMe) unit). The methyl groups in both units are wellolgsd at 3.89

(s, 12H, COOCH in [5] units) and 3.78 (s, 6H, COOGHh CsH4i(NCOOMe) unit),
respectively. The ratio of integrations is rougftyl:2:1:6:3), reflecting the relative ratio
among the numbers of protons of all equivalent@raegions in the expected product
(Figure 5.11).

3P NMR

%P NMR is one of the most effective tools to monttee completion of the condensation

reaction (see Figure 5.10) as well as to confiren glrity of the product because of a

difference betweendp values of P-Cl starting material and the product.
CsH4(NCOOMe)PCl and GH4(N(COOMe)p]). display one singlet & 122.7 and 93.6

ppm, respectively, in bothP *H-coupled and decoupled spectra.
5.3  Conclusions

These studies reveal that it is possible to coostmore complex architectures bearing
dithiaphosphole, dithiaarsole and diazophosphohetfanal groups through simple salt
elimination or condensation reactions. Several ¢lasn of such multifunctional
structures have been characterised including thegke two or three heterocylic
C7/HsS:Pn and GH4(NR),P systems.

DFT studies reveal the lone pair on N atom of theddbe-wheel compounds,
N(C7HeS:P)s, is of p-character. While NjJ; appears to be predominantly covalent, NBO
analysis suggests more strongly polar bonding i8]dN|While electrospray TOF-MS
provides evidence for protonation (Pn = P) it doesdiscriminate between protonation
at the N lone pair or elsewhere on the heterocyicimework. Notably the As-based
complexes seem less chemically stable and the de&8b derivatives could not be

isolated.
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5.4  Experimental
5.4.1 Preparation of GHgS,PN(SiM&;)2

A solution of P-chloro-5-methyl-1,3,2-benzodithiaphospha®dl (2.000 g; 9.06 mmol)
in toluene (15 mL) was added dropwise to a cootddtion of LiIN(SiMe;), (1.517 g;
9.06 mmol) in toluene (15 mL) at T in an ice bath under,NThe mixture was then
warmed up to RT and stirred at RT overnight. LiGiswfiltered off. The solvent was
removed from the filtraten vacuoto afford a colorless oily product. Yield: 2.901g
(93%).

'H NMR (300 MHz, CDC}) 8, 7.36 (d,*Jun = 8.1 Hz, 1H, aromatic CH), 7.30 (s, 1H,
aromatic CH), 6.94 (fJun = 8.1 Hz, 1H, aromatic CH), 2.34 (s, 3H,§H).20 (d,Jsiy
= 3.3 Hz, 18H, (SiM§,).

13C NMR (75.5 MHz, CDC}) 8¢ 141.22, 137.74, 135.14, 126.33, 124.83g: = 8.30
Hz, aromatic SC), 124.03 (8Jpc = 8.23 Hz, aromatic SC), 20.98, 4.26 {dic = 9.66
sz (SIM%)Z)'

3P NMR (202.5 MHz, CDG) 8p 94.37 (S).
5.4.2 Preparation of N(@HgSP)s3

A solution of GHgS,PN(SiMey), (0.300g; 0.87 mmol) in MeCN (10 mL) was added
dropwise to a solution of #S,PCl (0.383g; 1.74 mmol) in MeCN (10 mL) at°C
under N. The mixture was then warmed up to RT and heatedflax overnight. The
reaction mixture was cooled to RT and placed irbiath for 3h to give white precipitate.
MeCN was decanted. The white precipitate was wastidd dry MeCN (2x10 mL).
Yield: 0.431g (87%). Needle crystals were obtaihgde-dissolving the white powder in

a small quantity of CkCl,, and storing the solution at -20.

'H NMR (300 MHz, CDCY): 847.42 (d,*Jqn = 8.1 Hz, 1H, aromatic CH), 7.37 (s, 1H,
aromatic CH), 6.99 (¢Ju+ = 8.1 Hz, 1H, aromatic CH), 2.34 (s, 3H, §H
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¥C NMR (75.5 MHz, CDCl,): 8¢ 139.96, 136.84, 136.33, 127.55, 125.33, 124.50,
21.00.

3P NMR (202.5 MHz, GDg): 8p 86.75 (S).

Found (Cy1H1sNPsSs requires): C = 43.94% (44.27); H = 3.00% (3.18);=N\2.73%
(2.46).

TOF MS ES+ (m/2:[M+H] " ion 569.9055 (theoretical value: 569.69)
Melting point: 154-155°C.
5.4.3 Preparation of gHsS;AsN(SiMey),

A solution of As-chloro-5-methyl-1,3,2-benzodithiarsole (1.000 ¢G&8mmol) in toluene
(7 mL) was added dropwise to a cooled solutionidf{&iMez), (0.632 g; 3.78 mmol) in
toluene (8 mL) at 6C in an ice bath under,NThe mixture was then warmed up to RT
and stirred at RT overnight. LiCl was filtered offolvent was removed from the filtrate

in vacuoto give yellow oily product. Yield: 1.245 g (85%).

'H NMR (500 MHz, CDC}) 8 7.32 (d,3Jun = 8.1 Hz, 1H, aromatic CH), 7.27 (s, 1H,
aromatic CH), 6.90 (fJ.n = 8.1 Hz,1H, aromatic CH), 2.34 (s, 3H,§H0.22 (s, 18H,
(SiMez)o).

5.4.4 Preparation of N(@HsS;As);

A solution of GHsS;AsSN(SiM&;), (0.350 g; 0.90 mmol) in MeCN (10 mL) was added
dropwise to a solution of B¢S;AsCl (0.476 g; 1.80 mmol) in MeCN (10 mL) at°C
under N. The mixture was then warmed up to RT and hedteeflax overnight (8CG°C).
The reaction mixture was cooled to RT and placedarbath for 3h to give pale yellow
precipitate. MeCN was decanted. The precipitate washed with dry MeCN (2x10
mL). Yield: 0.607 g (96%). Crystals were obtained re-dissolving the precipitate in
CH,Cl,, and cooled at -2TC.
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'H NMR (300 MHz, CBCl,) 8y 7.35 (d,3Ju = 8.1 Hz, 1H, aromatic CH), 7.30 (s, 1H,
aromatic CH), 6.95 (¢Ju+ = 8.1 Hz, 1H, aromatic CH), 2.32 (s, 3H, §H

13C NMR (75.5 MHz, CDCJ) 6¢ 140.66, 137.12, 135.91, 126.92, 126.71, 125.98%0

Found (C,1H1gNASsSs requires): C = 34.93% (35.95); H = 2.43% (2.59)=NL.91%
(2.00).

TOF MS ES+(m/2: 228.9221 (HsS:As) (theoretical value: 229.17)
Melting point: 79-80°C.
5.4.5 Preparation of bis-triamide compoundi€,(N(COOMe)[5])

A solution of GH4(NHCOOMe) (0.117 g, 0.52 mmol) and 4&t (0.30 mL, 2.2 mmol) in
THF (15 mL) was added dropwise to a solution gffNCOOMe}PCl (0.300 g, 1.04
mmol) in THF (5 mL). The white cloudy mixture watsreed at reflux for 1-2 days. The
reaction was monitored byP{*H} NMR and reaction continued until one singletcat

93 ppm was observed. The resultant suspensioniltered and the solvent evaporated
from the filtrate under vacuum to afford a whitelido Yield: 0.265 g (70%).
Recrystallization of product was carried out thriowpow evaparation of a concentrated
CH.Cl, solution to give colourless crystals.

'H NMR (300 MHz, CDC}) &y 7.93-7.94 (m, 4H, ring &4 in [CsHs(NCOOMe)P]
units), 7.49-7.51 (m, 2H, ring¢B4in CsHs(NCOOMe) unit), 7.12-7.17 (m, 4H, ring
CsHs in [CsH4(NCOOMe)P]), 7.06-7.09 (m, 2H, ring B4 in CsH4(NCOOMe)), 3.89
(s, 12H, COOCHlin [CgH4(NCOOMe}P]), 3.78 (s, 6H, COOCHN CsH4y(NCOOMe)).

13C NMR (75.5 MHz, CDCJ) 8¢ 152.72 (dJp= 16.3 Hz, PNO), 131.45 (d%Jpc = 8.7
Hz, heterocyclic PNY; 123.87(s, aromatic), 116.24 (s, aromatic), 53s3&H).

3p{*H} NMR (121.5 MHz, CDGJ) 8p 93.62 (s).
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IR vmax(cmi): 2956 (w), 1725 (m), 1697 (m), 1484 (m), 1437 (a857 (m), 1301 (m),
1289 (m), 1234 (m), 1205 (m), 1089 (m), 1059 (NP (M), 783 (M), 769 (M), 757 (M),
636 (m), 488 (m).

Found (CsoHaoNgO12P requires): C = 49.73% (49.46); H = 4.39% (4.15)=N2.09%
(11.54).

Melting point: 139-140°C.

5.5
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CHAPTER 6

CATIONIC POLYMERIZATION OF CYCLIC ETHERS BY

PHOSPHENIUM CATIONS AND THEIR ANALOGUES

6.1 Introduction
6.1.1 Cationic ring-opening polymerization (CROP) ©yclic ethers

The ring-opening polymerization (ROP) of cyclic e&th has been extensively
investigated in the literatufePolyethers derived from the polymerization of ayeithers
are of particular interest in polymer chemistry dese their main chains possess high
level of polarisability and flexibility. They playmportant roles as key additives in
producing thermoplastic elastomers, such as payegHytrel ®) and polyurethanes

(Spandex)a1h1k2

Mechanisms of ROP are varied and include catiomg ropening polymerisation
(CROP), anionic ring opening polymerisation (AROR)ng-opening metathesis
polymerisation (ROMP) and (free) radical ring openipolymerisation (RROPY:*&"™
m103 Amongst common cationic initiators Bronsted acate commor®'® although
carbenium cations, &",*** and onium ions, §0*,° are also known to act as cationic
polymerisation catalysts. Particularly relevantitese studies is the use of Lewis acids as
ring opening polymerisation catalyst€'¢4n this regard PF (generated from RF

has been studied in detail and other strongly oatip-block centres are known to
catalyze such CROP processes including 1,3,2,4aditzolium cations with a large
partial positive charge at sulfuand TeBj in the presence of BB Similar Lewis acid-
base pairs such asfRH/B(CsFs)s have also been shown to polymerise THtudies on
the reactivity of Lewis acidic phosphenium catidmsve recently been reviewed and
revealed electron acceptor character of tHedentre’ as observed elsewhere in this

thesis.
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6.1.2 Project aims

To the best of my knowledge there have been nortemd phosphenium cations and
their analogues as catalysts for CROP reactionthisnwork the CROP of cyclic ethers
(THF, dioxane, propylene oxide) was explored ugsingnge of phosphenium cations as
Lewis acid catalysts and monitored By NMR spectroscopy with the calculated
percentages of polymer conversion based on iniegraf the distinctive protons in the
'H NMR spectra. The catalytic properties of the daling cations were examined in

these studies:

R
S\+ S\+ N\+
S S N
R
[2][AICI4] (E =P) [2][GaCls] (E=P) [4][GaCly] (R = H)
[9][AICI,] (E = As) [9][GaCly] (E = As) [7][GaCl,] (R = Me)

[10][AICI4] (E = Sb) [10][GaCl,] (E = Sb)
6.2  Results and Discussion
6.2.1 Cationic Ring Opening Polymerisation (CROF)THF
6.2.1.1 CROP of THF using][GaCl ]

Initial attempts to crystallis€[[GaCls] from THF at room temperature afforded viscous
gels over 1-2 hours, alerting us to the potentoal golymerisation of THF in these

systems. These led to further studies to probedaistivity.
a. Polymerisation at room temperature

CROP of THF initiated byZ][GaCl,] was studied at room temperature with a ratio of
0.906 mmol of §J[GaCly]: 50 mL (616 mmol) of THF (0.15 mol% catalyst). Adom
temperature the magnetic stir bar failed to rotdter 1-2 h due to the formation of a
viscous solution'H NMR spectroscopy proved to be an indispensabté effective
method to monitor the CROP of THF due to the dctiv@ chemical shifts of the- and
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B-methylene protons in THF and poly(THF). In addititne polymer conversion can be
determined from the relative integrals of thesetqms, while an upper limit of the
number-average molecular weight /Mf poly(THF) can be estimated by NMR end-

group analysig®

'H NMR studies reveal the signals of theandp-methylene protons of THF shift upfield
upon addition of2][GaCly], indicating the formation of poly(THFpy 1.55-1.61 (2H, m,
CH,CH,0) and 3.37-3.39 (2H, m, GBH,O) cf pure THF 1.81-1.84 (2H, m,_ GBH,0),
3.70-3.73 (2H, m, CKCH,0) (Figure 6.1, left). Integration of tHel NMR data revealed
ca. 9% conversion to poly(THF) after 1 h, increasiog8% over 24 h.

% poly THF =44.8%

% poly THF = 78.1%
5days
500C
24 hours

A - A

- w - w - °

2 g =1 2 2 2 g

s i 2 2 s : -

THF THF
% polyTHF =40.9 %
% polyTHF =8.71%
24 hours
ly THE
poly THF poly 500C

1 hour

- = e s e = " =

2 5 2 2 b 2 g 4

2 2 2 2 2 ]

T T T T T T T | T T T T T T T T T

PPM 4.0 3.6 3.2 8 2.4 2.0 1.6 1.2 PPM 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2

Figure 6.1 *H NMR of mixture (0.906 mmol of][GaCly] : 50 mL of THF) at RT (left)
and at 50C (right).

Notably the**P{*H} NMR spectrum of the reaction betwee®j[{5aCl,] and THF also
exhibits a new resonancedp( 124.4 ppm, singlet) downfield in comparison to
“[2][GaCly]” (6p 57.2 ppm), indicating a change in geometry/co@tiiim number at the
phosphorus centre. A comparison of chemical shiéisveen 2]X and PXg (Table 6.1)
shows a good correlation (Figure 6.2) dependentupe nature of X (see Chapter 2),

consistent with the additive nature of chemicalftshhd substituents in structurally
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similar compounds if*P NMR spectroscop** Based on the chemical shifts presente
Table 6.1, thé*P NMR of |2JOR would be expected to appear in the— 150 ppm range
consistent with coordination of THF to t*'P centre, most likely in rir-opened form.
Indeed the experimental value appears to fit exeéherwell within the correlation value

shown in Figure 6.2.

Table 6.1 Comparison 0>*P NMR chemical shifts of P)Xand p]X compound.

PX3 PC|3 PBrj; Pl3 P(NMez)g P(OMe)3
220/ 228" 178% 1224 140"

[2]X [2]Cl [2]Br [2]1 [2IN(SiMe 3),  [2]OR
161.4 163.6° 155.4° o4 124.4*

* The experimental value foi2][GaCl,] in THF; *from Chapter 2°from Chapter 5.

200

ryl
150

100

31-P NMR shift [2]X
°

ul
o

0 50 100 150 200 250
31-P NMR shift PXs

Figure 6.2 Correlation 0>*P NMR chemical shifts for PXand p]X compound.

Control experiments tcsupport the suggestiothat the polymerization of THF
catalyzed by coordination to the phosphenium cai2’, were undertaken. Reactic
between (a) Lewigcidic GaCk and THF, and (b)ZCl and THF were studied for 24 h
RT. Spectroscopic studies revealed no signal fly(THF) in the'H NMR spectra o
either reaction mixture. In addition, there is mg$ét aroundp 161.4 ppm in th **P{*H}
NMR spectrum of the mixture 02]Cl and THF, proving 2]Cl (6p 161.4 ppm) is inert
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THF. Polymerisation of THF would therefore appeaotcurvia initial coordination of

THF to 2" to form an oxonium ion. (Scheme 6.1).

S\ k1 S\ +
e+ ) == g
s o K S (
(6]
o

S
<= @[ P_O/_\_\
S/
O
( )

Scheme 6.1Key steps in the polymerization of THF B} coordination of THF t@"
and chain-growth procesta Sy2 mechanism.

b. Computational Studies on THF binding to 2

B3LYP/6-311G*+ geometry optimisations @i, THF and the adduc{THF]" were
made within Jaguar to examine both the energefid& binding as well as the effect
of THF coordination on the heterocyclic ring andaige distribution. The P-O bond
length in the geometry-optimised adduct is 2.1%dmewhat longer than a conventional
P-O single bond (1.63 Ajbut shorter than a van der Waals’ contact (3.32Z&Jo point
energy corrected thermodynamic calculations reubal association is moderately
favourable {Hy, = -60 kJ.mot) albeit entropically disfavoured\§ = - 145 J.K.mot).
These data are in broad agreement with the queditaerspectives discussed in the last
section. Adduct formation leads to a modest weaigenof the P-S bonds (Wiberg bond
index decreases from 1.34 i to 1.28 in P- THF]) and formation of a weak adduct
(Wiberg bond index for P-O = 0.26). Similarly sligheakening of the THF C-O bonds is
detected (bond order = 0.92 in free THF, decreasirth80 upon coordination).
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Table 6.2 Partial charges, bond lengths and Wiberg bond @sdfor various pnictogen
cation...THF adducts. [Thermodynamic parameters tatied at 298 K].

[2:THF]® [9-THF]® [10-THF]" [4-THF]® [7-THF]"

Partial Pn +0.64 +0.85 +1.23 +1.29 +1.27
charge o) -0.63 -0.66 -0.69 -0.64 -0.64
Crextto-0) -0.028 -0.018 -0.020 -0.025 -0.025

-0.025 -0.022 -0.024 -0.025 -0.026

Bond Pn-O 2.19 2.22 2.30 2.45 2.64
length O-C 1.48 1.48 1.48 1.46 1.46
AHmn -59.5 69.1 -86.0 ~44.9 471

ASin -145.1 -145.2 -153.6 -129.0 -91.9

AGin -16.9 -26.4 -40.85 7.0 -20.1

Wiberg Pn-O 0.26 0.25 0.23 0.13 0.08
bond index c.o 0.80 0.82 0.82 0.86 0.88

c. Effect of temperature on CROP of THF by [2][GaCl]

In contrast to the reaction undertaken at ambientperature, there was no trace of
poly(THF) after 1 h when the same reaction wasgperéd at 50C. However build-up
of poly(THF) occurred over extended periods with 41% conversion after 24 h and
45% after 5 days (Figure 6.1, right). This obsaoraseems somewhat counter-intuitive
since rate constants are expected to increaseineitasing temperaturéIn addition at
elevated temperatures the viscosity of the poly(lidFlecreased which would facilitate
faster diffusion times of the THF to the activeesiHowever this is possible in systems
where the reverse process becomes more favoutabidhe forward reaction at elevated
temperatures. For example, we would anticipatd=<ki/k 1) for THF binding to be less
favourable at elevated temperatures due to thesaser in entropy upon dissociation.
Thus when the rate of dissociation & THF] is greater than the rate of ring-
opening/propagation, polymeriation is inhibited.cBwehaviour is reminiscent of the
CROP ofa-methyl styren® in which chain-breaking processes have a lowevatin
energy than the propagation rate. In order to prbli® we examined the effect of

catalyst concentration on THF polymerisation.

175



d. Dependence of polymer conversion on catalyst condeation

The influence of catalyst concentrations on polysaversion was initially examined at
two different concentrations for comparison purgos®.06 mM (equivalent to
[2][GaCly: THF 0.453:616 or 0.074 mol%), and 18.12 mM (eglent to
[2][GaCL]:THF = 0.906:616 or 0.15 mol%). TH&l NMR spectra were recorded over

certain periods of time, and polymer conversionsemeined based on thH NMR

integration values of different proton groups inA Bnd poly(THF).

DAY 8 days (192 h) J. L YepolyTHF = 80.1 % AJ

YpolyTHF =52.5 %

8 dlays (192 h) \

sah l ” %polyTHF =44.3 % .JL ath rk i %ponTHF:?E.E%A\
4._r'l S, S —

[ \ I
il Jt %polyTHF =40.5 % J;.AJIL B IL I( %polyTHF =74.5 % ‘

l
T
T
ah Ju %polyTHF =13.7 % JL/\_ J\ %polyTHF =46.2 % L

I T T T T T T T T
PPM 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 PPM 4.4

Figure 6.3 'H NMR spectra of CROP of THF at RT by 9.06 mM {lefhd 18.12 mM
(right) of [2][GaCly].

As the reaction progressed, the degree of viscositthe reaction mixture increased, and

a gradual increase in conversion of THF into polyf) was observed based on tié
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NMR spectra. Normally, the whole colorless reacsotutions solidified after 1 - 2 days
at which point little variation in the THF : polyfF) ratio was observed consistent with
a system where diffusion through the viscous pdHKT solution becomes extremely

slow.

(%) 90 -

20 - —e—0.453 mmol: 50 mL
10 —=— (0.906 mmol: 50 mL
O T T T T T T T
1 32 63 94 124 155 185
hour

Figure 6.4 Poly(THF) conversionrs.time at different concentrations &|[GacCl,].

The polymerization of THF was monitored until thetemt of conversion of THF
remained constant. After 8 dayg][[caCls] converts THF into poly(THF) with the yields
of 52.5% and 80.1% at 9.06 mM and 18.12 mM, re$pagt The increase of poly(THF)
at higher concentration oRJGaCls;] can be explained according to the fundamental
mechanisms for CROP.It suggests that one initiator will create an\sefpolymer chain
to which a new monomer will attach to the positweharged end of the chain to extend
the polymer chain. Thus the number of active sitesponsible for initiating
polymerization is proportional to the amount 8ffGaCl,] catalyst (assuming first order
kinetics) and the initial rate would be proportibba the concentration of2[[GaCly].
Therefore, doubling concentration should afford eulding of the rate which is
gualitatively observed. However after the initiahction onset, the mixture containing
more R][GaCl,] will afford more poly(THF) and become viscous cker leading to a
slowing of the kinetics. Comparable results wereie@ecd by Aouisset al in the CROP

of THF using 12-tungstophosphoric a¢fd.
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e. Dependence of polymer conversion on reaction time

The time dependence of the conversion is demogstiatFigures 6.3 and 6.4. Based on
the slope of the conversion curves, it can be caed that the polymer conversion rate is
highest within the first 1-2 hours of the reactidhereafter, the rate decreases, attributed
to the increasing viscosity of the solution, uthié conversion reaches a stable value. On
average, the bulk of the polymer is produced durthg first 24 hours of the
polymerization. The complex nature of the reactiate which varies as a function of
both viscosity and catalyst concentration preclugeahtitative studies.

Table 6.3 Dependence of polymer conversion on reaction tahalifferent catalyst

concentrations ofZ][GaCly].

Time Polymer Polymer Rate 1 Rate 2 Ratio
(hours) conversion (%) conversion (%) (9.06 mM) (18.12 mM) of rates
at 9.06 mM at18.12 mM

15 2.96 13.1 1.97 8.73 4.43
3 8.93 40.0 2.98 13.33 4.48
4 13.7 46.2 3.43 11.55 3.37
21 33.8 71.8 1.61 3.42 2.12
23 40.5 74.5 1.76 3.24 1.84
25 40.3 75.3 1.61 3.01 1.87
27 40.8 76.9 1.51 2.85 1.88
46 43.4 77.3 0.94 1.68 1.78
94 44.3 78.6 0.47 0.84 1.77
192 52.5 80.1 0.27 0.42 1.53

Rate (polymer reaction rate) = %poly(THF)/h; Ratfoates = Rate 2/Rate 1

f. Dependence of polymer conversion on Ci€l; solvent

All of the above-mentioned CROP reactions used etk as both solvent and reagent.
To study the influence of other solvent on the CR&PTHF, a CHCI, solution of
catalyst was employed. Herg|[[GaCly] was preparedh situ from [2]Cl and Gad, the
solvent was not removed and THF added.

178



An initial 9.06 mM solution of [GHsS,P][GaCl] at room temperatura.€. ([2][GaCly]:
THF : CHCI,) = (0.453 mmol : 25 mL : 25 mL)) was used. Althbufe concentration
of catalyst is the same with aforementioned case(.453 mmol : 50 mL of THF), the
THF monomer to catalyst ratio here is reduced hy times. After 1 hour, the colourless
CROP reaction is not viscous and there is no tratepoly(THF) by 'H NMR

spectroscopy. After five days, there is joat17% poly(THF) in the reaction mixture.

% poly THF =16.7 %

polyTHF palyTHE

4days

CHacCl2

THF THF
1h

Figure 6.5 'H NMR spectra of CROP mixture (J8sS,P][GaCl]: THF : CHCl,) =
(0.453 mmol : 25 mL : 25 mL) at RT.

g. Attempted CROP by [2][AICI 4]

Attempted polymerization of THF usin@][AICI 4] was undertaken at RT witba. 0.3
mmol of [2][AICI 4] dissolved in 15 mL of THF. No glutinous solutionsre formed after
6 hours and no resonances attributable to poly(Tié&e detected. Even though both
[2][AICI ;] and P][GaCly] contain the sam@" cation, their catalytic performances in

CROP are dramatically different. This is likely disethe known displacement reactith:
AlICl;y + THF—>=  AICk:nTHF + CI

Thus, in the case oPJIAICI 4], addition of THF is likely to afford4]Cl which has been
shown to be inactive in THF polymerisation. Disglaent of Cl from GaCl is
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seemingly less favourable. This is supported bydbservation of a singlet in theP
NMR around 161 ppm, diagnostic a2]Cl. In addition crystals of AIGI2THF were
isolated from attempts to crystallisg[AICI 4] from THF.

h.  Number-average molecular weight, M

The CROP mechanism assumes each catalyst will genene ‘living’ polymer chain. In
the case off][GaCly] the methyl substituent on the cation has a resom®y ~ 2.25
ppm) readily distinguishable from the protons & {&€H,CH,CH,CH,0},, (64 1.55-1.61
and 3.37-3.39 ppm) repeat unit. Therefore, the ageerepeat unibh and the number-
average molecular weigh¥l(,) can be estimated Bt NMR spectroscopyia end-group

analysis™
The detail calculations are explained below:

Sum of CH; proton integrals
3

Integral per proton =

Number of repeating monomer units n

_ Sumof ((CH,),0) proton integrals
B 8 * (integral per proton)

= 0.375 % Sum of ((CH2)40) proton integrals

Sum of CH; proton integrals

M, = (Formula weight of C;H¢S,P) + (Formula weight of repeating unit)(n)
= 185.23 + 72.11(n)

The CROP of THF byd][GaCl,] affords poly(THF) with the number-average molecul
weight M) in a range of 1897-3163, dependent upon polyragoa conditions (Table
6.4).

I. Comparison of the CROP of THF using [2][GaCl] and H3PW1,04

The best THF conversion accomplished BfGaCl,] (concentration of 18.12 mM stored
at room temperature) afforded poly(THF) with com#en of 78% over 24 hours.
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Recently the CROP of THF, catalyzed by the Brgnsteid HPW;,040- 13H:0,* has
been reported with a conversiona#. 63% at 20 °C in two hours, suggesting that this
acid is more active thar]J[GaCl,]. However the Brgnsted acid requires acetic antdgdr
as a mandatory initiator for polymerization. The lecalar weights of the polymers
reported here 1897-3163 have comparable molecwdaghts to those synthesized by the
latter catalyst (1360-4535%%.

6.2.1.2 Attempted CROP of THF using other main groeterocyclic cations

Given the success 02][GaCly] in polymerising THF we set about expanding thege
of potential cations capable of driving this polymation and also the range of substrates
(Section 6.2.2).

a. Comparison of CROP of THF by [GHeS;E][GaCl,] (E = P/As/Sb)

The cationic polymerization of THF using #:S;E][GaClk] (E = P, As, Sb) was
attempted at concentrations of 20 mM AfeSE][GaCl]: THF) = (0.3 mmol:15 mL =
0.3:185 mmol = 0.16 mol%) and monitored by NMR (Figure 6.6). After 96 hours, the
resultant colourless solution catalyzed By GacCls] offered a gelatinous solution with
ca 80% conversion to poly(THF) whereas the heaviarictpgen analogues
[C/HsS,AS][GaCl] and [GHeS,Sb][GaCl] appeared fluid with theitH NMR data
reflecting negligible quantitiesc@. 1.4-2%) of poly(THF) formed in these reaction

mixtures.

The lack of catalytic activity may be due to facdémination of THF from the cationic
centre prior to ring opening, or a larger activatimarrier to initial ring-opening of the
coordinated THF. DFT calculations indicate thatti&hi THF binding becomes more
favourable (Table 6.2) on descending the group isterg with the increasing partial
charge on descending group 15, with little chamgthé entropy term. Conversely the Pn-
O Wiberg bond index decreases down the group atablyothe C-O bond of the THF
molecule is not weakened as extensively as withlitflger P analogue (Table 6.2)

suggesting a larger activation energy to ROP.
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Figure 6.6. Comparison between poly(THF) conversiasstime for [GHeS,E][GaCly]

catalysts.
b. CROP of THF by [CsH4(NR),P][GaCl,] (R = H or Me)

Given the inability of the heavier pnictogens t@icgéntly catalyse the CROP of THF,
diazaphophenium cations were examined which offesulastantial formal Pcharge
(+1.15 to +1.17, Table 4.4). Initial studies reedathat [GH4(NH).P][GaCl] exhibited
rather poor CROP characteristics with 2% conversion to poly(THF) aa. 20 mM.
However, at 25 mM concentration polymer conversi@s much enhanced with 10.9%
conversion after 1 day and 13.3% conversion af@day&. Notably [GH4(NH).P][GaCl]
(6p 212.5 ppm) like 2][GaCly] reacts with THF to form an adduct, evidenced lsynglet
at 120.9 ppm in thé’P{*H} NMR, suggesting O-coordination to the P centcé,
(‘BuN),P-OEt §p 100.4 ppm)2 Conversely [@H4(NMe),P][GaCl] does not polymerize
THF at all, although there is a marked shift in 1{*H} NMR spectrum indicating the
absence of [gH4s(NMe),P][GaCl)] (6p 214.4 ppm) and the formation of new unknown
phosphorus specie$p(17.1(s) and 5.9 (s) ppm). The difference in redgtibbetween
these two salts may be the potential fogHENH).P]" to undergo elimination of H

which could act as a Bronsted acid catalyst fos fiiocess. However there was 1B
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NMR evidence for the formation of neutralHG(NH)PN suggesting this is not a

particularly favourable process.

Table 6.4 Summary of the polymerization of THF by differgrtosphenium catalysts.

Catalyst Concentration Reaction % n M
(mmol/L) conditions conversion (g/mol)
[2][GaCl) 9.06 RT, 4 days 16.7 - -
(THF:CHCI, =
1:1)
9.06 RT, 8 days 52.5 23.74 1897
18.12 RT, 8 days 80.1 41.30 3163
18.12 50°C, 5 days 44.8 25.50 2024
[4][GaCl 20.0 RT, 8 days 2.0 - -
25.0 RT, 1 day 10.9 - -
25.0 RT, 8 days 13.3 - -
HiaPW; .04 5.40 RT, 2h, acetic 63 - 1360-
13H,0™ anhydride/cat. = 4535
0.2

6.2.2 Attempted CROP of propylene oxide or 1,4-dio&

A large range of cyclic ethers are known to unde@BOP reactions to form
polyethergP:teihi-m1o3be3tign order to examine the substrate scopGaCly] was
employed to polymerize propylene oxide and 1,4-diexat RT with concentrations of
20 mM (propylene oxide and dioxane serve as moneal solvents for their reactions,
0.3 mmol catalyst per 15 mL of monomer). The soltf [2][GaCl,] turned colourless
immediately and NMR spectroscopy was used to exairthia reactivity. Upon reacting
with THF, propylene oxide, and 1,4-dioxane 7HgSP][GaCl]” (dp 57.2 ppm) exhibits
a singlet, shifted downfield to 124.4 ppm, 127.4mppand 124.9 ppm respectively
consistent with formation of a P-O bond. ThesB@ chemical shifts are similar to but a
little lower than similar heterocylic structuresepiously reported (136.7 ppff,150.6
ppntY). However, no viscous solutions were formed ovértour period and additional
NMR studies (after 3, 6 and 48 h) provided no enagefor the formation of poly(ethers).
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This would suggest that initial O-coordination @ife but there is a large energy barrier

to ring-opening for propylene oxide and 1,4-dioxane
6.3  Conclusions

A series of studies on the catalytic ability ofdretyclic phosphenium, arsenium, and
stibenium salts for CROP of cyclic ethers have hawmtertaken. These reveal that among
the systems teste@][GaCl,] exhibits the highest reactivity with the heavies and Sb
analogues showing limited catalytic activity. Altigh the®'P NMR data clearly reveal
coordination of the substrate to the phospheniumtree only THF underwent
polymerisation with no catalytic activity in CROBwards propylene oxide or dioxane.
The polymerization of THF by2][GaCls;] is suppressed at elevated temperature
indicating dissociation of the adduct, but at ambiemperatures up to 80% conversion
was determined with molecular weights comparabté Wiose reported for the Brgnsted
acid HPW;040."

6.4  Experimental
General procedure of ring-opening polymerization

To create a polymerization reaction with a desedcentration of the catalyst, a certain
amount (in mL) of cyclic ether (THF, or propyleneide, or dioxane) was delivered into
a Schlenk flask or a sealed 20 mL-disposable wataining a calculated amount (in g)
of test catalyst. This solution was stirred underalla specific temperature (RT or 50
°C). The concentrations in this work covered a ravglees: 9.06 mM, 18.12 mM, 20

mM, and 25 mM.

With [C/HeSE][MCl,4] (E = P/As/Sb; M = Ga/Al), and [gH4(NH).P][GaCly]: the

yellow-to-red colour of the catalysts disappeamadhediately after adding cyclic ether.
Regularly, the resulting colourless solutions beeamore and more viscous after 1-2 h of
stirring; therefore the stir bars could not rotatd. NMR spectra were taken after

appropriate periods of time to monitor the polyrnation process.
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With [CgH4(NMe),P][GaCly]: the purple colour was maintained throughout trstgdies

and the reaction mixtures were not gelatinous.

'H NMR (300 MHz, CDCY): &y 1.55-1.61 (2H, m, poly(THF) C}&H,0); 1.81-1.84
(2H, m, THF CHCH,0); 3.37-3.39 (2H, m, poly(THF) Gi€H,0); and 3.70-3.73 (2H,
m, THF CHCH0).

3p{IH} NMR (121.5 MHz, CDGJ):
[C/HeSP][GaCly] in THF: 6p 124.4 (S)
[C7HeSP][AICI 4] in THF: 6p 161.1 (S) (consistent with {8:S,P]Cl)
[C/HeS:P][GaCly] in propylene oxidedp 127.4 (S)
[C/HeS:P][GaCly] in dioxane:dp124.9 ppm (S)
[CeHa(NH),P][GaCl] in THF: 8120.9 (s)
[CsHa(NMe),P][GaCly] in THF: 6p17.11 (s) and 5.92 (s).
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

In conclusion, this dissertation deals with a ser@ different derivatives of the
dithiazolyl heterocycle in which N is replaced lspelectronic heavigr-block elements
(Pn = P, As, Sb) and S by isolobal NR groups. Tlnnthemes are concentrated on
reactivity of Pn-Cl bonds towards the syntheses @ratacterizations of five-membered
heterocyclic [GS:P] dithiaphospholes and JMR).P] diazaphospholes and their heavier
p-block analogues (As/Sb).

The reduction of P-Cl bonds leads to trivalent )PR{P bonded dimers which have a
large dimerization enthalpy. The first structureaoflithiaphospholyl dimer is described
and found to dimeriseia 2c,2e P-P bond formation rather than,Ze bonding typically
observed for DTA dimers. Experimental and compateti studies reveal dimerization is
strongly favoured. Halogenation affords the coroesjing P-halogeno-1,3,2-
benzodithiaphospholes all of which are the firsucurally characterised examples of
benzodithiaphospholes with P-Cl, P-Br and P-I bordidike the dithiaphospholes, the
reduction of P-halogeno-benzodiazaphospholes proved more divaetspending on
reducing reagents, solvent, and reaction time. odigh *'P NMR data indicated
formation of the reduced products, these were aitmompanied by other species arising

from oxidation, degradation of the R group or rirmgmentation.

Treatment of these Pn-Cl systems with Lewis acid€l;Meads to Lewis acidic
phosphenium, arsenium and stibenium cations whdom fadducts with P and O donors.
Structural studies reveal these cationic rings agtgmar five-membered ring geometries
which facilitate Tebonding between these heavipiblock elements affording 10

electron structures in which the pnictogen is anigho

Pn-Cl bond metathesis leads to new structures siscithe P and As paddlewheels
N(C/HsS,Pn}, as well as the diazaphosphenium derivativegH{INCOOMe)P)-
N(COOMe)GHsN(COOMe)-(P(NCOOMeCsH,).
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The salt [GHesS:P][GaCly] is efficient for the CROP of THF but arsenic aactimony
analogues have low activity. Notably ¢4 (NH).P]" has modest activity and
[CsHa(NMe),P]" shows no activity. The reactivity of Alglsalts differs from the Gagl
salts due to formation of stable AKATHF and reformation of the parent phosphenium

chloride salt which is inactive towards cationidypoerisation.
Future work

This research has identified and structurally ctiarésed the first dithiaphosphole dimer
containing P(Il) and which is found to exhibit 6,2 P-Po-bond. Preliminary studies
revealed this bond was susceptible to oxidatiorh widlogenating agents but a more
expansive study of its chemistry would be desiraBln these dithiaphospholes undergo
oxidation with group 16 elements, (05 or Se to form terminal P=E or bridging P-E-P
units (E = O, S, Se) in an analogous fashion toré&aetivity of P-P bonds ins# In
addition these systems are potentially capablendiergoing oxidative addition to low
valent transition metals in an analogous fashiodisalfides, RSSR [2.The chemistry
of P(Il) is predominantly limited to a series ofngpounds of formula X4 (X=F, Cl, Br,

I, CN)! so the development of this dithiaphosphole chewnigill be an interesting
comparison to these derivatives. For example Reacts with §to form RIS, with
terminal P=S bonds. This thesis focused on two simple dithiaphosphol€sH.S:P]
and [GHeS,P], but approaches to diversify the chemistry to asaeswider range of
benzo-functionalised derivatives would expand tbeeptial to tailor the electronic and
steric demands of the substituents to see hovaffests reactivity (and radical stability).
In this context recent work by S. Kosnik [Macdongldup, U. Windsor] in conjunction
with the Rawson group has shown that oxidative tamdiof tetrathiocins [4,5-
(MeO)CsH2S;]2 to P(I) salts leads to formation of the dimethdugetionalised benzo-
dithiaphosphole (Figure 7.1), offering an altermatsynthetic strategy to access these
heterocycles.
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Figure 7.1 Molecular structure of [(MeQEsH.S,P), (courtesy of S. Kosnik).

The absence of a signal in tH® NMR spectrum of [@HsS,P]" (+415 ppm) at ambient

temperature (only evident at -8, Figure 7.2) suggests a complex equilibrium in
solution which is also sensitive to the ratioRsthloro-dithiaphosphole and Lewis acid.
Clearly at ambient temperature free phospheniunortgtare not present in significant
guantities and so it is less clear what active iggets present when considering the
reactivity of such dithiaphosphenium catiorssg. CROP. Functionalisation of the

benzodithiaphosphole may permit some of these epdoibe isolated in the solid state,
providing a greater insight into the reactivity tifese heterocycles. Although the
phosphenium cations appeared capable of polymgriBtiF, less success was achieved
with propylene oxide and dioxane. A wider range soibstatres can be examined

includinge-caprolactongand (NPCJ)s® which are also known to undergo CROP.

Crystallographic studies on the paddlewheel comgsu(GHsS,PnkN reveal two
different conformations and it would be interestiogrepeat these studies to identify if
they form as a mixture of two isomers (PXRD) oaasngle isomer which would suggest
some potential differences in the mechanistic pathwn addition these compounds offer
the potential to act as tripodal neutral ®nors analogous to 9-ang-&sH1.S)* to

metal centres yet their coordination chemistryriexplored.

Although the reactivity of the diazaphospholes imartp mimics that of the
dithiaphospholes, reduction of the diazaphospohalpgears more problematic and
sensitive to reducing conditions. Alternative nmédlucing agents such as Mg(l) reagents
developed by Jongsnay prove to be efficient 1eeducing agents for these derivatives.
Previous worR has shown that these diazaphospholes exhibit wedieerization

enthalpies for sterically demanding NR substituemd further work should combine the
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potential for furtherredelocalisation coupled with the established stgratection to

inhibit dimerization.

57

57

RT RT

0°C

__:f . -80 °C “ | s 11 -
Figure 7.2 (Left) GHsS,PCIl:GaC} (1:1) (50 mg of GHgS,PCI) in CD:Cl, (2 mL);
(right) GGHeS,PCIl:GaCt (2:1) (50 mg of GHeS,PCI) in CD,Cl;, (2 mL).
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APPENDICES

Appendix 1. Crystallographic data fod]Cl, [2]X (X = CI; Br; 1), and ().

[1]Cl
Empirical Formula @H,CIPS
Formula Weight 206.63
Temperature/K 173(2)
Wavelength/A 0.71073
Crystal System monoclinic
Space Group Rk
alA 6.0177(11)
b/A 17.011(3)
c/A 8.0037(14)
of° 90.00
B 97.1936(18)
y 90.00
VIA® 812.9(3)
z 4
Density 1.688
calc./g-cm?
Abs. coeff., 1.094
wmm-*
F(000) 416
Crystal size/mm  0.18 x 0.15 x
0.14
0 range for data  2.39-28.15
collection/®
—7<h<+7
Index ranges -22<k<+22
-10<1<+10
Reflections 8905
Collected
Rint 0.0517
Independent 1902
Reflections

Data/restraints/par 1902/0/91
ameters
Goodness of fit (S) 1.048

(all)

R; andwR; (1> 0.0332, 0.0827
20(1)]

R; andwR; (all 0.0370, 0.0857
data)

Residual peak/hole +0.47, -0.21
(e-1R3)

Structure code TTO1

1)z [2]Cl
CoHgP>S, CHsCIPS
342.36 220.66
173(2) 173(2)
0.71073 0.71073
monoclinic monoclinic
P2/n P2/c
7.2588(15) 7.9354(13)
6.1271(12) 15.016(3)
15.846(3) 7.5386(13)
90.00 90.00
104.17(3) 91.7942(17)
90.00 90.00
683.3(2) 897.844
2 4
1.664 1.632
0.905 0.996
348 448
0.18 x 0.16 x 0.27 x 0.17 x
0.08 0.15
3.58-28.24 2.57-28.31
-9<h<+9 -10<h<+10
-8<k<+8 -19<k<+19
0<1<+20 -9<1<+9
3367 9944
0.0428 0.0485
3347 2123
3347/0/83 2123/0/101
1.020 1.046

0.0628, 0.1579
0.0807, 0.1675
+0.69, -0.44

TTO02 TTO6
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0.0304, 0.0766
0.0335, 0.0790

+0.49, -0.27

[2]Br [2]1
C/HgBrPS CHgIPS
265.12 312.11
173(2) 173(2)
0.71073 0.3107
maofinic monoclinic
P2/c P2/c
8.1085(18) 9/10)
8.4527(19) 125(18)
13.436(3) 8.3822
90.00 90.00
91.7942(17) 1020(10)
90.00 90.00
919.6(4) 971.31(18)
4 4
1.915 2.134
5.028 3.825
520 592
0.18 x 0.16 x 0.28 x 0.23 x
0.08 0.18
3.75-28.17 2386
-10<h<+10 -12<h<+12
-11<k<+11 -15<k<+15
0<I<+17 -10<1<+10
3939 10893
0.0630 0.0332
2142 2273
2142/0/101 2273MD/10
1.121 1.037
0.082330 0.0250, 0.0635
0.10.2279 0.0269, 0.0649

+1.37,-2.27 +1.69, -0.47

TTO7 TTO5
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Appendix 3. Crystallographic data fob[Cl, [6]CI, [7]CI, and B]OCI.

Empirical Formula
Formula Weight

Temperature/K

Wavelength/A

Crystal System
Space Group
alA

b/A

c/A

a/f°

p/°

yl°

VIA®

4

Density calc./g- cnm
Abs. coeff. W/mm-*
F(000)

Crystal size/mm

0 range for data
collection/®

Index ranges

Reflections Collected

Rint

[5]Cl
G@H1CIN,O,P
288.62

150(2)

0.71073

monoclinic

R&
8.2892(10)
8.7581(10)
16.863(2)
90.00
100.340(6)
90.00
1204.4(3)
4
1.592

0.458

592

0.50 x 0.20 %
0.18

2.46 - 30.23

-11<h<+11
-12<k<+11
-20<1<+23

10042
0.0359

Independent Reflections 3484
Data/restraints/parameters3484/0/165

Goodness of fit (S) (all)

R; andwR, (|> 20(')]

R; andwR; (all data)
Residual peak/hole

(e-IA%)

Structure code

1.130
0.0511, 0.1189
0.0597, 0.1228

+0.50, -0.48
TT2103

[6]CI
CioH1CINL,O,P
256.62
150(2)
0.71073
triclinic
P-1
8.3151(5)
9.0480(5)
9.4371(5)
64.292(2)
71.834(2)
63.772(2)
567.49(6)

2
1.502

0.463

264

0.30 x 0.15 %
0.13

2.42 - 26.37

-8<h<+10
-10<k<+11
-11<I<+11

7070
0.0199
2297
2297/42/147
1.103
0.0263, 0.0709
0.0275, 0.0716

+0.26, -0.23

jmrcolplatesp

196

[7]Cl

GH1CIN,P
200.60

173(2)

0.71073

orthorhombic
P22,
5.8257(8)
10.0332(14)
16.210(2)
90.00
90.00
90.00
947.5(2)
4

1.406
0.517
416

0.12x0.11 x
0.07
2.39-27.81
—7<h<+7
-12<k<+13
-20<1<+21
9861

0.0520

2118
2118/0/111
1.200

0.0387, 0.0940
0.0412, 0.1000

+0.44, -0.22
JH12

[8]Jocl

GioH1CIN,OP
244.65
150(2)

0.71073

tllwrhombic
Pbca
8.3820(4)
15.7453(7)
17.3537(8)
90.00
90.00
90.00
2290.29(18)
8
1.419

0.448

1024

0.47 x 0.04 %
0.03

2.48 - 24.99

-9<h<+9
-18<k<+18
-20<1<+20

16610

0.0603

2010
2010/0/138
1.482

0.1083, 0.1918
0.1111, 0.1929

+0.48, -0.52
ADO3



Appendix 4. Crystallographic data fob[,O, GHa(NMe[7])2, [5]OMe.

Empirical Formula
Formula Weight

Temperature/K

Wavelength/A
Crystal System
Space Group
alA

/A

c/A

of°

p/°

y P

VIA®

z

Density calc./g- cnm

Abs. coeff. W/mm-*
F(000)
Crystal size/mrh

0 range for data collection/®

Index ranges

Reflections Collected

Rint

Independent Reflections
Data/restraints/parameters
Goodness of fit (S) (all)

R1 andwR; (1> 26(1)]

R; andwR; (all data)
Residual peak/holet/A?)

Structure code

[5].0
%H20N409P2
522.34

150(2)

0.71073
monoclinic
C2/c

22.700(4)

16.826(4)

13.049(2)

90.00

116.152(8)

90.00

4473.8(14)

12

1.551

0.256

2160

0.30 x 0.15x0.13
2.65 - 25.00

-22<h<+26
-19<k<+19
-13<1<+15

5675

0.0410

3529
3529/0/303
1.153

0.1021, 0.2138
0.1488, 0.2368
+0.90, -0.40

jmrphosdim

197

CeHi(NMe[7])

C24H30N6P2
464.48
173(2)
0.71073
monoclinic
C2/c
25.454(4)
8.5115(14)
10.9147(18)
90.00
91.272(2)
90.00
2364.2(7)
4

1.305

0.209

984

0.30 x 0.26 x 0.22
1.60 - 28.19

-33<h<+33
-11<k<+10
-13<1<+13

13090

0.0440

2792
2792/0/149
1.056

0.0416, 0.1114
0.0463, 0.1181
+0.34, -0.28
TTO9A

[5]OMe
C11H13N205P
284.20
173(2)
0.71073
orthorhombic
Pnma
8.5140(5)
11.8714(7)
12.6840(8)
90.00
90.00
90.00
1282.01(13)
4
1.472

0.233

592

0.31 x 0.11 x 0.04
2.88 -26.42

-10<h<+10
-14<k<+14
-15<1<+15

15385

0.0210

1380
1380/0/93
1.078

0.0355, 0.0843
0.0465, 0.0912
+0.23, -0.35
Thaol8



Appendix 5. Crystallographic data foR]J[GaCly], [7][GaCl,], [9][GaCls], and B]CI.

Empirical Formula
Formula Weight

Temperature/K

Wavelength/A

Crystal System
Space Group
alA

b/A

c/A

af°

B/

y P

VIA®

V4

Density
calc./g-cm?

Abs. coeff.,
w/mm-*

F(000)
Crystal size/mrh

0 range for data
collection/®

Index ranges

Reflections
Collected

Rint
Independent
Reflections

[2][GaCly]

G‘|6C|4GaP$

396.73
153(2)
0.71073

monoclinic

R
8.0083(16)
9.2891(19)
18.572(4)
90.00
96.23(3)
90.00
1373.41
4

1.919

3.166

776
0.30 x 0.30 x 0.30

2.21-28.44

-10<h<+10
-12<k<+12
—4<|<+24

3320
0.0590
3320

Data/restraints/para 3320/0/138

-meters

Goodness of fit (S) 1 o062

(all)

R; andwR; (|>
25(1)]

R:; andwR; (all
data)

0.0464, 0.1087

0.0607, 0.1186

Residual peak/hole 1077 -0.83

(e-/A3)

Structure code

TT24

[7][GaCl,]
C8H10C|4GaNzP

376.67
173(2)

0.71073

orthorhombic

Pbca
13.840(3)
10.993(2)
18.396(3)
90.00

90.00

90.00
2798.9(9)
8

1.788

2.818
1488

0.30x0.20x 0.15 0.66 x 0.D/1¥

2.21-27.92

-17<h<+18
-14<k<+14
—-24<|<+24

27923
0.0484
3220

3220/0/147
1.076
0.0253, 0.0640
0.0290, 0.0667

+0.40, -0.26
ADO3

198

[9]Cl
GHeASSCI
264.63
150(2)
0.71073

monoclinic

Pdc

6.0319(5)

15.6876(14)
9.6731(6)
90.00
90.601(8)
90.00

915.28(13)

4

2.007

4.395
544

2.47 - 30.69

-8<h<+8
-22<k<+22
-13<1<+13

25149
0.0245
2772

2772/0/102
1.260

0.0191, 0.0467
0.0212, 0.0484

+0.53, -0.32
TT2048c

[9][GaCl 4]
C7H6ASCI4Ga S
440.68
150(2)
0.71073

omclinic
P2/m
11.409(4)
7.015(2)
17.742(6)
90.00
102.483(3)
90.00
1386.4(8)
4

2.111

5.390

848
0.30 x 0.03 x 0.02

1.95-2754

-14<h<+14
-9<k<+9
-22<|<+22

15899
0.0385
3426

3426/0/177
1.019

0.0221, 0.0605
0.0252, 0.0625

+0.54, -0.42
TT42



Appendix 6. Crystallographic data for €]z, N[9]s.

Empirical Formula
Formula Weight
Temperature/K
Wavelength/A
Crystal System
Space Group

alA

b/A

c/A

af°

B/

y P

VIA®

Z

Density calc./g-cn-
Abs. coeff. W/mm-*
F(000)

Crystal size/mrh

0 range for data collection/®
Index ranges

Reflections Collected

Rint

Independent Reflections
Data/restraints/parameters
Goodness of fit (S) (all)

R1 andwR; (1> 26()]

R; andwR; (all data)
Residual peak/holeet/A®)

Structure code

N[2]s
@H1eN PsSe
569.63

150(2)

0.71073
trigonal
P-3

12.134(2)

12.134(2)

11.246(2)

90.00

90.00

120.00

1434.0(5)

2
1.319

0.655

584

0.14 x 0.13 x 0.04
1.81-27.53

-15<h<+15
-15<k<+15
0<l<+14

6447

0.0353

2214
2214/0/96
1.255

0.0993, 0.2888
0.1054, 0.2888
+1.39, -0.49
TT22

199

N[Sls
CoiH16ASNSs
701.48
150(2)
0.71073
triclinic
P-1
11.277(7)
11.671(7)
12.023(7)
76.122(9)
67.953(7)
87.177(8)
1422.4(15)
2
1.638
3.954

692

0.13 x 0.05 x 0.02

1.95-27.49

-13<h<+14
-14<k<+15
0<l<+15

6382
0.0000
6382
6382/0/273
1.136

0.0836, 0.1573
0.1184, 0.1676

+1.07,-1.81
TT43
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