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ABSTRACT

2,3,4,5,6,7-Hexachlorobenzo~[b]-thiophen reacted with
n-butyllithjum to give either the 2-lithio derivative or the
2,6-dilithio derivative depending on the reaction conditions; a
mixture of mono (2-) and di(2,6-) Grignard reagents were formed
from hexachlorobenzo-[b]-thiophen and magnes.nm, Nucleophilic
replacement of the 2-chlorine atom has been established for the
reaction of hexachlorobenzo-{b]-thiophen with lithium aluminium
hydride; sodium benzenethiolate replaced a chlorine in the five
membered ring; sodium isopropoxidc gave a mono substituted product,
while sodium thiomethoxide caused multiple substitution to give a
dichlorotetrathiomethoxybenzo-[b]-thiophen,

Catalytic hydrogenation of nexachlorobenzo~[b]-thiophen
(pd/C] gave 4,5,€,7-tetrachlorobenzo-[b]}-thiophen which was also
synthesised unambiguously by a reaction sequence which involved the
initial treatment of sodium pentachlorobe.zenethiolate with diethyl
acetylenedicarboxy’ate to give diethyl 4,5,6,7-tetrachlorobenzo-[b]-
thiophen (A), followed by de-esterification and decarboxylation,
4,5,6,7-Tetrachlorcbenzo-[b]-thiophen served as a model for 1H n.m,r.
spectroscopy studies, Under certain conditions both the cyclised
material (A) and the uncyclised product, trans-diethyl-l-pentachloro-
thiophenoxybutenedioic acid were formed, With ethyl propiolate,
sodium pentachlorobenzenethiolate gave only the uncyclised product,
cis-ethyl B-pentachlorophenylthioacrylate. Hexechlorobenzo-{b] -
thiophen readily formed the 1,l1-dioxide on treatment with peroxytri-
fluoroacetic acid, the vacuum pyrolysis of which gave hexachloro-

phenylacetylene,



4,5,6,7-Tetrachlorobenzo~[b]-thiophen undergoes multiple
substitution with thiolates, With sodium benzenethiolate the
major product was a dichloro-dithiophenoxybenzo-[b]-thiophen, the
minor, mono substituted product was only identified by Mass
Spectroscopy. With sodium thiomethoxide mixtures of mon- and
di-thiomethoxy or di- and tri-thiomethoxy substituted products were
formed, depending on the reaction conditions,

ESCA spectra have been recorded and molecular core binding
energies determined for indene, indole, benzo-[{b]-thiophen,
benzo--[b]-thiophen-1,1-dioxide, benzo-[b]-furan and some of their
chloro and fluoro derivatives, Binding energies were assigned and
data interpreted with the aid of CNDO/2 SCF MO calculations and the

charge potential model,
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CHAPTER I

SYNTHESIS OF BENZO-[b]-THIOPHEN DERIVATIVES




Introduction

Methods for ‘athesising the beunzo-|b]-thiophen sysiem have oeen

widely reviewed, * most recently as part of an extensive rcview of

h
benzothiophen chemistry by Tddon and Scrowsrton. Howover, 11 this
chapter the various synthetic methods will be examined, na-ticular).
from a mechanistic point of view, especially in relation to their us.
in e formation of polyhalobenzothiophens.

The most widely used methods invelve the formalion of a rhiophc
ring on an already existing benzene nucleus. Although a number ot
benzothiophen syntheses involving the formation of a thiophen ring on
a cyclohexane ring "’ and the formation of a benzene ring on a thiopi~n
nucleu58 have been reported, these are less common methods and are nal
generally applicable to polyhalobenzothiophen synthesis. Only thosc
methods involving the fusion of a thiophen ring onto an existing benzene
nucleus will be considered here,

These syntheses can be conveniently categnrised according to tlwe
bond formed on closure of the thiophen ring and further subdivided

according to mechanism, The currently accepted numbering sysien

(Chemical Abstracts) for benzo-[b]-thiophen (I) is given below.

(L)
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A.  Formation of the 3,9-bond on ring closure

i, Electrophilic attack on the benzene nucleus

\S/

One of the most widely used methods for henzothiophen synthesis involves
the acid promoted cyclisation of arylthiocacetals, arylthioketones and
arylthioglycolic acids.

The arylthioacetals are readily prepared from arylmercaptans and

bromoacetaldehyde dialkylacetal and cyclised with polyphosphoric acid

(P.P.A.).

CH(OR') - e CH(OR')
R + 2B gl [ | 2
SH CH,,Br ~ A . _CH,

(1T

P
(11) ~LEA, Rt)‘\s |’

Cyclodehydration of arylthioketones also proceeds readily in the

presence of PZO or ZnClZ.

5



N
LN N P p oA = CH,
| 7 St | | (74%
CH ~. H
S~ 2 N8

Unmarked bonds to
(17T) fluorine

Substituted thioindoxyls result from the cyclisation of arylthioglyculic

acids with PZOS’ HF, etc., or more conveniently from the Rrejdei-Crafts

cyclisation of the corresponding acid chloride.

HO
N
C=0
R I
~
2 _CHR &
S 1 PN _0
= 7 .l"'~"‘"‘1 -
Rz—{\ l( J R
\\L/\ S- 1
cl [ﬂ-c\’yr
_/. \C=_ '/,-
R2 |
. CHR




5,6,7-Trichlorothioindoxyl has also been successfully prepared,lo although
these methods are not generslly applicable to polyhalobenzothiophen
synthesis.ll Mor recently a novel synthesis of benzothiophenshas been
reported which proceeds via an electrophilic reaction,

The addition of o--sulphenylarepnesulphonates to arylacetylenes gives
vinylsulphonic estersl3 (1.1), which in the presence of BF3 cyclise to

1 0.S0,Ar"

R,S50.S0,Ar' + ArC=C-R, —+% C=¢C 1.1

Ve
177772 3 ~

(1V)

give benzothiophens via a vinyl cation or thiirenium cation. The two
mechanisms (a and b) proposed to account for the observed substituent

effects are given below.

~Ar 'S0 Roe . ) P
N 3 N,k N
(IV) e C=C- R, or c=c¢
s’ \g/
& 8
a b \\/
N
! s
~
~ C—R
Ry I!!' c” 2
|
H
Rs

1,2 sulphur |
migration j ~H




(@,

ii. Nucleophilic actack on the benzene nucleus
The abi’.ity of po wi.alo benzene derivatives to undergo halide
replacement in a 2Jeophilic attack makes this mechanism ideally suited
to the synthesis ¢’ polyhaln benzothiophens. Brooks and Quasem14 showed
that the addition of pentafluvrobenzenethiolate to diethylacetylenedi-
carboxylate (D.E.A.D.) proceeded by overall cis addition to give a
carbanion which immediately cyclised to a benzothicphen in excellent

-

. , 15
yield, More recently the rcaction has been extended to other acetylenes.

Rl
1 R R
7C ///\“;J/‘-@C/ 1 i @ |/,/—'/ \_‘T__ Rl
S % 2 S
§3”‘»C ‘i;// g -~ \\Rz NN 2
.

This reaction has now been successfully applied to the synthesis of

tetrachlorobenzothiophen. (See later),

B. Formation of the 2,3-bond on Ring Closure

Nucleophilic reactions

The treatment of (ortho-acylphenyl)alkylsulphides(V) with dimethyl
sulphate followed by base gives an excellent general method for the

preparation of benzothiophens (Krollpfeiffer synthesis)


http://NucJ.eophiJ.ic
http://hali.de

0
| i -
~_ _CR
! r;/ N1 ! N
> F\7 L‘\' lJ\_{_ 25()4
: ~0 SMe,
2
V)
\\\\\101 NaOH
\\\\‘k.
0
r ) I ; R
HC10, ~ N O R, ‘ s e N
_— ‘ R - ! ‘ C10 YR Navn, R -- . ' ,\OMC
2 4 ? l
I ::L”’ aM J NS s~
L - Me,,
' HBr
¥
2 R
R -Q | | 1
2 O |
NN

Isolation of the crystallinc calt as cither the sulphate or perchlorate
and use of hydrogen bromide in the final stage gives improved yields,
Substituted 2--carboxybenzothiophens can be prepared by treatment

of (V)with chloroacetic acid.

0
I I ) '
. C T~ C"R ]
- \T-—* Ry ClcH,coon o s ~.l/ 1 o
Ry } * l 2 1 '/1\

+
SN swe NP SCH,,C0,H
Me
(V)
_H.0 N N R
2 | i 1 ~MeCL_ : !
e [T e e T ]
el Ao+ e O
>\/ \S*_,/ (‘02H S'/C ZH




Both these methods invoive reactions on side chains rather than on
the benzene nucle aznd this makes rthem potentially useful feor the
synthesis of bern- hiophens with several halogens in the benzo ring. So
far neither method seems to have been successfully applied to polyhalo-
benzothiophen formation.

Base induced cyclisation of orthocarboxy-5-arylthioglycolic acids

yields the corresponding thioindoxvi-2-carboxylic acids nr hy

decarboxylating the thioindoxyls.

COR

A variety of reagents have been used to cyclise thioglycolic esters
(Rl’ R, = alkyl) including sodium in toluene, ethoxide ion and sodium
hydride. This method has been applied to the synthesis of tetrafluoro-

benzothiophen.la



0
I
A C..0Et -0 ~
~ N . . / -
l P MaH ‘//} ‘r' Zn, AcOH /; | I\
MaH : . .
~ T.H.F. | //kij H,S0,,8,0 |JF !
S s.CH,COE¢ NN o 47 N
2772 9

An extension of the above method to the cyclisation of ortho-acyl-
S-phenylthioglycolic acids with acetic anhydride or dilute alkali gives the

corresponding 3--alkyl or aiylbenzothiophen.

: “
SN ! R ,//:Qﬁ/a' L:l“/’k\s/JCOZH
| IE
N sci, 00,1 4o, 179,
\\\\\\\A (;j?\l R
oW

0 0

Il I CO

C-OH
- - C-OH b

l _OH ‘// | N —> =~ g ! OH

~ - H

SCH, NS sCH, ?://*\\S <

H

o)




Recently a novel ripg opening of a l,2-benzoisothiazole has been

reportedl6 in which nucleophilic atrack at the sulphur atom leads to

opening of the tl =szole ring followed by ring closure to give a 2-

substituted 3-amincbenzothiophen (previously inaccessible compounds).

The proposed reaction mechanisms are outlined below (a or b).

TN

_____T;/Cl .

| >
O
'\/’”CH(CO?_E::)2

- NH
-
~ H EEtOH
S
LUzl‘..t

[::::I:i_:ﬂNHZ
é——.——
g COZEL

NH

A\

COzEt

CO_Et

Y
=N

CHCO

2Et

+ CO(OEt)2

< (VI)

Isobenzothiazolones have also been rearranged to benzothiophens.17



As observed previously, methods involving side chain cyclisations

are potentially v .ciul for the synthesis of polyhalobenzothiophens.
C. Formatjon of the 1,2--bond on Ring Closure

Nucleophilic reactions
Cyclodehydration of ortho-mercaptophenylacetic acid with phosphorus
pentoxide, acetic anhydride or steam and hydrochloric acid gives a

convenient route to 2--hydroxybenzothiophens (thiocoxindoles).

SN -~
~~ "N CH,CO0H  ~H,0 s
R - ' —=<> R |
>~ ~ N
SH S 0

Benzothiophens are formed by passing substituted oeethylthiophenols over a

heated catalyst.18

< CH.C ; 2
. s ZLHB Lr203-~A120§> o r9/ I-——i]] (28%)
. | S A
>~ 475 S S

SH

The stability to pyrolysis of polyhalobenzene derivatives could make this
method useful where R = F or Cl although inaccessibility of starting

materials might prove a serious limitation.

"Thioindoxyl is formed from the base catalysed cyclisation of

19
ortho-thiocyanatoacetophenone,




11.

The reaction of ortho-substituted aryl halides with cuprous
acetylides to give benzofurans and indoles20 has been extended to the

synthesis of 2-substituted benzothiophens,21

)

C=C-=R
Pyridine __ - i A
or D.M.F. ~ iH

r:;:\\j Hal
| + CuC=C-R
k\ ) XH

nt migration

S

X

where Hal = I, Br; X = 0, NH, S; R = alkyl, aryl,
2
A new synthesis of substituted benzothiophens has been reported, 2
which utilises the reaction of ortho-mercaptoketones or the corresponding

xanthates with dimethylsulphoniummethylid., The reaction scheme is

outlined below. (Compare the Krollpfeiffer synthesis p.5 ).




12.

COR
R 1 i R COR
2 N !
S-C -Co.. " SH
S
" CH g(cn ) // g
) 39 nCsz(CH3)2
| |
r‘EH Seen) - : | -
- CH,=8(CHy), . - CHZ-S(CH3)2
R
- R
H,0 2 1

—— T

R.= CH

|= CHy, Phy R, = CL, H.
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D. Formation of the 1,8--bond on Ring Closure

i. Electrophilic reactions

Ring closure of some substituted acetothionates to give 2,3-

substituted benzothiophens has been reported23 although little attention

has been given to this reaction.

cl
|
e C—R
R3 l | 2 HCi : R3
>~ ,C—Ry 100 C

R,= -OPh; R, = Ph, p-tolyl; R, =H, CH

However, a related reaction of g-aryl-o-mercaptoacrylic acids has received
considerable attention and has shown great utility for the preparation of

substituted benzothiophen-2-carboxylic acids.z4 The B-aryl-g-mercapto

acrylic acids (VII) are prepared by base hydrolysis of the condensation

product of an aromatic aldehyde and rhodanine (1.2).

0 0
/
CH,— C ArCH=C —— ¢7
ArCHO + | l - | | 1.2
S NH S NH
\\C’/ C’/
i i
S 0
(0):
ArCH,_-C-CO_H Ar-CH=C- ~ CH
2 2
I |
S SH

(VII)




Oxidation of WIIl)with iodine or chlorine in dry dioxan gives the
corresponding benrothiophen-2-carboxylic acid.
electrophilic mecnanism has been proposed.25

converts (VII)into a disulphide (1.3) in a fast reaction.

(VIL)

I
S
\
5
|

2

Oxidation by I

Ar-CH=C-CO_H

Ar-CH=C-C02H

2

An acid catalysed

or Cl

2

1.3

14.

Further oxidation and cyclisation of the disulphide gives the desired

benzothiophen (1.4).

where Ar = Ar-CH=C-CO_,H

o H

-~

1.4

+ ArSI2

The reaction is facilitated by electron releasing groups (R = OH, OR) in

accordance with this mechanism.



15.

Improved yields have been reported from the use of chlorine in the
reaction26 and this method has now been extended to the synthesis of
polyfluorobenzothiophens (see next section - Nucleophilic reactions).
Recently interest has been revived in the reactions of sulphur chlorides
(SClZ, 82012 and SOClz) with phenylacetylene and styrene derivatives to
produce chlorinated benzot;h:i.ophems.27_33

As far back as 1908 Barger and Ewins34 described the synthesis of
highly chlorinated benzothiophens from the reactions of thionyl

chloride with g-~B~dibromostyrenes and substituted l-aryl ethanols

(1.5 and 1,6).

cl

CHBrCH,Br soct, .
-—-—7;f> cl )
270 5

CH(OH) CH, ~ ”
R —+> R { 1.6

~ g~ Cl

cl

Several groups of workersza’zg’31 have now reported the preparation of

3-chlorobenzothiophens from the reaction of styrene and cinnamic acid
derivatives with thionylchloride. Some examples are given in Fig.lﬁl.
Nakagawa et al. have also prepared 3-chlorobenzothiophens and substituted
isothiazoles from the action of sulphur monochloride on styrene
derivatives.28 The reactions have been shown to procc-1 via an
intermediate sulphenyl chloride, which in some cases has been

27,30,32

isolated, For example, the addition of sulphur dichloride to
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. Cl _-CN
ArCH=CHCN ~ ——--> R, | | < ArCH=C__
AN L\s CN COOEt

Ar CH=CHCOC1 "‘"’———\\* o ArCHZCHZCOOH

ArCH=CHCOOH ——3 R1 | I ArCHBr CHBr COOH
COC1

AN
Cl ______,_,/)? qg\‘_——_—-—____ :
Ar CH=C Ar(C=C-COOH

cocl
Cl
=
Rl <¢—— ArCH CHR2
R
S 2

a

Fig.1l.1

a. adapted from Ref.28,

w
I

= H, 6-CH,, 4-Cl, 6-Cl, 5-F, 6-F, 4,6-diCl, 6NO,, 6CH,0-7~Cl

2? 3

j==]
|

o = H, COMe, COEr, CHO, C(H,, CL.




diphenyl acetylene (1.7)

cl Ph
N\ _ V4
C=C-Ph C=¢ cl
scl, N s-Cl -c1
Et,0,R.T. “HCL g~ Ph

The reactions of styrene and phenylacetylene derivatives with sulphur
chlorides all appear to take place by similar mechanisms. In the case
of thionyl chloride reactions the detailed mechanism will be discussed
in relation to the authors work on perchlorobenzothiophen (see later).
A novel reaction between dichlorosulphine and diaryldiazomethanes
has recently been reported to give benzothiophen-S-oxides.33 The
reaction appears to proceed by a 1,3~dipolar cyclo-addition to give an
intermediate thiadiazoline-S-oxide (VIII) which loses nitrogen to give
an episulphoxide (IX), Spontaneous cyclisation of IX gives the
corresponding benzothiophen-S-oxide (X). The proposed mechanism is

outlined below,

17,
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Benzothiophen l-oxides are relatively little known compounds although a
few examples have been reported?5 they are normally prepared by partial

oxidation of the parent benzothiophen with hydrogen peroxide and acetic

acid.

ii, Nucleophilic reactions

To date this has been the most widely used mechanism for the
e L. e ) v s a s 15,36-38
CHACCNLOPNENLS, =weliguiulaud and =~Lnuoles, )
Highly fluorinated benzaldehydes readily form benzylidine
derivatives (XI) with rhodanine, but on alkaline hydrolysis the f-poly-
fluoroaryl-a=-mercapto acrylic acid formed undergoes spontaneous
cyclisation to the corresponding benzothiophen-2-carboxylic acid. The

latter can be readily decarboxylated to the parent polyfluorobenzo-

thiophen (1.8).

0 0
Y/, -
CH,— C 4 Ar CH=C —— c” CH=C-C0,,
Ar .CHO + | | — | | —_— |
£ S NH S NH “/—\'s
S N, F
c c
I 1
S S )
-F
(XI) : 1.8

H -co, H
g
S g ~ CO,H

4,5,6,7-tetrafluoro~, 4,5,7-, 4,6,7- and 5,6,7-trifluorobenzothiophens

have been prepared by this method. 36
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Brooke37’15

has shown that pentafluorophenylpropan-2-one- and
pentafluorophenylacetophenone (XII) both give 2-substituted tetrafluoro-

benzothiophens on treatment with hydrogen sulphide and base.

o CH2 HZS/H01 ol CH2 CH

F | | - Pl 12 = N
~ C ~ : C-Ph

a? e " ={

e - - w0 Ll 1o

Ph

In the case of pentafluorophenylpropan-2-one a gem dithiol intermediate could be

isolated. This was converted to the benzothiophen on treatment with base,
This is an ideal method of producing benzothiophens (and also

benzofurans and indoles) halogenated in the benzo ring. The hefero atom

acts as a good nucleophile and the polyhalobenzene nucleus is readily

susceptible to nucleophilic displacement of halide ion. Thus far there

have been no reports of this method being extended to the synthesis}of

polychlorobenzothiophens.
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E. Simul taneous Formation of the 1,8 and 3, 9-Bonds

Substituted benzynes, from the pyrolysis of corresponding phthalic
anhydrides, react with thiophen at high temperatures to give smali yields
of benzothiophens by 1,2-cycloaddition and subsequent rearrangement,39
(1.9). The main product, tetrachloronapthalene is formed by 1l,4-cyclo-
addition of benzyne and subsequent loss of sulphur (1.10). This is the

main mode of addition when thiophen is reacted with benzynes generated

. 40
by more 'conventional' methods at lower temperatures.
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The products from the above reactions were not isolated but the mixtures

were analysed and the major constituents identified by gas chromatography-

mass spectrometry. Although the reactions are not synthetically useful

as such, they have led to the formation of many new thiophen derivatives,

including the first report of 4,5,6,7-tetrachlorobenzothiophen.




CHAPTER 2

[y

SYNTHESIS AND REACTIONS OF SOME HIGHLY CHLORINATED

BENZO-[b]-THIOPHENS
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Introduclion

Current interest in the chemistry of highly chlorinated heteroaromatic
compounds 1s centred mainly around nitrogen-containing six-membered ring
lated ) ! _ , 42
systems Te€ to benzene (pentachloropyridine, - tetrachloro-pyridazine,

3,44

—pyrimidine,4 and pyrazine44) and ten-membered ring systems related

to naphthalene (heptachloro—quinoline45 and isoquinoline,45 hexachloro-

Y 48 49

Tnon ~aninasznlinn cottinnvalina h) nao
ing, quingzc.iing HH guinexa.lin c sy CC

with regard to their conversion to the corresponding fluoro-analogues.
Some of the wider aspects of chloroheteroaromatic chemistry are now
being examined,

Apart from the recently reported fluorination of tetrachlorothiophen,51
the chemistry of highly chlorinated hetercaromatic compounds containing
heteroatoms other than nitrogen has been pdrsued less vigorously.

In this section, some studies into the chemistry of highly chlorinated
benzo-[b]~thiophens are discussed.

Because of the problems often associated with structural determination
in chlorocarbon chemistry, the necessity to relate products directly, or
indirectly, to compounds containing hydrogen atoms directly attached to
the aromatic ring system which would be amenable to examination by 1H
n.m.r. spectroscopy, has been borne in mind. 4,5,6,7-Tetrachlorobenzo~
[b]-thiophen has been unambiguously synthesised as amdel for spectroscopic
examination. Some compounds have also been examined by X-ray photoelectron
spectroscopy (ESCA) as part of a systematic investigation of applications

of ESCA to halocarbon chemistry,
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Synthesis of 2,3,4,5,6,7-Hexachlorobenzo-{b]-thiophen(I)

In 1908 Barger and Ewin552 reported the synthesis of a number
chlorinated benzo-[b]-thiophen derivatives from the reaction of
substituted l-phenyl ethanols and styrene derivatives with thionyl
chloride. Hexachlorobenzo-[b]-thiophen(I) was prepared by the reaction
of thionyl and sulphuryl chlorides with dibromostyrene, in a sealed tube

at 270°

CHBrCHzBr SOC1 /SO Cl
sealed tube ]Cl

270°

(D

The auéhors could not obtain a benzo-[b]-thiophen derivative from
either a, E—&ichloroethylbenzene or l-phenylethanol although,in a similar
redction it was claimed that 1-(4-methoxyphenyl)ethanol gave a mixture of
trichloro; and tetrachloro-6-methoxybenzo-[bjthiophens. No mechanism
was proposeq for the reaction and until recently little interest was shown
in the preparation of benzo-[b]-thiophen derivatives from sulphur chlorides.

Several groups of workers have now reported the synthesis of benzo-
[b]-thiophen derivatives from the reaction of sulphur chlorides (SOCl

Clz, SZC12) with acetylenes,27’28 cinnamic acidsgs—32 styrenes28 and

3-phenylpropionic acids.28’30 Experimental details were given in only

two cases.27’29 In a series of papers Krubsack and Higa3o_32 have

2,

elucidated the mechanism for the reactions, and Nahagawa et al. have shown28

that substituted benzo-[b]-thiophens can by synthesised from the reaction

of a wide variety of precursors with thionyl chloride in the preseﬂce of

pyridine. A comparison between these recent reactions and the earlier
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method for the preparation of (I) indicates that a similar mechanism may
be operating in all cases.

The mechanism proposed by Krubsack and Higa to account for the
formation of 3—chloro—Z—chlorocarbonylbenzo—[b]-thiophen(IV) from the
reaction of 3-phenylpropionic acid and thionyl chloride in the presence
of catalytic amounts of pyridine, invoked the intermediacy of the sulphenyl -

chloride (II)

0 OH
SOClZ “ ridin
Ph-CH,CH,CO0H ————> PhCH,CH,C~Cl —91——%\___ PhCH, CH=C-C1
50C1,,
. . (-HC1)
(- /Cl
‘cl
L0 H 0 0
~ -s0, Nl s0¢1, 1
PhCH,C-C-Cl €—— PhCH,C}C-Cl & —— PhCH CH-C-Cl
I -HC1 | 2,
\ “~~
g« S0y S=0
€1 (£l c1\' : Ci
l Cl
cl10
(]
@«caz-c-c-m
X |
SC1
(11)

Compound (II) could then cyclise to the benzo-{b]-thiochen (III) which on
further chlorination could give the product (IV), However when (III)

(synthesised unambiguously) was treated with thionyl chloride under
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identical conditions, (IV) was formed only slowly and in poor yield. This
suggested that further chlorination took place before cyclisation and

that the sulphenyl chloride (V) might be an intermediate.

H - H
cl 2HC1 @
_Jcoct
S
s cl (111) s0C1
(11) . 2

socl cl €10 N Cl
AN NI S
AN CH-C-C-C1 > g~ €OCl
- | é o _oucl
) (IV)
(V)

(V) could be prepared independently from the reaction of cinnamic acid with
thionyl chloride in the presence of pyridine and readily cyclised to (IV)
under conditions identical to the ones used previously.

Cyclisation of (V) by electrophilic or nucleopﬁilic reactions wasg
discounted on the basis of the relative ease of reaction of meta-nitro-
and meta-methoxy-cinnamic acids with thionyl chloride. Krubsack and
Higa proposed a concerted cyclisation of (V) to account for their

observations.




H C(Cl

r';}X Cl (LV)
k\_ _/ “coci
o

The two mechanisms (a and b) differ by whether the benzylic hydrogen
is lost simultaneous with, or prior to, cyclisation.

If this mechanism is correct and the sulphenyl chloride (V) is an
intermediate in the reaction, then it will also account for the formation
of 2-substituted-3-chloro-benzo-[b]-thiophens from precursors of the
form Ph-CH=CHR, with either SCl2 or SOCL

, and pyridine (R = H, CO,H, CN,

CHO, COZEt, C6H5).28 The mechanism may also apply to the synthesis of

perchlorobenzo-[b]}-thiophen(I) from dibromostyrene and thionyl chloride.52
Nahagawa et al. have reported that styrene gives 2,3—dichlo;o-

benzo-[b]-thiophen and dibromocinnamic acid gives 3~chloro-2-chlorocarbonyl

benzo-{b]-thiophen with thionyl chloride and pyridine.28 These two

facts indicate that the first step in the synthesis L (D) might be loss

of elemental bromine from dibromostyrene to give styrene which can then

react with thionyl chloride to give the sulphenyl chloride (VI)




Cl
-Br2 SOCL, |
PhCHBrCH,Br ——=3 PhCH=CH, ———=> PhCll-CIL,
scl
(v1)

Cyclisation of (VI) to 2,3-dichlorobenzo-[b]-thiophen and further free
radical chlorination (in the presence of 507012) would give (I).

Although this may seem an excellent route to highly chlorinated
benzo-[b]-thiophens, using relatively cheap and readily available
starting materials, the reaction suffers from several severe drawbacks.

In a typical reaction, 1.5 gms of dibromostyrene, 5 ml. of thionyl
chloride and 2 ml. of sulphuryl chloride were heated to 270° in a
Carius tube for 13 hr. On cooling, crystals of perchlorobenzo-{b]-
thiophen could be filtered off from the red liquid in the tube.

(i) The reaction only proceeds in sealed glass tubes. Attempts to
carry out the reaction in nickel or stainless steel autoclaves produced
only decomposition products.

(ii) The yield of perchlorobenzo-{b]-thiophen is extremely variable
ranging from 0% to a maximum of 55% even when attempts were made to keep
conditions in each Carius tube as identical as possitle,

(iii) High pressures produced in the Carius tubes (especially at 270%)
limit the maximum scalé of the reaction because of the relatively low
pressures that glass tubing can contain.

Factors (i) and (iii) are technological problems that may be over-
come by using high pressure glass-lined autoclaves, but (ii) would still

appear to limit the usefulness of the reaction.




Attempted Preparation of 6-methoxy-2,3,4,5,7-pentachlorobanzo-[b]-thicphen

In an attempt to synthesise highly chlorinated benzothiophens with
substituents in well defined positions,the reaction between para-methoxy-
dibromostyrene, thionyl chloride and sulphuryl chloride in a sealed tube,

0 . .52 .
at ~ 200 was examined, Barger and Ewins reported the preparation of
trichloro- and tetrachloro-6-methoxybenzo-[b]-thiophens from the
mmmnbdine ~AFf 1 () wmntrhave
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Krubsack and Higa32 have reported the preparation of methoxy substituted-
3-chlorobenzo-{b]-thiophens from cinnamic acid derivatives and thionyl
chloride.

However, the reaction of para-methoxydibromostyrene with thionyl and
sulphuryl chloride, under a variety of conditions, produced only two

products - perchlorobenzo-{b}-thiophen (I) and pentachlorostyrene53 (V1I)

C » 3 =
CHBr CH,, Br s0c1,/80,C1, N | cl . CH=CH,
CH30 sealed tube >~ S’/ Cl ~
(1) (VI1I)

Under the conditions of the reaction (m»ZOOO, excess SOC12/SOZC12) the
methoxy group is completely lost, probably by a free radical displacement
reaction. The production of (VII) can be rationalised if some
chlorination of the phenyl ring takes place before cyclisation and if
addition of thionyl chloride to the double bond is reversible under the
conditions employed. No evidence could be obtained for the presence of
methoxy containing compoundé in the reaction product. Some pentachloro

styrene is also formed in low yield in the preparation of (I) from dibromo

styrene.




Synthesis of 4,5,6,7-Tetrachlorobenzo~{bl-thiophen

Nucleophilic additions to acetylenes have been widely studied and
. ; , 54 55
have been the subject of a recent, extensive review, Truce et al.
have studied the addition of thiols to a wide range of acetylenes and
in all cases obtained high yields of a single component product which
was shown to have been formed by overall trans-addition of the nucleophile
to the triple bond. Violations of the "trans rule" for addition of

nucleophiles to acetylenes have been reported56’57’58

but these have been
attributed (a) to isomerisation of the initial product or (b) to an

intramolecular rearrangement.

H COH H H
(a) c=C __b_g_s_g_h \C=C
/ N\ CArS - 7\
ArS H ArS CO,H
- -
H al al
CH3OOC\ : C 300L\ /O(,H3
(b) /C=C\ —_— +/c=cl=c\‘ ) —_—
RZN:_ C-0CH, RZN\,D ) Yo
il ¥
H 0 H
c:13ooc\ /COOCH3
c=C
/N
RN H

2

The addition of secondary amines to acetylene carboxylic esters in aprotic

solvents gives only products from overall Ei§-addition58 (b), but in

protic solvents products from both cis- and trans-additions are formed.57
A number of five-membered heterocyclic compounds have been prepared

by the reaction of acetylenedicarboxylic esters with various nucleophiles
59,60

of the form:




where X

= NH, O, S

‘ The proposed mechanism for the reactions (normally run in methanol)

is outlined below.

0 co.,,
" | &
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to (XII).

{X) would not be favourable for sulphur.
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£
\\x 7
(x)

A simple trans-addition product (IX) is first formed through
proton;tion of the enolatic anion (VIII) and this can cyclise via (X)
In some cases the alcohol (XI) could be isolated in good yield
and converted to (XIL) with acid. In the éase of sulphur heterocycles

(X=S) a Diechmann-type cyclisation was proposed because the intermediate
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Brooke and Quasemla’15 have studied the addition of lithium

pentafluorobenzenethiolate to acetylenes in tetrahydrofuran.

R, c6k55_\ /H _
(I: _C=C__ (X1V)
Z ———R R R
Sl — E b,
N s C g Rz +
SLi l
R H
R 2
2 PR p— \n_:n/ [8°41AY
CALLL) uTu A g
CF S// \\R
6 5 1

L 2 2
b R1 = COzEt, R2 = H
c R1 = COZEt, R2 = Ph
d R1 = R2 = Ph
e Rl = R2 = CF3

The reaction of lithium pentafluorobenzenethiolate with diethyl
acetylenedicarboxylate (a) gave only the corresponding benzo-[b]-thiophen
(XIIIa) and none of the olefinic products, even at very low temperatures.
In the case of acetylenes (c¢) and (e) both cyclised products and olefins.
were formed although the latter were in less than 5% overall yield. 1In
marked contrast, acetylenes (b) and (d) gave no cyclised material with
the lithium thioléte but both isomeric olefins were formed, corresponding

to overall cis- and trans-addition of CGF SH to the acetylenes, ProBlems

5
presented by the different products formed from the various acetylenes
could not be resolved but the apparent violations of the "trans-addition

rule" were explained by isomerisation of the intermediate vinyl-lithium

derivatives.
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In the light of the successful synthesis of diethyl 4,5,6,7-tetra-
fluorvbenzo-{b]-thiophen-2,3-dicarboxylate and its subsequent conversion
to 4,5,6,7-tetrafluorobenzo-{b]-thiophen, it seemed likely that. the
reaction could be extended to the chlorinated series.

The reaction of sodium pentachlorobenzenethiolate6l with diethyl
aéetylenedicarboxylate in tetrahydrofuran at reflux temperature for 3 ﬁr.

oave the cverlicad nrod
gave the cC rod

RYY and +hp Alnsf
ycliged Iy cL, ange T C.CC

more vigorous conditions (18 hr, reflux), no olefinic material could be

isolated and the major product was diethyl 4,5,6,7-tetrachlorobenzo-[b]-

fOzEt
R H

= C N COEt
cufl o 4 o+ I — [l . Ne=c”
X 7S Na C N g yd AN

| CgCLcS €0, Et

R

(XV1) (XVII)

a. R =CO,Et; b. R =H.

In contrast to the fluorocarbon case,the isolation of the olefiﬁ (XVIIa)
indicated that although the addition of the thiolate to diethyl acetylene-
dicarboxylate is rapid, the cyclisation step to give (XVIa) is slow
even at elevated tempefatures. This can be attributed in part to the
lower reactivity of the pentachlorobenzene nucleus towards nucleophilic
replacement of halogen compared to the pentafluorobenzene analogue.

When sodium pentachlorobenzenethiolate was reacted with ethyl

propiolate under the same conditions as with diethyl acetylenedicarboxylate,
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no cyclised material was formed and the sole product was the olefin
(XvIib) [52.5%].

The stereochemistry of the two olefins (XVIIa and b) could be assigned
on the basis of their 1H n.m.r. spectra. Delfini,57 and Winterfeldt and
Preuss58 have assigned the stereochemistry of olefins,obtained from the
addition of a variety of nucleophiles to ethyl propiolate and diethyl
acerylehedicarboxylate,from 1H n.m.r, data. Brooke et al, have given
1H n.m.r. data for the products obtained from the addition of penta-
fluoroaniline to diethyl acetylenedicarboxylate62 and pentafluorothiophenol

.
v

The data is summarised in Tabhle 2.1.
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methyl protons at 8.877 a quartet for the methylene protons at 5.787
(J = 7.0Hz) and two doublets at 4.17 and 3.231. The sterecchemistry of the
olefin was assigned as cis on the basis of both the coupling constant
(J =9.9 Hz)63 and chemical shifts of the olefinic protons. The 1H n.m.r.
spectrum of olefin (XVIIa) showed two overlapping triplets due to the
methyl protons at 8.967 and 8,707, two overlapping quartets due to
methylene protons at 6.03t1 and 5,797 (J = 7.2 Hz] and a singlet due to the
olefininc proton at 3.3871. The chemical shift of the olefinic proton
is characteristic of the trans-olefin (see Table 2.1) Both olefins are
the products of overall trans-addition to the acetylenes. In neither case
was any evidence found for olefins arising from overall cis-addition.
Hydrolysis of the diester (XVIa) with either 50% sulphuric acid or
aqueous alkali gave the hydrated dicarboxylic acid (XVIII) [86%] which in
turn was decarboxylated by copper in quinoline to give 4,5,6,7-tetrachloro-

benzo-[b]lthiophen (XIX) [52%]. The " n.m.r, spectrum of (XIX) gave the
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~ l__UCO?_Et COZH 4\IJ - H
c1 —_— /j _— @

X Ag - CO,EE g~ CO,H.2H,0 NN
(XVIa) (XVIII) (XIX)

coupling constant J2,3 = 5.5 Hz which is typical fof this substitution
pattern,64 while "the actual identity of the protons was determined from
the relative shifts in the absorptions on changing solvents. It has
recently béen shown for benzo-[b]-thiophen, that while overall deshielding
of protons occurs in acetone relative to carbon tetrachloride, the

effect is particularly marked at position 2. [Solvent shift = 0.27 ppm.
cf. 0.15 ppm for position 3].653 On this basis, the absorption centred
at 2.467T (CCIA) and 1.967 (acetone) [solvent shift = 0.50 ppm] was
assigned to H2, and that centred at 2.567 (CCl4) and 2,38~ (acetone)
[solvent shift = 0.18 ppm] to H3. The much larger solvent shift of H2,
relative to all other positions, can be particularly useful for structure
determinations in these highly chlorinated systems. Recently, Yuste

and Walls65b have reported the use of lH n.m.r. pyridine-induced solvent

shifts in structure determinations of substituted benzo-[b]-furans.

/W COZEt ' H
CL | . —>
N ]COZEt S ] Co,Et

(XVIa) (XX)




Reaction of the diester (XVIa) with l mole equivalent of base in
vrefluxing pyridine gave a monoethyl ester (XX, 81%) as the sole product.
Hydrolysis and subsequent decarboxylation of only one ester group had
taken place under the reaction conditions. It was possible to identify
the product as ethyl 4,5,6,7—tetrach10robenzo-[b]-thiophen-Z-carboxylate
(XX) from measurements of its lH n.m.r. spectra in carbon tetrachloride
and acetone. Table 2.2 gives solvent shift measurements for a series of
benzo-[b]-thiophens, Both 4;5,6,7-tetrafluoro and tetrachlorobenzo-{b]-

thiophens show a solvent shift (from CCl, to acetone) of 0.5 ppm (30 Hz)

A
for the 2-proton and much smaller shifts of 0.1 ppm (6 Hz) and 0.18-ppm
(10 Hz) respectively for the 3-proton. Introduction of an:acetyl group
at position 3 in the tetrafluorobenzo-{b]-thiophen causes an increase

of 0.71 ppm (43 Hz) in the solvent shift of the 2-proton to 1.21 ppm

(73 Hz). Introduction of a chlorine at position 3 in the chloro-
derivatives causes an increase of approximately 0.08 ppm (5 Hz) in the
solvent shift of the Z-proton.

The carbonyl group in the tetrachloromono ester benzo-[b]-thiophen
could be at either position 2 or 3. 1If it was at position 3 an increase
in the solvent shift of the 2-proton would be expected. However, the
measured shift of 0.37 ppm (22 Hz) is actually less than that of the
2-proton in 4,5,6,7-tetrachlorobenzo~-[b]-thiophen but slightly greater
than that for the 3-proton. Therefore the most likely position of- the
carbonyl group is position 2 and the structure can be assigned as (XX).
Brooke62 has reported that the alkaline hydrolysis of diethyl 4,5,6,7-
tetrafluoroindole-2,3-dicarboxylate is accompanied by partial

decarboxylation to give the 2-carboxylic acid.65b
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Some Reactions of 2,3,4,5,6,7-Hexachlorobenzo-{b]-thiophen

i) Metallation reactions

Metallation of benzo-[b]-thiophen has been shown to occur at
position 2.66 Benzo-{b]-thiophens can be metallated in other positions
by use of the appropriate bromo derivative. Metallation of 5-bromobenzo-

[b]-thiophen with one molar equivalent of n-butyllithium gives the 5-

hromo-2-benzo-Thl-thicenyllithium but,

vith 2 molar eyuivalenis of n-
butyllithium a dilithium compound is obtained which on carbonation

67

affords the 2,5-dicarboxylic acid. 2,3—dibromobenzo—[b]-thiophen with

s AR
excess n-pbutylliitbhium gives only the Z-lithio derivative. The 2,3-

)

dilithio compound can be prepared by treating the 3-bromo-2-benzo-{b]-
thionyllithium with powdered lithium.69 The 2,3-dilithio derivative may
also be prepared by treating 3-bromobenzo-[b}-thiophen with 2 molar
equivalents of n—butyllithium. 3-benzo-[b]-thionyllithium has been
prepared from the 3-bromobenzo-[bj—thiophen using one equivalent of n-
butyllithium in ether at —70o and has been shown to be a useful
intermédiate for the preparation of 3-substituted benzo-[b]-thiophens.7o
Some of these have been prepared from the 3-benzo-[b]-thionylmagnesium
halides but because the Grignard compounds have to be synthesised by
the entrainment procedure, yields are often variable. Metal halogen
exchange does not take place with 3-chlorobenzo-[b]-thiophen since with
n-butyllithium only 3-chloro-2-benzo-[b]-thionyllithium n is formed.
Treatment of hexachlorobeqzo-[b]-thiophen in tetrahydrofuran with
one molar equivalent of n-butyllithium followed by hydiolysis gave
3,4,5,6,7-pentachlorobenzo-[b]~thiophen (XXI , 56%) accompanied by

unchanged starting material (I, 39%) showing that metal-halogen exchange
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was incomplete. The structure of (XXI) was determined by lH n.m.r.
spectroscopy from the large downfield shift (0.58 ppm) of the absorption
;n changing from carbon tetrachloride to acetone as solvent (Table 2.2).
In an attempt to drive the metal halogen exchange to completion, (I) was
treated with excess n-butyllithium (6 equivalents) in tetrahydrofuran

and hydrolysed. Thin layer chromatography showed the absence of both

(TY and -(X¥XT) and the prasence of tuc new

component (XXII, 89%) was 3,4,5,7-tetrachlorobenzo-[b]-thiophen while

the minor component, an oil was not examined. The two protons were
identified at positioms 2(2.6r, CClA) and 6{2.54n, CClA) by Y4 nom.r.
spectroscopy. Both protons showed a downfield shift in acetone (relative
to CClA), but one proton was readily assigned to position 2 from its
larger solvent shift (0.56 ppm compared to 0.25 ppm for the other proton).
The protong were coupled (J = 0.6 Hz) which is characteristic of the long
range coupling associated with H2 and H6 (J2,6 = 0.5-0.6 Hz).64 H2

has been shown to couple only with H3 and H6 although peak broadening

has been attributed to coupling of H7 and H5 with H2 &) and J

2,7 2,5
< 0.03 Hz)65’72

When (I) was treated with excess n-butyllithium in tetrahydrofuran
followed by carbonation a dicarboxylic acid was formed (M = 358) which

was not characterised but was décarboxylated by copper in quinoline to

(XXI11).
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The preparation of Grignard reagents from aryl halides has been
extensively studied and the 'entrainment' method using ethylene dibromide
has been widely used to obtain Grignards from unreactive aromatic and
heterocyclic halides.n-75

Reaction of (I) in tetrahydrofuran with excess mzunesium at room
temperature (using ethylene dibromide to start the rezction), followed by-

hydrolysis, gave an equimolar mixture of (XXI, 29%) and (XXII, 29%)

together with unchanged starting material (I, 29%). The reaction




products were separated by column chromatography from starting material
(I) but no separation of (XXI) and (XXII) was achieved.

The lH n.m.r. spectrum of the mixture in carbon tetrachloride showed
two absorptions at 2.547T (one proton) and 2.671 (two protons). In acetone
the. spectrum could be resolved into three absorptions at 2.29+, 2.04~
and 2.02r (one proton each). When the reaction was repeated under more
forcing conditions (3 hr. reflux) the only nrodunet ienlated after
hydrolysis was compound (XXII, 9%). Although (XXI) could be separated
from a mixture of (XXI) and (XXII) by fractional recrystallisation from
light petroleum (b.p. 40-60°) it was found impéssible to produce either
compound alone in good yield, a mixture was always obtained, usually

containing unreacted starting material (1).

(ii) Reduction reactions

Suschitzky et al.76 have investigated the reduction of penta-
chloropyridine with complex metal hydrides and have shown that an addition-
elimination reaction takes place in the case of lithium aluminium hydride
reduction. The products obtained depended critically on the reaction
temperature, at 0°C the major product from the reaction of pentachloro~
pyridine (XXIII) with lithium alﬁminium hydride in ether at 0°C was 2,3,5,6-
tetrachloropyridine (XXIV, 80%). At room temperature the main product
was 2,3,6-trichloropyridine (XXv, 75%). The proposed mechanism is .

outlined below.
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However, Dickson and Sutcliffe77 found that in the reaction of
lithium aluminium hydride witb hexafluoro~, pentafluoro-, and tetrafluoro-
benzenes in tetrahydrofuran, molecular hydrogen was evolved and that
this could be explained by postulating the formation of fluorocarbon-
aluminium compounds. The reaction of hexafluorobénzeng with lithium
aluminium hydride in tetrahydrofuraﬁ give pentafluorobenzene and 1,2;4,5- .
tetrafluorobenzene as well as unchanged étarting material and molecular

hydrogen. The following sequence of reactions was proposed.



LiAlH4 + CGFG -» L1A1H3F + C6F5H

LiAlH4 + C6F6 - LiAl(C6F5)H2F +H,

al-H + C_.F_H - al-F 4+ p-C

6's 6" 4ty

al-H, + C,F_H = a1(C6F4H)F + H

2 65 2

The reactions were also found to proceed faster in tetrahydrofuran than
in diethyl ether. Tatlow et al.78 investigated the reactions of penta-
fluorobenzene and 1,2,3,4-tetrafluoronaphthalene with lithium aluminium
hydride. They obtained a mixture of 1,2,3,4-, 1,2,3,5-and 1,2,4,5-
tetrafluorobenzenes from the reaction of pentafluorobenzene with LiAlH4
in refluxing ether, 1,2,3,4-tetrafluoronaphthalene reacted only slowly
with LiAlH4 in ether at reflux temperature (40% after 5 days) but readily
gave 1,2,4-trifluoronaphthalene as the only product, in tetrahydrofuran.
From these reports the mechanism of the reaction of LiAlH4 with
aromatic halides would appear to depend on both the solvent system and the
reacting substrate. No explanationof this behaviour has yet been
proposed,
Treatment of hexachlorobenzo-[b]-thiophen(I) with an equimolar
amount of lithium aluminium hydride in tetrahydrofuran at room temperature
for 48 hrs. gave 3,4,5,6,7-pentachlorobenzo~[b]-thiophen (XXI, 42%) and
unreacted starting material (I, 42%). Under more vigorous conditions,
(excess in LiA1H4, reflux for 16 hr.) both the amounts of (XXI, 32%) and
(I, 16%) were reduced but no other products could be detected by
chromatography or 1H n.m.r, spectroscopy. It is possible that a similar
addition-elimination reaction to that with pentachloropyridine may be

taking place but the much lower reactivity of hexachlorobenzo-[b]-thiophen



is amply demonstrated by the incompleteness of the reaction with lithium
aluminium hydride even under extreme conditions.

The lower reactivity of the benzo-[b]-thiophen ring system in
nucleophilic reactions compared to the p&ridine ring system might be
expected on this basis of their electronic structures, Whereas the
pyridine ring is electron deficient because of the electronegative nitrogen
atom, the benzothiophen system, in common with other five membered hetero-
cycles, is electron rich. In the five membered ring systems 6m-electrons
are shared by only five atoms and in the case of benzo-[b]-thiophen,
where the hetero atom is least electronegative, the effect is at a
maximum.

The replacement of the 2-chlorine in (I) by hydrogen (using LiAlH4)
has been shown by 1H n.m.r., but it has also been possible to show by a
chemical method that a chlorine in the five membered ring had been
replaced.

Raney nickel hydrodesulphurisation in the determination of structures
of unknown benzo-[b]-thiophens is being increasingly used. Unfortunately,
even under mild conditions, non-aromatic double bonds are saturated,
halogens (except fluorine) are removed, and nitre groups are reduced.79
Brooke and Quasem have successfully used Raney nickel hydrodesulphurisation
to determine the structures of products obtained in the reactions of
4,5,6,7-tetrafluorobenzo~[b]-thiophen with methoxide ion and acetic
anhydride/aluminium trichloride.80 Huisgen et al.81 reported that the
nickel catalysed reduction of 2-phenyl-4,5,6,7-tetrachlorobenzo-[b]-furan

caused complete dechlorination as well as opening the furan ring.
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All attempts at dehydrosulphurisation of highly chlorinated benzo-
[bT-thiophen compounds using Raney nickel in ethanol [ailed. Only complex
mixtures of unidentifiable products were obtained. G.l.c. analysis of
the product ohtained from treatment of hexachlorobenzo-Tb)-thiophen with
Raney nickel in refluxing ethanol showed that none of the expected ethyl
benzene was present in the complex mixture.

Catalytic hydrogenolysis of alkyl and acyl halides with paladium

82 -
or platinum catalvsts has been widelv studied, The order of

reactivicies are
Alkyl halides < benzyl < aryl <« allyl -~ vinyl
and for all types of halegen compounds

RF << RCL < RBr - Ri.

Polladive ig supcrior o cther cacel-so- for Jdihieloy olions hoing 1oast
Hlecled Ly Lthe calalyel ne soning sroepe:cics ob o N T
Srosecre of krse and pol o higdeonylic niveo s Lre- . U

roon e nvdroedehalo e v iane,
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2-Halobenzo-{bi-thiophens are readily dehalogenated by hydrogen in
ol 2. 83 - . Bl i il £y .
the presence of palladium. 3-Halebenzo-| b j~-thiophens have been
reported to be unaifected by bhydrogen and palladium so that a 2-halo atom

. . - 84
can be removed selectively in the presence of 3-halo atom,

When hexachlcrobenzo--[bj-thiophen (1) was reacted with hydrogen

at atmospheric pressure in methanolic potassium hydroxide using palladium-

- I3 ]

t 1 1 ) ‘ ] . ’ - N « . T 1 i
Lildiiual taltalydl, Lle sule pLUUuLL wdd <t,J,0,/ ~Lellacuivivueias- Lo

G-
thiophen (XIX) in 99% vield. 1In an attempt to selectively remove only
one chlorine,the reaction was repeated and stopped after the uptake of
oniy mole equivaient of hydrogen. Examination of the product by t.l.c.
and lﬂ n.m.r. showed only unreacted starcting material (1) and (XIX)
were present, no evidence was obtained fov un intermediate pentachloro-
benzo-[bl-thiophen.

Treatment of the pentachloroben-o-Tbl.ihiophen (XXL) (cbtained From
the reaction of (L) with either I.j.All!4 vt n-butvllichiumdwith hydrogen
and palladium under the same conditions, also gave exclusively (XIV) in
997% yield showing by 2 chewical method that the oviginzl hydrogen atom

was 1n the five membered rvimg of (XXID Fxtending the reaction time

produced no furthev products and it scems that the reaction is specific

N _101 H, Pd/C]
| Cl”\ i — - 9,
. - MeOH G
s lal {eOH/KOH \\7
™
(T - .
N
NSO .

L

‘o ' e e e eee—m et <)
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for halogens in the 2 and 3} positions, prubably because the 2,3 bond is
more 'localised' than those in the benzcenoid ring and addition of
hvdrogen across it is wmere isvourable than tor aromatic double bonds. 1t
seemed likely that the reaction would be general for the series, benzo-
thiophen, indole, benzeofuran and it has rccently been shown in this
laboratory that highly chlorinated indoles arc selectively dechlorinated

~

in the 2 and 3 positiens using this merthod

cl
2 -cl . [pd/c]
<ol 2
RN g MeOU /KON \
R /\'_——"IH
[ C1° Iy
NN
//7 H
- Cl H [Pd/C’
(Cl.'l 1 2ttt e
NN 1ieOH/RON
|
1t
RN - ~ N
fo Sy, ¢l H,!2d/C - N 1
el IR CL TR
SNNs MeOll/KOH NN
: |
Mo Me

The catalytic replacement of chlorine by hydrogen at oosition 3 in

" . s . . 84
benzo-:b -thiophen derivatives has not been previousl - reported, In an
attempt ro exploitr this reaction, products [vow Ye re..tion of i) with

s

various aucleophiles wvere sabjected to catalytic vty awolysis (scee later).




(iii) Oxidation
Benzo- bo-Lhiepbuns are readily converted to Lhe corvesponding
L, l-dioxides hy peracid oaidatrion uawa, oevacetic, perbenzoid, permalic
or trifluoroperacetic acids. It has been reported that benzo-{b_ -

positions
thiophens with halogens in the 2,3 are diflicult tu oxidise and in some

. C o . - . . . 86
cases do not give l;l-dioxides with peracids. Schlesinger and Mowry
failed ta nxidise a retrarhlore.. and 2 pentachlorvcbenzac |5 -thicphien

with peracid. Lach compound was known to contain chlorines in the 2-

and 3-positions and it was suggested that oxidation may be sterically
-chlorine substitueutl. Huwever , no
difficulty was expericnced in oxidising hexacliloiobenzo -"bj--thiophen (I)
to 2,3,4,5,6,7-hexachlerobenzo-[b'-thiophen-1, l-dioxide (XXVITI, 85%)
using trifluoroperacetic 3cid, The difficulties experienced in oxidising
halogenated benzo--"bl-thiophens can be attributed to electronic, rather
than steric factore. Chambers ct 31.88 found that octalluorovdibenzo-
thiophen vas not oxidised by 85% hydrogen peroxide in acetic acid or by
chlorination followed by hydrolysis, or by potassium metaperiodate in

1]

methanel. Howcver, both octafluorodibenzothiophen and 4,5,6,7-tetra-~
J

- - - , .89 . - . ;
fluorcbenzo--_bi-thiophen have been readily oxidised using 8§5-90%
hydrogen peroxide in triflunroacetic anhydride,

Pyrolytic eliminations of SO,, forming carbon-carbon bonds are well
) 90 oo . . .
known but a number of investigations have shown that., in some

circumstances, climination of SO, rather than $0,, car vccur during
. 83,91-93 . ) 1 :
pyrolysis. The latter process has alsc Heen  -terved in the mass

88,94

spectra of S-dioxides,




9
dibenzothiopher 1;1-dioxide’

Yacuuw pyrolysis of buth and octa-
49
rlvorndibonzovhiophen t, 1 -dioside resalts in che formation of the

correspondic, Jdibenzoruroa (A

88591, 94

ho cilrusion of SO, It has been

that the mechanism of SO

O]
-

u

rgest climination mest probably

{

invelves intramolecular rearrangement to an unstable sulphinic ester

(XXV1), followed by SO loss.
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[ K l L X |
X =, F NN

(XXV1I)

The mass spectrum of herachlorobenzo-"bi-thiophen 1,l-dioxide (XXVIIL)

showed a base peak aL m/e 300 corvesponding to logs of SO, £rom the

2

parent ien, This indicated that loss ot 50, rather than loss of S0 might

be the main rearrangement on pyrolvsis. Three possible reactions could

(a) Loss of SO2

butadicne
{(b) Rearrangem
{XXX)
{¢) Loss af SO

(33X

or the pyrolvsis of (XXVIII)

and carhon-carbon bond formation to . :ve the benzocyclo-

(XXIX)

ent and loss of SU to give the correspe ding benzo-[bl— furan

, and chlorine migration to give perch! vaphenylacetylenc
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The dioxide (XXVIII) was pyrolysed by slowly subliming (10—2 mm . Hg)

. . s s . O .
into a quartz tube packed with silica fibve at 840 to give hexachloro-

95 , . )
phenylacetylenc (XXXI} quantitatively,
96

MacBride nas notaed that the high yields of biphenylenes (WXXV)
produced by thermul extrusion of wmolcecular nitrogen from benzo-{ci-
cinnolines /'XXXTI) suggests that the reactions occur via diradicals

(XXXIII) and not by fragmentation to benzynes (XXXIV) followed by

recombination,

. ‘ . N : :
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X = 1,Cl. (XNXTIV)
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. . 4. 95
Pyrolysis of perchlorocinnoline {XXXV1) gives pe.chlorophenyl
acetylene (XXX1) by extrusion oi nitiowen piobably via a diradical
[

intermediate {(XAXVIL) L ows o acinl wiver the pyrolysis of (XXVII)

proceceds by the game mechanism.

/c1|/cr\\]
i/ Nf;l‘! ) -N?
\ cl
(XXXVI) o : o
[’fln R (- C=C-Cl
ANGE > LY
o |
~ 1 ~7s0, (XXXVLL) (XXX1)
Cl | . IC].
s
V7B
0 0
(XXVITI)

Presumably, if the benzocyclobutadieos (XXTX) were formed it would be
thermally unstable aud vwonld fiscif recrange to the phenylacetvlene (XXXT)

under the veaction conditions.,

. ] 14 4= PR § IS { ~ R T T T e I
Nucleosphilic Reacticons ¢f Polyhals avenatic Uompounds

In general, highly hal:zenaced sroratic compounds undergo nucleophilic
suhetitntion hy a procees analoagmis to ele~trophilic cubstitution in
aromatic hydrocarbon chemistry. The orientacion of substitution in
polvhalobenzenoid compounds can be predicted largely :n the basis of a
controlling 1'_i effect, excepl in certain iascances wh re steric or specific
tnteractions are importoant, tocoontiast, Lthe crlent »n of substitution

in polyhalobeteroarvmatic corpounds is not as straigh forward and the

nature ol the heterucycle must be taben iuta account.
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Polyhalobenzenoid Compounds

Nuvcleopbilic substitution

widest attention

chlorocarbons.

be the same for both the chloro and fluoro

in tluorecaroons has received by far the

o chough some wors has beer done with the corresponding

Generally, patterns of substitution have been found to

svstems., There is some

evidence that polybromo aromatics may behave anomalously under certain

circumstances.

The general

arinciniea af nueleanphilie,r euhetitutine
i H T suihetitunting

ST

be most easily discussed with reference to polyfluoroaromatic systems,

where the most data is

Haxafluorobenzene

(TOCH,, TOH, WH,, Ni,

N, CH,

available, bur the results apply equally well to

has beer. reacted with a great variety of nucleophiles

S - . 99.-103
CH L6H5

, MILWH,, "SH, 3 ), resulting in

replacement of a single fluorine avom under fairly moderate conditions
P ¥

to give good yields of

the coriesponding pentafluorophenyl compounds.

Hexachlorn benzene nndergoes uucleophilic displacement of chlorine in

the same way but under more vigorous reaclioun conditions, showing its much

. 61
lower reactivicy.

Tatlow, Burdon and co-workars biive extensively studied nucleophilic

substitucion in pentafluorobenzene devivdtives (CﬁF

isomer distributions.

and DCP3,

meta

When X o= 1y Cll
para substitution predosivates,
replacement predominates,

and para substituted products are ferred,

5X‘ with regard to the
Cr C
SOZLH

35 GF,, SO

3? 32
X =0
A4 5
04 NMCHBIOD

N(CH3)2,

104 or NH2

then both

For 105

. . 1
and foc X = UCHj,

Anomaiously high ortho

replacement when X = €007, NO, M0 v vhen X = 00, v Nuc., = NH3,
105-109 . . e .
NHR, were attiibuted to solvept efficts and sp vific nucleophile-

substituentc

intaeractions.




b. Rationalisation of Uvientation
A rarionalisati.n of orisntation of nucleophilic substitution in
: , . o 110 . ,
polyhale aromatic gysitoms hias beer given ny 3Surdon, in which the

relative stabilities of the transition states (approximated by a Wheland-

type intermediate) are considered.

N I
N N
o . . F (/\ F (;\‘ .
Fil + N e - -=> |F|| + F
F IF "N
F

FONE o FI NF
F _”F - FL -Jr “ > etc.
~—T
F F
A B

The resonance hybrid A is assumed to be the main contributor to the

Wheland intermediate;

In substitution reacticas of C6F5X compounds the problem is
essentially a consideration of the effect of the substituent attached to
the carbon bearing the negative charge in the transition state, If the
substitucnt X stabilises a ncgative charge more than tlvorine substitution
will take place para toc X, if less than fluorine then veta attack will
occur. For a substituent with the same effect as fluirine a statistical
ratio (0:M:P = 2:2:1) should result. These generalis.cions were put
forward with the proviso that solvent, steric and spe:ific interactions

could be neglected.




i
U1

The effect of the substituent on a cdvbanion in an aromatic system

3 )
- . 1 I
will be in the order of the I vepulsians.

F>Cl > Hr »1 > H

Unlike the halogens, I effects for oxygeu and nitrogen can not be
-

estimated from spectroscopic imeasurements, but are taken to be in the

110

Arder N S 0 = 7

The observation that chlorupentafluorobenzene reacts with methoxide
ion faster than pentafluorobenzene, although pentachlorobenzene

-t
)

substitutes para to the hydrogen, is explsined by consideration of the

intermediates:

H

|

F /k\ ¥ cL 7 Tyl
rll e c1 “\ !lc1

/\< T F l ‘ F
F OMe Cl Cile

The relative stabilicies of a negative . huaige vn carbon bearing hydrogen;
chlorine or fluorine is in the ocdev C- U = $-Cl > C-F.
P - 3 .
Of the three tetrafluorobenzenes, (X[1) reacts ~ 10~ times slower
with methoxide ion than either {(X¥XX1X) ov (XL). The positions of

substitution in each compound is indicatod.

F 3

(XXXIX) (X3 (XL1)




20,

Nucleophilic substitution in the 1,2,3,4~tetrafluoro~5-halobenzenes
( 1Ty . . - 112 . . .
(Hal = B, Cl, I) occurs mainly in the 3-position. Substitution in
this position involves localising the negative charge in the para hybrid
intermediate on a carbon atom bearing a hydrogen rather than a halogen.
The increase in the proportion of replacement para to the halogen

increases along the series Cl < Br < I following the decreasing Lﬂ effect,

Vaboheon zand cacvinvlore have etads ad ic or
Yyapobeon andgd CO--arkoerzs nave ¢ z ol 2

5

0

t

mtAartAn AF Al Annkh I T A
NUaciin CL nulLllpaiaicd

14

pe

11

Lo
[

substitution in pentachlorobenzene derivatives. ! Pentachloroaniline

reacts with methylamine and methoxide ion to give solely the meta-

pachhnd -
UV LCL -

=y
(SR =

na PR - ola - e -1 -m 2 amd . e N ? 2 .
d product, while pentachlorcanisole with methoxide ifon gives

(]

av]

products arising from attack at positiomsortho, meta and para to the

CHBO group.
oc OCH3 OCH, OCH4
OCH 3 .
o) -eron . Cal g alk e
NP uHBOH Cl x> OCH3 Cl~3 -~ ¢1 Cl
cl OCH, cl
65% 7% 26%

Nucleophilic substitution in polyhalo polycyclic aromatic
, . , \ 110
compounds has also been rationalised on the basis of Burdon's theory.
For example, substitution in polyfluoronaphthalene occurs in the 2-
position where the negative charge in the intermediate can be localised

on a bridging carbon atom rather than a carbon bearinz a fluorine atom.

/E ¥l
is less Fif \\l‘}\ - N

stable than FQs A o/ F
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Nucleophitic substitution in Polyhaloheterocaromatic Systems

By lar the mesc videly srudied poiyhalcheterocycelic systems are
those containing urtrogen although some data is now available for some
oxygen and sulphur hetevocycles, Again it is the fluorinated systems

that have received the most attention.

(i) Nitrogen Heterocycles

1
L

the wuitrogen necterocycles have shown that the hetero

Loy}

ies o
atom plays a predominant part in determining the orientation of
substitution. Pentafluoropyridine undergoes nucleophilic attack at the
{our pusition and 1s much more reactive than hexafluorobenzene, Tf the
four position 15 blocked then substitution occurs in the 2~position.
Of the three Letrafluorodiazines, (¥LIV) is the least reactive although
. . L s 115 .
all three are move yeative than pentafluorvopyridine. The position of

nucleophilic substzitution is indicated fur all three diazines below:

b F
-~ N "

poR F DA FHN\*lF

_!i - . N I . o

Fh o B N\?b - NP F e
(ALIT) (XLILIT) (XLIV)

The lower reactivity of (XL1V) can be explained in terms of the
stability of Wheland-type intermediate, Only in the c¢rtho-quinoid

(XLV1) form is the negative charge localised on a nit _en atom.



Ui
(e8]

- i . N
l- I B < r F"-,/ \\\F
. ) ] ’ 3
rl - | -
Sy N SN <N

P eanafrsat ta mentafluorepyridine, pentachleovepyiidiae gives Luill
s 3 v 3 . » ]~16 < )
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Only in the ortho-quinoid forms can the negative charge be localised on
the nitrogen atom and (XLVII) is believed to be more stable than (XLVIII)

as the aromaticity of the benzenoid ring is not broken.

(ii) Heterocycles containing oxygen and sulphur

4,5,6,7-Tetraf1uorobenzo-[b]furanlzo undergoes nucleophilic

substitution with methoxide ion to give a mixturc of 4-, 6-, and 7-methoxy

3 c

7:57:16. 4,5,06,7-Tetrafluoro-

F.

7

trifluorcbenzo-[b]-furans in the ratio

b

o i21 . . ; .
benzo-{b]l-thiophen also reacts with methoxide ion to give the 6-

isomer as the major product.
Octafluoro~dibenzothiophen and octafluorcdibenzofuran have recently

. , . . . 122,123
been shown to react with methoxide ion in the 2-position. :

(XL.1X) (L)
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From a consideration of the Wheland-type intermediates it can be seen
that in (XLIX) and (LI) the negative charge is localised on a bridging
carbon atom and that further delocalisation is possible in the second
ring. Attack para to the heteroatom would mean that for X =0 the charge
would be localised on a carbon attached to oxygen and destabilised by
the ITT effect, Further delocalisation would also not be possible.

Tetrafluorothiophen has recently been synthesised and shown to give

. 124 -
nucleophilic replacement in the 2-position. * (cE. hexachlorobenzo-[b]-

thiophen),

Some Nucleophilic Reactions of Hexachloro- and 4,5,6,7~Tectvachlorobenzo-

[b]-thiophen

The reaction of hexachlorobenzo-{b]~-thiophen (I) with lithium
aluminium hydride (which can essentially be considerec¢ as nucleophilic
replacement of chlorine by hydride ion) to give 3,4,5,6,7-pentachloro-
benzo~[b]-thiophen, has already been discussed.

The reaction of (I) with methoxide ion under a v& 'iety of conditions
in various solvents (methanol, pyridine, dimethylsulph xide, cetra-

hydrofuran, N,N-dimethylformamide) was investigated bu: no tractable
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products could be isolated. Reactions carried out in aprotic solvents
(e.g. pyridine) gave complex mixtures of highly coloured materials,
presumably formed from demcthylation and further reaction of the initially
formed methoxy derivatives. Demethylation of chlorinated anisoles by
methoxide ion has been reported to take place readily.125

Sodium isopropoxide in isopropanol reacted only slowly with (I)
even at reflux temperature, When the solvent was changed to pyridine a
monoisopropoxypentachlorobenzo-[b]-thiophen (LITI, 64%) was obtained.

The role of dipolar aprotic solvents in nucleophilic reactions is well
knownlz6 and Rocklin61 has observed that pyridine (as sclvent) seems to
have a catalytic effect on the reactions of hexachlorobenzene with
nucleophiles. A similar effect is apparent in the reactions of hexachloro-
benzo-{b]-thiophen. In all cases reaction with nucleophiles proceeded
faster and with fewer side products in pyridine than in any ecther solvent.
The structure of the monoisopropoxy compound (LIII} can tentatively be
assigned as the 2-isopropoxy derivative only by analcgy with the course

of the reaction of (I) with LiAlHq.

An attempted catalytic hydrogenolysis of {(L111) was completely
unsuccessful; starting material being recovered unchanged. Steric effects
of the isopropoxy group may be responsible for the failure of the
hydrogenolysis reaction.

Sodium benzenethiolate (1.1 eq.) reacted with (I) in pyridine to
give a monothiophenoxypentachlorobenzo-[bl}-thiophen (X: IV, 41%) and
unchanged starting material (5%). <Catalytic hydrogeunov: ysis of the
thioether gave 4,5,6,7-tetrachlorobenzo~[b]~-thiophen (X, 78%), and

unreacted starting material (XLIV). Both the chlorine and the thiophenoxy
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group in the five membered ring had been removed.

) A C1 H,[Pd/C] [//::II\—_ H
- 8] RO ORI ..
(1) + Phs > S ﬂsm MeOH/KOH L SJH

(XL1v) (X1X)

Again the orientation can only be inferved as the 2-thiophenoxy
derivative by analogy, although substitution in the five membered ring is
proved,

In contrast, the main product of the reacrion between 4,5,6,7-tetra-
chlorobenzo-{b]- thiophen (XIX) and sodium benzenetniolate in refluxing
pyridine for 4 hrs, was a dithiophenoxydichlorobenzo-[b}-thiophen (XLV,
30%). A small amount of a monothiophenoxytrichlorobenzo-[b]-thiophen
(XLVI, 3%) was also obtained and identified by mass spectroscopy.
Jureacted slarting macerial (XIX, 56%) was rcecovered  Orientation for
the thicphenoxy groups in (XLV) has not been established., Multiple
substitution with sulphur nucleophiles i35 ro be expected. Thicether
groups sre activating towards nucleophilic al:.tackl'm:"":it-i so that the mono
substituted product once formed is more reactive thar the parent
compound, This is amply demonstrated by the rveaction of {I) and (XIX)
with sodium thiomethoxide,

(1) reacts with excess sodium Lhiomethoxide in pyridine to give
exclusively a tetrathiomethoxy-dichlorobenzo-[bl-thic hen (XLVI 53%).

The ]H n.m.r., of (XLV1) showed four absorptioms at 10 753, 10,749,
T0.742 and 70,733 dus to four distinctl methyl groups. An artempted

catalycic desulphurisation of (XLVI) using hydrogen with palladium
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catalyst failed; giving unchanged starting material. Presumably the
large number of sulphur atoms in the molecule effectively poisoned the
catalyst.82

The reaction of 4,5,6,7-tetrachlorobenzo-[b]-thiophen (XIX) with
sodium thiomethoxide could be controlled to give either a dithiomethoxy
or a trithiomethoxy derivative as the major product, At room temperature,
(XIX) with sodium thiomethoxide in pyridine gave a dithiomethoxy-
dichiorobenzo-[b]-thiophen, unreacied staciing material (XIX) and a
trace of a monothiomethoxy derivative identified by mass spectroscopy
At reflux temperature, the same dithiomethoxy derivative was formed but
the major product was a trithiomethoxy-monochlorobenzo-{b]-thiophen.

The orientations of substituents have not been determined.




CHAPTER 3

ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS
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(i) Introduction

Electron spectroscopy is the name given to that branch of
spectroscopy in which binding energies of electrons in a molecule are
determined by measurement of the energies of electronsejected by inter-
actions of the molecule with an essentially monoenergetic beam of exciting
radiation. Generally, three methods of exciting electron spectra are
employed; X-rays, ultra-violet light or electron beams. There are
advantages and limitations associated with each method.

The advantage of u.v, excitation is that much higher resolution can
be obtained due to the lower inherent widths of the u.v. lines. The

o 40.8 ev)

exciting radiation commonly employed (HeI = 21,2 eV; He
limits the technique to observation of low binding energy valence and
molecular orbitals. Although physicists have for many years studied
solids under ultra-high vacuum (photoemission spectroscopy),129 the
chemical applications of u.v. photoelectron spectroscopy (PES) have,
until recently, been limited to gaseous samples.130
Electron excitation can not directly produce photoelectron spectra
because of the elastic collisions involved, but it has been extensively
used to generate Auger electron spectra (see later) of both gases and
solids.131 The electron beam has the advantage that being easily
focussed and its energy continuously variable, a high sensitivity can
be achieved, but at the expense of a lower signal to noise ratio. The
penetration depths for electrons are of the order of a few atomic layers,
making electron excited Auger spectroscopy ideal for studying surfaces.
The possibility of using pulse techniques for exciti»z molecules, in

=

situ, allows the photoelectron spectra of excited states to be recorded.
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The main problems associated with this form of spectroscopy are the lack

of resolution and the difficulties in interpretation of spectra.
Finally, X-ray excitation of photoelectron spectra has several adv-

antages over other methods, The greater energy of exciting radiation

available (e.g. MgKa = 1253.6 eV and AlKa = 1486.6 eV) means both

1,2 1,2

core and valence electrons for all atoms (except hydrogen) can be studied
in solids or gases, The resolution of the valence energy levels is less
than that for u.v. excitation due to the greater inherent line widths

of X-rays (1.0 eV for AlKal,z). Auger electron spectra are obtained
simultaneously with the ordinary photoelectron spectra when X-ray
excitation is used, making two valuable sources of data available in one
experiment,

It is only recently with the advent of commercial spectrometers that
the technique of X-ray photoelectron spectroscopy (ESCA) has become
widely available to chemists, Already the literature on the subject is
extensive,

The main advantages of the technique are summarised below:

a) any element above helium in the periodic table can be studied
with high sensitivity, independent of any nuclear spin properties,

b) the sample may be a solid, liquid or gas and the technique is
essentially non-destructive,

c) the sample requirement is modest; in favourable cases 1 mgnm,
of solid, 0.1 pl of liquid or 0.5 cc of gas (at STP),

d) the information obtained is directly related to the electronic
structure of a molecule and the theoretical interpretation is

relatively straightforward,
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e) information on both core and valence levels of a molecule can
be obtained,

f) in studying solids ESCA is essentially a surface technique.
Depending on the core levels studied and using the usual
photon sources (Mg,Al) the escape depth of photoelectrons

is in the range 0-50R.

Since ESCA is still a relatively new technique in chemistry a
discussion of its history and development, as well as basic theory and

instrumentation is given in the following sections.

(ii) History and Development of ESCA

In the early part of this century a number of research workers
(Robinson,132 in England and de Broglie133 in France) investigated the
energy distribution of electrons in various elements by X-ray irradiation.
The energies of the photoelectrons were analysed in a homogeneous magnetic
field and recorded on a photographic plate. Although a particular anode
material in the X-ray tube emits a continuous spectrum (bremsstrahlung)
there are also characteristic X-ray lines of which, for commonly used
targets (Al,Mg), the Kal’z are the strongest. The electron distributions
thus obtained were characterised by long tails with edges at the high
energy end, Measurement of the edge positions allowed determination of
the energy of ejected photoelectrons and hence, knowing the energy of the
exciting X-ray lines, the binding energies could be calculated., However,
the edge positions were not well defined because the electrons underwent

energy loss in the sample (usually a foil) by collision processes.

.
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An X-ray beam passing through a thin foil undergoes absorption and
this can be studied with an X-ray spectrometer. Again edges are obtained
and the absorptions correspond to the excitation of an inner shell
electron to the nearest empty level (the conduction band). The data
obtained is closely related to that from photoelectron spectroscopy and
could, until recently, be obtained more readily and with greater accuracy.

X-ray emission gives line spectra superimposed on the continuous
brehmsstrahlung spectrum instead of the edges obtained in X-ray absorption.
Since X-ray emission by electron bombardment (the method used in X-ray
generation leads to decomposition of chemical compounds),X-ray emission
spectra are obtained by secondary X-ray emission from a sample excited
with a primary X-ray beam. The line spectra obtained give only energy
differences within the atom and not absolute binding energies.

Only a few further attempts were made to extend the early work of
Robinson and de Broglie and these met with limited success.lsa-138 The
reason for this recession was the lack of accuracy compared with that
obtained by the X-ray absorption and X-ray emission techniques.

During the early 1950's, Siegbahn and co-workers at Uppsala
developed an iron-free, magnetic, double-focussing electron spectrometer
in a research program aimed at very high resolution study of the energy

. 1 - .
spectrum of B-particles, 39 The precision for momentum resolution for

B-particles emitted from a radioactive source was within 1:10_5
(equivalent to a precision of 0.1 eV in the measurement of a peak in the
104 eV region). When, in 1954, attempts were made to record, at high
resolution, photoelectron spectra produced by X-rays, « new observation

changed the course of development of the technique. This was the

appearance, under high resolution, of a very sharp line that could be
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resolved from the edge of each electron veil (Fig.3.1(a)). The electrons
to which the line corresponded had, it was realised, the property that
they did not undergo any energy absorption and therefore possessed the
binding energy of the core level from which they arose. The peak position
(and hence the binding energy) could be determined with considerable
accuracy, to within a few tenths of an eV.

It had previously been noted that the position of emission lines and
absorption edges in X-ray spectroscopy were dependent to a small extent,

140,141

on the chemical state of the atom. From the first studies by

Siegbahn and co—workers142 on chemical effects in copper and its oxides,
the value of electron spectroscopy for measuring chemical 'shifts'
became apparent. Although its general utility was not appreciated until

143,144

around 1964, the technique has rapidly gained popularity and has

come to be known as ESCA since the publication of Siegbahn's first books

145,146

on the subject. Fig.3.1(b) shows the now 'classic' example of

ESCA chemical shifts for the carbon 1ls levels of ethyltrifluoroacetate.

(iii) Theory of Electron Spectroscopy

In this section the theory of electron spectroscopy is outlined in
relation to chemical applications of ESCA., The fundamental processes
involved in ESCA are:

Electron Ejection
4 % -
A +hy, = (A") + e (Photo ionisation)
where v is the frequency of the exciting radiation.

Electronic Relaxation

*
1) @hH® - at+ hvz (X-ray emission)

2) (A < A+ e, (Auger Electron Emission)
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(a) Photoionisation Processes

In Fig.3.2 the energy level diagram for an insulator ig given
showing photoejection for the 1s and 2p electrons, and the upper and
lower energy limits of X-ray absorbtion for the 2s electron. The upper
limit for the latter transition - the vacuum level, represents the energy
of an electron that has been removed to infinity (the free electron level),
and this is also the same as the energy required for photoionisation of a
2s electron. Hence the two techniques are compldmentary, but in the case
of X-ray absorption, binding energy data is much more difficult to
extract, The relationship between the two types of spectra is shown in
Fig.3.3. Photoelectron peaks are normally designated by the term symbols
of the positive hole left after photoejection of an electron. Thus
photoejection of a ls electron leaves a K hole designated as a 28% state,

The diagram in Fig.3.2 differs from that of a conductor by the

position of the Fermi* level. For a conductor, the valence and conduction
bands meet and the Fermi level is defined as being at the interface of the

two bands, For an insulator where there is a gap between the valence and

conduction bands, the position of the Fermi level is uncertain and it is
normally taken as lying midway between the top of the valence band and

the bottom of the conduction band,

* The Fermi level Ef may be defined by:

jEf N(E)dE = N
[o]

where N(E) = Z(E)F(E) (functions of energy, E), Z(E) is the density of
states for fermi particles (in this case, electrons) i.e. the number of
states (energy levels) between E and E + AE. F(E) is the probability
distribution;the probability that a fermi particle in a system at thermal
equilibrium at temperature T will be in a state of energy E is given by

1
(E-Ef)
T

N is the total number of particles in the system, hence the electrons fill
all the available states up to the Fermi level.

(kT << Ef)
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Photoionisation is not equally probable for all electrons in an
atom or electrons in the same level of different atoms (i.e., the cross
section for photoionisation varies from level to level and from atom to

.. . . . 1
atom). Generally, the photoionisation cross section varies as —; where
T

r is the orbital radius. Therefore, for light atoms, photoionisation of
the 2s electron is about 20 times less probable than for the ls electron.
However, orbital contraction increases with nuclear charge (Z) and this
becomes more important as the atomic number increases, thus the photo-
ionisation cross section for a given core level is approximately
proportional to Z3. For soft X-rays, core electrons have the highest
photoionisation cross sections, but ionisation of valence electrons can
still occur with reasonable probability. Because the cross section for
photoionisation of valence electrons varies, depending on the symmetry of
the orbital involved and with the energy of the ionising radiation,
comparison of valence peaks in the ESCA spectra with corresponding peaks
for u.v. PES can give information about orbital symmetries, especially.

if such studies of cross section dependance on photon energy are coupled

with angular dependance studies.

(b) Electronic Relaxation Processes

Two primary processes are available for electronic relaxation
following photoionisation of a core level electron. A radiation process
involving an electronic transition from a higher energy orbital to fill the
primary vacancy, together with emission of the excess energy as a photon,
(X-ray emission or X-ray fluorescence), or a radiatiorless process in

which the excess energy is removed by ejection of a second electron from




75,

2
3g b 1@ a1 1L 1y —Dg,(My)
\ ) ) 2DSIZ‘M4)
\ e 2
\ P (M )
"2
\
3s 11 \ o 251/2 (M1 )
T Ko X-ray T emission
I emission \ ‘ o
W \ R
29 @—\ 1 1 @,:::::—2P3/2(L3)
VY P1/2 (L2)
11 \ 5
2s —— \ KLL — S.,/2 (L,)
Ke X-rgy — A\ Auger
emission \ emission
1 2
e Primary Vacancy S1/2 (K )
Fig.3.4.
L®

(o))

B

Probability

Auger Electron &,
Ss,-on

X-ray Fluorescenc

Oy

5 10 1% 20 25 35 5 -

Alomic Number

Fig.3.5




4.

an.outer shell (Auger emission). Both processes are shown diagramatically

in Fig.3.4 where a primary vacarcy exists in the ls level (i.e. a 2S

5
state). The X-ray emission process is shown as an electronic transition
from a 3d level to the primary vacancy (KP emission) and an electronic
transition from the 2p level (Ko emission). Two Auger emissions are
also shown. A KLL emission, where a 2p electron (L) falls to the ls
vacancy (K) while a second 2p (L) electron is ejected, and a KIM Auger
emission where a 3p (M) electron is emitted instead of the 2p electron.
If the primary vacancy is created in an inner sub shell of the LlM ce
shells the excitation energy is often sufficient to lead to one of the
two final vacancies being in the outer sub shell of the primary wvacancy's
shell e.g. L1L3M5. These are denoted as Coster-Kronig transitions and
tend to give very short lifetimes for the core hole states leading to
uncertainty broadening., For light elements radiationless de-excitation
by electron emission is often more probable than the radiative de-
excitation by X-ray emission (Fig.3.5). At low atomic numbers the Auger
yield is virtually 100%, hence, the reason for X-ray fluorescence being a
poor technique for studying light elements. Auger peaks are seen in
ESCA spectra but are readily distinguished from photoelectron peaks

because their kinetic energies are independent of the energy of the

exciting radiation.

(e¢) Properties of Core Orbitals

Some knowledge of the properties of core orbitals is useful in
giving a clearer understanding of ESCA as a technique, 1In discussing the
electronic structure of molecules, chemists have 'traditionally' neglected

core electrons and only valence electrons have been considered; as in, for




75.

a

Slow/SIPWH GLe9 =A/0lede =D L

2962-0 udg-dg
olgg-0 odg-deg

CEgEQ  SE - S8
gOLX8E0 S| - I

S @L_@@g CINEING

‘o Ul saibusuz

BUUISTOAT
[O0Y

NOEYVO

EEEP-0 -de

9G60L0- S¢
GGeell= Sl

IPUGIO




76.

example, simple Huckel theory. The main reasons for this are that the
core electrons are not explicitly involved in bonding (though most of the
total energy of a molecule resides in the core electrons) and that it is
only in the last few years that sufficient computing capability has become
available to allow non-empirical ('ab initio') quantum mechanical
calculations on molecules in which the core electrons are explicitly
considered.

However, it is now known that although the core electrons are not
involved in bonding, the core levels encode a considerable amount of
information concerning structure and bonding in molecules. This data is
available through ESCA,

Fig.3.6 shows the orbital energies and radial maxima calculated non-
empirically for the carbon atom, Also shown are the overlap integrals
between orbitals on two carbon atoms with a bond length of 1.398.
Considering first the orbital energies, it is clear that the ls (core)
level is very much lower in energy than the 2s and 2p (valence) levels.
The radial maxima show that the 1s orbital is confined in a region near
the nucleus while the valence orbitals are much more extended in space.
Since the core orbital is essentially localised around the nucleus the
overlap (and hence overlap integral) involving core orbitals on adjacent
atoms is negligible. This is one reason why core orbitals are not
involved in bonding,

It has been assumed by chemists in the past that in discussing
molecular transformations the energies of the core electrons could be taken
as constant and effectively ignored. (This is impli:it in the Woodward-

Hoffman approach),
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Clark and Armstrong147 have shown that this is not the case in the
transformation of cyclopropyl to allyl cation which occurs in a disrotatory
fashion., Fig.3.7 shows the relevant energy levels and total charges.

Large charge migrations on the carbon atoms are involved in this
transformation. Thus, C1 which carries a substantial positive charge in
the cyclopropyl cation becomes C2 with a substantial negative charge in
the allyl cation. As a result the C. orbital energy changes from

1s
-11,/122 a,u., to -11.5613 au. The almost degenerate pair ot C1S orbitals
for C2 and C3 in the cyclopropyl cation change in energy by 0.044 au. in
the transformation to allyl cation.

Inspection of the charge distributions and core energy levels shows
that a more negative energy (i.e. increased binding energy*) is associated
with an increased positive charge on the atom. The charge on a given
atom is determined by the valence electron distribution, and the core
levels reflect this. The different environments about C, and C2(C3) in

1
the cyclopropyl cation are reflected in the 'shift' of Cls binding energies

of about 4.1 eV,

Clearly, although the core levels are localised in space near the
nucleus and are not involved in bonding their energies are a sensitive
function of the electronic environment about an atom. The close proximity
of the core levels to the nucleus is reflected in the fact that their
binding energies are characteristic of a given element and this is shown
by the approximate core binding energies for the first and second row
elements given in Fig.3.8,

The characteristic identifying nature of the core orbitals and their

* Binding energy is defined here as the energy needed to remove an
electron in a given orbital to infinity (the vacuum level) and may be

approximately equated to the -ve of the orbital energy (Koopman's
Theorem).
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sensitivity to electronic environments is well illustrated in Fig.3.9.
The 0lS core levels are easily distinguishable from the le and C1s
levels, The differing electronic environments, in the same molecule, of

the carbon atoms are reflected in slightly different binding energies

of the C levels.
1s

(d) Calculation of Binding Energies from ESCA Spectra

The various energy considerations, and relevant energy levels

for the calculation of binding energies for a core level of a sample are
shown diagramatically in Fig.3.10. The sample is taken to be an
electrical insulator and to be in electrical contact with the
spectrometer material so that both have a common Fermi level,

The principle of conservation of energy gives that for photoionisation
of a core electron from the sample, the energy of the incident X-ray
photon is distributed over four processes:

hy =E +E . + Er + ¢s

b kin (3.1)

Eb = the binding energy of the photo ejected electron, relative
to the Fermi level.

Ekin = the kinetic energy of the free electron

E_ = the recoil energy resulting from conservation of momentum
in the photoionisation process.

¢ = the work function of the gsample, defined as the energy

required to promote an electron from the Fermi level to the
vacuum level,.

Maximum values of the recoil energy (Er) have been calculated for

some first group elements for three different X-radiations.




Photon
Energy

hv

Fig.3.10

[}
/
EKWT kin
Vacuum__|
Level Q5 Vacuum
S Level
Conduction
Band ¢SP
Condjuction _
_ - L _L _____B_ad_'___F-‘ermu
£ Valence Level
. Band ]
Vialence
Ran
Spectrometen
Core
Level
Sample



83.

Maximum recoil energies (eV)

AgKoa CuKy AlKe
H 16 5 0.9
Li 2 0.8 0.1
Na 0.7 0.2 0.04
K 0.4 0.1 0.02
Rb 0.2 0.06 0.01

It can be seen that for the normal exciting radiations used in ESCA
(MgKy, AlK@), the recoil energies can be effectively ignored for elements
after Li in the periodic table., Therefore, Er ~ 0.

In general there exists a small electric field in the space between
the sample and the entrance slit to the spectrometer, even if both are
in electrical contact. This is because their Fermi levels are the same;
any difference in work function of the sample and spectrometer material
gives rise to a potential, and therefore an electric field between the
two. The kinetic energy of the electron when it enters the spectrometer
(i.e. the analyser) E;in will be different from the energy Ekin it had
when leaving the sample due to either retardation or acceleration in the
dlectric field.

Therefore:

Ekin + ¢s kin + ¢sp

)]
=1

equation 3.1 now becomes

1 ~
hy E + Ekin + ¢sp +E_ (but E ~ 0)

and

= - ' -
E, = hy Efin ¢sp (3.2)

Since ¢Sp depends only on the spectrometer material and not on the

sample under investigation, the same work function can be applied to all




measurements, providing it does not vary with time. A sufficient number
of charge carriers must be present in the sample so that a thermodynamic
equilibrium is maintained and there is no charge build up. This situation
is obtained with conducting samples in contact with the spectrometer but
for insulating materials this may not be so and charging effects may
become important.

By calibrating the kinetic energy scale of the spectrometer to the
Au4f7/ level at 84.0 eV, ¢Sp is included in all measurements and the

2
binding energies are then related to the spectrometer Fermi level. Eiin
is the energy of the electrons measured by the analyser and relative

binding energies are calculated from:

= - [
E, hy Ekin (3.3)

(e) Relationships between Calculated and Experimental Binding
Energies for Gaseous and Solid Samples

Before discussing charge distributions in molecules as revealed
by ESCA, it is important to consider the relationship between binding
energies measured in solid phase, those measured in the gas phase
(considered as measurements on free molecules) and binding energies
obtained from quantum mechanical calculations.

Theoretical calculations inevitably refer to isolated molecules in
the gas phase, and, as noted previously in relation to Koopman's
Theorem, the energy reference is the vacuum level, Comparison then
between gas phase measurements and theoretically determined values is
relatively straightforward. On the other hand, solid . hase measurements

refer to the Fermi level as the energy reference. The question then
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arises, when will direct comparison of the two be valid? This can readily
be seen from the appropriate Born cycle. In Fig.3.11l the relationship
between energy levels for a covalent solid having no appreciable long
range interactions (e.g. hydrogen bonding) is illustrated. For photo-

ionisation from A and B the binding energy separation (shift) is given by:

A AB B AB
= -
a (Ivac + AHsub) ‘Ivac + AHsub)
A B
= @ -1 )vac
also A = (IA +¢,, + AH' ) = (IB + @,, + AH" )
F AB sub F AB sub
= A_ B 1 - " ~
(x I )F + [(Aﬂsub Al-[sub) ~ 0]
therefore
_ A B _ A B
A = (I" -1 )vac = (I" - I )F

Now for photoionisation of atoms in different samples, charging

effects must be considered and, in general, the binding energy shift (A) is:

(x® -AIX)

vac

[
[}

A X
= (1" -1 )F + (¢A - ¢x) + (aA - 6x) + (ARX - AHA)sub

+ (AHA - AH*)

sub

where
I = ionisation of energy of atom X (100-1000 eV)

¢x = work function of sample containing atom X (~ 5 eV)
6X = charging effect on sample containing atom X (~ 2 eV)
AH = sublimation energy of molecule .uusidered (M) (~ 0.5 eV)

sub

1
AHsub

*
sublimation energy of photoionised state (M )

Typical values are given in brackets.
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For closely related materials in electrical contact with the

spectrometer:

(¢A - ¢x) ~ 0, (6A - 6X) = 0, and A(Aﬂsub) terms = 0

Hence (IA - Ix)vac = (IA - Ix)F and the comparison between

theoretical calculations on isolated molecules and measurements on thin
films should be valid.

In the case of atoms in an ionic lattice the comparison does not
necessarily hold. Fig.3.12 shows the energy relationships for a gaseous
ion and an ionic lattice. For atoms in the same lattice the binding

energy shift is:

A = (Ix-1 -)v = (I , -1 ) + lattice contributions

X y vac xt y'F

for different samples (with no charging effects)

A = AIF + Ap + A(pH - AHiat) X lattice contributions.

lat

In the latter case the final three terms may not approximate to zero
mainly because of the magnitude of the lattice effects so that shifts are
not directly comparable to those for the free ions, Care must be taken in
interpreting shifts for ionic solids, When samples are not in electrical
contact with the spectrometer, as in the case of thick layers of organic
solids or polymer materials, charging effects will vary from sample to
sample and with time, Then terms like (8, - &) # 0 and corrections
must be applied to take this into account. The problems associated with

charging effects and methods of solving these will be discussed later.
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(f) Linewidths and Their Significance in Studying Core Levels

The measured linewidths for core levels (after taking spin-orbit

splittings into account, if they are not resolved) may be expressed as:

2 2 2 2
(aE )™ = (AE)" + (AE )" + (2B )
where AE = measured width at half height[the so called full width
M at half maximum (F.WHM))
AEx = FWHM of the exciting photon line
AE = contribution to the measured FWHM due to the spectrometer

(mainly from the analyser)
AE 1 = natural line width of the core level under investigation
¢ For solids this includes solid state effects not
directly associated with the lifetime of the hole state

but rather with slightly different binding energies due to
varying lattice environments.

The contribution to the total line width from AEx can be made negligible
(see section iv(e)) and with well designed analysers the contribution from
AES can be ignored. Given a sufficiently narrow line width for the photon
source, the major limiting factor is the inherent width of the level
itself (excluding solid state effects). Some examples of natural line

widths (AEcl) are given below:

Approximate Natural Wdiths of Some Core Levels (in eV)

Level Atom
S A Ti Mn Cn Mo Ag Au
1s 0.35 0.50 0.80 1.05 1.50 5.0 7.5 54.0
2p3/ 0.10 0.25 0.35 0.50 1.7 2.2 4.4
2
Radiative
- ls 0.04 0,07 0.20 0.33 0.65 3.6 6.0 50.0
Widths
Fluorescence 0.10 0.14 0.22 0.31 0.43 0.72 0.80 0.93
Yields
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The uncertainty principle in the form:

h
. =
AE.ot = by

shows that for a hole state lifetime of ~ 6.6 x 10-16 sec, the linewidth
(i.e. uncertainty in the energy of the state) is ;11 ev.

It can be seen from the above values that there are large variations
in natural linewidth both for different levels of the same atom and the
same levels of different elements. These reflect differences in the life
time of the hole state, a composite of radioactive (fluorescence) and non-
radiation (Auger) contribution, This emphasises the fact that there is
no virtue in studying the innermost core level of an element. The gold
1s level has a half width of ~ 54 eV so that even if a monochromatic
X-ray source of the requisiteenergy were available, any chemical shift
effects would be swamped,

Typically the lifetimes of the core hole statesinvolved in ESCA are
~ 10‘14—10_17 secs, emphasising the extremely short time scales involved
compared to molecu}ar vibrations., The process may be called sudden with

respect to nuclear (but not electronic) motionms.

(iv) The Electron Spectrometer

The discussion in this section refers mainly to the ES100 electron
spectrometer manufactured by AEI Ltd. and used for the ESCA
investigations described in this thesis. References are made to other
instruments and designs where appropriate. Fig.3.13 shows schematically

the general arrangement of components of the X-ray puovtoelectron

spectrometer used,




90,

o)

Lo%»wcww =
O |
=X | 2dwos

3/\/\@45
Y .,

SUOJ)IR}R0I0Ud

wa1sAg sua ||

J85AIouY ABJ3UT|

€1°¢' 814

JalalualDy
puUD JaIjdLY

HIS
354NoS

J2dinK UoJIdR|3

{ >

J9pJ0d3Y
A-X

Y

IS
40123}|0D




91.

(a) The Source Region

A detailed cross-section of the ES100 source region with the main
components labelled is shown in Fig.3.14., The X-ray generator consists.
of a heated tungsten cathode at high negative (or earth) potential and a
hollow, water-=cooled copper anode faced with either magnesium or aluminium
at earth (or high positive) potential. Water cooling of the anode is
essential because of the high power dissipated. Other anode materials
can be used as X-ray sources but normally Mg and Al are the most
convenienty, with medium photon energies and low inherent linewidths.
Harder X-ray sources (Cr, Cu) have much larger inherent linewidths and

give lower resolution,

Anode X-ray line Energy (eV) Linewidth (eV)
Mg Mgk, 1253.6 0.7
Al Alxal’z 1286.6 1.0
3
Cr CrKo:1 5414.7 2.1
Cu CuKoﬁ 8047.8 2.6

Average operating conditions for the X-ray gun would be 10-15 KV at
20-50 mA and a vacuum of £ 4 x 10-6 torr.

As Fig.3.14 shows a thin window, usually of Al foil (0.0003 inch)
or better Be, separates the sample region from the X-ray source. The
window allows the X-ray beam to pass (with some attenuation) but prevents
scattered electrons from the target entering the sample region and hence,
the analyser, Tungsten deposition from the heated filament cathode onto
the window and the target surface can be a problem, causing attenuation
of the X-ray beam and loss of counts. In later models this has been
overcome by introducing a metal plate between the filament and the target

and window. The electron beam is then electrostatically focussed around
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the plate onto the target. This arrangement is known as a Henke gun.

(b) Electron Energy Analysers

The main barrier to the development of ESCA as a technique has
been the design of analysers of sufficiently high resolution and
luminosity. Typically a resolution of better than 1 part in 104 is
needed.

The wusi general method of energy analysis for both high and low
(X-ray and u.v.) energy electron spectroscopy is based on the deflection
of electrons by magnetic (momentum analyser) or electrostatic fields
{(kinetic¢ energy analyser). In early u.v., work, cylindrical retarding
grid analysers were used,148 but these suffered from several defects,
the most serious of which was inherent lack of resolution. The relative
merits of the various systems in current common use have been briefly
reviewed.149

The simplest of the electrostatic analysers is shown in Fig.3.15(a).
This consists of a 127° cylindrical sector analyser in which focussing
of electrons of different energies is achieved by varying the potential
applied to the plates. The angle of 127° 17' is chosen because there is
an electron trajectory re-focussing property at that angle.lso Another
simple version is the parallel plate analyser shown in Fig,3.15(b). Both
these devices are of the single-focussing type.

Double-focussing analysers provide a higher intensity signal for a
given resolution, and it is this type of system that is used in current
X-ray spectrometers. The focussing action in the plane of the analyser
(as in the single-focussing types) is augmented by directional focussing

along great circles of a spherical sector. This can be seen by comparing
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the double-focussing cylindrical mirror analyser151 (Fig.3.15(c)) with
the parallel plate analyser (Fig.3.15(b)). The idea of double-focussing
was originally suggested by Aston in 1919.152

The double-focussing analysers used in ESCA spectrometers can be
either magnetic or electrostatic. The magnetic type was first infroduced
by Siegbahnls3 in the first ESCA instrument and new designs are still
based on this system. These are iron-free instruments made from brass or
aluminium with a 30 cm. radius. Double-focussing is provided by an
inhomogeneous magnetic field produced by a set of four cylindrical coils
placed about the electron trajectory as shown in Fig.3.16. It is
necessary to eliminate stray magnetic fields, such as the earths, from
the analyser sector, This is done with vertical and horizontal
Helmholtz coils, but the elaborate monitoring systems needed and bulky
coils constitute a major disadvantage.154 The main point in favour of
these machines is their ease of construction compared to the electro-
static type.

Double-focussing electrostatic analysers are now widely used; the
most popular being the hemispherical (180°) system,155 shown in Fig.3.13,
With this system p-metal shields can be used to eliminate stray magnetic
fields, making the electrostatic analyser more compact. It is probably
for this reason that commercial ESCA machines use this system despite
the considerable problems involved in engineering spherical sector plates
to high tolerances,

An instrument resolving power of AE/E = 300 is readily obtained
with the deflection instruments described above, This corresponds to a

peak half-width (full width at half maximum peak height) of 3.3 eV for a

1 KeV electron. Since the inherent width of the exciting X-ray line is



less than 1 eV for Mchvl’2 or AJ.l((.\fl,2 at around 1.5 KeV there is room for
improvement. Since the fractional resolution AE/E = R/W,where R = mean
radius of the sector and W is the combined width of the entrance and
exit slits, the resolution can be improved by:
(i) making W smaller by decreasing the slit width.

This also reduces the signal intemsity.

(ii) increasing R by using a larger radius analyser. This
increases the already serious engineering difficulties.

(iii) reducing E by retarding the electrons before they reach

the analyser. This can simultaneously enhance the signal intensity.156

It is solution (iii) that has been successfully used and this system

is incorporated in the A.E,I. spectrometer.

(¢) Detection Systems

The detection system needed has to be, in effect, an electron
counter because of the minute electron currents involved. Three general
methods have been used in ESCA instruments; Geiger-Muller counters,
electron multipliers and photographic detectors.

The electron multipliers are most common and are more convenient,
especially the continuous channel type ('channeltron') which have a high
counting efficiency to low electron energies. The focal plane properties
of double-focussing analysers can be exploited by incorporating several
tiny multipliers (multichannel detectors) together over the length of the

exit slit. The signal from the detector is amplified and fed to counting

electronics.
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(d) Data Acquisition

There are basically two ways of obtaining the required information
from the detection system; continuous scanning or step scan.

In continuous scanning the field (either electrostatic or magnetic)
is continuously increased with time while the detector signal is
monitored by a rate meter, Synchronisation of the spectrometer current
and the rate meter output allows continuous recording of a spectrum, as
electron counts against kinetic energy, on an X—Y recorder. This is
a convenient method of data display when the signal to noise ratio is
high.

The step-scan mode increases the current through the spectrometer
in a series of small steps corresponding to a 0.1 eV (0.2, 0.3 etc.) step

in the measured kinetic energy of the electrons. A scalar is used to
count the number of electrons over a given time interval at each step,
giving a point spectrum. In this mode the system is easily automated
and computerised.

A variation on both themes is the multichannel analyser. This
enables a large number of increments to be continuously scanned between two
set limits of the field. The number of counts at each step are collected
in separate channels and the stored data can be out-putted in various
ways., One main advantage of this method is in the measurement of 'weak'
peaks where the signal to noise ratio is low, The spectrum can be
effectively integrated over a long period and the background averaged out.

Again, this mode is ideally suited to computerisation.
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(e) Recent Developments in Instrumental Design

In the spectrometer designs discussed above the exciting X-ray
beam was not filtered before entering the sample chamber,. This results
in the presence, in the exciting radiation beam, of bremsstrahlung
background and other (usually less intense) X-ray emission such as the
KaB=4 lines. As already shown the attainable resolution is often
limited by the inherent width of the exciting radiation, (at present
around 1.0 eV) which is not negligible compared to the range of chemical
shifts observed for a given element, (~ 10 eV for Cls) and is considerably
greater than the natural core-level widths studied (~ 0.3 eV).

Early in the ‘development of ESCA, monochromation of the X-ray beam
was described by Siegbahn et al.14sas a method of improving the line
widths. This group have recently described monochromation using
spherically bent quartz crystals and a 'dispersion compensation' system to

. Co s . . . 157,158
increase sensitivity without losing resolution. :

This is shown

in Fig.3.17. As 'dispersion compensation' can not be used in all cases
(i.e. solids with very uneven surfaces, or gases) an alternative is to
use a very narrow slit between the monochromator and the target (slit
filtering). Unfortunately this produces a severe loss in signal
intensity and to compensate for this high power rotating anodes (5-10 KW)
and improved detection systems are needed., This type of arrangement is
shown in Fig 3.18. Line widths of 0.5 eV (for solid samples) have been
obtained and chemical shifts can be measured to within 0.1 eV (in the

gas phase). This increased resolving power can have a dramatic effect on
the experimental spectrum. An example is given in Fig.3.l9 of a computer
simulated six-fold increase in resolution. At 0.2 eV linewidth all the

distinct types of carbon atoms in this comparatively complex molecule can
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be resolved, This type of improvement should enable wider applications
of ESCA in the near future with more accurate data available from the

technique.

(v) Review of ESCA Applications in Organic Chemistry

The technique of ESCA has been developed over the past 20 years
(mainly by Siegbahn's group at Uppsala). It is only in the past few years
that the potential of the technique for studying structure and bonding
has been appreciated, However, chemists have not been slow to take up
the technique; the literature relating to applications of ESCA to organic
chemistry is rapidly expanding. This brief review is not intended to
be comprehensive, but to illustrate those areas of organic chemistry where
ESCA has been of particular value. A good indication of the rapid
increase of interest in ESCA is the number of reviews that have appeared

recently, covering both the technique J'.tselflsl't’lsg_161

applications of ESCA to c:hemistry,le’z-165 and the introduction of a new

. 167
journal,

and general

The accurate measurement of molecular core binding energies has

stimulated interest in the theoretical prediction of ESCA chemical shifts,

A variety of methods have been used with varying degrees of success%45’146’igg’

In general, non-empirical calculations are limited to small molecules

mainly because of computational expense and convergence problems.168’169

A theoretically valid, but computationally inexpensive model at a slightly
lower level of sophistication is necessary. The most successful of these

145,146

is the charge potential model, This model has ‘:zen widely applied

to the interpretation of ESCA chemical shifts and in certain cases has

Llrg?rmm_: , =
~LIBRFRY -
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allowed structural problems in organic molecules to be resolved (see

later).
. . , 146
The relationship (eq.3.4) developed by Siegbahn et al. has been

extensively discussed in the literature and shifts in the C levels for

ls
171,172 173,174

substituted aliphatic,170 aromatic, and heterocyclic
molecules have been quantitatively described by the charge potential

model in terms of CNDO/2 SCF MO charge distributions.

< qi
E. = E, + kq, + ) — (3.4)
i i i Lr,,
i#j 1
where
Ei = binding energy of core level on atom i
E° = reference level
q; = formal charge on atom 1
< 9
i';—— = an intramolecular Madelung type potential
7
i#j

arising from charges on other atoms in the molecule.

The parameter k depends on the definition of atomic charge and, in
an SCF MO treatment, on the basis set involved. It can be equated
approximately to the one-centre coulomb integral between a core and
valence electron and has a calculated value of 22.0 eV for carbon, using
Slater type orbitals. A non rigorous derivation of Eq.3.4 is given in
Appendix III starting from Koopman's Theorem.175

The charge potential model is of particular importance to organic
chemists since it relates core binding energies to charge densities, and

176,177

is conceptually simpler than more rigorous models, Since the

electron distribution in a molecule is a continuous function, defining
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charge distributions in terms of electron populations on atoms is
necessarily somewhat arbitrary, and this is one defect of the charge
potential model. The model being related to Koopman's Theorem, which
neglects electronic relaxation on ejection of a core electron, must
suffer from some of the same deficiencies. This can be accommodated by
treating k and E® as variable parameters and fitting the experimental
data to the equation by a least squares treatment. As electronic relaxation
depends on the electronic structure of a molecule it is only for closely
related series of molecules that one might expect Koopman's Theorem to
provide a quantitative interpretation of shifts in core binding energies.
Similarly for the charge potential model, different values of k and E°
might be expected for different series of closely related compounds.
Indeed this is found to be the case. Given below are k values found for
various-series of organic moleéules. It is evident that with charges
computed from CNDO/2 calculations the value of k clusters around 25.0 eV
for C levels. Similar correlations may be made for other core levels

ls

Cl N etc.

©+8- Fls’ 2p’ “ls’

Charge Potential Model (Cls levels)

Series k
== 179
/ Ny—x 264.6
cel,-X, gHClz-x”O 26,62
180
CH,COX 25.0
. 171
Aromatics: perhydro, perfluoro 25,V

Six membered ring nitrogen 174

heterocycles: perhydro, perfluoro,
perchloro 22.4
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Series k
Fluorobenzenes178 23.5
. . 173
Five membered ring heterocycles 25.4

a, without d-orbitals on chlorine

However, theoretically calculated charges are only crude guides to the
electron density about the atom, and are, anyway, somewhat arbitrary,
depending on how the overlap density is proportioned between atoms.
Nevertheless, accepting its limitations, the idea of charge distributions
in a molecule is a useful concept and one widely used by chemists. The
charge distributions that an organic chemist may infer from studying the
chemistry of a system may be termed 'intuitive' charge distributions
and these will nevessarily be different from the calculated distributions.
That there are close similarities between factors determining 'intuitive'
charge distributions and ESCA chemical shifts can be seen from a simple
example.

The chemistry of pyridine and its perfluoro analogue shows that
perfluoropyridine is a much weaker base than pyridine itself. It must
be energetically less favourable to bring a proton up to the nitrogen in
perfluoropyridine, and therefore one might infer that the charge density
on the nitrogen is less (i.e. a more positive charge) in perfluoropyridine
than in pyridine. What has been referred to here as 'charge density' is
really a measure of the potential experienced by an approaching proton.
This potential will depend not only on the atom concerned but also on the
charges on other atoms in the molecule and this is precisely the
relationship used in calculation of ESCA shifts from the charge potential
model. It is interesting to note that CNDO calculations show that the

charge density on the nitrogen is higher (more negative) in perfluoro-
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pyridine than in pyridine, The much higher (2.1 eV) le binding energy
in perfluoropyridine arises from large contributions to the chemical
shift from charges on other atoms in the molecule. It is clear from this
that the ESCA shifts parallel 'intuitive' rather than calculated charge
distributions making ESCA particularly valuable to the organic chemist,
complémenting his concept of charge distributions in molecules. (The
argument can be extended in general, to refer to nucleophilic and
electrophilic attack). The relevant data for pyridine and perfluoro-

pyridine are given below,

Binding Energies, CNDO/2 charges and Madelung Potentials

for Pyridine and Perfluoropyridine174

¢ ai
Position B.E. (eV) q Z_;;T
ity ™
1 (N, ) 400, 2 -0.163 1.81
4 1s
5 N 3 2,6 (¢, ) 286.3 0.097 -1.49
6 g2 3,5 (G} ) 285.5 -0.023 0.72
1 4 (c;) 285.9 0.047 -0.33
1 (N, ) 402.3 0.210 4.68
4 ls
5073 2.6 (G ) 290.1 0.290 -2.04
. L
6~ 2 3,5 (¢ ) 289.5 0.113 1.28
N
1 4 (G Q) 290.5 0.217 -0.21

Although the charge potential model has been extensively used in
assigning core levels by using CNDO/2 charge distributions to calculate

theoretical chemical shifts, it is also possible to vreverse the process
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and calculate charge distributions from measured molecular core binding
energies, This has now been done by several groups of workers.]‘72’181-183
Once values for Eg and k in eq. 3.4 have been established [by studying
closely related molecules for which calculated charge distributions
(usually CNDO/2) are available] for core levels of each constituent type
of atom and knowing the molecular geometry and measured core binding
energies (Ei) then a series of simultaneous equations can be set up and
solved for charges (qi). For hydrogen containing molecules a problem
arises since there are no energy levels characteristic of the hydrogen
ls orbital. This has been overcome by Clark et al.181 who defined
pseudo Ei-Ez and k values for hydrogen, such that they reproduced
calculated charge distributions in reference molecules (methane, benzene,
etc.),

Fig.3.20 shows experimental charge distribution obtained for

2

tetradecafluorotricyclo[6,2,2,0 ’7]dodeca-2,6,9-triene from measurements

of the Cls and Fls binding energies. The close agreement with theoretically
calculated (CNDO/2) charges is striking. For molecules of this size it is
probably easier to obtain charge distributions by experiment rather than
by direct calculation,

ESCA has been successfully applied to a number of structural problems,
notably in the halocarbon field, where conventional spectroscopic
techniques failed to yield unambiguous results. The treatment of hexa-
chlorocyclopentadiene in diethyl ether at -20°C with two molar proportions
of LiAlH4 and allyl bromide yields an a1lylpentachlorocyc10pentadiene184

whose structure could be d, e, or £, as shown in Fig.’.21. Previous

attempts at structure determination failed to distinguish between
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Ci Cl
Cl Cl
Cl Cl
a
Cl R
Cl / Cl
Ci Ci
d

Reaction pathway and possible chemical structures.

Cly ~CI Cl,~CH,~CH=CH,
ci Cl cl Cl

Y

91 289 287 285 W 287 285 283
Binding energy (eV)

C,.. spectra of hexachlorocyclopentadiene and allyl-
pentachlorocyclopentadiene.

Fig.3.21.
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structures d and e. Comparison of the Ulq spectra of hexachlorocyclopenta-
diene and the product (Fig.3.21) allows the structure to be readily

assigned to d by the absence of the peak at higher binding energy in the

product, due to the CCl2 group.
The sites of nucleophilic attack by hydride ion in perfluoroindene
have been determined by ESCA.186 The reaction of perfluoroindene with

sodium borohydride in diglyme under controlled conditions gave a mixture
of two mono substituted products in a 4:1 ratio. Conventional spectroscopy
showed the mixture contained 1,1,2,4,5,6,7- and 1,1,3,4,5,6,7-
heptafluorcindenes (I and II in Fig.3.22) but could not identify the
major isomer. From theoretical (CNDO) SCF MO calculations of charge
distributions, spectra for the Cig levels of 4:1 mixtures of (I:II) and
(I1:1I) were computed. Comparison of the simulated spectra with the
experimental C1s spectra of the mixture in terms of peak intensities and
absolute binding energies allowed unambiguous assignment of the major isomer
as I. The simulated and experimental spectra obtained are given in
Fig.3.22.

Preliminary accounts have been given of applications of ESCA to

187,188

carbonium ion chemistry. Measurement of the C. specctra of the

ls

t-butyl cation shows two peaks separated by 3.4 eV due to the methyls
and C1 indicating a high charge localisation on the central carbon, but
by contrast, both trityl and tropylium cations show a single C1S line
consistent with extensive charge delocalisation. Studies of l-adamantyl
and norbornyl cations indicate that the formal charge in the norbornyl
cation is extensively delocalised, strongly suggestiug a non-classical

structure for this ion. Charge delocalisation in acyl cations studied as

. , . 189
the hexafluoroantimonates, has also been investigated, The greater

—
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shift and higher absolute binding energy for the CO carbon 1s level in
CH3C0+ compared with C6H5CO+ indicates much greater charge delocalisation

in the latter.
The question of symmetrical and unsymmetrical structures for the
, . . . 190-192
thiathiophthenes has been investigated by ESCA. CNDO SCF MO
calculations predict that for the symmetrical structure (a), the core levels
of the central sulphur will be more tightly bound than those for the

outer two sulphurs,while fr an unsymmetrical structure (b), the three

sulphurs are predicted to have different core binding energies in the

190,191

order S(h) <« S(1) <« S(ha).

e

§ - § S §S——38 S

1 6a 6
(a) (h)

For the unsymmetrically substituted 2-methyl-, and the sterically

crowded 3,4-diphenyl-thiathiophthens the ESCA results agree with X-ray
crystallographic data in assigning unsymmetrical structures.191
However, different interpretations of the ESCA data for the symmetrically

190,192

substituted 2,5-dimethyl derivative have arisen and further work

is needed on this system.
The Cls’ le and Ols spectra of 'hexanitrosobenzene (I) have been
measured193 and show that the hexanitroso structure is ruled out and

support the formulation, previously suggested by X-ray diffraction and

infrared studies, as benzotris[c]-2-oxyfurazan, (II).
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The ESCA spectra of 1,8-bis(dimethylamino)naphthalene ('proton sponge')

has been recorded and the doublet nature of the le region indicates an
N
7

10/
&I

unsymmetrical N-H-~-~N bridge.
An interesting and expanding feature of ESCA is its applicatiom to

polymer chemistry. Studies by Clark and co-workers suggest that there

is little or no increase in linewidths on going from monomeric to a
regular polymeric system.195 Thus ESCA has a distinct advantage over
n.m.r. spectroscopy in studying polymers, many of which are insoluble and
can only be studied by broadline n.m.r. techniques. A detailed study has
been made of nitroso rubbers and theoretical calculations using CNDO/2
charge distributions and the charge potential model195 have shown that
for saturated systems, factors determining ESCA chemical shifts are
sufficiently short range for quantitative treatment of ESCA data on
polymers to be feasible,

An illustrative example of the scope of the technique is the

identification of an insoluble white polymer produced as a by-product in

the fluoride ion initiated reaction of hexafluorobut-2- yne with




fluorinated heterocyclic molecules.196 The Cls spectrum of the polymer

allowed identification of a CF3~group and gave the most likely structure

for the polymer (containing only C and F) as a polyene of the form:

CF c=C
/

3N
Cc
/ AN 3

Confirmation of the structure and an explanation of the white colour
were obtained from a theoretical calculation of the relative binding

energies of the two types of carbon and from the ESCA spectra of a

model compound (I) of known structure

(D)

The configuration about each double bond was taken to be trans and
geometry minimisation calculations showed that the ethylenic units were
at right angles to each other, predicting that the polymer should have a
spiral structure. The u.v, spectrum of (I) confirmed that, in that
system also, the double bonds are twisted with respect to the ring.

From comparison of the ESCA spectra of the polymer and (I) and from the

theoretical calculations the structure of the polymer could be assigned.
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The effect of fluorine substitution on molecular core binding
energies in homo polymers of vinylfluoride, vinylidene fluoride and
trifluoro and tetrafluorocethylenes has been investigated197 and
experimental and theoretical studies have been reported for the valence
bond structures of PTFE]'98 and polyethylene.199

Much interest is now being centred on information about valence
electron distributions available from chemical shifts of core levels,
multiplet splittings (of core levels for paramagnetic species),200 and
from the observation of satellite peaks associated with double
ionisation (shake off) and excitation (shake up) processes, which
accompany photoionisation. Hillier et al have described the calculation
nf earellire nositions and intensities in simple molecules and
rationalised the failure to observe shake up peaks in molecules like
benzene, thiophen, pyrrole and furan.zo1

Although a theoretical connection has been shown between 13C~n.m.r.

203,170 should

and ESCA chemical shifts,zoz earlier linear correlations
be treated with caution. It is only for closely related series of
compounds that a correlation between 13C-n.m.r. and ESCA might be
expected and then it need not, necessarily, be linear., For example,
the chloromethanes give a linear relationship between 13C-n.m.r. and

ESCA shifts but the corresponding bromo and iodo methanes do not.204

Correlations of ESCA shifts with both 35C1 n.q.r. data205 and Mossbauer
demical shift3206 have been demonstrated for series of similar
compounds.,

Jolly and Henrickson have shown that it is poss.uvie to estimate

. . s . . 207
thermodynamic data from measured core binding energies and vice versa.
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Gas phase proton affinities for organic molecules have been calculated

from ESCA data207 and core binding energy shifts have been calculated

using thermodynamic data [Equivalent Cores Method].167



CHAPTER 4

ESCA INVESTIGATIONS OF SOME HALOGENATED AROMATIC

AND HETEROCYCLIC SYSTEMS
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Introduction

The work presented here is part of a systematic investigation
into the application of ESCA to studies of structure and bonding
in halo carbon chemistry, Molecular core binding energies for
benzene, pyridine, the diazabenzenes and their perchloro and

perfluoro derivatives have already been reported.”l’lM’178

The
results indicate that shifts in core binding energies are
qualitatively in accord with organic chemists 'intuitive' ideas
concerning charge distributions in these systems, It was also
shown that a quantitative discussion of the data was possible
employing the charge potential model with charge distributions
computed within the CNDO/2 formalism. These. and other
investigations form the basis for applications of ESCA to problems
of structure and bonding in the halocarbon field. Results are
presented here for indene, indole, benzo-[b]-furan, benzo-[b]-thiophen,
benzo-[b]-thiophen-1,1-dioxide and some of their chloro and fluoro
derivatives,

The rationale for these investigations is two fold. Firstly,
previously reported work on heterocyclic and aromatic systems indicated the
great utility of ESCA for providing information on ground state
electron distributions and in certain cases providing solutions to

previously intractable structural problems.185’186

Secondly,
aspects of the synthesis and reactions of the benzo-[b]-furan, indole
and benzo-[b]-thiophen ring systems are of considerable interest and

in the particular case of the chlorinated derivatives difficulties of
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structural assignment by 'conventionai' spectroscopic techniques
often arise. The compounds studied in this investigation are all
of known structure and therefore provide important background
information - an essential prerequisite for developing ESCA as

a structural tool in this field,

Experimental

Spectra were recorded on an A,E.I. ES100 electron spectrometer

using either AlKa (1486.6eV) or MgKa1 2(1253.6eV) exciting
]

1,2
radiation, Liquid samples were introduced via a heatable reservoir
shaft and leaked through a Metrosil plug; solid samples were
introduced in a capillary via a heatable direct inlet shaft, 1In all
cases samples were condensed onto a cooled gold surface (at A.-1oo°)
and studied as thin films, A pressure of A110_6 Torr in the source
region was typical, At this pressure it was found necessary to keep
the vapour pressure of the sample high enough throughout the experiment
to continually renew the surface of the sample film on gold, This
obviated contamination of the surface layer of the sample by the |
extraneous atmosphere in the sample chamber (mostly water and
hydrocarbon vapour), With volatile samples control of the reservoir
shaft temperature and slow leakage through the Metrosil plug ensures
that only thin films on gold are obtained, minimising charging effects,
Less control is available for solid samples sublimed from a capillary
and in practice, thick films can occur, causing relatively large

shifts in the energy scale of ~ 1-2eV due to charging effects,

174,178

Previous results have indicated that for compounds with a
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similar degree of halogenation F, and Cl P binding energies are

1s 2
effectively constant, The series of compounds studied here were
similar enough to allow advantage to be taken of this, By

referencing spectra to either the F s level at 690,0eV or the

1

Cl2p level at 201.0eV binding energy shifts in different compounds
could be compared, although absolute binding energies may not be
accurate to better than + 0, 3eV. Occasionally a peak at 285,0eV
was e€videni in the Cls spectra due to hydrocarbon contamination of
the sample and this has also been used as an internal reference by

other workers.l%’zo8

Measurements made using both types of reference
give binding energies (both relative and absolute) in close agreement
and allow confidence in comparisons made between binding energies in
different molecules referenced to the halogen core levels.

Electrons expelled from the sample enter the analyser region
(working pressure A.10-7Torr) consisting of a two element retarding
lens ad a 10.in., mean diameter hemispherical electrostatic analyser
(cf Chapter 3, p 90 ). A Mullard Channeltron electron multiplier
is used as a detector, the output being fed to Nuclear Enterprises
counting electronics and the spectrum being plotted on an X-Y recorder.

Overlapping peaks were deconvoluted using a Du Pont 310 curve
resolver and assignments were made on the basis of (i) the charge
potential model using charge distributions from CNDO/2 calculations
(ii) correlation with previously reported data for similar systems.
The internal consistency of the results support these assignments as

will become clear in the detailed discussion,
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The line widths used for deconvolutions were those obtained previously

174,178

for similar systems and from the spectrum of perchlorothiophen

which showed a single peak in the C 5 region of half width 1, 2eV,

1
The line shapes used were Gaussian and were known to give satisfactory
fits for peaks arising from atoms in a single environment (ie atoms
of one 'type'). Under the conditions used'in this work the gold 4f7/2
level at 84eV (also used as a reference) had a half width of 1.15eV,
Measured binding energies are estimated to be accurate to + 0.2eV within
a particular compound and + O,3eV between different samples,

Before proceeding to the discussion, mention should be made of
the effect on the calculated charges due to inclusion of d-crbitals
in the basis sets for second row atoms (S, Cl) in CNDO/2 calculations,
In all cases charges used in conjunction with the charge potential
model were calculated excluding d-orbitals on sulphur and chlorine.
With the usual paramaterisation of CNDO/2 the contribution of 3d orbitals
on second row atoms is grossly over-estimated and more 'realistic'
charge distributions are obtained if 3d-orbitals are neglected.l96
Table 4.1 shows the differences in charges calculated for perchloro-
benzo-[b]-thiophen-1,1-dioxide with and without 3d-orbitals on
chlorine and sulphur,

The most striking features of Table 4.1 are the complete reversal
of charges on many atoms, the large negative charge calculated for
the sulphur atom and positive charges on the oxygens when d-orbitals
are included in the basis sets for second row atoms. The role of

the 3d-orbitals on sulphur in heterocyclic molecules has been widely

discussed in connection with both 'ab initio' and semi empirical
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Table 4,1

CNDO/2 charges for Hexachlorobenzo-[b]-thiophen-1,1-dioxide

€Ly

Position Atom 3d included 3d excluded
9, a;
1 S ~0.430 0.917
2 C -0.169 ~0,030
3 C -0,032 0.093
4 c 0.097 0.109
5 c 0.187 0.127
6 c 0.177 0.111
7 c 0.109 0.123
8 c -0.354 -0, 124
9 c -0.151 0.001
10 0 0. 264 -0,443
11 0] 0.264 -0.443
12 Cl 0.118 -0,031
13 Cl 0.076 ~-0,063
14 Cl 0.002 -0,079
15 Cl -0, 045 -0.083
16 Cl -0.049 -0.081

p—
~
(9]
-

-0,024 -0.0%




121,

p
[ I I |
166 163
N‘is
I
402 400
7
90
Ois ”‘T
P on e
VAR o o..' -:’:l'. i"
IR T T Ty
537 534 290 288 zés 284 oV
Cis
Fig, 4,1



122,

N,

N
402 400

}, ! L le ! ode ! ol )
537 535 290 288 286 286 692 690 688 eV
C‘ls F';s

Fig. 4.1 contd,




calculationszog"z15 and the conclusion now seems to be that,for

thiophen at least,the 3d-orbitals play a minor role in bonding.215

Results

A, Molecular Core Binding Energies for benzo-[b]-thiophen, indole,

benzo-[b]-furan and their 4,5,6,7-tetrachloro and tetrafluoro

derivatives,

Molecular core binding energies for furan. pyrrole and rhiophen

have been reported173’211

and in this section the effect of annelation
and subsequent halogenation on the binding energies of the ring atoms are
considered, Fig. 4.1 shows the relevent spectra and deconvolutions

(C1s levels) for benzo-[b]-thiophen, indole and benzo-[bl-furan and

their ieirafliuoro derivatives, Molecular core binding energies for

the whole series are given in Table 4,2,

(a) Qualitative discussion

(i) The effect of annelation on the C1s levels.

The effect of annelation on the relevant core levels for the

hetero atoms and Cls levels of the parent five membered heterocycles

is shown diagramatically in the second two rows of Fig. 4,2. Also

shown, for comparison, is similar data for benzene and naphthalene.171
The C13 levels of the five membered ring carbon atoms show several

distinctive features, In benzo-[b]-thiophen, indole and benzo-{b]-furan,

the core levels for the two bridging carbons (8,9) are more tightly

bound than in the corresponding atoms of the parent heterocycles by




Molecular Core Binding Energies (in eV)

TABLE 4.2

Position | X=H | X=C1? | X=FP
[::] ¢, | 1 284.9 | 287.2 | 288.6
2 L 6
N H ¢ | L4 284.9 | 287.2 | 288.5
RQIP 2,3 284.9 | 287.2 | 288.5
¥ 5,6 284.9 | 285.7 | 286.2
4 3 ¢, | 25 285.0 | 287.0
5u\xl2 4,3 285.0 | 287.0
S S 165.3 | 166.0
1 ZP%
164.3 | 164.0
2p3
/2
p 3
> 23 C,, | 45,6,7 | 284.9 | 286.8 | 288.1
6 s U S 18,9 285.5 | 285.6 | 286.3
Y812 2,3 284.9 | 285.2 | 285.6
S 165.2 | 165.4 | 165.8
Zp%
s, 164.0 | 164.2 | 164.6
P3,
4 3 c 2
5 | X|2 Is | 95 285.7
N 4,3 284.8
H N, 401.2
4
5 > 3y ¢ 4,5,6,7 284.9 | 286.8 | 288.3
J, 1s |9 285.4 | 285.5 | 285.9
6 AP) 8 286.2 | 286.6 | 286.7
7 "k 3 284.4 | 285.2 | 285.2
2 285.7 | 286.3 | 286.4
N, 401.2 | 401.4 | 401.7
4| |3 2,5 286.7
X c 4,3 285.6
>No~2 1s o, 535.8
1

124,

contd, /



Table 4,2 contd.

Position | X= x=c12 | x=fP
4,5,6,7 285.4 288.5
S 3 ] ] ] . .
2 H 9 286.1 286.4
6 0' H 1s | 8 287.2 287.4
782 3 284.7 285.7
2 286.7 286.9
0 535.6 535.7
1s
In all cases: Cl -201.0 eV
2p3
/2
b, F -690.0 eV

125,



126.

0.5-0.6eV. A similar increase in Cls binding energy has been
observed in other systems, The Cls levels of the bridging carbon

atoms in naphthalene and biphenylene show increases in binding
energy, relative to benzene, of 0,4eV and 0. 7eV respectively.171
In marked contrast, the C18 levels for C3 are displaced progressively
towards lower binding energies along the series benzo-[b]-thiophen
€0.leV) indole (-0.4eV) and benzo-[b]-furan (-0.9eV) relative to

the parent heferncvcles, This guggests increasing elecirun density
at C3 in the same order and this is, in fact, supported by CNDO/2

SCF MO calculations discussed in the next section,

For all three ring systems the effect of annelation on the core

binding energies for C2 is small, In the parent five membered ring

heterocycles thiophen, pyrrole and furan the shift in Cls binding
energies between C2(C5) and C3(C4) have previously been measured as
0,0eV, 0.9eV and 1,1leV respectively.173 It is of interest therefore

to compare these with the corresponding shifts for the fused ring
systems (ie, ACZ-C3, ACB-CQ).

For the C8-C9 Cls levels of benzo-[b]-thiophen, indole and
benzo-[b]-furan the shifts are 0,0eV, 0.8eV and 1,leV respectively,
ie, identical within experimental limits to the corresponding shifts
for the heterocycles, although the absolute values for individual
core levels are shifted to higher binding energies by annelation,
In contrast the effect of annelation on C2 and C3 for indole and

benzo-[b]-furan is to considerably enhance the shift in C1S binding

energies between them; this being largely attributable to the much
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lower absolute binding energy for the C3 Cls levels,

'ACZ C3 values (eV)

Thiophen 0.0 Pyrrole 0.9 Furan 1.1

Benzo-~[b]-thiophen 0.0 Indole 1.3 Benzo-[b}-furan 2.0

These changes reflect the assymetry imposed on the five membered

ring system by annelation,

(ii) Hetero atom core levels

The binding energies for the hetero atom core levels are given

in Table 4.2. Fig, 4.2 shows schematically the effect o

=
13
13
3
v
'—l
4]
*r
B
Q
13

on the hetero atom in the five membered ring. In all cases there
seems to be a small shift to lower binding energies in going from
the parent hetero cycle to the benzo derivative, This again is
reflected in CNDO/2 calculations as increased negative charge on the
hetero atom,indicative of overall electron transfer from the six to
five membered ring (see later),

Shifts in core binding energies on annelation are given in Table 4,3.

(b) Substituent effects of chlorine and fluorine in the 4,5,6,7-

tetra halogen derivatives,

(i) El‘ levels for atoms directly bonded to halogen.

In all cases except benzo-[b]-furan both the 4,5,6,7-tetra-
chloro and tetra-fluoro derivatives were available, The effect of

halogenation on the 4,5,6,7 carbons in benzo-[b]-thiophen, indole and




TABLE 4.3

. Binding Energy Shifts on Annelation

Positions ACls(eV) A hetero atom(eV)
9 a
9,10 0.4
10
9 1
©j| : 9,10,11,12%| 0.7
10 12
8 3 8,9° 0.5
s ' ) 2,3 0.1
1 1 -0.3
8 3 8,9¢ 0.55(ay
| 0.0
o~N{2 -0.4
H 1 0.0
d
. 8,9 0.5
3
(EU 2 0.0
O ~
007 2 -0.9
1 -0.2

Relative to: a, benzene; b, thiophen; c, pyrrole; d, furan.
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benzo-[b]-furan is shown schematically in Fig. 4.3.For comparison,
data is also presented for the carbon atoms attached to halogen in
1,2,3,4 tetra-halogeno benzenes, perchloro and perfluorobenzene,
2,3,4,5,6,7-hexachloroindole and perchlorobenzo-[b]-thiophen,

The effect of replacing hydrogen by chlorine or fluorine is
to increase the C1s binding energies for all carbon atoms directly
attached to halogen, compared to the parent heterocycle. For chlorine
substitution in indole and benzo-[b]-thiophen the shifts are 1,9%eV
which compares with a shift of 2,3eV for 1,2,3,4 tetrachlorobenzene.216
[Binding energy shifts on halogenation are given in Table 4.4].
For fluorine substitution, the measured shifts in benzo-[b]-thiophen,
indole and benzo-[b]-furan are 3, 2eV, 3.4eV, 3,1leV respectively
compared with 3,6eV br the corresponding tetrafluorobenzene,

On average the shifts in Cls binding energies on chlorination

and fluorination in the condensed heterocycles are lower than those

for the corresponding 1,2,3,4~tetrahalo benzenes,

(ii) The bridging carbon atoms (8,9)

. . . . . 17
Previous studies on perfluorinated binuclear aromatics 1

indicated that C1s core levels for bridging carbon atoms are subject
to substantial shifts to higher binding energies on replacing ring
CH by CF. Such long range effects are also evident from the data
in Fig. 4.2, The average C1s binding energy shifts for C8 and C9

in going to the tetrafluoro derivatives are 0.85eV, 0, 5eV and

0.25eV for sulphur, nitrogen and oxygen heterocycles rzspectively,




132,

TABLE 4.4

Binding Energy Shifts on Chlorination and Fluorination (in eV)

Position X=C1 X=

H 1,2,3,4,2 | 2.3 3.6
[:::JH 5,6 0.8 1.3

b
~ « 4,5,6,7, 1.9 3.2
| X |l ||H 8,9 0.1 0.8
NP N

2,3 0.3 0.7
1(s) 0.2 0.6

C
4,5,6,7 1.9 3.4
':\I H 8 0.5 u.5
L 9 0.1 | 0.5
H 2 0.6 0.7
3 0.8 0.8
1(N) 0.2 0.5

4,5,6,7°

3
1(0)

9
oo
o

C = O O ©O W

= O N W N

Relative to: a, benzene; b, benzothiophen;

c, indole; d, benzofuran.




This may be compared with the shift of 1,3eV for C5 and C6 in
1,2,3,4 tetrafluorobenzene (w.r.t benzene), Again the shifts
measured for the benzo-heterocycles are lower than those for

correspondingly substituted benzenes.

(iii) Five membered ring carbons (2,3).

Both C2 and C3 show surprisingly large increases in Cls binding
cnergies ou halogenation, even though they are relatively remote from
the substituted positions, For benzo-[b]-furan and indole the shifts
for C2 and C3 are in fact greater than for C8 and C9,

Considering C3 first; the increase in C1s binding energy on
replacing hydrogen by fluorine in positions 4,5,6,7- is in the order
benzo-[b]-furan (1,0eV) indole (0.8eV) and benzo-~[b]-thiophen
(0.7eV); this is the order of increase in binding energy of C8 and C9,
on fluorination. For C2 the corresponding shifts are 0,2eV, 0, 7eV
and 0.7eV in benzo-[b]~furan, indole and benzo-[b]-thiophen
respectively, This is indicative of overall transfer of electron
density from the five membered ring (positions 1,2,3), to the six
membered ring on halogenation, causing large binding energy shifts
for C2 and C3 but smaller increases in binding energy than expected
at C8, C9 and carbons directly attached to halogen (4,5,6,7). This

is again supported by CNDO/2 calculations of charge densities (see

later),
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(iv) The hetero atom

The increase in binding energy of the hetero atom on
halogenation of the benzo ring is in the order S(O,6eV),

N(0.5eV), O (0.1leV) as expected from electronegativity considerations,

¢) Quantitative Discussion

In the absence of 'ab initio' calculations, assignments of
the C18 levels were based on CNDO/2 SCF MO calculations and the charge
potential model developed by Siegbahn et, al.,146 which relates shifts

in binding energy of a given core level of an atom to the charge

distribution, by the relationship,

E E°. = k N
. - , = qi+ L

L2

~

iFj 1]
where Ei is the molecular core binding energy of atom i and Eoi is
a reference level, The values of Ei—Eoi so calculated then give
a theoretical estimate of the relative binding energies, Comparison
of such calculated shifts for all the carbon atoms within a molecule
with those found experimentally by deconvoluting the overall peak

envelopes, allows C. binding energies to be assigned,

1s
An examination of the CNDO/2 charges and Madelung potentials

in Table 4.5 shows that for the unsubstituted fused ring heterocycles,

the calculated shifts are dominated by the charge term; the

contribution from the Madelung potential does not affect the order

of the assignments, For the chloro and fluoro derivatives however,




-
[54]
o

TABLE 4.5

CNDO/2 Charges and Madelung Potentials

X=

X=

Cl

G | @ | QL.
s~ H ? H o~ H
Positions H
q, q. q,
9 Z‘FL_ 4 Lo 9 z ?i_
i#j "ij i#j i i#j ij
4 -0.0075 0.1748 0.0072 | -0.1513 | -0.0099 0.1121
5 -0.,0055 0.0379 | -0,0086 | -0.0457 | -0.0076 0.0627
6 0.0012 0.0085 0.0087 | -0.3449 0.0016 0.0533
7 -0.0053 0.3286 | -0.0405 0.5113 | -0.0145 0.6522
8 0.0610 | -0.4070 0.0813 | -1.0852 0.1388 | -1.5878
9 0.0271 | -0.0307 0.0202 | -0.1713 0.0108 0.1190
3 -0.0336 0.5483 | -0.0667 0.7949 | -0.0776 1.1463
2 0.0198 | -0.2536 0.0703 | -1.0514 0.1313 | -1.7525
1 -0.0551 0.5913 | -0.1469 2.5004 | -0,1853 2.2835
4 0.0960 0.0518 0.1094 | -0.1818
5 0.0902 0.3225 0.0806 0.2337
6 0.0972 0.3014 0.0818 0.1150
7 0.1032 0.1247 0.0657 0.3336
8 0.0360 1.0392 0.0720 0.2809
9 0.0149 1.2129 0.0267 0.9932
3 -0.0232 1.0704 | -0.0657 1.5795
2 0.0165 0.4791 0.0911 | -0.6014
1 -0.0078 0.6967 | -0.1472 3.,2857
4 0.1699 -0.8020 0.1778 | -0.9737 0.1712 | -0.8615
5 0.1482 -0.1717 0.1365 | -0,2251 0.1423 | -0.0566
6 0.1541 -0.2017 0.1434 | -0.3714 0.1576 | -0.1728
7 0.1738 -0.7481 0.1439 | -0.4986 0.1586 | -0.2514
8 0.0065 1.5823 0.0539 0.7902 0.1157 0.0948
9 -0.0060 1.6682 0.0063 1.4900 | -0.0300 2.0711
3 -0,0170 1.0337 | -0.0587 1.5156 | -0.0543 1.6330
2 0.0187 0.5665 0.0882 | -0.4972 0.1306 | -0.8841
1 0.0067 0.5894 | -0.1415 3.2558 | -0.1547 2.6558 !




136.

T%750° 0~ 06S1°0- 8%01°0 LS80 O 169170 ©6L0° 0~ G860°0 1€€0°0 #620°0 ueinjozusqoxoniyeiis]
€T11°0- LT0C 0~ %060°0 96%1°0 829170 ZETH 0= €L€£0°0 66€0°0- ZLLI0°0 ueanjozuag
qo%Z°0 101170 HOET1"0 61SC°0 €281°0 0ET" 0~ 00€0°0 00£0°0- 0’0 ueanyg
0=X
6£%0°0 €801°0- 7Z51°0 2090°0 G6S1°0 €660° 0~ %701°0 Z150°0 6750°0 STOpPUTOIONTIEAIDL
%1€0°0- T6L1°0~ 8L%1'0 ¢8L0°0 78¢1°0 20500~ 10L0°0 GL20°0- 9/.60°0 aTopul
1220°0 #061°0- 1A YA #210°0- 1002 °0 SCIc 0~ L600°0 L600°0 0’0 a1ox1akg
HN=X
%5070 LSTO O- 10L0°0 0600°0 06L0°0C G8L0°0- 6%50°0 L9€6 "0~ 9166°0 | usydoryjozuaqoionijeila]
9€c0 0~ 9811 0- 0¢90°0 1880°0 9201°C SH%10°0- 9%€0'0 0910°0- 9050°0 usydoryiozuag
8.00°0- L€60° 0~ 668070 GE€00°'0- €780°0 86800~ ¢€110°0~ €110°0- 0°'0 usydoTyy,
S=X
1301 o u 18301 fo] 4, 1301 o u
z Jx. . b, .-x®%- 1 )
Y Y __‘ H\Z X-(8)5- JuouBeag
t
m -7 AGV.—.INIII _ _
" BTE (6)h,
s9d31ey) €30I pPu® o ‘L

9y TIEVL




137.

the shifts are determined by the large potentials dueto the halogens.

Table 4, 6 shows how the CNDO/2 charge densities follow
qualitatively the charges in binding energies observed experimentally
in the five membered ring on annelation and subsequent fluorination,
n, o and total charges are given for the hetero ring fragment,
the bridging carbons, and the 1,2,3 positions, The pattern is the
same for all three heterocyclic groups. On annelation the hetero ring
shows an overall increase in total positive charge caused mainly hy a
large loss of charge density from the carbons that form the bridge
(8,9), which overrides a smaller increase in charge density at the
hetero atom and C3. This reflects the higher binding energies observed
for the bridging carbons and the decrease in binding energy of the
lieiero atom and C3. Replacing the four hydrogens in the benzo ring
by fluorines causes a further increase in the total charge in the five
membered ring. The two bridging carbons shows only a slight increase
in positive charge, the main contribution being loss of both = and ©
charge density from the hetero atom and C3, Again this fits the
observed small shift to higher binding energy of C8 and C9 and relatively
large shifts of C3, and the hetero atom, The nett effect of four
halogens in the benzo ring is to cause transfer of charge density
away from the far side of the five membered ring into the six
membered ring and this is reflected in the measured core binding
energies,

For both thiophen and benzo-[b]-thiophen CNDO/2 calculations

predict a splitting of 0,3eV between C2-C3 and C8-C9, Non-empirical
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215

calculations by Clark and Armstrong for thiophen, predict

essentially the same Cls binding energies for C2 and C3, in better
agreement with the experimental results than CNDO/2. However,

'ab initio' calculations by Siegbahn et al214 predict a C2-C3 shift

in the Cls binding energies of 0, 7eV, A comparison of the measured
core binding energies for thiophen with 'ab initio' calculations
217

has been discussed by Clark.
A plot of binding energy ccrracted for Madelung potential

against CNDO charge is given in Fig. 4.4 for the Cls levels of

benzo-[b]-thiophen, indole and benzo-[b]-furan. The slope gives

k = 23,7 and the intercept £® = 285,14eV with a correlation coefficient

(r2 = 0,95). A similar plot, shown in Fig, 4,5, for the

fluorinated derivatives gives k = 24,1 and E® = 284,86eV with a

correlation coefficient (r2 = 0.98). Although there is some scatter

the correlations are good and the k values agree well with those

previously reported (p 103 ) and are close to the theoretical wvalue

of k = 22,0,

B. Molecular Core Binding Energies for Indene and some Highly

Fluorinated Derivatives.

Introduction

The use of ESCA in ascertaining the position of borohydride
attack in perfluoro indene186 has been previously discussed. In
this section molecular core binding energies for indene(l),
4,5,6,7-tetrafluoro indene (2), 1,1,4,5,6,7-hexafluoro indene(3),
1,1,3,4,5,6,7-heptafluoro indene(4), 1,1,2,4,5,6,7-heptafluoro~

indene(5) and perfluoro indene(6) are presented and the effect of
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Fig. 4.6
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fluorine substitution on the C levels discussed.

1s

The synthesis of perfluoroindene(6) has been reported previously218

and the tetrafluoroindene(2) has recently been synthesised by the

vacuum pyrolysis of 3,4,5,6-tetrafluorotricyclo [6.2.1.0.2’7

219

]

undeca-2,4,6~triene, Reduction of perfluoroindene(6) with
borohydride gives, depending on the conditions, the 2H, 3H hexa-

fluoroindene(3) or a mixture of 2H- and 3H- heptafluoroindenes (4 and 5),
186

in the ratio 1:4

a) Qualitative Discussion

(i) Carbon ls levels

Fig. 4.6 shows the relevant spectra and deconvolutions (CM
levels) for the pure indenes, Cls spectrum for the mixture of
heptafluoroindenes is given in Fig. 3. 22 (p. 109 ).

Table 4,7 summarises the C1s and Fls binding energies for the
series,

The deconvoluted C1s levels for indene (1) show the higher
binding energies of the ring junction carbons (8,9) characteristic
of annelated systems, The binding energy shift between carbons 8
and 9 and the four benzo carbons of 0.4eV compares well with shifts
found in the ;ondensed five membered ring heterocycles (ca. 0.5eV),
naphthalene (0.4eV) and biphenylene (0.7eV). The CH2 carbon of indene(1l)
also appears at higher binding energy than either the aromatic or
olefinic carbons, The latter two types of carbons could not be
distinguished with the present resolution available,

The effect of replacing the four benzo hydrogens of (1) by fluorine

is to increase the binding energies of all the positions in the
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tetrafluoroindene(2). Those carbons directly attached to fluorine
show the largest increase, 3.4eV on average. This increase is
slightly larger than that found in the study of benzo-{b]-thiophen,
indole, benzo-[b]-furan and their tetrafluoro derivatives (3, 2eV
average) but slightly less than the shift for 1,2,3,4-tetrafluoro-

benzene (3.6eV). (All values related to F g at 690.0eV). The

1
smaller shifts found in the annelated systems with fluorines in only
one ring may be due to overall tranefer of charge deusity from the
hydrocarbon ring to the fluorinated ring.

The carbons of the five membered ring in the tetrafluoroindene(2)

show three main effects: {(a) all the carbons show an increase in

binding energy relative to indene; (b) the C1S levels for C8 and C9
show an increase of 1.2eV and 1,0eV respectively [this is again
slightly less than the shift found in the 1,2,3,4-tetrafluorobenzene
for C5 and C6 (l.3eV), but greater than those found in the
tetrafluorobenzo~[b]l-thiophen, the tetrafluorobenzo-[b]-furan and
the tetrafluoroindene (ca. 0.8eV, 0.3eV, 0,5eV respectively)];
and (c¢) C2 and C3 in (2) show a relatively large increase in C1s
binding energy, considering their remoteness from the fluorinated
positions (1,1leV and 0.8eV respectively) and the CH2 group shows a
similar increase of 0,4eV, This increase can be attributed to the
transfer of electron density from the five membered ring to the six
membered ring. A similar effect was observed in the condensed

heterocyclic series and is born out by CNDO/2 calculations (see

later).
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In the case of 4,5,6,7-tetrafluoroindene(2), splittings are
observed between C2 and C3 of 0.3eV, and C2 and C9 of 0, 2eV,
Although CNDO/2 calculations do not represent the effect of CH2
or CH3 groups very well, both 'ab initio' and semi-empirical calculations

on toluene indicate that the CH3 group is m-electron repelling216

(see later). The C1s levels of carbon atoms directly attached (o)

to CH, in (2) are at higher binding energies than those of the

8- carbons (ie 82 > G3; C8 > CY), but replacing CH_ by CF, in going

2 2
to the hexafluoroindene(3) reverses this effect, The CF, group is
n- and o-electron attracting, The Cls level for C3 in (3) increases
in binding energy by 1,0eV relative to the tetrafluoroindene(2), while
the C1S level for C2 shows an increase of only 0, leV, The C9 C15
level increases by 0.6eV and the C8 C1S level by only 0.2eV, Although
C2 and C8 are directly attached to a strongly electron withdrawing
CF, group in (3) and would therefore be expected at relatively higher
binding energies than in (2) the increase in m-electron density at
these positions balances this effect, The loss of n-electron density
from C3 and C9 results in an increased binding energy for these
atoms (see later), The CF2 carbon (Cl) increases in binding energy
by 5.4eV in going from (2) to (3) (2.7eV per fluorine). The four
benzo carbons in (3) attached to fluorine also show an increased
binding energy relative to the tetrafluoroindene(2) of 0.4eV on
average,

In going from the hexafluoroindene(3) to the 2H-heptafluoroindene(4)
the replacement of the hydrogen on C3 by fluorine increases the C

1s
binding energy of C3 by 1.9eV relative to C3 in the hexafluoroindene(3).




TABLE 4 8

Carbon ls binding energies (eV)
; Compound a b c d '
[
E (2) 288.9 | 288.4 | 288.4 | 288.9
l (3) 288.9 | 285.2 | 288.9 | 289.z
(4) 288.9 | 288.9 | 288.9 | 288.9
(5) 288.8 | 288.8 | 288.8 | 288.8
(6) 288.9 | 289.1 | 288.9 | 289.6
1,2,3,4-tetrafluorobenzene 288.8 288.8 288.8 288.8
perfluoronaphthalene 289.3 | 288.7 | 288.7 | 289.3
perfluorobiphenylene 288.7 289.0 289.0 | 288.7
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However, the Cls level of C2 in (4) actually decreases in binding
energy by 1.5eV relative to C2 in (3) and with a binding energy of
284.9eV is 0,3eV lower than C2 in indene itself, CNDO/2 calculations
indicate that this effect is due to the In effect 6f the fluorine

on C3 (see later). The C1S level of the CF2 group in (4) also

decreases in binding energy by 0,4eV relative to Cl in the hexa-

fluoroindene(3),

- LTl - .
y +iu Liue  Lit

When the hydrogen attached to €2 is replaccd b
going from hexafluoroindene(3) to the 3H-heptafluoroindene(5) a
decrease in binding energy is also observed for C3 [-1,2eV, relative
to C3 in hexafluorcindene(3)], whereas C2 shows an increase of 2, 4eV.
Now, with an adjacent CF group, the CF2 carbon in (5) increases in
binding energy by 0.3eV (relative to (4)). Both C8 and C9 in (59
show decreases in C1s binding energies of 0,3eV relative to the éH-
heptafluoroindene(4) as the n~-repelling effect ( In) of the fluorine
on C2 is transmitted to the six membered ring via C3,

The replacement of the final hydrogen on C3 by fluorine causes a
decrease in the binding energy of C2 in perfluoroindene of 0,3eV while
C3 shows an increase of 3.0eV [relative to the 3H-heptafluoroindene(5)].
The C18 level of the CF2 carbon increases by 0.7eV and both C8 and C9
increase in binding energy by 0.5eV and O.1leV respectively,

Table 4,8 shows a comparison of the binding energies of the
aromatic carbons attached to fluorine in the indenes (2) to (6) with

analogous carbons in 1,2,3,4-tetrafluorobenzene perfluoro naphthalene

and perfluoro biphenylene, In hexafluoroindene(3) and perfluoroindene(6)
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the carbons at positions b and d have significantly higher binding
energies than those at a and c, [In the computed spectra of the
heptafluoroindenes (4) and (5) the C1s level of all four positions
were assumed identical], In perfluoro naphthalene and
tetrafluoroindene(2) b and ¢ have lower binding energies than a and d,
whereas the reverse is true for biphenylene, 1,2,3,4-Tetrafluoro-
benzene has all four positions identical, It should also be noted
that the glef ¢ positions in perfluorviudene(6) have signiiicancly
lower binding energies than the aromatic carbons, a situation which
also occurs in perfluoro acenaphthylene,

/

Fig. 4.7 shows schematically the relationship between the

molecular core binding energies through the series,

(ii) Fluorine ls levels,

No attempt was made to deconvolute T levels within a molecule

1s
. . 171
as previous results have shown that these are effectively constant,

However, the degree of fluorination along the series varies from
4 to 8 fluorines. The increasing number of fluorines results in an

increase in the binding energy of the F1S levels. The effect of

two fluorines of the CF2 group going from the tetrafluoro to hexa-

fluoroindene increases the F1S binding energies by 0.6eV, The

addition of two further fluorines in going to the perfluoroindene(6)

results only in a further 0,2eV increase in the F 5 binding energies,

1
A similar effect has been observed in the fluorobenzenes.178
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TABLE 4.10

g and Total Charges for Five Membered Ring Carbons

1
Position i E (o] Total
1 0.036 | -0.037 ; -0.001
2 -0.004 | -0.011 = -0.015
(1) 3 -0,021 | o0.010 : -0.01l1
8 -0.003 | 0.010 | 0.007
9 0.004 | 0.011 | 0.0l5
I
_ 1 0.027 | -0.016 % 0.011
&N —— H 2 -0.005 | -0.009 | -0.014 |
TS @ 3 -0.022 | 0.030 ; 0,008
>R 8 -0.024 , 0,012 | -0.012
H H 9 -0.034 | 0.022 | -0.012 ,
5 ! |
- i 1 0.260 ' 0.182 | 0.442 |
4 i 2 0,033 | -0.042 | -0.075
) I T €)) ' Y Lo
N i 3 0.033 - 0.004 | 0,037
. . 8 -0.070 ' 0.004 | -0.074 |
; 9 -0.013 i 0.011 i -0.002 |
1 0.253 [ 0.196 0.449
(ﬁf\j F 2 -0.127 } -0.032 | -0.159
\bf}i |y @ 3 0.070 | 0,200 | 0.270
~ 8 -0.063 | -0.004 | -0.067
P F 9 -0.034 0.009 | -0.025
1 0.247 | 0.172 0.419
2 0.014 0.159 0.173
(5) 3 ~0.058 0.010 | -0.048
8 -0.005 | -0.073 | -0.078
9 -0.091 0.101 0.010
TN F 1 0.240 0,184 0.424
(1] 2 -0.076 0.174 0.098
N Jr (6) 3 -0.013 0.209 0.196
PN F 8 -0.026 | -0.041  -0.067
9 -0.082 | -0.037 ! -0.119

1

1.
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(b), Quantitative Discussion:

Assignments for the carbon ls levels in this series of indenes
were based on CNDO SCF MO calculations and the 'point charge' model
developed by Siegbahn et al, and discussed in detail elsewhere.

Table 4,9 summarises the CNDO/2 charges and Madelung potentials
for the carbon 1ls levels in the series studied here, Table 4,10 shows
how the calculated charge densities follow qualitatively che
experimentally observed effects, =n, o and total charges are given
for the carbons of the five membered ring in each compound,

The higher binding energy of the ring junction carbons in
indene(1l) is paralleled by a relatively larger positive charge on
these positions, caused mainly by loss of o-electron density. The
smaller than expected increase in binding energy of the 8 and 9 carbons
on fluorination of benzo positions is seen as an increase in the
t-electron density at CB and C9, as charge density is transferred from
the five membered ring to the six membered ring, This results in a
decrease in charge density on Cl, C2 and C3 resulting in an increase
in the measured Cls binding energies for these positions,

In going from the tetrafluoro(2) to the hexafluoroindene(3) the

replacement of CH, by CF2 causes a large increase in the positive

2
charge on Cl but an increase of m~charge density on C2 and a decrease
at C3, caused by a drift of nw-charge density towards the CF2 group.
A similar effect is also observed with C8 and C9.

In going from (3) to the 2H-heptafluoroindene(4) the introduction

of fluorine at C3 reinforces this m-drift, increasing the total

charge density on C2. This is seen experimentally as a large
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decrease in the C1S binding energy of C2. When the fluorine
substituent is introduced at C2 as in (5) the n~drift towards the
CF2 group is opposed by In effect of the fluorine on C2, causing
an increase in charge density at C3 [relative to (3)]. The
c-attraction by the fluorine on C2 and the n-repulsion effect, result
in a large decrease in charge density and subsequent increase in
binding energy for C2.

In perfluoroindene(6) o-electron density withdrawal for all
carbons attached to fluorine is seen and all positions carry positive
charges, except C8 and C9 where the overall ‘charge is negative reflecting

their lower binding energies.

Fig. 4.8 sghows
g. &,

]
L]

lot of bindin

Potential against charge for the C s levels in this series of indenes,

1
The points lie on a straight line with k = 23,1, and E® = 284.10
with a correlation coefficient (r2 = 0,96). It should be emphasized

ls

assigning individual core levels, However, the assignment is internally

that the average value of k = 25 for C levels has been used in
self consistent when the derived value of k = 23.1 (Fig, 4.8)
is employed. This self consistency and the high correlation coefficient

indicates strongly the overall correctness of the assignments,

C. The Effect of Chlorine Substitution on the Molecular Core

Binding Energies of Benzo~[b]-thiophens

a) Qualitative Discussion.

The relevant spectra and deconvolutions (Cls levels) are shown

in Fig. 4.9 for the benzo-[b]-thiophens studied, Measured core binding
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Table 4.11

Binding Energies, CNDO/2 Charges and Madelung Potentials

| 4
Compound Position B.E. (ev) : q Lor, .
; i igj 1J
i
S 165.2 -0.055 0.59
Zp%
2 164.0
4 2
~ 3 2 2849 0.020 -0.25
| |i 1 3 284.9 -0.034 0.55
872 4 284.9 -0,008 -0.03
71 5 284.9 -0.006 -0.41
6 284.9 -0.005 0.33
(1) 7 284.9 0.001 0.01
8 285.5 0.061 0.04
9 ?285.5 0.027 .17
szpL 165.6
2 -0.031 1.00
2 164.3
__a 2 286.7 0.106 -0.59
[:::1\ Iy 3 2867 0.071 -0.07
S 4 285.0 ~0.000 0.51
5 285.0 ~0.005 0.40
6 285.0 0.002 0.37 |
(2) 7 285.0 -0.003 0.74
8 285,8 0.064 0.21
9 285.8 0.025 0.79
szp% 165.4
3 -0.008 0.70
= 1642
2
__H 2 285.2 0.017 0.47
cill | 3 285.2 -0.023 1.07
s~ H 4 286.8 0.096 0.52
5 286.8 0.090 0.32
6 286.8 0.097 0.30
(3) 7 286.8 0.105 0.13
8 285.6 0.036 | 1.04
9 285.6 0.015 ;| 1.21

Contd,


http://286.fi

Table 4,11 contd.

q.
o
Compound Position B.E. (eV) i Z.rij
i#j
S 166.1 0.010 1.05
Zp%
3
> 164.8
z cl 2 286.9 0.093 0.07
c1| ICl 3 286.9 0.075 0.36
AN 4 286.9 0.101 0.30
5 286.9 0.086 0.60
6 286.9 0.097 0.57
{4) 7 286.9 0.102 0.44
8 285.9 0.039 1.51
9 286.2 0.015 1.88
S 165.8 0.005 0.74
21);2
% 164.6
Cl 2 285,1 -0,028 1.47
IIH 3 286.9 0.108 -0.46
~g 4 286.9 0.105 0.14
5 286.9 0.090 0.53
6 286.9 0.097 0.43
(5) 7 286.9 0.100 0.34
8 285.6 0.043 1.25
9 286.1 0.008 1.84
S 165.7 -0.001 0.70
2p%
3
2 164.5
cl 2 285.1 -0,025 1.36
H IlH 3 286.8 0.108 ~0.50
S 4 286.8 0.098 0.08
5 286.8 0.107 -0.22
6 286.1 -0.040 2.01
(6) 7 286.8 0.123 -0.41
: 8 285.6 0.037 1.20
i 9 286.1 0.024 1.54
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energies are given in Table 4,1]l. and shown schematically in Fig, 4.i0.
The effect of annelation on the five membered thiophen ring

has been discussed previously (p 123 ), The two carbon atoms

forming the ring junction (8,9) are shifted to higher binding energies

by 0.5eV relative to the parent thiophen, an effect observed in other

annelated systems.171 The effect of chlorine substitution in the

benzo~[bl~thiophen, is to cause a lar

energies of all carbon atoms directly attached to chlorine, There

appears to be a slight increase in the shift with increased degree of

chlorine substitution. (1.8eV for 2,3-dichiorobenzo-[b]-thiophen

to 2.0eV for perchlorobenzo-[b}-thiophen). This is somewhat less than

the increase found in the fluorobenzenes178 with increasing degree of

fluorine substitution, The average shift on replacing hydrogen by

chlorine in the benzo~[b]-thiophens is less than that observed in

the benzene series, This can be attributed to the possibility, in

the annelated systems, of transfer of electron density from one ring to

another minimising the effect of charge withdrawal by the more

electron negative chlorine atom. With the heterocyclic systems,loss

of electron density at the hetero atom is also possible. This effect

can be clearly seen by comparing the shifts in core binding energies

in 2,3-dichlorobenzo-[b]-thioﬁhen(Z) and 4,5,6,7-tetrachlorobenzo-[b]-

thiophen(3) relative to the unsubstituted heterocycle (1).

The effect of chlorine substitution in the benzo ring, as in (3),

is to increase the C1S binding energies of the four carbons directly




[
w
O

attached to chlorine by 1.9eV [relative to benzo-[b]-thiophen(1)] but
the two bridging carbons (C8, C9) show very little increase (0, leV).
The more remote C2 and C3 carbons show an increase in Cls level energies

of 0.3eV and the SZP3/2 level increases in binding energy by O, 2eV.
CNDO/2 calculations indicate that electron density is removed from
C2, C3 and the sulphur atom into the six membered ring,

In contrast, chlorine substitution in the five membered ring
las in (2)] increases the C1s binding energies of both C2 and C3 by
1.8eV [relative to (1)] and has a greater effect on the other members
of the heterocyclic ring, The C8 and C9 C1S levels and the Szpq/?level
all increase in binding energy by 0.3eV in going from benzo-[b]—zhiophen(l)
to the 2,3-dichloro derivative (2). The four benzo carbons
(4,5,6,7) show only a slight increase in binding energy (0. 1leV),

The substitution of one chlorine atom at C3 in going from
4,5,6,7-tetrachlorobenzo-[b]-thiophen(3) to 3,4,5,6,7-pentachlorobenzo-
[b]-thiophen(5) is to increase the binding energy of C9 by a further
0.5eV and the sulphur 2p3/2 binding energy by 0.4eV, while C2 and C8
are relatively unaffected, The Cls levels of all carbons attached
to chlorine also increase slightly with the increased degree of
substitution (0,1eV), Clearly chlorine substitution in the five
membered ring has a greater effect on C8, C9 and the sulphur atom than
chlorine substitution in the six membered ring, even though fewer
chlorine atoms are involved, It would appear that the electron density
in the five membered ring is more readily perturbed than that in the
more aromatic six membered ring. N,M.R. evidence indicates that the

220

heterocyclic ring is less aromatic than the benzo ring. CNDO/ 2
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calcuiations also indicate larger overall increases in positive
charges at C8 and C9 on chlorine substitution in the five membered
ring.
The addition of the final chlorine substituent at C2 in going
from pentachloro(5) to perchlorobenzo-[b]-thiophen(4) causes both the
C9 and C8 C1s binding energies to increase (0,leV and O, 3eV respectively),
In contrast to the unsubstituted heterocycle(l), perchlorobenzo-[b]-
thiophen(4) shows a splitting between C8 and C9 of O, 3eV, This can
be attributed to the fact that C9 is adjacent to two C-Cl groups
whereas C8 is adjacent to only one C-Cl group and a sulphur atom,
Benzo-{b}-thiophens substituted with chlorine only at C3 in the
five membered ring show a much larger splitting between C8 and C9 (0. 5eV),

The replacement of the hydrogen at C2 in pentachlorobenzo-[b]-thiophen(5)

by chlorine in going to the perchloro derivative (4) causes a further

increase in the S2p binding energy of 0. 2eV. The effect of chlorine
3/2
substitution on the S2p binding energies is shown schematically in
3/2
Fig. 4.10.

b). Distinction between two isomeric tetrachlorobenzo-[b]-thiophens

using ESCA,

Structural problems in highly chlorinated heterocyclic systems
are often not amenable to solution by conventional spectroscopic techniques.
The highly successful N.M.R. techniques used in fluorocarbon

19

chemistry (both ~°F and 1H resonances) are not readily applicable to the

chlorine nucleus and only occasionally can 1H n,m,r, yield unambiguous
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results, N.Q.R., spectroscopy, while being suited to studying
chloro carbons suffers from several disadvantages, mainly difficulty
in the interpretation of the results and the very large sample
requirement needed to give good signal intensity (of the order of
several hundred milligrams), The distinct advantages of ESCA
in these respects have already been noted (independence of nuclear
spin properties and modest sample requirement etc), The technique
has previousiy been successtully applied to structural problems in
polyfluoro aromatic systems.186 The major obstacle in applying
ESCA to chloro carbon systems is the small binding energy range
obtained compared to the corresponding fluorocarbons. With the
present generation photoelectron spectrometers, such as the ES100
used in this work, the resolution available does not enable individual
peaks of the Cls levels to be resolved and only overall peak 'envelopes'
are obtained, The individual peak positions may be found by
deconvolution techniques using either digital or analog computer and
assignments can be made with reference to CNDO/2 type calculations,

However, in favourable circumstances detailed analysis of spectra
are not necessary and the overall 'envelope' shapes may be distinctive
enough to allow identification of isomers with only 'rough'
deconvolutions.

The two isomers considered here, 4,5,6,7-tetrach10robenzo-[5]-
thiophen(3) and 3,4,5,7-tetrachlorobenzo~[b]l-thiophen(6) can be readily
distinguished by conventional 1I-I-nmr but a detailed analysis of their

respective ESCA spectra reveals some interesting properties and shows
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that in this case the two isomers could be distinguished by this
technique alone,

Fig. 4.9 shows the C, spectra for the two isomers (along

1s

with their deconvolutions) and the Cl2p and S2p levels, It can readily

be shown that the two compounds are isomeric and contain carbon, chlorine
and sulphur in the ratio 8:4:1, from a knowledge of the integrated

peak areas and relative photoelectron cross sections of the Cls’

C12p and S2p core levels, for the exciting radiation used, (MgKa

).

1,2

or AlKozl,2

It has already been noted that chlorine substitution in the
five membered ring causes a larger increase in the binding energies of

C8 and C9 as well as the SZP3/2 level than chlorine substitutgé in the
six membered ring. A comparison of the 821)3/2 levels for both compounds
shows that in one case the Szp3/21eve1 is at 164,2eV and in the other
the SZP3/2 level is at 164, 5eV, For 3,4,5,6,7-pentachlorobenzo-{b]~
thiophen(5) the 82p3/213ve1 is at 164.6eV, This gives a good
indication that one isomer has a chlorine substituent in the five

membered ring without resorting to deconvolution of the C s levels,

1

Deconvolution of the C1s level peak envelopes of (3) and (5) using

line widths of 1,2eV, can be simplified by using one peak of area 4
for the C-Cl carbons and four single peaks for the remaining carbons.
This 'rough' deconvolution reveals that in both cases the C1s levels

of the four C-Cl carbons appear at 286.8eV but that one isomer is

more complex than the other. Accepting that the isomer with the
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TABLE 4.12
Compound Assignment BE (eV)
1 284.9
1Cl
a1’ < 1,2,3,4 287.2
RN 5,6 285.7
4cCl
) }Cl 6 1,2,4 287.2
ci'y - NH 3 286.3
5 286.1
H3'Z\ cH 6 285.4

165.
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lowest 52p3/2 binding energy does not have a chlorine substituent

in the five membered ring, this can readily be assigned as 4,5,6,7-
tetrachlorobenzo-{b]-thiophen, Unfortunately the possible
remaining isomers are not as easily distinguished, so that although
the two isomers are readily distinguished and the structure of one
assigned, the structure of the remaining isomer could not be
determined with the present obtainable resolution, Fig. 4.11 shows
the computer simulated effect of increased resolution(smaller

line widths) on the Cls levels for the two isomers. With this type
of improvement in resolution structural problems in chlorocarboﬁ
chemistry should be more amenable to solution by ESCA, in conjunction
with other spectroscopic techniques, Even with the structure of
3,4,5,7-tetrachlorobenzo-~[b]-thiophen(6) knoﬁn, assignment of the
individual C1S peaks is not straight forward and CNDO/2 calculations

are not helpful in this case, Comparison of the C binding energies

1s
obtained with those for other benzo-[b]-thiophens and with the Cls
binding energies in the chlorobenzenes216 allows the assignments

shown in Table 4.12 to be made, Data is also given for benzene

and the 1,2,3,4-tetrachloro and 1,2,4-trichlorobenzenes for comparison,

c¢. Quantitative Discussion,

Table 4.11 gives CNDO/2 charges and Madelung potentials for’
the series of benzo-[b]-thiophens,
An inspection of the charges in Table 4,11 shows that in many

cases they follow qualitatively the experimentally observed effects,



167.

Z1'% ‘814

o6u0y> 2/OQND

210 L0 OF0 600 800 00 900 SO0 ¥OO €00 200 0O §  100- 200- £00- YOO
O WO O e e A e e g

—

196¢

fla

(+i
(A9) W’Z A64au3 Buipuig

G€C =
e © 148¢

Sly  suaydoiylozZuaqouolyd 188




168,

(An exact correspondence would not be expected because of the
large Madelung terms involved due to the halogen atoms)., The
bridging carbons (8,9) in 2,3-dichlorobenzo-[b]-thiophen(2) carry
higher total positive charges than C8 and C9 in 4,5,6,7-tetrabenzo-
[b]-thiophen(3). This is in accord with the observed higher binding
energies for C8 and C9 in 2,3-dichlorobenzo-[b]-thiophen(2).

A plot-of binding energy corrected for Madelung potential

against CNDO/2 charge (Fig. 4.12) for the C s levels given a straight

1

© = 284.3 and a correlation coefficient (r2 = 0.9).

line with k = 23,5, E
Although the least squares fit is good there is considerably more
scatter of the points than observed with either the parent heterocycles
(benzo~{b]-thiophen, benzo-[{b]-furan., indole) or with the fluorinated

compounds, The factors contributing to the scatter will be discussed

later (see section E),

D. A Comparison of the Molecular Core Binding Energies in Some

Benzo-[b]-thiophens and their corresponding S-dioxides.

Introduction

The increased oxidation state of sulphur in going from a
benzo-[b]-thiophen to the corresponding S-dioxide has a dramatic effect
on the properties of the heterocyclic system, Benzo-[b]-thiophens.
are normally stable aromatic compounds readily undergoing aromatic
replacement reactions in the five membered ring rather than addition
reactions to the 2,3~ double bond. 1In the corresponding S-dioxides

on the other hand, the aromaticity of the five membered ring is
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Table 4.13

Molecular Core Binding Energies (in eV)

; X =98 . X =80
] q .
: Compoun Position B.E. B.E, 2
{
‘ 4,5,6,7 284.9 285.0
8 285.5 285.5
9 285.5 286.4
~ 3 284.9 285.8
<L 2 284.9 285.0
~No R
s 165.2 169.1
Zp!E
| 3
; 5 164.0 167.8
a. | 4,5,6,7 285.0 285,2
8 285.8 285.9
9 ~ 285.8 286.4
AN cl 3 | 286.7 287.5
I X' c1 2 . 286.7 286.7
s . 165.6 169.3
Zpy §
? 3 ?
g 5 ' 154.3 168.0
b. 4,5,6,7 288.1 2882
8 286.3 286.1
9 286.3 286.6
H 3 285.6 286.1
Uy 2 | 285.6 285.7
X !
| s, ' 165.8 169.4
: P% |
% | 164.6 168.2
a. 4,5,6,7 286.9 286.9
8 285.9 285.8
9 286.2 286.9
c1 3 286.9 287.4
cl] Iy 2 286.9 286.9
X
s 166.1 169.7
ZP%
3
5 | 164.8 168.4
a all C12 201.0 eV, b. all F 690.0 eV
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completely disrupted as evidenced by the appearance, in the infra-
red spectrum, of an absorbtion at around 1590cm-1 (6.3u) attributable
to the 2,3-double bond. Chemically the S-dioxides behave more like
vinyl sulphOnes than hetero aromatic compounds,
II VI
In order to assess the effect of the change from S to §° 7 on
the molecular core binding energies in the benzo-[b]-thiophen ring

system a series of benzo-[b]-thiophens and their corresponding S~

dioxides have been studied.

a, _Qualitative Discussion

Spectra of the benzo-[b]-thiophen S-dioxides are shown in
Fig. 4.13, The molecular core binding energies for the series are
given in Table 4,13 and shown diagrammatically in Fig. 4.14,

The effect of replacing an atom of low electronegativity iike
sulphur by a highly polar 502 group would be expected to be quite -

marked, In fact an inspection of the C, binding energies in Table 4_13

1s
for benzo-[b]-thiophen and benzo-{b]-thiophen 1-dioxide shows that
for the two carbons attached to the sulphur atom (C2, C8) the

change in oxidation state has very little overall effect, while the
C1s levels of both C3 and C9 both increase in binding energy by 0,9eV.
This effect can be understood in terms of the charge potential. model
(see later), The carbons in the benzo ring show only a slight
increase in binding energy (0.1leV) showing that the effect of the 802
group is limited to the five membered ring. The increase in binding

energy of C3 and C9 and the small effect on C2 and C8 is a general

trend throughout the series,.
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TABLE 4,14

Binding Energy Shifts for X =S to X = 802

Shift (in eV)
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Replacing the two hydrogens in the five membered ring of
benzo-[b]-thiophen by chlorine causes both C2 and C3 to increase
in binding energy by 1,8eV, Oxidation of the sulphur atom to SO2
increases the binding energy of C3 and C9 by 0,8eV and O0,6eV
respectively, while C2 and C8 are relatively unchanged, Table 4.14
gives the shifts in binding energy on oxidation of the sulphur atom
in the benzo-[b]-thiophens to give the corresponding sulphones,

Although the 502 group is highly polar, its main influence ig
not on the adjacent carbon atoms (a) but on the B-positions, This
appears to be due to m-electron attraction by the S(% group (-In
effect) away from C3 - C9 onto C2- C8 and c-electron attraction from
C2 and C8. The net effect being that C8 and C9 lose overall electron
density (and hence increase in binding energy) while the loss of
o-electron density from C2 and C8 is compensated by an increase on

r-electron density. This is substantiated by CNDO/2 calculations of

charge densities (see later),

The hetero atom,

Binding energies for the sulphur 2p levels are given in Table 4,13
and shown diagrammatically in Fig. &4.14,
Oxidation of the sulphur in a benzo-[b]-thiophen ring-syétem
to a S-dioxide causes a marked increase in the S2p binding energies.
In the case of benzo-[b]-thiophen to benzo-[b]-thiophen l-dioxide
the increase is 3, 8eV. This large increase in binding energy reflects

the increased positive charge on sulphur when attached to two

electro-negative oxygen atoms,
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The sensitivity of the sulphur 2p binding energies to changes
in the thiophen ring system are clearly shown in Table 4,14, As
the positive charge on the sulphur atom increases, an increased

degree of halogenation, the shift in the SZP3/2 level on oxidation of

S to 502 decreases. Hence for benzo-[b}-thiophen to benzo-[b]-thiophen
1-dioxide the 82p3/2 shift is 3,8eV whereas for perchlorobenzo-[b]~-
thiophen- perchlorobenzo-[b]-thiophen~l-dioxide the 8293/2 shift is

only 3,6eV, Obviously then the shifts due to chlorination and

2

oxidation decreases as the existing electron demand in the parent

oxidation are not additive, The shift in S p binding energy on

benzo-[b]-thiophen increases, The Ols binding energies also increase
with increased degree of halogenation in the henzo-Ibl-thicphen system,

from 533.2eV in benzo-[b]-thiophen l-dioxide to 533,6eV in the

perchloro derivative,

Quantitative Discussion

Table 4,15 gives the CNDO/2 charges and Madelung potentials
for the series, Because of the large charge separation in the
S-dioxides the Madelung term becomes important for members of the
heterocyclic ring,

The large increase in binding energy for the SZp level is

reflected in the large CNDO/2 charges on the sulphur atom in the

S~dioxides,
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The increases in the C1s binding energies for C3 and C9 are
also reflected in the total charges at these atoms, Oxidation

of the sulphur atom causes a large increase in positive charge

at both C3 and C9, On the other hand C2 and C8 both show a decrease
in positive charge in the S-dioxides and in fact C2 has a total
negative charge in all the benzo-[b]-thiophen l-dioxides although
again the Madelung potential term is important for these positions,

Table 4,16 gives the n, o and Total charges for the four
benzo carbons (4,5,6,7), C2, C3, C8, C9 and the sulphur atom in both
the benzo-[b]-thiophens and the corresponding S-dioxides,. Inspection
of the data shows that the changes at C3 and C9 are due to loss
of total charge density, The increased electron density at C2 and
C8 is offset to a great extent by the large Madelung Potential, and
the overall effect is that these two positions change very little in
binding energy, in going to the S~dioxides,

The CNDO/2 calculations indicate that the 4,5,6,7 carbonsilose
some electron density (both n and o) to the five membered ring in the
S-dioxides, but the effect is greatly over-estimated as indicated by
the very small changes in binding energy actually observed,

The correlation of binding energy corrected for Madelung potential

against charge for the S2p levels is extremely good (correlation
3/2
coefficient r2 = 0.99). The value of k = 15.3 agrees well with the
173b

value of k = 15 found by Siegbahn et al in a study of sulphur

compounds, The intercept gives a value of E® = 163.7ev.
Absolute values for the S binding energies fornd in this work

2p
agree well with those found from a study of sulphones by Scanlan,216
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who measured the S2P binding energy in dimethyl sulphone as
3/2
167,7eV and in 2,3-diphenyl :thiirene-S-dioxide as 167.6eV., This
compares with the value for the binding energy of the S2p tevel
3/2

in benzo-[b]-thiophen S-dioxide of 167.8eV,.

E. The Effect of Chlorine Substitution on the Molecular Core

Binding Energies of Indoles,

a, Qualiitative Discussion,

The relevent spectra and deconvolutions (C1s levels) for the
indoles studied are shown in Fig. 4.15.

The effect of annelation on the pyrrole ring system has been
discussed previously (p, 123 ) the main changes observed are an
increase in the C1s binding energies of the two carbons forming the

ring junction, decrease in the binding energy of C3 and very little

change in either C2 or the N . binding energies (relative to pyrrole).

1
The molecular core binding energies for the series of indoles studied

in this work are given in Table 4,17 and shown diagrammatically in

Fig. 4.16.

Substitution of two chlorines in the five membered ring of indole(1l)
increase the C18 binding energy of C2 and C3 by 1, 5eV and 2,0eV
respectively, The smaller shift in the C1s binding energy of C2
can be explained by the fact that C2 is already attached to an
electronegative nitrogen atom and substitution of a chlorine at C2
can not cause as large an increase in the positive charge and hence

binding energy (there is already a high electron demand at this

position), In contrast the shift at C3 is larger than normal
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Table 4.17

Binding Energies,a CNDO/2 Charges and Madelung Potentials

q,
Compound Positions B.E, qi E;;J—
(ev) ity
1(N) 401.2 | -0.147 2.50
2 285.7 0.07 -1.05
~ 3 284.4 | -0.067 0.79
] 4 284.9 0.007 -0.15
NN 5 284.9 -0.009 -0.05
! 6 284.9 0.009 -0. 34
H 7 284.9 | -0.040 0.51
8 286.2 0.081 -1.09
(1) 9 285.4 0.020 -0.17
1(N) 401.2 -0,177 3.62
2 287.2 0.169 -1.68

A~ Cl 3 286.4 | 0.036 0.17 |
Lt;il\ ey i 285.0 0.012 0.27
N 5 285.0 0.002 0.30

l 6 285.0 0.012 0.12

H 7 285.0 | -0.029 0.87 -

8 286.1 0.081 -0.51
(2) 9 285.4 0.017 0.62
1(N) 401.4 | -0.147 3.29
2 286.3 0.091 -0.60
3 285.2 | -0.066 1.58
4 286.8 0.109 -0.18
N-H 5 286.8 0.081 0.23
t 6 286.8 0.082 0.12
H 7 286.8 0.066 0.33
8 286.6 0.072 0.28
(3) 9 285.5 0.027 0.99
1(N) 401,7 | -0.161 4.13
2 287.6 0.175 -1.09
c1 3 286.8 0.040 0.76
01 4 286.8 | 0.114 0.09
N 5 286.8 0.086 0.53
ﬁ 6 286.8 0.090 0.39
7 286.8 0.068 0.69
8 286.8 0.075 0.68
4) 9 285.6 0.013 1.79

contd.



Table 4.17 contd,

- q. R==

Compound Positions B.E, i L

(ev) ity

1(N) 401.5 -0.139 2.96

2 287.5 0.15 -1.04

3 286.8 0.052 0.52

4 286.8 0.123 0.07

AN c1 5 286.8 0.094 0.55

[ff;u\ et 6 286.8 0.097 0.37

NN 7 286.8 0,071 0.59

én 8 286.8 0.056 0.75

3 9 285.6 0.016 1.73

(5) 10 286.8 0.075 -0.03

1(N) 400.5 -0.203 3.36

2 287.6 0.220 -1.23

a1 3 288.9 | 0.225 | -0.59

: 4 480.8 0.126 0.23

Cl 5 286.8 0.085 0.78

N2 cl 6 286.8 0.093 0.51

7 286.8 0.081 0.49

8 286.8 0,064 0.64

l (6) 9 285.8 -0.010 2,71
a., All Cl -201.0 eV

2p

184,



185,

but C3 carries a negative charge in indole which is more readily
removed by an electronegative substituent. 1In the benzo=[b]-thiophen
series chlorine substitution in the five membered ring causes an
increase in the S2p binding energy whereas in the indoles there is
very little change in the le binding energy. The electronegative
substituents withdraw charge from the most readily polarisable
position ie. the sulphur atom in benzo-[b]-thiophens and C3 in the
indoles.

Once the charge density at C3 has been removed by the substituents,
further chlorination in going from (2) to the hexachloroindole(4)
causes an increase in the N s binding energy of 0.5eV, This is the

1

same as the shift in S2p binding energy between 2,3-dichloro and
perchlorobenio-[b]-thiopiéi. In the case of both indole and
benzo-{bj-thiophen complete chlorine substitution in the benzo ring
alone has relatively little effect on the hetero atom core levels., The
le binding energy shift for 4,5,6,7-tetrachlorindole, relative to
indole, is only 0. 2eV,

The replacement of N-H by N-CH, in going from the hexachloro-

3
indole(4) to the N-methylhexachloroindole(5) has very little efféct
on the Cls binding energies of the ring carbons, However, the
le level shows the decrease in binding energy expected when a more
electron releasing group is attached to nitrogen.

In marked contrast to the other indoles in this series is theA

hept a-chloroindolenine(6). This system has similarities with both

the benzo-[b]-thiophen S-dioxides and the indenes (ir. fact it could
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be classed as a 3-aza indene), The five membered ring is no longer
aromatic but the major changes occur at C3 and C9. The introduction
of a second chlorine atom at C3 causes an increase in the Cls binding
energy of 2,1eV [relative to C3 in the hexa-chloroindole(4)], whereas
the introduction of the first chlorine at C3 in going from the
tetrachloroindole(3) to the hexachloroindole(4) gave a shift of 1,6eV
in the C18 binding energy. The Cls binding energy shift of C9
(0.2eV) is due to the large potential at C3 rather than an increased
positive charge (see later), Neither C2 nor C8 are greatly affected by
the change from the hexachloroindole(4) to the heptachloroindolenine,
The electronegativity of the nitrogen atom is more important than the
type of bonding as far as adjacent carbon atoms are concerned,

For the nitrogen atom of (6) the change is more drastic, causing
a decrease in the le binding energy of 1,2eV (relative to hexachloro-
indole). This can be simply explained by considering the change in
bonding at the nitrogen atom, In the indole, the nitrogen atom can
be considered approximately spz hybridised, with the nitrogen lone pair
electrons located in a p-orbital at right angles to the plane of the
molecule, This lone pair is an integral part of the aromatic n-system
of the indole and is not essentially localised on the nitrogen atom.
In the indolenine(6), the nitrogen can again be considered spz
hybridised but now the lone pair is located in an 8p2 hybrid orbital in

the plane of the molecule, In this configuration it can not interact

to any great extent with the g-system and is effectively localised
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on the nitrogen atom, Therefore, the nitrogen atom in the indolenine
has a greater electron density and correspondingly a lower binding

energy.
The low binding energy of tertiary, compared to secondary, ring

nitrogen atoms has also been observed in the five membered ring

173

nitrogen heterocycles, In pyrazole the N level of the secondary

1s

nitrogen occurs at 402,.4eV and the tertiary N g ot 401.1lev, (a shift of

1

1.3¢¥),  In Nb gy sl

he N, inding enevgy shift betweeun ile
secondary and tertiary nitrogens is 1.6eV. This compares with the
binding energy of the le level in heptachloroindolenine(6) of
400. 5eV,

The large binding energy difference between the le levels of
indoles and indolenines provides a basis for differentiation between
these isomeric forms, especially when combined with the presence or
absence of an sp3 type carbon atom at C3. That this can be distinguished
from aromatic or olefinic carbons has been shown in the study of
indene where the C1S level of the CH2 carbon appears at higher binding

energy along with the ring junction carbons,

b. Quantitative Discussion,

CNDO/2 charges and Madelung potentials are given in Table 4,17,

An inspection of the charges in the table shows that in
N-methyl perchloroindole(5) the calculated charge on the nitrogen is
actually less negative than the charge on the nitrogen of the hexa-

chloroindole(4), while the measured le binding energy of the N-methyl
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derivative is lower than the hexachloroindole by 0.2eV, This is
because the binding energy of a given core level is determined by’
both the charge and the potential at an atom, A similar effect is

observed for the C1s level of C9 in heptachloroindolenine and
N-methylhexachloroindole where the Madelung term is again dominant.

For the nitrogen atoms in the hexachloroindole(4) and
heptachloroindolenine(6) the CNDO calculations indicate a greatéf
negative charge on the nitrogen in (6) in accord with its lower
measured le binding energy but the potential effect is still important
in determining the magnitude of the calculated shift.

Fig. 4.17 shows a plot of binding energy corrected for Madelung

potential against charge for the C1q levels. A least squares treatment

gives:
for C,, k = 19.5 E® = 284, 5eV
with a correlation coefficient r2 = 0,88
for N k = 22.7 E° = 401.63
with a correlation coefficient r2 = 0.80.

The plots show considerable scatter, but as the le correlation
is only over six values a good least squares fit might not be expected.
For the Cls levels of both the chlorinated indoles and benzo-[b]-
thiophens (see section C) the correlations are not as good as those
obtained for either the parent heterocycles or the fluoro derivatives,

This can be attributed to several factors, The binding energy range

in both cases is small (2,0eV for chlorobenzo-[b]-thiophens and &4,0eV
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for chloroindoles) and so is the charge range (0.16 and 0,29
respectively), This should be compared with an estimated
experimental error of + 0.3eV between different samples. Sample
charging, which has been eliminated as far as possible, and the
use of unoptimised geometries for the CNDO/2 charge calculations
may be factors contributing to the scatter, It is known that

the CNDO SCF MO treatment of second row &oms is less adequate than
for tirst row atoms and this will effect the calculated charge
distributions in chlorine-containing molecules, This can be overcome
by better parameterisation for the CNDO calculations involving
second row atoms but the computational effort involved has not

allowed a detailed examination of these factors in this work,

F. A Comparison of Hetero atom Effects on Molecular Core Binding

Energies in the Series:

H
I,
X
X = CHZ, CF2, 502’ S, NH, 4)
R =H, F,
Introduction

Molecular core binding energies for members of this series have
been discussed in previous sections, Here the effects of the group X
are considered in relation to a fixed ring system, For this purpose

the groups CHZ’ CF2 and SO2 may be considered as 'hetero atoms',
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TABLE 4. 18

Molecular Core Binding Energies (in eV)

Position R =H R=F
4,5,6,7 285.2 288.6
H 8 285.6 286.8
H 9 285.6 | 286.6
3 285.2 286.0
) 2 285.2 286.3
1 (CHZ) 285,6 286.0
4,5,6,7 289.0
H 8 287.0
|l|l|H 9 287.2
3 287.0
AN 2 286.4
F F 1 (CF,) 291.4
4,5,6,7 285.0 288.2
8 285.5 286.1
9 286.4 286.6
3 285.8 286.1
| 2 285.0 285.7
47§h 1 (s, ) 169.1 169.4

0 0 Py
1 (s2P ) 167.8 168.2

3/2
C 533.2 533.4
ls

4,5,6,7 284.9 288.1
8 285.5 286.3
9 285.5 286.3
H 3 2849 285.6
q g 2 284.9 285.6
1 (S, ) 165.2 165.8

Zp%
1 (s ) 164.0 164.6

2p3/2

contd./



Table 4,18 contd.

Position R =H R =F

4,5,6,7 284.9 288.3

8 286.2 286.7

'H 9 285.4 285.9

! 3 284 .4 285.2

, 2 285.7 286.4

H 1 (N1 ) 401,2 401.7
S

4,5,6,7 285.4 288.5

8 287.2 287.4

' H 9 286.1 286.4

LAt 3 284.7 285.7

2 286.7 286.9

10, ) 535.,6 535.7

192.



193.

Discussion

The measured molecular core binding energies for the series
are given in Table 4,18 and shown schematically in Fig. 4,19,
CNDO charges and Madelung potentials are given in Table 4,19,

The effects of the group X can be partly understood in terms
of a simple model considering only the electronegativity and In
effects of the group. The groups appear to fall into a series in

P e T N o A
DLLULIBL] - i 7 [V Y R Y

Both CF2 and SO2 are highly polar groups carrying large positive
charges on the carbon and sulphur atoms respectively, Yet compared
to CH2 and S these groups have relatively little effect on the Cls

binding energies of adjacent carbon atoms (C2, C8), While both CF2
and 502 attract o-electron density away from adjacent carbon atoms
this is to a great extent compensated for by the increased n-electron
density at these positions (C2, C8) due to the -ITt effect of the
groups, In these cases it is the B-carbon atoms (C3, C9)

that experience a loss of electron density and consequent increase in

Cls binding energy. So that for CF, and 80, the In effect and

2
electronegativity act in the same directions,
The groups S and CH2 would be expected to have little perturbing
effect on the core binding energies of the ring carbon atoms, both
having low electronegativities and both showing little or no In

effects. This is certainly true for sulphur, In neither thiophens

nor benzo-[b]-thiophens has a measurable shift been observed between
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the ClS binding energies of C2 and C3. The CH2 group may have a
small In effect, as in the 4,5,6,7-tetrafluoroindene the C18 level of
C3 appears at 0, 3eV lower than that of C2,

Considering the hetero atoms, sulphur, nitrogen and oxygen
the electronegativities increase in the order S < N « 0 while- the In
effects are believed to be in the order S « O <:N.110 In these
cases the two effects now act in opposite directions and this can
readily be seen trom the C18 binding energies of the carbon atoms
in the heterocyclic ring.

The core binding energies of carbons directly attached to the
heteroatom (C2, C8) increase along the series S « N « O in the
same order as the increase in electronegativity of the hetero atom,
On the other hand, the C1s binding energies of C3 decrease in the
order S >0 >N, This is the same as the order of increasing In
effect, In benzo-[b]-furan the electronegativity of the hetero atom

is greatest and this heterocycle shows the highest C S binding energy

1
for C2 in the series (286,7eV). 1In indole the I_ effect of the hetero
atom is greatest and indole shows the lowest measured Cls binding for
C3 in the series (284,4eV),

An inspection of the CNDO/2 charges and Madelung potentials in
Table 4.19 shows that in most cases the potential terms are of major
importance and, for the most highly polar or electronegative groups,
are often dominant factors in determining the magnitude of binding

energies for adjacent atoms. This means that shifts in core binding

energies can not be predicted on the basis of simple considerations
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of group polarities, The situation is more complex than might at
first appear and assignments of molecular core binding energies made
without reference to either calculations of the charge potential

type or data from related systems should be treated with caution,
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Apparatus and Instrumentation

Vacuum System

A conventional vacuum system incorporating a rotary oil pump
and a mercury diffusion pump was used for handling volatile compounds,

vacuum sublimation and vacuum pyrolysis,

Infrared Spectra were recorded on either a Grubb Parson Spectromaster

or a Perkin Elmer 157 (sodium chloride) spectrometer,

Mass Spectra were measured with an A ,E,I. MS9 spectrometer at an

ionising beam energy of 70eV,

H nmr Spectra were measured with a Varian AS56/60 spectrometer, operating

; 1 . , ,
at 60,0MHz. H chemical shifts are measured on the T scale relative
to tetramethyl silane used as an internal reference in either

carbontetrachloride or acetone solutions,

Carbon and Hydrogen Analyses were carried out with a Perkin-Elmer

240 CHN Analyser.

Melting Points are uncorrected.

Experimental,

2,3,4,5,6,7-Hexachlorobenzo-[b]-thiophen(I)

This material was prepared by the method of Barger and Ewins.52

In a typical experiment, dibromostyrene (1.5g), thionyl chloride (5.0ml)
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and sulphuryl chloride (2,0ml) in a sealed Carius tube, were heated
to 270° for 18hr. On cooling and opening the tube contained the
product (0,7g), as needle crystals in a red liquid, which were
filtered off, WM,p. 156-157° [from light petroleum (b.p, 60-800)]

[1lit, 1580]. [Found C, 28.36; Cl1l, 62,7; C C16S requires C, 28,2;

8
Cl, 62,5%] [M = 338 (base peak); 303(P-Cl, 17.5%); 268 (p-2Cl1,

30.5%); 233 (pP-3Cl, 34,8%); 198 (P-4Cl, 65.0%)1].

Attempted preparation of 6-methoxy, 2,3,4,5,7-Pentachlorobenzo-[b]-
thiophen,

4-methoxy a,p-dibromoethylbenzene (1.0g), thionyl chloride (5,0ml)
and sulphuryl chloride (2.0ml), in a sealed Carius tube, were heated
to 200°C for 18 hrs., poured into water, extracted with chloroform
and the extracts washed with sodium bicarbonate solution and water.
The dried (MgSOa) extracts from three such reactions were evaporated
to give the crude product containing two components, which were
separated by chromatography on silica [light petroleum (b.p,40-600)

as eluant]. The first component (1,046g) was Hexachlorobenzo-[b]-thiophen

m, p. 156-1570, identified by I.R. spectroscopy. The second component

was pentachlorostyrene (1,226g) mp, 109-109.5° (from methanol)

(1it m.p. 108°), [Found Cl, 63.7; CgH,Cl, requires C1, 64,1%]

T (CDCl3) 2,50 (doublet), 2.05 (doublet of doublets) [J = 8,6Hz

Trans
vicinal vinyl protons] 1,85 (doublet, %is = 2,4Hz vicinal vinyl protons).

M = 274],

3,4,5,6,7-Pentachlorobenzo[b] thiophen

(a) From the 2-lithio derivatives Hexachlorobenzo-[b]-thiophen(I)

(1.04g.) in dry tetrahydrofuran (100ml,) was treated at -70° with
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n-butyl-lithium in hexane (1.6 ml,, 2,0N) and the mixture stirred
for 1 hr. The temperature was allowed to rise to 0° and aqueous
tetrahydrofuran (20ml,, 50% v/v) added. The mixture was acidified
with hydrochloric acid (100ml., 2N), extracted with ether and the
dried (MgSO4) extrécts evaporated, Two components were present
which were separated by chromatography on silica [light petroleum
(b, p. 60-80°) as eluant], The first component (O.404g,) was
unreacted starting material (I), identified by I.R. spectroscopy.

The second component (O0.52g,) was 3,4,5,6,7-pentachloro-benzo[b] thiophen

m.p. 212-213° (from methanol) (Found: C, 31.2; H, 0.5; C_HC1.S

87°5
requires C, 31.4; H, 0.3%). The 1H n,m,r, spectrum showed a sharp
singlet at T 2,60 (in CCl4) and at T 2.02 (in acetone). [M = 304

(base peak); 269 (P-Cl, 29%); 234 (p-2Cl1l, 35%)].

(b) From compound (I) and lithium aluminium hydride - compound (I)

(0.5g.) and lithium aluminium hydride in tetrahydrofuran (20ml,, 0,076M)
were stirred under nitrogen at room temperature for 48hr, The mixture
was treated with water (50ml, ), extracted with ether and the dried
(MgSO4) extracts evaporated, Two components were present which were
separated by chromatography on silica [light petroleum (b.p, 60-80°)
as eluant], The first component (0,212g,) was unreacted starting
material (I), identified by I.R. spectroscopy. The second component
(0.189g.) was 3,4,5,6,7-pentachlorobenzo-[b]-thiophen m.p. 212-213°

identified by I.R. spectroscopy.
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3,4,5,7-Tetrachlorobenzo[b] thiophen

(a) From a dilithio derivative - (i) Hexachlorobenzo-[b]-thiophen

(1.0g.) in dry tetrahydrofuran (150ml.) was treated at -70° with
n-buty-lithium in hexane (10ml,, 2,0N), The mixture was stirred at
-15 to -20° for 1 hr,, water (50 ml,) was added and the mixture
extracted with ether and worked up as before, Two components were
present which were separated by chromatography on silica (light

- LI r rmn nOa . LN ] e . .
peLroieunt (v, p, VU=OU | dB5 cSiudnly, Lllle LIECSL COmpolelit was

3,4,5,7-tetrachlorobenzo[b] thiophen (0.713g.), m.p. 146-147° [from
light petroleum (b.p. 60-80°)7. (Found: C, 35.2; H, 1.0; .
08H2C14S requires C, 35.3; H, 0.7%). The 1H n.m.r, showed two .
doublets J, (0.6 Hz) at T 2.60 (due to H-2) and at T 2.54 (due

2,6
to H-6) (in CCI4); and at T 2,04 (due to H-2) and at r 2,29 (due
to H~6) (in acetone) [M = 270 (base peak); 235 (P-Cl, 23%)].
The second component, a yellow oil, was not identified.
(ii) The dilithio derivative was prepared as above in dry tetrahydrofuran,
Dry carbon dioxide was passed through the solution for lhr, during
which time the reaction reached room temperature. The mixture was
acidified (25ml, 2NHC1), extracted with ether and the dried (MgSO4)
extracts evaporated to give the crude product which was leached with
chloroform to remove unreacted starting material, The
3,4,5,7-tetrachlorobenzo-[b]-thiophen-2,6~dicarboxylic acid [M = 358]
was not characterised but was heated under reflux with copper powder

(0.6g) and quinoline (25ml) for 1 hr. The mixture was poured into

sulphuric acid (100ml, 50% u/v), extracted with ether and the dried
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(MgSO4) extracts evaporated to give the crude product, Chromatography
on silica [light petroleum (b.p, 60-80°) as eluant] gave

3,4,5,7-tetrachlorobenzo-[b] -thiophen, identified by I.R. spectroscopy,

(b) From a Grignard reagent - Compound (I) (0.55g.) and magnesium

(0.6g.) in dry tetrahydrofuran (20ml.) were treated with ethylene
dibromide (0,25ml, ), After the initial reaction had subsided, the
mixture was stirred at room temperature for 3hr, and then heated under
reflux for a further lhr, during which time ethylene dibromide (16 ml.)
was added, The mixture was treated with water (50ml.), extracted
with ether, and the dried (MgSO4) extracts evaporated to give a brown
0il which crystallised on standing,
Recrystallisation of the crude product from light petroleum (b,p,
40-60°) gave 3,4,5,7-tetrachlorobenzo~[b]-thiophen (0.04g.) identified
by I.R. Spectroscopy. .
Reaction of compound (I) (0,98g.) with magnesium (0,45g.) in dry
tetrahydrofuran (40ml,) at room temperature for 0,5 hr., with activation
of the metal by ethylene dibromide (0.2ml.), followed by hydrolysis
gave a product containing three components which were partially
separated by chromatography on silica [light petroleum (b.p, 60-80°)
as eluant]. The first component was unreacted starting material (I)
(0.283g,), identified by I.R. spectroscopy, while the second and third
components could not be separated on the preparative scale, This

material (0.48g.) was shown by 1H n.m.r. spectroscopy to be an
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equimolar mixture of 3,4,5,6,7-pentachlorobenzo[b]thiophen and

3,4,5,7-tetrachlorobenzo-[b]~-thiophen [In CCl4, the absorptions

at 7 2,6 and T 2.54 were in the ratio 2:1; in acetone, the
absorptions at 7 2,29 and 7 2.04 were in the ratio 1:2], from which

3,4,5,6,7-pentachlorobenzo-[b]-thiophen could be separated by

fractional recrystallisation,

A mono-isopropoxy-pentachlorobenzo[b]thiophen,

A mixture of hexachlorobenzo-[b]-thiophen(I) (0.5lg.), sodium
isopropoxide (0,6g.) and dry pyridine (10Oml,) was heated under reflux
under nitrogen for 3hr, The mixture was diluted with water, extracted
with ether and the extracts washed with excess hydrochloric acid (5N).
The extracts were dried (MgSO4) and evaporated, and the two
components present were separated by chromatography on silica [light
petroleum (b,p, 60-80°) as eluant]. The first component (0.11l5g,)
was identified as unreacted starting material (I) by I.R. spectroscopy.

The second component (0.35g.) was mono-isopropoxypentachlorobenzo[b]-

thiophen, m.p. 100-100. 5° [from light petroleum {(b,p. 40—600)]

(Found: C, 36,1; H, 2.3; C11H7CISOS requires C, 36.3; H, 1.9%),

[M = 362 (15%), 320 (P-CH_CH=CH

3 27 base peak)].

A monochloro-monothiophenoxy-4,5,6,7-tetrachlorobenzo-[b]-thiophen

Thiophenol (0.39g.) in dry pyridine (20ml.) was treated with
sodium hydride (0,1g,) and the filtered solution was added dropwise
to a solution of hexachlorobenzo-[b]-thiophen(I) (1l.uig.) in dry

pyridine (50ml.). The mixture was heated under reflux for 48hr., and
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worked up as in the previous experiment, Two components were
present which were separated by chromatography on silica. The
first component was unreacted starting material (I) (0.05g.)
identified by I.R, spectroscopy and the second component (O.50g.)

was a monochloromonothiophenoxy-4,5,6,7-tetrachlorobenzo[b]thiophen

m. p, 146-147° [from light petroleum (b.p. 60-800)] (Found: C, 40.3;
H, 1.2; C1, 43.3; Cl4H5C1582 requires C, 40.6; H, 1.2; Cl, 42,8%7),

iM = 412 (base peak); 377 (¢-Cl, 37%)7.

A dichloro-tetrathiomethoxybenzo-[b]-thiophen

Hexachlorobenzo-{b]-thiophen(I) (0.499g), sodium thiomethoxide
in methanol (6,5ml, 1.0M) and dry pyridine (40ml) were heated under
reflux for 6hrs, and worked up as above, Chromatography on silica
[carbon tetrachloride/10% chloroform as eluant] gave the crude product

(0.3g) which was sublimed (1200/0.01mmHg) to give a dichloro-tetrathiomethoxy

benzo~[b]-thiophen m,p 121-122° [from light petroleum (b.p.60—80°)]

[Found C, 37.49; H, 3,06; 012!{1201255 requires C, 37.2; H, 3.21%].

The 1H n.m,r, spectrum showed four absorptions at T 0,755, 7 0,749,

T 0,742, and T 0,733, [M = 386 (base peak); 371 (P-CH3, 20%);
356 (P-2cu3, 8%); 341 (P-BCH3, 6%)1.

2,3,4,5,6,7-Hexachlorobenzo{b] thiophen-1,1-dioxide

Hexachlorobenzo-[b]-thiophen(I) (0,86g.) in carbon tetrachloride
(50ml.) was added to a stirred solution of trifluoroacetic anhydride

(10 ml.) and hydrogen peroxide (5 ml,, 90%) in carbor tetrachloride
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(50 ml,) at room temperature, The mixture was heated under reflux
for 5 hr., diluted with water and the organic layer separated, dried

(MgSO4) and evaporated to give 2,3,4,5,6,7-hexachlorobenzo[b]~

thiophen-1,1-dioxide (0.8g.) m.p. 166-167° [from light petroleum

(b.p. 60-80°)]. (Found: C, 25.7; Cl, 56.7; S, 8.6. C4C1¢S0,

requires C, 25.8; Cl, 57.0; S, 8.6%). [M = 370 (73%); 306 (P-SOZ,
base peak)],.

Pyrolysis of Hexachlorobenzo-[b]-thiophen-1,1-dioxide

The dioxide (0.035g.) was slowly sublimed at 10-2 mm, into a
quartz pyrolysis tube packed with silica wool and heated to 840°,
Volatile material from the tube was collected in a liquid nitrogen
trap and chromatographed on silica [light petroleum (b,p, 60-80°)
as.eluant] to give hexachlorophenylacetylene (0,033g,) m,p. 137-1380,

identified by I,R. spectroscopy,

Diethyl 4,5,6,7-tetrachlorobenzo{b]thiophen-2,3~-dicarboxylate

Pentachlorothiophenol (6.3g.) in dry tetrahydrofuran (200 ml.)
was treated with sodium hydride (0,55g.) and after the initial reaction
hadceased, diethyl acetylenedicarboxylate (4.5g.) in dry tetrahydrofuran
(20 ml.) was added and the mixture was heated under reflux for 18 hr,
The solution was treated with hydrochloric acid (100ml,, 4N), extracted
with ether and the dried (MgSOa) extracts evaporated, The majof
component in the product separated by chromatography on silica (carbon

tetrachloride followed by chloroform as eluants) was diethyl-4,5,6,7-

tetrachlorobenzo[b] thiophen-2,3~dicarboxylate (7.1g.) m,p. 119-120°
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[from light petroleum (b.p. 60-800)] (Found: C, 40.6; H, 2.4;

Cl, 34,6; 014H10C14048 requires C, 40.3; H, 2.5; Cl, 34,9%).

[M = 414 (61%); 399 (P-CH., 6.4%); 386 (P—CZH4, 9,5%); 369 (P-C,H_O,

3’ 25

32%); 341 (p-C HSOCO, base peak)].

2
Treatment of pentachlorothiophenol (10,0g.) in dry

tetrahydrofuran (300 ml.) with sodium hydride (0.8g.) followed by

reaction with diethyl acetylenedicarboxylate (6.4g.) in tetrahydrofuran

{(20mi,) at reflux temperaiure {or 3ui. gave, after wocking the

mixture up as before, a crude product (9,3g.) which was separated by

chromatography on silica (benzene as eluant) into two components,

The first component was the above diester (1,2g.,), identified by

I.R. spectroscopy, and the second component was trans-diethyl-l-

pentachlorothiophenoxybutenedioic acid (6.7g.), m,p, 125-127°

[from light petroleum (b, p. 60-80°)] (Found: C, 36,9; H, 2,4; C1, 38.,8;
S, 7.4; C14H11C1504S requires C, 37,1; H, 2.5; Cl, 39.2; §, 7.1%).

[M = 450 (base peak); 415 (P-Cl, 86%); 405 (P_CZHSO’ 28%); 387 (P_CZHACI’

71%); 377 (P-CZH 0Co, 35%)].

5

Cis-ethyl B-pentachlorophenylthiocacrylate,

Pentachlorothiophenol (3.0g) in dry tetrahydrofuran (80ml)
was treated with sodium hydride (0,5g) followed by ethyl propiolate
(1.0g) in dry tetrahydrofuran (20ml.) and the mixture heated under
reflux for 0,5hr, and worked up as above to give the crude product

(3.4g). A portion of this (1.1g) was chromatographed on silica
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[carbon tetrachloride followed by benzene as eluants] to give

cis-ethyl B-pentachlorophenylthicacrylate (0.6g) m.p. 167-168°

[from light petroleum (b.p. 80-100°)] [Found C, 34.48; H, 1,59;

011H7C15025 requires C, 34.72; H, 1.86%]. [M = 378 (75%);

333 (P-Czﬂ 0, 70%); 245 (P-SCH=CH-CO,C_H_, base peak)].

5 27275

Ethyl 4,5,6,7-tetrachlorobenzo-[b]-thiophen-2-carboxylate

Diethyl 4,5,6,7~tetrachlorobenzo~|bj-thiophen-2,3~dicarboxylate
(0.5g), sodium ethoxide (0.lg) and dry pyridine (50ml) were heated
under reflux for 24hr,, poured into sulphuric acid (100ml., 50% u/v)
and extracted with ether, The extracts were washed with further
sulphuric acid and finally washed with water. Evaporation of the
dried (MgSOa) extracts gave the crude solid (0.49g). Two components
were present which were separated by chromatography on silica
[benzene as eluant]. The first component was unchanged starting
material (0.llg) identified by I,R. spectroscopy. The second

component was ethyl 4,5,6,7-tetrachlorobenzo-[b]-thiophen-2-carboxylate

(0.26g) m.p. 109-110° [from light petroleum (b.p. 60-80°)]

[Found C, 38.49; H, 1.88; C1, 41,8; 5, 9.7; 011H6CI4OZS requires

C, 38.40; H, 1.76; Cl, 41.23; S, 9.23%]. The lH n.m.r. spectrum in
CCl4 showed a triplet t 9.6 (methyl protons), quartet 71 5.6 (methylene)
[J = 7Hz] and a singlet T 2,04 [T 1.77 (acetone)]., [M = 341 (45%);

312 (p-C_H_., 26%); 296 (P-C_H.O, base peak); 268 (P-CZH

2°5° 2°5 0CO, 20%)].

5
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4,5,6,7-Tetrachlorobenzo[b] thiophen-2,3~-dicarboxylic acid dihydrate,

Diethyl 4,5,6,7-tetrachlorobenzo-[b]-thiophen-2,3-dicarboxylate
(0.5g.) was heated under reflux with sulphuric acid (40ml,, 50% v/v)
for 7.5hr., The mixture was diluted with water, extracted with ether,
and the dried (MgSO4) extracts evaporated, The crude residue (0.4lg)
was legched with boiling benzene, and the impure product which did

not dissolve was recrystallised from water to give 4,5,6,7-tetrachloro-

LT B v ~ A = - P P R [a)
Lengzo| b} thiophen~Z, 5-dicarboxylic acid dihydrate m, p. 280

(decomp. ) (Found: C, 30.2; H, 1,2; ClOH6014O6S requires C, 30,3;

H, 1.5%).

4,5,6,7-Tetrachlorobenzo[b] thiophen,

(a) From 4,5,6,7-tetrachlorobenzo[b]thiophen-2,3~-dicarboxylic

acid dihydrate. The above diacid (0.9g)., copper powder (1,0g.) and

quinoline (60ml,) were heated under reflux for lhr, The mixture was
acidified with sulphuric acid (200ml,, 50% v/v) extracted with ether
and the extracts washed with further sulphuric acid (50% v/v), dried
(MgSOa) and evaporated. The crude red oil which remained (0.79g.) was
chromatographed on silica [light petroleum (b,p. 60-80°) as eluaﬁt]

to give 4,5,6,7-tetrachlorobenzo[b] thiophen (0.32g,) m,p. 209-211°

[from light petroleum, (b,p. 60-80°)] (Found: C, 35.1; H, 0.7;
C8H20148 requires C, 35.3; H, 0,7%). The y n.m.r, spectrum in CCl

was a distorted AB spectrum with H-2 at 2,467 and H-3 at 2,567

(

4

J2 3 5,6Hz), In acetone, the chemical shifts were: H-2, 1,96T;
3

H-3, 2.3871 (J 5.6Hz). [M = 270 (90%); 235 (P-Cl,base peak);

2,3
200 (P-2C1, 20%); 165 (P-3Cl, 20%)].
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(b) From 2,3,4,5,6,7-hexachlorobenzo[b]thiophen(I) - A mixture of

compound (I) (0.2g.), the catalyst (0.15g., 10% Pd on Charcoal)
potassium hydroxide (0.2g.) and methanol (40 ml.) was shaken in an
atmosphere of hydrogen at room temperature and atmospheric pressure
until 30ml, of hydrogen had been absorbed. The solution was filtered,
diluted with water, extracted with ether and the dried (Mg8045 extracts

evaporated to give 4,5,6,7-tetrachlorobenzo~-[b]-thiophen (0.157g.)

m,p. 210-2110, identified by I,R. spectroscopy.

(¢) From 3,4,5,6,7-pentachlorobenzo[b]thiophen - a mixture of this

compound (0.12g.), the catalyst (0.lg,, 10% Pd on C), potassium
hydroxide (0.2g.) and methanol (20 ml,) was shaken with hydrogen at
room temperature and atmospheric pressure until 8 ml, of hydrogen
had been absorbed. The mixture was worked up as before to give -

4,5,6,7-tetrachlorobenzo-[b]-thiophen (0.105g.) m.p. 210-211°,

identified by I.R. spectroscopy.

(d) From the monochloro monothiophenoxy-4,5,6,7-tetrachlorobenzo[b]-

thiophen - a mixture of this compound (0.46g.), the catalyst (0.9g.,
10% Pd-C), potassium hydroxide (0.3g.) and methanol (40ml,) was shaken
with hydrogen at room temperature and atmospheric pressure for 8hr.
and the solution was worked up as before. Two components were present
which were separated by chromatography on silica [light petroleum
(b.p. 40-60°) as eluant), The first component was unreacted starting

material (0, 146g.), identified by I,R. spectroscopy .nd the second
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component was 4,5,6,7-tetrachlorobenzo-[b]-thiophen (0, 236g.)

m, p. 210-211° identified by I.R, spectroscopy.

Reactions of 4,5,6,7-Tetrachlorobenzo-[b]-thiophen.

a, Sodium thiophenoxide

Sodium thiophenoxide in dry pyridine (10Oml., O,0lM) was
added to 4,5,6,7-tetrachlorobenzo[b]thiophen (0,25g.) in dry
pyridine (40ml.) and the mixture heated under reflux for 4hr,,poured
into water, extracted with ether and the extracts washed with hydro-
chloric acid (50% v/v) and water. Evaporation of the dried (MgSO4)
extracts gave a crude yellow solid (0,442g) shown to contain three
components which were separated by chromatography on silica,.

The first two components [light petroleum (b.p. 60-80°)/
carbon tetrachloride (75/25 v/v) as eluant] were unreacted starting
material (O,l4g,) identified by I.R. spectroscopy and the major

product (0,115g) a dichloro-di(thiophenoxy)benzo-[b]-thiophen

m. p. 159.5-160° [from light petroleum (b,p. 80-100°)] [Found C, 56.98;
H, 2.6; C,H, ,Cl,5, requires C, 57.28; H, 2.9%] [M = 418 (27%);
310 (36%); 277 (P-PhS, base peak)].

The third component (carbon tetrachloride as eluant) was a

monothiophenoxy trichlorobenzo-[b]-thiophen (0.025g,) identified by

Mass Spectroscopy [M = 343,900, CI4H7(‘.13S2 requires 343,905].

b, Sodium thiomethoxide,

i, Room Temperature - Sodium thiomethoxide in methanol
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(9.9ml., 0.23M), 4,5,6,7-tetrachlorobenzo-[b]~-thiophen (0, 605g)

and dry pyridine (40ml,) were stirred at room temperature for 18hr.,
and worked up as above, Evaporation of the dried (MgSO4) extracts
gave the crude product shown to contain three components which were
separated by chromatography on silica [light petroleum (b.p. 60-80°)
as eluant]. The first component (0.22g) was unreacted starting
material identified by I.R. spectroscopy, the second component

{0,08g) was an impure oil shown to contain as the major component a

mono( thiomethoxy)trichlorobenzo-[b]-thiophen by Mass Spectroscoéy

[M = 281,887; 09HSCI3S2 requires M = 281,.889], The third component

(0.31g) was a dichloro-di( thiomethoxy)benzo-[b]~-thiophen m,p. 127-128°

(from methanol) [Found C, 40.86; H, 3.06; ClOHSCIZS3 requires

C, 40.68; H, 2,73%] [M = 294 (base peak); 279 (P-CH,, 60%); 264 (P-ZCH3,

3’
10%)1.

ii, Reflux Temperature - Sodium thiomethoxide (4ml, 2,0M)

4,5,6,7-tetrachlorobenzo-[b]-thiophen (0.51lg) and dry pyridine (40ml.)
were heated under reflux for 5hr. and worked up as before, Evaporation
of the dried (MgSOa) extracts gave the crude product shown to contain
two components which were separated by chromatography on silica

[carbon tetrachloride as eluant]. The first component (0,17g) was

the dichloro- dif(thiomethoxy)benzo-[b]-thiophen m.p. 127-128° prepared

previously, identified by I.R, spectroscopy. The second component

(0.19g) was a tri-(thiomethoxy)monochlorobenzo~[b]-thiophen m. p. 99-100°
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(from methanol) [Found C, 43.1; H, 3,25; Cllﬂllcl S4 requires

C, 43.05; H, 3.6%] [M = 306 (base peak); 291 (P-CH.,, 16%);

3)
276 (P-ZCH3, 10%)1].
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Theoretical Calculations

Introduction

The discussion here provides background theory for the
semi~-empirical molecular orbital treatment used in this work to
obtain charge distributions for molecules investigated by ESCA,
that could be used in conjunction with the charge potential model
(discussed in CH3 and CH4), The calculation of ground state
energies and electron distributions involves solving the Shrodinger
wave equation for each of the molecules considered. The
complexities of these were such that a major non-empirical LCAO
MO treatment was not possible. The calculations have therefore
been carried out employing an approximate treatment in the all
valence complete neglect of differential overlap (CNDO) SCF MO
formalism as developed by J.A. Pople and co-workers.222 The
program to perform the calculations has been implemented on the
Northumbrian Universities Multiple Access Computer (NUMAC) IBM 360/67,
Modifications by D.B, Adams, to allow increased basis sets, and
I.W. Scanlan, to allow exclusion of d-orbitals on second row atéms

have been included.

A, Elementary Quantum Mechanics223

The Schrodinger equation for a conservative system (one whose

total energy does not vary with time) is given by:

Hy = E vy II.1
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where H is the Hamiltonian or total energy operator, E is the
eigenvalue corresponding to the total energy of the system and
Y is a mathematical function of all the co-ordinates of the
system (excluding time) called the eigen or wavefunction,

For molecules, the Born-Oppenheimer224 approximation assumes

that the nuclear and electronic wavefunctions are separable.

II.2

Using the Born-Oppenheimer approximation the electronic

Schrodinger equation
HY = EY I1.3

is first solved for fixed positions of the N atoms within the
molecule, The resulting electronic energies Ee form a potential
energy surface V(E;, ;;, . ;;) where RN specifies the co-ordinates
of the Nth atom within the molecule, This leads to the Schrodinger

equation describing the motion of the nuclei,
HYy = E/Y IT. 4

The nuclear Hamiltonian is given by:

— 2 2 < -+ -+
= h__v
B = Z -3 N + V(R,,R,, ... Ry) 11.5
N N
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where éﬁ;— N is the kinetic energy operator for the Nth

nucleus, Equation II.4 may then be solved to yield (with II,3) the

approximate total wave function ¥ and total energy E,

A further approximation made in the solution of (II,3) is the

neglect of relativistic effects, The non-relativistic, spin free,

electronic Hamiltonian is given, in atomic units, by the expression:

L I ~
N 1-=

=1
(0]
L}
- ha -1

2 ToZN N 1
Vi~ L )t 2L ¥ (e
N

Ni i> ij
172 . ,
where - i§7; represents the kinetic energy operators of the
C 2
individual electrons i, - >J N are the nuclear-electron attraction
N N

potential energy operators, ZN being the charge on nucleus N and Tvi

the distance between this nucleus and electron i are the mutual
ij
repulsion operators for electron repulsion between electron pairs ij,

Solution of equation II.6 gives the electronic energy, E , of
the molecule and this with the nuclear repulsion energy, By gives
the total energy of the molecule for fixed co-ordinates of the N atoms

of the molecule, The nuclear repulsion energy is given by:

N
N

Nr

&

]
]
b2
[v] [\, ,
wl»
=]

where ZA is the core charge of atom A and RAB is the inter-nuclear

distance,

. 1 . .
For many electron systems terms in T representing inter-
: ij
electronic repulsions have to be included as part of the potential
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energy of the Schrodinger equation, If interelectronic interactions
could be neglected the total wave function could be expressed in

terms of a summation of products of one electron functions,

b3
]

wa(l) wb(z) \l}k(n) I1.7

and

H = H + H I H 11.8

In this form the wave function would be separable into a
set of equations each involving only the co-ordinates of one electron
and solution of these equations would give the y's. Although inter-
electronic repulsion cannot be completely neglected it cannot be
taken properly into account since the many body problem is not
exactly soluble in either quantum or classical mechanics, The idea
of a one-electron function (the orbital approximation) is conceptually
simple and it is therefore useful to consider products of one
electron functions and to determine how close they may be made to
approach to the exact functions, Within the orbital approximation
the average repulsion experienced by one electron due to the other
electrons in the system can be adequately described,but instantaneous
correlations of electronic motions are relatively difficult to
incorporate,

Associated with each electron is a spin (mS = 4+ %) and the two

possible spin functions are written as a(ms = 4 %) and ﬂ(ms = - %),
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The product of a spacial orbital and a spin function is known as

a spin orbital ¢,

¢i(1) = wi(l)a or wi(l)B II1.9

where wi is a function depending only on the space coordinates

of the electron, Also, o and B are orthogonal
j ap dv = O IT.10

This separation into spin and space coordinates is only possible
because the non-relativistic (spin free) Hamiltonian was used.

The total wave function must be in accord with the Pauli antil
symmetric principle that interchange of any two electroms changes

the sign of the wave function, The single product wave function

¥(i,2, ... 2n) = ¢1(1)a wl(Z)B WZ(B)a - ¢n(2n)B II.11

(n spin orbitals, 2n electrons),
is not antisymmetric but can be made so by writing it in

determinental form.

(1,2, ... 2n) = — ¥1(Da wl(l)rs (e ... ¢ (1)

ey @B (D ...y (2B

¢1(2n)a ¢1(2n)B w2(2n)a . e. wn(Zn)B

I1.12
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where /% , is a normalising constant, This is known as a Slater
n.

determinant and is often written in abreviated form.

¥y (1,2 ... 2n) = | ¥y 4B w0 B ... ¢ oy Bl II.13

where only the diagonal elements are shown on the normalisation
constant is understood, Exchange of any two electrons interchanges
two rows of the determinant therefore reverses the sign ensuring
antisymmetry,

The wavefunctions must be continuous, single valued, and have an

integrable square capable of being normalised,
J¥y dr=1 II.14

Also different eigenfunctions of the same Hamiltonian corresponding

to different eigenvalues are mutually orthogonal, Therefore

fwi ¢j dr = 611 6 1 for i = j IT.15

(o]
1]

0 for i # j

As the determinental wave functions are approximations a
measure of how close the approximate wave functions approach the
true wave function description of a given system is required. The
variation theorem provides such a criterion.

The variation principle states that, given any approximate
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wave function satisfying the boundary conditions of the problem,
the expectation value of the energy calculated from this function
will always be higher than the true ground state energy.

Therefore if § is an approximation to the exact wave function

fq,*u\ydT = E > E°

£® iz the true SnETEY. Th
starting with a trail wave function containing one or more

variational parameters and then minimising the energy with respect

to the parameters, The simplest approach to obtaining suitable

trail functions for molecular orbitals is to take a linear combination
of atomic orbitals (LCAO method) based on the reasonable assumption
that the electronic distribution in a molecule can be represented as

a sum of atomic distributions. This linear combination of basis
functions is known as the 'basis set' and, as the number of functions
tends to infinity the perfect wave function is approached,

Now if the molecular orbital ¢ is a linear combination of

appropriate atomic orbitals ¥
i

n
vy = Z Cixi II.16
i

The coefficients Ci are used as variational parameters, although the

parameters could equally well be incorporated into the basis functions xi



themselves.

) j ¢ Hy dT

T Ve

Z. C*icj .[X:l. H xj dr

13
T *
ij
\‘_\' *
L C icj ij
= 1j
5 C* C
L i7j ij
ij
where
H, = |yx" Hy d
ij - )% Xy T
s.. = [x* x d
ij J% Xy @7
V%
- . = 0
Zci cj (Hij ESiJ)
i
differentiating with respect to Ck
n
N * kY * dE
\ - A R
L Ci (Hlk E Slk’ 2 Ci CJ SlJ bCk
1=1 i,
.. OE
For a minimum value of E, 3 - 0 for all k,
k
n
) *( ES,, ) =0 k = 1
Z_ Ci Hik - Sik = 0, = to n.
i

I1.17
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The sets of n simultaneous equations are known as secular
equations as for a non-trivial solution the n x n secular determinant

must equal zero

The roots of the equations El’EZ ... En can be found and

by substitution back into II, 17 the coefficientsC, may be determined

i

and hence (from II.16) the molecular orbitals,

a. The Hartree-Fock Self Consistent Field Methodzzs’226

The method consists of minimising the energy resulting from the
single determinental wave function to derive a set of integrodifferential
equations (the Hartree-Fock equations)., The Hartree-Fock wave function
is the best wave function which can be constructed by assigning each
electron to a separate function (or orbital) depending only on the
coordinates of that electron, In molecular orbital calculations it
is not possible to use a mathematically complete set of functions (an
infinite set) and only approximate solutions can be obtained, The
best single determinental function constructed within a finite basis
get is the self consistent field function,

Suppose the wave function for a system of n electrons is written

as a single product of n spin orbitals.

y = wa(l) wb(Z) q;k(n) TI.18



N
N
o

The energy of this wave function is given by:

E = d.rYH‘yd'r II.19

where H is the complete electronic Hamiltonian written in the form

H = 5 HC + Y (—l—) + Vv 11.20
‘L (i) L rij nn :
i 13

where Hc(i) is the so-called core Hamiltonmian which consists of the
kinetic energy operator and the electron-nuclear attraction terms
for electron i and Vnn is the nuclear repulsion energy.

Substitution of II,18 and .20 into .19 gives

k
T N
E o= ) B+ ) J_ + v 11.21

L rr rs nn

r=a pairs
TS

C [ C

h = ]
where H rr Ju BOu dr

and

s = JJe e (%j) b (DY (Ddrdr,

Terms involving HC are the energies that each electron would
have if all other electrons were absent, The final parts of II.21
give the total repulsion energy. The wave function II,18 does not

satisfy the antisymmetric requirement but this can be corrected by
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converting it to a Slater determinant of spin orbitals

Yoo= ey e by 11.22

Providing the spin orbitals are mutually orthogonal, substituting

I1.22 into II.19 gives

k
E = ) R+ Y (G -K ) + ¥ 11,23
L Mer L rs rs nn
r=a pairs
rs

This differs from IL 21 by terms in Krs

Ko = [[o.0 0,0 (5= ) 1,0 v ar, ar 12

Yy ij

Jrs is termed a coulomb integral and Krs an exchange integral.
If wr and ws have different associated spin orbitals (one a,the other
B) then it follows from integration over the spin co-ordinates that
Krs is zero,

Applying the variation principle to the wave functions in 1I.18
and IT1.22 and requiring that the respective energies be minimised is
sufficient to define the orbitals ¥, Orbitals defined this way are
known as SCF orbitals. Orbitals defined with respect to the anti-
symmetrised product (II.22) are the Hartree-Fock orbitals, The
conditions defining these orbitals are now examined,

Suppose the function II,22 does not give the lowest energy of
the state, Then there is some other function say

AL A A II.25
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which has a lower energy, Assuming that W; differs only

slightly from wa and can be written

1I.26

where wt is a spin orbital orthogonal to the set wa .o ¢k.

Providing Ct is small w; will still be normalised, as re-normalisation

I’
only involves a term in Ct“. Using IT1.26, II.25 can be written

14 R S A A A

v o+ thta IT.27

ie ¥' is formed by adding to ¥ a small amount of the state Yta which
arises from excitation of an electron from wa to wt' For Y to be
the best wave function of its type Ct must be zero and the Hamiltonian

integral between Y and Yta (termed Fat) must also be zero.
F, = [vyryfr = o II.28
at J a :
Expressing I1,28 in terms of spin orbitals
k
= uC \ { " . (1 ) . .
Fat Hpe 7 Z,\J] wa(l)ws(J)(rij wt(l)ws(J)dTide
s=a

[ . L\ i .
- Jj@a(l)ws(J)(;;;/ ws(l)wt(J)dTide} II.29

For this to be zero for any spin orbital (not just wa) it is necessary

that the y§ be eigenfunctions of the operator F, This operator must




then depend on its own eigenfunctions, I1,29 can be written

k

F = &° \"(
= +, Q- Ks) 1I.30

s=a

where Js and Ks are coulomb and exchange operators defined by

their integrals

- (L .
(Js)at - j]ba(l)ws(J)(rij> tl't:(l)q’s(j) dTide
k), = ﬂ‘q;a(i)q:s(j)(\r—;)\bs(i)qlt(j) drydr, I1.31

The potential governing the SCF orbitals consists of the core
potential, the coulomb potential of all the electrons and an
exchange potential for each electron, Since the coulomb and
exchange potential depend on the orbitals themselves, an iterative
method has to be used to calculate the SCF orbitals,

The eigenvalues of F (the Fock operator) may be called the

orbital energies, Thus from II.29

K
e = F_ = H +2(J-K) I1.32

k k k k

N _ T .C Z\‘

L% = L Hrr + ZJ(Jrs + Krs) II.33
r=a r=a r=as=a

229,
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Comparing this with II,23 and noting since Jrr = Krr that

k k
T X
/) L (Jrs + Krs) =2 (Jrs - Krs) II.34
r=a s~=a pair
rs
then K
v N
E o= e = ) U - K + Vi II.35
r=a pairs '

rs

Thus even for SCF orbitals the total electronic energy is
not just the sum of the orbital energies plus nuclear repulsion

energy,

For a closed-shell configuration with each orbital being

accupied hy two electron with o+ R sping,; expressions IT, 23; IT 29
and II,32 are:
(11.23) E=2\THC+2\—(2J -K )+2J +V 1I.36
) L Prr A rs s rr nn °
r pairs r
rs
k .
(11.29) F_, =K, +) {2] ] 04, (F=r (D, (Dana
: at at L. J a s r,./'t 8 i Tj
= 1]
s=a
My G ; (L\ (i . 1
Jwa(l)¢s(3) rij/ ¢s(1)¢t(3)dTidei 11.37
k )
(o N
(11.32) U Hrr + ZJ (2JrS-Krs) = Frr I1.38
s=a

where the summation is carried out over all occupied orbitals, not

spin-orbitals.
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If the SCF orbitals are represented by the LCAO approximation

C ¢ II.39

then substituting II,39 into II,37 and picking out terms in

Cap Cev
k
. _ Hn AN Y'U . P PP A I W 1 )de d
ruv - [VAY + L Z;ZJ ps bcs 1ZJJ¢M(1)¢p(J)\r..}¢v(1)¢o(J) T Tj
s=sa po 1
e NSRS AT
_JJ¢u(1)¢D(J)<r'4)¢6(1)¢V(J)d ide} II.40

J
The SCF orbitals for a closed-shell system in this form are

then determined by solving the secular equations

c (F -ES ) =0 II.41
S TAY [VAY

< P

through the determinant

-ES = 0 II.42

. 22 , .
These are known as Roothaan's equations, 7 An iterative process

is necessary for the solutions of II.4l since FMV depends the

co-efficients Cv.

The Basis Functions

The molecular orbitals used to describe a system of electrons

and nuclei are generally expanded in terms of a linear combination
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of atomic orbitals (cf equation II.39) and the atomic orbitals can
be further described as a linear combination of functions X known

as the basis functions (cf equation II,16)

e. ho = L Ci¥;

and ¢i = Z.Cuixu

A complete solution of the Hartree-Fock problem requires an infinite
basis set but a good approximation can be achieved with a limited
number of functions, Molecular orbital theory is simplest to apply
and interpret if the basis set is minimal, that is, when it consists
of the least number of atomic orbitals of the appropriate symmetry
for the ground state, A typical basis set for organic molecules

consists of a 1ls orbital for hydrogen, 1s, 2s, 2px, 2p , 2pz for

y
carbon, nitrogen etc, and ls, 2s, 2px, 2py, 2pz, 3s, 3px, 3py, 3p

z
for chlorine, sulphur etec,

Two types of basis function are used in Hartree-Fock calculations,
Slater type functions and gaussian type functions, The simplest
type of atomic orbital to use in a minimal basis set (and the one
used in CNDO/2) involves the Slater type orbitals and the functions
are of the type

n-1 -§&r

¥ (r,9,¢) = N_ e 77, Ylm(e @) 11.43

where N is a normalisation factor, n is the principle quantum number
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and §y is the orbital exponent, Angular dependance is given by

the spherical harmonic terms Ylm(e ®). These are, for hydrogen,

g3, 15 (- &1

for atoms lithium to fluorine,

¥ = (F slag_\% r. cos § (- Ex/2)
l\2p NS § -y

1 B}
Y = (E 2/96m)2. ¢ (- E1/2)

For gaussian type functions the radial part is of the form
[exp (-arz)]. The disadvantage of the G.T.0's (gaussian type orbitals)
is that in the vicinity of the nucleus a linear combination of several
G.T.0's must be used to give correct radial dependence where only a

single STO is needed

b, Semi-empirical All Valence Electron, Neglect of Diatomic Overlap

Method., (NDDO).

For molecules of even moderate size, minimal basis set calculations
of the non-empirical type can be come computationally very expensive,
One of the main obstacles is the evaluation of all the multicentre
integrals involved, The NDDO method reduces the number of integrals
to be evaluated either by approximating them to zero or estimating

them from empirical data,
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The approximations involved are:

(i) Only valence electrons are specifically accounted for, the

inner shells being regarded as an unpolarisable core,

(ii) Only atomic orbitals of the same principle quantum number as

that of the highest occupied orbitals in the isolated atoms are included
in the basis set,

(iii) Diatomic ditferential overlap is neglected, That is, if the

orbitals X and xj are not on the same atom.

Sij = in(u) xj(u) dr = 0

and

' 1 ..
dei(p) xk(v)(;ECJXj(p)xe(v) dTpdTv = <:1J|k1> = 0

unless X and Xj are atomic orbitals of atom A and X and Xa
are atomic orbitals belonging to the same atom A or B.

The first approximation permits the inner electrons to be
neglected, taking them as part of a core where charge will be
approximately equal to the nuclear charge minus the number of core
electrons, The second approximation considerably reduces the
initial number of integrals to be calculated, Thirdly, all three
and four centre integrals and some two centre integrals are reduced

to zero,

c. All Valence Electron Complete Neglect of Differe::ial Overlap

Method (CNDO).

Even with the above approximations the number of integrals to

be evaluated is still large and further simplifications are desirable,



In the CNDO method all one and two centre integrals involving
differential overlap are set to zero, Writing the electronic

interaction integrals

roo2 71N 42
Xy W) 7 kB (v) dr dr, I1.44
YRY
as [, _. The Fock matrix elements F,, become
AB 1]
= P - 1 .
Fii Hii + (,.AA 5 Pii) TAA + __PBBTAB I1.45
and
= - L . v
Fij Hyy 5P iTap (i # 1) 11.46

where the atomic orbital )<,i is centre on atom A and xj on atom B,

235,

Pij are the components of the charge density and bond order matrix,

P.. = 2 a6 a|, I1.47

and PAA is the charge on atom A

PAA = P.. II.48

The core matrix elements Hii may be separated into two
components, the diagonal matrix elements of Xi with respect to

the one-electron Hamiltonian containing only the core of its own




atom (U,, ), and the interactions of an electron in xi on atom A
ii

with the cores of other atoms B.

Hii Uii - [,VAB I1.49
B#A

Therefore 1II.45 may be written as

™ = i i - o . -
Fig T U T (pn = 3500+ (Ppplyp=Vap) I1.30

B#A

and the total energy may be written as the sum of one and two

atom terms.

: . II.51
LA A<B AB
A
where
A AB
A . : R 2
= 1 — 4
By = L Pai%i T 2L PusPyy - P s I1.52
i ii
and
AB
v 2 1
= ) -1 —_ -
E,p L)d (2Pinij 2 Pij PAB)+ (zAzB R, PoaVanPapVan
i i
+ PAAFAB) I1.53

where RAB is the distance between nuclei A and B,
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Due to neglect of the one-centre electron interactions involving
differential overlap between two orbitals some one centre exchange
integrals such as « 2s prl 2s 2px>>are omitted and the CNDO method
does not show quantitatively the effects of Hund's rules, For

calculations on closed shell ground states this defect is not serious,

Evaluation of Integrals in CNDOQ/2,

(i) One electron

An estimate of this integral can be obtained from spectroscopic

data, It can be shown that

Uii = -Ii - (ZA-l)I"AA 11.54
where Ii is the ionisation potential of an electron from an orbital
X, on atom A (referred to the appropriate average atomic states),

Alternatively, atomic electron affinities (Ai) may be used
-A, =U,. +2, T I1,55
but in order to account for the tendency of an atomic orbital to

acquire and loose electrons, the relationship used in CNDO/2

calculations is:

-3 (I, + A) = U, + (Z,-PT

i i ii AA IL.56

* = -1 - - 4
R U, 2 (1, +4) - (Z,- 2T, 11.57
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(ii) One-centre, two electron integrals IAA

These are calculated from the electrostatic repulsion energy of
two electrons in a Slater s-orbital irrespective of the fact that the

orbitals concerned may be p or d-orbitals, Thus,

2 1y 2
Tag = JJ%6aW) I“ruv) Xgp (V)7 dT, I1.58

(iii) Two-centre. twn electron integrals |

The most difficult problem in semi-empirical methodsof
solving the Hartree-Fock problem is satisfactory evaluation of
two-centre, two electrom integrals, In CNDO/2 these are

calculated as

= 11y 20,y (L 2
Tng = JJ%sa () Rruv> Xsp (v) dTﬁdTQ 11,59

where Xg and Xgp are the Slater s-type orbitals for atoms A and
A B

B. These integrals represent the interaction between electrons in

valence orbitals on atoms A and B, Formulae for these integrals

have been listed by Roothaan,228

(iv) Two-centre  one electron integrals Hjj (Resonance integrals).
This integral is taken as being directly proportional to the
overlap integral Sij between orbitals )(,i and xj centred on A and B

respectively,

S, . II.60
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where Slater atomic orbitals are used to calculate Si" To

preserve rotational invariance, should be characteristic of

0
BAB
)<.i and xj but independant of their coordinates. The parameter B:B

)
is therefore taken as the average of a B parameter for each atom,
II.61

o . . . .
he parameters EA are chivsen Lo reproduce results obtained

. e . 22
from experiment or 'ab initio' calculations, ?

(v) Coulomb Penetration Integrals V

AB
In the CNDO/2 method the effect of the interaction of an

electron in orbital xi on atom A with the cores of other atoms B
(equation II.49) are neglected and coulomb penetration integrals

estimated as:

V' = 2,T IT.62

Electron Distribution in Molecules.

Charge Density

When the molecular orbitals wm have been determined the charge
density may be analysed in terms of the basis functions X - For
two electrons in each occupied molecular orbital the total charge

density P is given by:

occ
P2l T g R I1.63
m k1
where P, . is the density matrix defined in equation II.47. The

kl




diagonal element P is the coefficient of the distribution sz

kk
and measures the electron population of that orbital. The off

diagonal elements Pkl are overlap populations related to the overlap
region of atomic orbitals % and xl. In order to assign a specific

charge to each atom a Mulliken population analysis is used, The

total electron population of an orbital xk is given by

aa = P _ + . P _§ IT. k4
K KK . kil ki
k#1
where Skl is the overlap integral. Since in the CNDO epproximation
overlap is ignered, then
9 = Pkk I1.65

and the total charge density on atom A is given by the sum over all

atomic orbitals centred om A,

A
P = L.P II.66
and the net charge on atoms A is given by:

charge = PAA - ZA I1.67

where ZA is the effective atomic number (i.e, the atomic number

minus the number of core electrons),

240,
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& Charge
The & electron charge of an atom is taken as the value of

the diagonal element P of the electron density matrix, out of the

kk

plane of the molecule, The difference between this value of P
kk
and the number of &t electrons the atom contributesis then taken

as the n charge on the atom.

The difference between the net (or total) charge on an atom
(equation II,67) and the = charge as defined above is taken as the
o-charge,

As observed previously, ascribing an electron population to a
given atom is a simplification since the electron distribution is
a continuous function, The analysis gives only a crude idea of the
electron distribution within a molecule but the idea is conceptually
close to qualitative ideas of charge distributions in organic molecules,
The CNDO/2 charge distributions, used in conjunction with the
charge potential model, have been shown to give a good quantiative
description of observed ESCA chemical shifts, The treatment is,
however, less accurate for second row atoms but this should be overcome
by better parameterisation of the basis functions in the CNDO

treatment,
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A Nong-Rigorous Derivation of the Charge Potential Model,

For a closed shell molecule described by the Slater determinental

wave function (cf II.13)

Yoo = | e ¥ | III.1

k
= ‘) - ; -
EM 2 er L/_‘ (ZJrS KrS) + Vnn I1I1.2
r=a pairs
rs

The orbital energies €. may be expressed as;:

k
2 _\ n v
o = _; - — ~, -
“r < ¢r' 2‘;a. L rnll v > ¢ [ (2Ig m Kyg)
s=a
k
= H_°°"C 4 (23 - K_)
T rs rs
s=a
k k k k
. 5 core RO
= ) -
Z-er Z.Hrr + L L (ZJrs Krs)
r=a r=a r=a s=a
k k
now ;o (23 -K_) = 2 (27 -K_)
Lo rs rs L rs
r=a s=a pairs
rs
k k
.Y _ N core <
‘ L% L_Hrr + 2 Z;(zjrs - K s)
r=a r=a pairs
rs
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-
.. E, = - H + (23 -K_) + V III.3
M : A r T nn
If one electron is now removed from spin orbital wa’ then the energy

of the ionised state (provided the wavefunctions of the other

electrons remain unchanged) is given by:

by = Wy wreveennn Wyl II1.4
k
core
EM+ = ;Hrr +L (2Jrs - Krs) + v]rm I1I.5
r=b pairs rs
r#a,s#a
k
core "\ _ ;
L EM-EM+ = H__ 2 (2Jas—Kas) = e, I1I.6
s=4a

It follows that -e, can be equated to the ionisation potential (EMf - EM)
which is the energy required to ionise the molecule, providing that
the ionisation process can be adequately represented by the remdval
of an electron from an orbital without a change in the wavefunctions
of the other electrons, This is known as Koopmans' Theorem,

In practice the wavefunctions of the other electrons do change
in going to the ionised state and this electronic reorganisation lowers
the energy, so that ionisation potentials computed assuming Koopmans'
theorem are too large, The degree of 'localisation' about the nucleus

of core electrons depends very little on the chemical environment
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of the atom so that AEr (the reorganisation energy) is roughly

eorg,
constant for a given core level, The shift in a given core level

is given by;

Ashift = Ae + AEreorg + AEcorr + AErel.

and other terms being either small or effectively constant

Ashift ~ Ae III.7

The change in electronic environment about a given atom in going
from one molecule to another is due to the difference in valence
electron distribution, the core electrons being localised on their
respective atoms. It is natural therefore to develop a model in
which shifts in core binding energies may be related to changes in
valence electron distribution, The potential model attempts to do
this,

Consider the expression for the orbital energy,

k

= 2 \ Zn kY

e, = <V | AV Z . | v, >+ Z (23 = K_) 11I.8
s=a

where the Wr's are MO's, Zn is the nuclear charge of atom n and the

summation of the second term extends over all occupied MO's,
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Expanding,
2 Zm
= -1/ - —
®r <:\"r ' 2 Vi1 rmll wr >+ Jrr
k
N\ 2n v
- ) = -K..
r<v | -) rnll b o+ Z(erS K. ) I11.9
n#¥m s#r
Congider the fivst term of expressicnIII,9, If ¢ corviespuuds Lo

r

a core level centered on atom m, then this one centre kinetic and
nuclear attraction integral is constant for a given atom and is
independant of the valence eleciron distribution, The one centre
coulomb repulsion integral Jrr is also independant of the valence
electron distribution, In considering 'shifts' in core levels the

first two terms in III.9 may be ignored. Similarly in the expansion,
k
Ej(ZJrs - Kg)

the one centre coulomb and exchange integrals involving other core
orbitals on atom m will be invariant to changes in valence electron
distribution, whilst exchange integrals involving the localised core
orbital on atom m and core and valence orbitals on other atoms are
small and may be neglected, III1.9 may be re-written as;
_ k

B2+ o< |- )8 >+ ) 20 ITI.10

n#m nl s#r

(2]
fl




where E° is a constant and the summation of coulomb repulsion integrals
extends over valence orbitals and core orbitals on atoms other than m.
The second term in III, 10 represeunts the attraction between a core
electron in orbital ¢r which is localised on atom m and the nuclei

of the other atoms in the molecule. This term may be re-written as

The third term involves coulomb integrals. Consider firstly the
terms involving the core orbital wr on atom m and a core orbital ¢j
on atom n;

- 1
Iy = <¢r(1)wj(2)lr12| b (Dy;(2) >

This represents the interaction between the charge cloud Wrz
. 2 .
localised on atom m and wj localised on atom n and hence, can be

. 1 . .
written as - The term Jri where wi is a valence molecular orbital
nm
can be written as;

1
<¥ (1) ¢, @D = | v, (D (D) > III.11

T12

expanding vy in terms of the basis set of atomic orbitals;

= 2 1
Jei = ) Cyp < (D) ¢p(2)| r12l 1,(1) 9,(2)> II1.12
P
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The terms involved in III, 12 are of two types:

(1) ¢p‘is a valence atomic orbital on atom m

(2) ¢p is a valence atomic orbital on atoms n other than n,

The second type, (2), again represents the electrostatic repulsion

between charge clouds on different atoms and III.12 can be written

ag:
To= yc ey (D) g (L] v (Vg (2) >
ri ZJ ip r P r12 T P
+ ye, 2L T11.13
The first summation extends over valence atomic orbitals ¢p on atoms n
other than m and the second summation extends over valence atomic

orbitals ¢p on atom m,

ITI.10 can now be written as:

2C 2
o \ n v SR i
e =E +\,_.Z__. + Z__z— + /\)___H’__
r L. T LT lLr
nm nm nm
over all atoms over all core over all valence MO's
n other than m orbitals on and all constituent atomic
atoms other orbitals in the linear
than m combination on atoms other
than m

T2 1
+ ) S <wr(1)¢p(2)|?1—2|¢r(1)¢p(2) >

over all valence atomic orbitals on atom m,
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Collecting terms common to each atom

2
- ~ 2C
- O Zn 2 s i
e B+ ( by + T ) Z, r
nm nm nm

\ 2 1
+ /. Cip <;¢r(1)¢p(2)| r12lwr(1)¢p(2) >
but 2? + Eécipz is the total electron population on a given atom n

N, . S,n 2
.zn + Z? + Z?Cip represents the charge q on atom n,

-

_ .0 . qn \ 2 1
= ) 2) |—
e. = E  + + )20, "< v (g ( )lrlzlwr(l)gap(z) > III.1l4
n¥m
Now, }}Cipz in III.14 represents the total valence electron population
on atom m and this is directly proportional to the charge q,-

I11.14 may be re-written in the form

\
e = E° + k + 9= III.15
r qm r
nm
n#m

Theoretically, k should be the average repulsion between a core
and valence electron on atom m, however, to allow for the approximations
involved in deriving III.15, it is better to treat k as a parameter
which depends on the definition of atomic charge and in an SCF MO
treatment, on the basis set employed,

ITI.15 relates the binding energy of a core level of an atom to
the charge distribution in the molecule and allows ready extension to

a discussion of ionic lattices, For molecular solids the third term
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in III,15 may be regarded as an intramolecular Madelung potential,

In the extension to ionic solids, this becomes an intermolecular

potential and in principle extends over the whole lattice.
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