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THESIS ABSTRACT

The coordination chemistry of acrylonitrile (ACN) has
been studied with the long term view of modifying the re-

activity of ACN to a Lewis acid.

The first chapter of this work is a review of ACN
coordination and organometallic chemistry up to July 1979

together with a comprehnensive tabular summary of the literature.

The coordination of ACN with relatively hard Lewis acids
such as SnClu, TiClq, ZnClg, etc., has been shown to occur
via the C=N lone pair and the repulsive interactions between
ACN (as well as acetonitrile, diethyl ether, ethyl acetate
and tetrahydrofuran) and GeClu and SiClu have been demonstrated

by vapour pressure/composition studies.

The stereochemistry of the solid adducts SnCl,L, where
L = MeCN, ChECHCN, But, NC(CH2)nCN (n = 1-4), 1,4 C6HH(CN)2,
THF, Me2SO and tetrahydrothiophene was investigated by

nuclear guadrupole resonance and . infra-red spectroscopy.

The hydrostannation of nitriles by HCl and SnCl2 has
been shown to yield B cyancethyl tin trichloride with ACN but
dimeric salts with an amidinium structure with alkyl and aryl

nitriles.

1

Finally the stoichiometric dimerization of ACN to solﬁy

adiponitrile by cobalt chloride and an electropositive metal
(M = Mg, Mn, Zn) in a variety of solvents has been investigated

and several plausible mechanisms proposed.
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CHAPTER ONE

An introduction to the Coordination

Chemistry of Acrylonitrile
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1.1 Introduction

Moureu discovered acrylonitrile (ACN) in 1893 and
showed it to be the nitrile of acrylic acid.l Between
then and the start of World War II ACN remained a laboratory
curiosity until military demands brought about the develop-
ment of the first oil and petrol resistant nitrile rubbers.
At the conclusion of hostilities the demand for nitrile
rubbers slackened and new uses for ACN monomer had to be
found. The {irst and most important of these was the deQel—
opment of acrylic fibres and surface coatings. Subsequently
ACN has found uses as a chemical intermediate in the prepar-
ation of adipic acid used for nylon 6.6 production and as a

versatile cyanoethylating agent.

The object of this chapter is to review only the co-
ordination and related chemistry of ACN. The organic
chemistry of ACN has been reviewed in reference 2 and organo-

nitrile chemistry in general in reference 3.

A number of organometallic chemistry reviews have in-
cluded information relevant to ACN. Wa.lton4 and more re-

5

cently Storhoff and Lewis” have reviewed organonitrile
complexation in addition to references 6-8 whilst general
transition metal olefin complexes are reviewed in references
9 and 10 with thermodynamic data in reference 11l. More
specific reviews making reference to ACN include platinum

12 pis(acN)nickel T, and adducts

and palladium complexes,
with Group IVA acceptors.l4 The reaction of ACN with
organometallic moieties has been discussed in references

15-18.

This review sets out to survey the coordination chemistry

ol acrylonitrile up to mid 1979 with particular reference to




the ability of ACN to act as a 7 and/or o donor with the
implications towards bonding, stability and reactivity. A
comprehensive table is presented in this chapter which divides
the literature on the basis of Lewis acid studied, its
position in the periodic table and the type of study that

has been conducted. The column headed 'stoichiometry'
indicates the number of ACN molecules incorporated in the
adduct. Where no stoichiometry is given the reference has

studied the reaction of ACN with the Lewis acid.

In the text the literature is discussed on the basis
of the type ol study. Since there have been relatively
few ACN adduct crystal structures determined they are dis-
cussed at some length since they provide useful illustration
of the modes of coordination of acrylonitrile. We will
then discuss the remaining adducts, the structures of which
have been proposed on the basis of usually vibrational and
magnetic spectroscopy, distinguishing those containing solely
N bonded ACN from those containing ACN n bonded through the
C=C double bond. Finally the reactions of ACN with a range

of Lewis acids will be discussed.



TABLE 1.1 Adducts of Acrylonitrile
Lewis Acid St;gggio‘ s§§§§§2— Reactivity  Other
GROUP IA
LiNO4 1 131
LiCl 1 131
LiMe - 132
GROUP IIA
MgNO-, 1 131
MgX2+R3N, 106
X=C1,Br,I
Mg(ShClg), 6 291 291
Mg(InClq)2 3 291 29i
GROUP IIIA
BCly 1 60,133 1354
BEtC1, 1 53
AlMey 1 73, 74,75, 73,74,75,
292 292

AlEt3 1 53,135 53
AlBui3 1 143 143
AlMe,C1 1 74,75 T4,75
ALEt,C1 1 53 53
AlEt (OEt)C1 1 53 53
AlHBuU', - 73
AlMeCl, 1 53,74,75 53, 74,75
ALlEtCl, 1 53,135, 53

136,137

138,139
A1(OEt)Cl, 1 53 53
Al Et.Cl 127

2773773



TABLE 1.1 (contd.)

Lewis Acid St;gggio' Sgggg{g‘ Reactivity  Other
AlCl3 1 5% 53

2

- 50,53,138
AlCl}+R3N 103,107
GROUP IVA
SnRBH - 76) 78, 79
SnR,H,, - 77,79,290
SnCl, 2 46,47,149

1 53

- 138
Sn+HC1 - 144
GROUP VA

. + -
PClB.NPCIE 145
PR, - 8,145,184
Sb015 1 45,68 45
BiPhy - 98
GROUP IVB
TiCl, 2 43 47,49 49,146,147
146

1 53,142,146 142
T1014+R3N - 103,107
TiCl, 3 49 49,146
T1013+R3N - 107
T1C15+Mg+ROH - 117
TiBr'3 3 43



TABLE 1.1 (contd.)

. . Stoichio- Spectro-
Lewis Acid metry scopic Reactivity Other
ZrCl4 2 43
GROUP VB
VOCl3 - 138
VOCl2 2 49 1T
- 148
VClb 2 142 142 147
4 142 142
l
VCl3 2 149
> 49 49
- 148
VC15+Mg+ROH - 117
VC12+R3N - 103,107
' (acacv}3 - 150
L
VBr'3 > t3 43
V012 - 148 151
TaCl5 1 43 44
- 152,153
TaMeCll\L 1 154 154
NbCl5 1 43,44
- 152
NbMe2C13 1 154 154
NbCl4 2 43
GROUP VIB
CrCly 3 47,49 155,156

148



TABLE 1.1 (contd.)

Lewis Acid St;gg?;o- Sggg;gg- Reactivity Other
Cr(0104)3 3 156
(CrClgLu)Cl 156
CrCl, - 148
CrX2+R3N - 106
X=Cl1l,Br,I
Cr(co)5 1 54,157,158 157
Cr(co)q 2 23 33
Cr(CO)gL, 1 54
L=arene
MoCl5 3 48 48
- 148
2_
(34N¥M0015) 1 48 48
Mo(CO)6+Ph3P - 159
Mo (CO) 2 33 25
Mo (CO) 4 3 33 33,160
Mo(Coj(PhBP) 1 161
Mo(co)2 2 41,162 41
Mo(CO)2(Ph5P)3 1 B3 163%
Mo(co)g(Pth)2 2 163,164 163,164
Mcgz(co)u(PB%)L.L 2 25
MoCPp, 1 85,165 85,165
MoCp,Hs - 165
WClg - 166
WC1,.NCC1,R 2 167
WCl, 1 167
W(CO)6+Ph3P - 159
W(CO0). 1 33,54,157 33,154,168
= 168



TABLE 1.1 (contd.)

Stoichio- Spectro-

Lewis Acia metry scopic Reactivity Other
W(CO)4 2 23 33
w(co.)3 3 33,168 33,168
WCp, 1 165 165
GROUP VIIB
MnC1, 2 131
1 47,49 49
MnX2+R3N, - 106
X=Cl,Br,I
Mn(SbCl6)2 6 291 291
Mn(InClu)2 3 291 201
Mn2(00)9 1 169 169
MnCp(co)2 1 170 170
Re(N=NCOPh)C12(PPh3)2 1 280
GROUP VIII
FeCl5 - 148 49,171 172
FeClj+Mg+ROH - 117
Fe(acac)3+RNC - 109
FeCl,.2FeCly 6 47,49
FeCl, 1 47,49
FeClp+Mn - : 114
Fe(5b016)2 6 291 291
Fe(InClu)2 3 291 291
. : ) ,
FeC 3+R3N 102,103,107
Fe(acac)2+RNC - 109
Fe(CNC6H,_,rMe)52+ 1 173 173 174



TABLE 1.1 (contd.)

; : Stoichio- Specftro- A
Lewis Acid metry scopic Reactivity Other
re2t(Anion)=", 1 173 173
Anion=Fe(CO)42-,
] 2_
2~
Fej(CO)ll .
, 2-
Feu(CO)lj
FeRQbipy 175
2+ . ?-
FeCp(CO)2 (Anion¥ , 1 177 177 176
Anion=BF, , PF¢’
FeCp(CO),H - 83
Fe(C0O), 1 19,20, 31, 19,3%1,181 178,179,
' 178,179, 182,183,
180 184
{Fe(CO)5}, 2 26
Fe (CO) +H" - 112
Fe(CO)4H— - 112
Feo(CO)BH_ - 112
FeB(CO)llH - 112
Fe(PFj)4 1 185
Fe07H9(co)2PF6 1 186
RuCl} - 101 102
{ i 4
Ru(th)bcl} 1 6 64
Ru(MPhB)X3, 1 187,188, 187,188,
189 189
X=Cl,Br:M=P, As
RUC1,+BiPhy - 98
RuCl,. (H,O0).+H - 62,91,92,
3 eris e 130,190,191
RuClj(Pth)3+H2 - 193,191
Ru(OAc)POH+H2 - 192,193

Ru(acaa)ﬁhnﬂ -

62,97



TABLE 1.1 (contd.)
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ILewis Acid

Stoichio-
metry

Spectro-

Reactivity

Other

Ru(OH)3+H2

{Ru (OAc)6(H20)3}OAc

3

{Ruj(EtCO2)6(H20)3}02CEt -

RuCl2

RuI2

Ru(NHz)5C1,

Ru(PhBP)2C12

Ru(Pths)ECl2

Ru(H,0)C1,

RuC1,(C0O)COD

A
Ru(acac)2CO
X=Cl,Br

Ru (H,NCH,CH:CH,, )

oNCH,

. 2+ -
blpyg (PF6 )2
Rubipy,” " (PF. ),

{RuC1 (oC5Hg) (€O, 1,

RuCl(cCBH5)(CO)2Ph}P

PthzP+(RuCl

RuClg(CO)Epy

3CO)

Ru2(02CR)4Cl+H2

Ru OPCR)Cl

5

RuC1l(Ph.,P)

3 /0 p

Ru(SbPhj)3

i

)
2
I

N n no =

-

194

93
194
64
65
195
187

196

197

199

199
200

192
130
130
94,95,194

.92

93
194
64

62,94,195
187

94

196

96

197

198
198
199
199
200
62

201
99

94

191



TABLE 1.1 (contd.)

11

. . Stoichio- Spectro- PR ,
Lewis Acid metry scopic Reactivity Other
OsHClCO{P(C6Hll)3}2 1 202
CoC1DMG,, 1 203
CoBrDMG, 1 203
CoClDMGE.py - 204,205
NaCo (N-SGT) - 206
CO(CN)5H3" - 80,207,208
CO(NHB)S(Clou)z 1 209 209,293

-
CoCl, 1 47,49 49 281
CoX2+R5N - 102,103,107,
108
X=C1l,Br,I
CoX,+M, - 113,115,116,
119,210
X=Cl,Br,I:M=Mg,Zn,Mn
CO(NOB)g - 131
Co(SbCl6)2 6 291 291
Co(InC14)2 3 291 291
Co(acac)3+C6HllNC - 109

/=
CpCo .thP - 211

e—=x

Ph
Cpcé:::” - 212
WPh
+ -
(
K Co(CN)g\PEtj)g 1 214
CoH.NQ(Ph5P)2 1 213 215
COMe(PhEP)2 1 216 .
CODMGQ_ - 111
Co(co)2 1 217
002(00)8 - 112,218
002(00)8.PhCECH ~ 219
CO(P(O.iPl”)?))—_j 1 287 287
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TABLE 1.1 (contd.)

Stoichio- Spectro-

Lewis Acid metry scopic Reactivity Other
1,2
Rp(Phjp)gx X<, 1 220
xt=C1,Br:X°=CN, T
Rn(NH3)5015 1 66
- 65 36

RhC1, 3 221
RhC1+R,P (0)H - 222
RhC1, 2 223
RhC1 2 224 224
RhCng(PPh})2 1 288

{Rn(L-L),} PP, - 225 225 . 226
L-L=bipy,phen

hc1(Ph - ,
RhC1(PhsP) 5 227,228

{Rn(cH —052)2}2u=012 - 229
RhCp 1 230 230
RhCp(Ph4P) 1 230 230
RhC1(PF,), 1 231 231
Rh(IND) 2 232 232
RhCp (CH,=CH,, ) 1 2%3 233
Ir(CHLCH,CN)CO(PhgP),y 1 84

IrX(CO)(PhzP),, 1 69,234,235 69
X=C1,F,NCS,NCO

IrX(CO)(PhBP) 1 236

(Ir.L-L.COD) PF¢" 1 237 237 226

L-L=bi py,phen

NiXQ, 2 238,239,240

X=Cl1,Br,I



1>

TABLE 1.1 (contd.)

Stoicnio- Spectro-

Lewis Acid metry scopic Reactivity Other
NiCl, 1.1,2.2,3 49 49
Ni(SbClg), 6 291 291
Ni(InCly), 3 291 291
Nil, 4 238,239,240
NiI2.4H20 2 238
Ni(CN)2 Intercalate 241
Ni(Noj)z - 131
NiR,bipy 242,243 242 244
Ni(acachC6HllNC - 109
Ni 2 28,29,3%6, 36,118,120 38, 39,
245 121,125,246, 252,253

247,248,249

250,251
Ni(Pth)n, 2 29,37 13,29,124 = 38
n=1,2
Nibipy 2 254

1 oL2 242 244

Nj{P(o-o-toly1)3}2 1 21,71,72 30,220,255

282

- 70

Ni(CO), - 256,257
PAC1, - 258
PdJI « ]] - 259
X=0,8
Pd(PhBP)e(OAC)g - 260

PdBrR(PRE’)g - 289



TABLE 1.1 (contd.)

14

Stoichio-

Spectro-

Lewis Acid metry scopic Reactivity Other
Pd(Pth)g 1 261
Pd(bipy) 1 262 262
PtCl, 2 263 264
PtCl2.C7H11 1 265
PtC1(0H) 1.5 264 264
PtCl2(TMA) 1 283
Pt(CH2=CH2)012L, - 130
L=Et2NH,Ph3P
Pt (Me )Me,PhP o+ 1 270
Pt(Pth)2 1 35,266,267 261
PtMeHB(pyz) 1, 268,269
PtCFjPMegPh 1 271
GROUP IB
CuCl, 1 40 40
(Cu012)2 1 47,49 49
CuCl,+CCl,, - 171,272
Cu(acac)2+C6HllNC' - 109,273
Cu,Cl, 2 139
1 32 32
(CuCF3003)2 1,2 286 286
CuBF, 4 274
CuSnCl3 1 91 01
CuCl10, 2 285 285
AgNo3 - 275 276
ZnCl, 2 47,449,277 49,126
1 53,277 129
- ' 278 127,128,

131,279
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TABLE 1.1 (contd.)

Stoichio- Spectro-

Lewis Acid metry scopic

Reactivity Other

Zn(SuClg), 6 291 291
Zn(InCl,), 3 291 291
ZnXy+R5N 103,105,107

CO,~

X=CF COQ,NCCH2 5

5
p-toly1S0

>

CdCl, 2 47 47

CdX2+R3N - 103

X= CFBCO ,NCCH2CO2

p—tolylSO3
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1.2 X-Ray Crystallographic Studies of Acrylonitrile Adducts

The possible modes of coordination of acrylonitrile
(ACN) to a Lewis acid are best illustrated by consideration
of the compounds that are well established and have been the
supject of X-ray structure determinations. The structures
fall into the categories: 1m bonding through the C=C double
btond, gnd on ¢ bonding through the CZ=N lone pair and
finally a combination of both previous modes with ACN in

a bridging role.

1.2.1 Acrylonitrile bonded via the C=C double bond

The reaction of Fe(CO)5 with ACN yields 3
products: nACN.Fe(CO)q, oACNFe(CO)u and u(ACN)E(Fe(CO)j)g.19
The adduct wACN Fe(CO)u has been shown tc have a trigonal
bipyramidal coordination about iron with the ACN molecule
in the eqguatorial plane20 (Figure 1.1). The molecular
structure is monomeric, all intermolecular distances being
greater than 3%50pm, giving the compound a high volatility.
The'major distortion from an ideal geometry is the bending
of the N=C-C=C plane of the ACN molecule by 13.6O from the
0(2)-Fe-0(4) major axis of the trigonal bipyrémid. This
presumably reduces the steric repulsions between the nitrile
group and the carbonyl group although this must be at the.
expense of reduced orbital overlap between iron d orbitals

and the C=C = 'system.

The ethylene and ACN adducts of bis(triortho-

tolylphosphite) nickel 0, LNi[P(Oo-tolyl show similar

)5
structures 1 (Figures 2 and 3) to ﬂACNFe(CO)u. Comparison
of" the ethylene and ACN structures enables a discussion of

the metal olefin bond in terms of steric and electronic effects.
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The ACN causes ccnsiderable distortion in all three planes.
In the ethylene adduct the tritolylphosphite ligands adopt

a near ideal, eclipsed position (Figure 1.2) whereas the
presence of the CN group in the ACN adduct causes a staggered
conformation to be adopted. The steric effect of the nit-
rile group also causes the plane of the ACN molecule to be
bent away from the normal of the C-Ni-C plane by 13.20 in

a similar fashion to nACNFe(CO)u. Also in the ethylene
complex the C-Ni-C plane is twisted by 6° out of the P-Ni-P
plane. In contrast in the ACN adduct the planes are folded

by 4°, This again is most probably a steric distortion.

The most significant effects of the nitrile group
are however electronic in origin. The Ni-C bonds in the
acrylonitrile adduct are some 5pm shorter than in the ethy-
lene adduct and the ACN molecule is displaced along the C=C
axis so as to bring the nitrile end of the molecule nearer
the nickel atom. Guggenberger21 considers these electronic
effects, the former being caused by the stabilization of the
olefinic n* orbital by the CN group causing greater
Ni(d) —= C=C( ) donation leading to a shorter Ni-C bond
length. This o donation, m back donation formalism of

22 23

Dewar, Chatt and Duncanson will be discussed later (see

page 26).

1.2.2 Adducts bonded through the nitrogen of acrylonitrile

Prior to this work no compounds containing solely
N bonded acrylonitrile had been the subject of a structure

determination.

In this thesis (Chapter Two) we will report the
structure of the N bonded adduct hexak. isacrylonitrile ﬁickel

IT hexachlorodizincate.
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1.2.3 Adducts containing bridging Acrylonitrile

The rigid stereochemistry of the acrylonitrile
molecule precludes coordination of the nitrile and the C=C
double bond to the same centre. Acrylonitrile may however

adopt a bridging role and has been crystallographically

. . 24 ,
observed in Cu,Cl,.WACN, Mo2(CO)4\PBu3)4(UACN)2 and pro-

26

posed to exist (Fe(CO)3)2(yACN)2. The molybdenum complex

(Figure 1.4) is a dimeric Mo(CO)2.(PBu unit linked by

302
two ACN groups. Like the 2 pure = complexes discussed above
the nitrile group is bent out of the C-Mo-C plane but by

25

not only due to the steric effect of the nitrile group but

° compared with 150 in the other adducts. This must be

a distortion necessary for the formation of the dimeric
molecule, the loss of stability due to reduced Mo(d),C=C(x)
orbital overlap being compensated for by the formation of

the N-Mo bond.

The second example of ACN in a bridging role
involves ACN coordinating to chemically different centres.
The adduct CuEClE.ACN contains the units Cu(l)Cl2.olefin
and Cu(2)Cl3 nitrile (Figure 1.5). The first unit contains
Cu(l) in a pseudotrigonal coordination sphere bonded to two
chlorine atoms and the C=C double bond of acrylonitrile.

The trigonal plane is slightly distorted due to a third
chlorine at 272pm in a second coordination sphere. The
second copper atom (Cu(2)) is tetrahedrally coordinate,
surrounded by three chlorines and the nitrile group of ACN.
The two units are then linked by chlorine bridges and the

ACN backbone. In contrast to the molybdenum dimer above

the acrylonitrile plane is not sighificantly bent from the

normal to the C-Cu-C plane since the geometry about Cu,enforced

by the dimeric units, is nearly ideal.
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In all the structures discussed above the effect
of coordination of acrylonitrile through the C=C double bond
is to lengthen the double kond (Table 1.2). The degree of
lengthening is representative of the reduction in bond order
due to both donation of electron density from the HOMO(m )
of ACN to the d orbitals of the metal and back donation from

metal d orbitals into the LUMO(n ) of ACN (Figure 1.6).

The effect of 7 coordination through the C=C
double bond on the CZN triple bond is unclear due to the
size of the standard deviations in the CN bond lengths.
Coordination of the nitrile group by ¢ donation of the lone
pair on nitrogen to metal d orbitals and back donation from
d orbitals into the w* system of the nitrile should cause
lengthening »f the CN bond. However no such lengthening
is observed in the ACN adducts (Table 1.2) which does not
fall within the standard deviations. Further treatment
of the effect of coordination of the CN group will be left
until section 1.3% where the vibrational spectra of coordin-

ated nitriles will be discussed.

98l et

——>7t

Figure 1.6
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TABLE 1.2 Bond Lengths (pm) in Acrylonitrile Adducts

Compound M- C M-cC,  C=C, CEN
Free ACN - : - 133.9(1) 116.4(1)
Fe(CO)u.ACN 210(10) 209(16) 140(22) 120(22)
Ni(P{0o0 tolyl)),. 201.6(10) 191.1(12)  146(2) 120(2)

ACN
Cu,Cl,. ACN 207.3(12) 204.3(12) 138.4(20) 115.4(6)
Mo, (CO),(PBuy),  235.1(8)  228.3(8) 146(1) 114(1)

( uACN)2

Ni(ACN)gZn,Clg 206(5) " 127(7) 113(5)

.x.
Metal oleflin distances

¥ Metal nictrogen distance




1.3 Spectroscopic Studies of Acrylonitrile Adducts

Whilst a few ACN adducts have been the subject of
X-ray crystaliographic studies the mode of bonding in ACN
adducts has usually been determined from spectroscopic data
such-as infra-red, Raman and nuclear magnetic resonance
spectra. As illustrated in section 1.2, ACN is known to
bond via the C=C double bond, side on, and the CN triple
bond, end on, by donation of the lone pair on nitrogen.
In principle it may also bond side on via the nitrile group
analogous to acetylene complexes. No side on nitrile com-
plexes of ACN have been proposed however and the reason for
this may be seen from consideration of the molecular orbital
coefficients of the highest occupied molecular orbital, Wg,

(HOMO) and the lowest unoccupied molecular orbital, (LUMO)

8 WB,
28 ¢

of ACN Figure 1.7).

N-0.39 | NO0.41

/ /
C-0.09 C-0.29
/ /
C C C C
067 0.62 0.69 -0.52

¢ ¢,

Figure 1.7



The molecular orbital coefficients are largest on the ole-
finiec carbons in both the HOMO and LUMO leading teo good
overlap at the C=C double bond both for donation of electron
density from the HOMO to the metal d orbitals and also {for
back donation from the metal d orbitals to the LUMO. Thus

side on bonding via the nitrile group is not to be expected.

1.%.1 Adducts proposed to contain ACN bonded via
the double bond

The effect of coordination via the C=C double
bond on the infra-red spectrum of ACN 1s illustrated in
Table 1.3. The most important effect is that v (C=C) at
1608 cm™ ! in rree ACN invariably drops by at least 90 cm *

due to reduction of the C=C bond order as discussed in

section 1.2.

Considerable intefest has been focused on the
compound NiE.EACN from the point of view of bonding implic-
ations to other m complexes and its catalytic activity in
cycloaddition and related reactions (see section |.5.3%). It
may be prepared simply by refluxing ACN with Ni(CO),_l.36
Addition of triphenylphosphine yields the mono- or bis-

57,38

phosphine bis(ACN)nickel complexes and on this basis
and the infra-red spectra, a # bonded structure was deduced,
Unfortunately the crystal of the compound has not been deter-

mined.

In addition to the changes in v(C=C) in the
infra-red spectra a number of other modifications of the
vibrational spectra occur. The bands due to the methylene
twist and wag 1(CH2) and m(CHQ) shilft to lower (requency.
The shift in y(C=N) may be zero or negative and is a function

of the back donation of electronic charge from the metal into



TABLE 1.3 Infra-red Freguencies (cm—l) of ACN Adducts

Bonded via the C=C Double Bond

Stoichio-

Lewis Acid v(C =N) av(C=N) v(C=C) Ref
Free ACN 2230 - 1608 -
Ni(P(0O otolyl)} 2194 -36 ? 30
Fe(CO), 2226 -4 ? 31
Cu,Cl, 2217 -13 1502 32
Mog(co)g(PBu3)4 2219,2212  -11,-18 1595 25
Ni 2220 -10 1446 29
Ni(Pth) 2191 -39 ? 29
Ni(PhP), 2175 -55 ? 29
Pt (PPhs), 2195 -35 ? 35
w(co)5 2221 -9 1440 33
Mo (CO) 2225 -5 1456 34
CrMe5C6H3(CO)2 2197 -33 ? 54
CrMe C¢(CO), 2195 -35 ? 54




*
the m orbitals. This is illustrated by the series of

adducts (PPh_) Ni2ACN n = 0,1,2. When n=0 the nickel is
n

>
a poor donor of electron density and Av(C=N) is small.
However when good electron donating ligands such as phos-
phines are bonded to nickel the additional electron density
offloaded to the Ni2ACN unit causes v(CzN) to drop by 39 em™ 1
when one phosphine is bonded and by a further 16 cm“l when
two phosphines are present (Table 1.3). Also with greéter
pacik donation the C=C bond order is further reduced and

v(C=C) drops into the region where C-C single bond stretching

frequency occurs.

Several = complexes have been prepared as models

for the structure and bonding is bis(ACN)nickel. The copper
I halide = adducts were preparedjg’Ao and Cu2C12.ACN was
later shown to contain bridging ACN. The ACN and acrolein

adducts of Mop(co)gL are believed to be polymeric with

b1, 42 (Figure 1.828) and are possible models

bridging ACN units
for bis(ACN)Ni2 (Figure 1.8b). This model would be consistent
with the uptake of two molecules of phosphine whilst main-

taining maximum coordination about the nickel atom.

Numerous other 5 bonded adducts of ACN have
been isolated and characterized. The photolysis of Fe(CO)5
in non-polar solvents yields both N and 7 bonded isomers of
ACNFe(CO)u and an adduct Fe(CO)B.ACN which is formulated as

on the basis of the

19

the bridged dimer (Fe(CO)j)Q (uACN)2

carbonyl vibrational frequencies, nmr data

ary crystallographic study.26

and a prelimin-
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Figure 1.8.b.

1.3.2 Adducts proposed to contain Acrylonitrile
ponded via niltrogen

The nitrile group of ACN will behave in a similar
manner to other simple nitriles. The nitrile group is an
essentially pointed ligand with the substituent sterically
unimportant in the first coordination sphere. There are a

great many well established examples of N bonded acrylonitrile

adduch;: with timrd Lewio aceids (Pable L.1) such as the octa-
) - m ho, 4 h5
hedral adducls MXS,ALN where M=Ta,NDb , Sb 7, MCl4,2ACN
)
where M=Ti,Ta,zr,Nb >*** sn"®, MX.3ACN where M=v,Ti%0s 4

1
Cr47, M0L8 and the tetrahedral adducts M012,2ACN where
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L
M=Fe,Mn,Cou7"9. Analysis of the far infra-red and Raman
spectra show that the tetrahalide adducts have a c¢i1s stereo-

chemistry and MX.,.3ACN M=V,Ti have a mer octahedral co-

|
ordination.43’4L
Many metal salts undergo solvolvsis in acrylo-
nitrile by analogy with metal salts in acetonitrile.  Alum-

inium trichloride is known to give ionic solutions containing

— H
Al(ACN)6J+ and A1C14_ species from 2Ta1 and H nmr studies’®

although the validity of such claims regarding the nature

of the solvated species must be carefully examined in the

51

light of a comprehensive study of the MeCN-AlCl, system.

3

Studied by ‘H,27Al nmr, infra-red and Raman spectroscopy,
conductivity and X-ray crystallography the results show

that the crystalline product AlCl1l.,2MeCN isolated from MeCN

3’
solution has the structure [AlCl(MeCN)5] 2+ (A1c1,7], . MeCN.

Similarly a mixture of ZnCl, and NiCl, (from

49,52

2
the reaction of'NiCl2 and Zn dust) undergoes solvblysis

in MeCN to give Ni(MeCN)62+ ZnClug_ Our own work shows
that a similar reaction occurs in ACN or propionitrile but

yielding NiL62+ Zn20162_ (Chapter Two).

The effect of coordination of the nitrile function
on the infra-red spectra is summarized in Table 1.4. THe
absorption frequency of a nitrile group generally increases
upon coordination to an electron deficient centre. If the
bonding of the nitrile can be represented by Figure 1.9 by
analogy with the bonding scheme in metal carbonyls then a
decrease in v(C:=N) is to be expected due to the increased
population of the n* orbitals reducing the bond order.

5

However a decrease in v(C:N) is not the general observation~.
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Possible reasons for this are an increase in the C:N force
constant due to increased C:=N v bond strength and/or kine-

acid bond and the C=N bond.

matic coupling between the N

55,56

Purcell and Drago calculated the effect of varying the

adduct bond force constant and the Lewis acid mass on v (Cz=N)

by a force constant analysis in a number of BX,.MeCN adducts.

>
They found that acid masses of greater than 10 all have the
same effect on the CN stretching frequency implying that the
adduct force constant cannot explain all the changes in v (C=N)
as adduct force constants are known to lie between 0.9 mdy/Z
(Zn2+) and 2.5 mdyn/z (BFB.MeCN). Thus kinematic coupling

-1 . . -1

only accounts for 10 cm shift in ZnCl2.2MeCN and 50 cm

in BFB.MeCN.

On calculating the overlap energies of the atomic
orbital pairs in the CN bond in the free and coordinated
nitrile they found that the most important stabilizing effect

on coordination was the drop in energy of the Ns orbital in
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the Ns_cc

=

and Nq-CDTr molecular orbitals. Changes in the

an=Cp" overlaps were negligible. In simople bonding terms
this implies that coordination entails tine donation of the

lone pair from an orbital which has greater p character than
a normal sp hybrid orbital and the CN ¢ bond contains an MO
to which nitrogen contributes an s character biased sp hybrid.
The net effect of this stabilization of the Cz=N bond is shown

in the molecular orbital diagram in Figure 1.10
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In a high accuracy crystallographic study these increases

were confirmed in the adducts BX - MeCN (X=C1,F).57’58 | Tn-
creases in v(CN) were found to be accompanied by a reduction
in the CN distance from 115.7pm to 113.5pm for X=F and 112.2pm
for X=Cl representing an increase in the force constant from

o 0 )
17.4 mdyn/A to 18.8 mdyn/A and 18.7 mdyn/A respectively.

The BX.,.ACN adducts may he assumed to undergo a similar

>

6 . . o . :
change. 0 Cnhanges in the C:=N force constant may be estimated

by making a few assumptions about the structure. For inst-
ance if the adduct ZnClg.ACN is assumed to have a Zn-N dist-
ance of 200pm thus a Urey-Bradley force field calculation6l
predicts an increase in the CN force constant from 16.7

mdyn/z to 17.6 mdyn/z if only Zn-ACN vibrations are consid-
ered or 17.3 mdyn/Z if the structure is regarded as a chlorine

bridged dimer (Zn-Cl = 240pm).

The nitrile stretching frequency may only be
lower than the free nitrilewhen donation froﬁ metal d orbitals
into the n* orbitals of the CN group more than offsets the
CN bond strengthening due to N coordination. This may be
observed in the series Cr(CO)é.L.ACN (Table 1.4). When the
electron donating power of the ligand increases in the order
CO<1,4(MeCO2)EC6H4<C6H6, and v{(CN) is found to steadily de-
crease in that order54. However when L=1,3,5 Me3C6H3 and
C6Me6 the nmr indicates that the acrylonitrile becomes
bonded via the C=C double bond. Evidence of C=C bonding,
in addition to vibrational spectra, is highly desirable since
v(C=C) may be weak or obscured in an adduct and a = bonded

structure wrongly inferred. Similarly caution must be em-

ployed when inferring similar structures from similar formulae.

62 2+

For instance Av(C=N) in RuClg(PPh3)2u2ACN. and Ru(NHj%FACN
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are negative. However nmr indicates the former to be a
bonded structure whilst in the latter the o« hydrogen is -

deshielded by 0.25ppm and the terminal hydrogens appear

63,64

upfield from free ACN The deshielding of the a« proton

is due to interaction with the cation whilst the terminal
hydrogens are shielded due to strong back donation into the
"x orbitals suggesting an N bonded adduct. In contrast

Isoelectronic Rhodium IIT adducts65’66

ITI

show positive av (C=N)

because Rh is a stronger Lewis acid accommodating more

electronic charge. This is because the additional t28

electron does not effectively shield the additional nuclear

IT

charge and the incomplete 4d5 configuration of Ru zallows

for better prn-dm interaction than the 4d6 configuration of

-RhIII'

A second effect of C:=N coordination on the infra-
red spectra of ACN is to split the vinyl twist and wag. fre-
gquencies which are exactly superimposed in ACN at 968 cm-l.
This is due to the increase, on coordination, of the inductive
effect of the nitrile giving rise to bonding'contribution
from structure shown in Figure 1.11, In SnClu.EACN the

1 1

bond splits to 947 em - and 978 cm ~.  Since a more electro-

positive metal centre will give rise to a more inductive

+ — _ -
CHo—CH=C=N—MX"

Figure 111
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nitrile group the methylene twist frequency is expected

47,61

to drop and the wag to increase. The amount of

splitting thus provides a useful direct measure of relative

53

Lewis acidity.
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1.4 Ligand Properties of Acrylonitrile

1.4.1 Comparitive Studies with nitriles

The nitrile function is.generally insensitive
to the steric effects of the substituent (see above and
Chapter Four). The most important factor influencing the
relative stabilities of nitrile adducts is the electronic

nature of the substituent.

Electron withdrawing substituents on the nitrile

reduce the stabllity of the adducts by reducing the donating

power of the nitrile and vice versa. The vinyl group seems
to be relatively neutral in this respect. The l218b
65 | 45

Moessbauer spectra and the vibrational spectra indicate

that the SbClS.ACN adducts have stabilities in the order

3 <CH20 1 <CH2

ordering is obtained when one compares the stability constants

CCl CH:EtiBut<NC(CH2)3=Ph=NC(CH2)4. A similar

Tor the equilibrium:

T AN — . . _ .
MClS.RCN + R Cﬂ - MC15.R CN + RCN M = Ta,Nb

The equilibrium constant is found to increase in the order

FCH,CN<C1lCH,CN<BrCH,CN<ICH

2 2 2 2 2 5
t

=Bu 'CN. However care should be taken when comparing results

CN<<ClC6H4CN=CH CHCN<C6H CN<MeCN
obtained by such widely different methods especially in view

of the divergent ideas of what is meant by the term 'stability'.
Further discussion of the relative stability of acrylonitrile

adducts compared with other good ¢ donors will be found in

Chapters Two, Three and Four.

1.4.2 Comparitive Studies with Olefins

The cyano-olefin complexes IrX(CO)(PhBP)g.L
(X=C1,Br,I,NCS,NCO) were found to have stabilities in the

order tetracyanoethylene (TCNE)>Fumaronitrile (FMN)>>ACN from
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observations of ligand displacement reactions, vapcur pressure
measurements and carbonyl stretching frequency increases

69

(+100, 70,62 em™ L respectively). (No adducts could be iso-
lated with cinnamonitrile, crotonitrile or diphenylmethylene
malononitrile). The changes in (C0) indicate that more
electronic charge is being donated into the olefin " orbitals
from the metal thus reducing the extent of metal d to carﬁonyl
" transfer and increasing v(CO). A similar sequence of
stability is found for the (olefin)Ni(P(Oo-toly1)3)2 complexes:
maleic anhydride >FMN >ACN * dimethyl maleate>methyl acrylate

>ethylene. 0s71s 72

These results may be rationalized on the basils
that electron withdrawing substituents improve the = acceptor
power of the olefin. This is shown by consideration of the
energy levels of the orbitals used in olefin to metal donation
and metal to olefin back donation illustrated in Figure 1.12.
Olefin to metal donation is favoured by good m-d overlap which
in these cases requires a high = orbital energy. However the
effect of adding electron withdrawing substituents is to re-
duce the 7w energy levels and reducing the doncr capacity.
However this destabilization is offset by the reduction of *
orbital energy levels because the n orbitals fall in energy
faster than the © orbitals hence reducing the nem gap from
7.9eV in ethylene to 5.7eV in ACN and 5.0eV in TCNE. Hence
the effect of adding a cyano group to ethylene is to make the
C=C bond a poorer donor of electrons but a far better acceptor

when interacting with metal orbitals between 7.5 and QeV.



(eV)

ENERGY

2-

4

39

Figure112. Energy_Levels ofsTand 7T*

Orbitals in some Olefins cf.

Metal d Orbitals

Me,C=CMe,
n*

Prsmsem

ACN
7[*

TCNE

Ni 3d

12+

144

16~

-Ir 5d -



40

1.5 Reactions involving coordinated Acrylonitrile

The reactions of coordinated acrylonitrile fall into
two categories. The first is the reduction-of one or both
of the unsaturated linkages of the molecule by insertion
into a metal alkyl or metal hydrogen bond. The second
category is the group of reactions broadly classed as oligo-
metizations. No discussion will be made of acrylonitrile
polymerization systems since the field is extremely large

and not immediately relevant to this review.
1.5.1 Reduction

The nitrile group may be reduced by a dialkyl
73

aluminium hydride to give a vinyl imino aluminium dialkyl.
The free imine may be displaced by a weak acid such as

acetylacetone (Equation 1.1)

ACN + HAlBu,? — H 1 HAcAc
-5°C

5 2C=CHC=NAlBu

H,C=CHCH=NH - (1.1)

2 2

If trimethylaluminium is used as a reducing agent the N bonded

adduct may be isolated initially.7u’75

Warming the adduct
causes elimination of methane and trimerization via a hetero-

cumulene (Equation 1.2)

/i — —DA = =C =N~
ACN + AlMe, —= ACN AlMe CH,=CH=C=N-AlMe, + CH,
H
\ _///’C"E\\\\
>~ Me,Al-N=C=C N — AlMes
+ 2ACN—= AlMe | | (1.2)
N
CH,=CH ?
ALM
€3

In contrast alkyl tin hydrides undergo 1,2 additions to the
C=C double bond.76-79 The reaction yields both the @ and B

metallated product78 (equation 1.3).
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1.
ACN + stnH —_— RBSnCH(CHj)CN + RBSnCH20H2CN (1.3)

a B8
Addition of a free radical increases the rate of formation
of the B product but has no effect on the ratelof formation
of the @ product whereas the rate of formation of the ® pro-
duct increases with solvent polarity. This suggests that
the B product is formed in a free radical addition of H® and
SnR.*

)
6— ) -
attack of H —_— SnRB+. The C=C double bond is also reduced

whilst the a product is the result of electrophilic

by hydride pentacyanocobaltate III compounds giving solely

the cyanocethyl pentacyanocobaltate compound.l6’l7’80

The
mechanism is not well established and 3 reaction schemes

consistent with the data have been proposed with either (a)
a 4 centre intermediate, (b) a polar intermediate or (c¢) a

free radical intermediate (Equation 1.4).

o 3-
CH = (::HCN -
H oeren Cé(CN)S

.
3. CH, = CHCN 17 3
(NC )5COH + ACN — | + —-——»NCCH(CHB)CO(CN)5
b : _

Heeorrons CO(CN)5

r~ - 3_ .

o ?Hg————QHCN ..... (1.4)
L.H ........ CO(CN)5J

A cyanoethyl cobalt species may also be prepared by the re-
duction of ACN with bis(dimethylglyoximato)cobalt II base
complex (Figure 1.13). In neutral solution the ¢ product
predominates (equation 1.5) whilst in alkaline solution the

B adduct is the major pr'oduct81 (equation 1.6).
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) CHBTHCN
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2 4 H, + ACN —RHT __ > Co(DMG) (1.5)

2 2

CO(DMG)2 |
I Py
Py
c1l H,CH,CN
J:O(DMG)Q _NaBHY | ioI(DMG)E' AN CI:O(DMG)Q (1.6)
Py Py Py

In strongly alkaline conditions the B complex undergoes

cobalt-carbon bond cleavage to give the 7w olefin complex82
(equation 1.7) CN -
CHchZCN -ACN i
"OH . —_— I
A%/ ¥1
cl:o(DMG)2 =— H,0 + Clo(DMG)2 <=— [Co (DMG)2Py]
Py Py (1.7)

The o metallated adduct undergoes complete hydrogenation to.

propionitrile on the addition of cobalt catalyst.

The reactions of a number of low valent transition

metal hydrides with acrylonitrile have been studied and show
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a variety of different pathways. Whilst cyclopentadienyl
iron dicarbonyl hydride yields the o addition product with
ACN83 (équation 1.8) without isolation of an intermediate
complex, the initial reaction of ACN with IrH.CO.(Pth)3
yields the = complex and only in the presence of excess ACN

may the B cyanoethyl complex be 1solated8 (equation 1. 9).

CpFe(CO)gH + ACN — CpFe(CO)2CH(Me)CN (1.8)
—PhBP
IrH{(CO)(Ph,P), + ACN ———=—— IrH(CO)(Ph P)2.ACN
XS
—on Ir(CH CH CN)(CO)(Ph P)2ACN

Similarly Cp2MoH2 will only reduce one moclecule of ACN at
low concentrations of olefin. Addition of excess ACN causes
85

elimination of propionitrile and yields the 7 adduct.

(equation 1.10).

Cp,MoH, + ACN ———= Cp,MoH(CH,CH,CN)
(1.10)
XS __ (¢p.Mon(CH.CHCN) + CHLCH.CN
Pyt 2 3CHy

Acrylonitrile may be activated towards carbonionic addition

ITI ITI

by coordination to pentam minecomplexes of Co s Ru s RhIII.

Thus catalytic addition of weak acids such as acetylacetone

or nitromethane may be effected86 (equation 1.11).

>+ 2+

M(NH,)NCCHCH,  + "CH,NO, ——= {M(NH, ) NCCHCH,CH,NO|

3)5

+ o+
> M(NH3 5(NCCh CH,CH,NO

272 2)
The nitrile function is reduced at room temperature by tung-

(1.11)

sten hexachloride to give a nitrogen tungsten multiply bonded

species (equation 1.12).

WClg + ACN —= CH,= CH - CCl, - N=2WC1, (1.12)
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1.5.2 0Oligomerization Reactions of Acrylonitrile

This section will be mainly concerned with the
dimerization reactions of acrylonitrile. Polymerization
reactions of ACN will be ignored as will'the preparation of
specific trimers and hexamers of ACN since these are usually
only encountered as unwanted products in dimerization process.
Dimerization of ACN may yield the saturated hydrodimer,
adiponitrile (ADN) or the unsaturated dimers, dicyanobutene
(DCB), dicyanobutadiene (DCBD) and methylene flutaronitrile
(MGN) . In addition to coordinatively induced oligomerization,

87-89

ACN may be oligomerized electrolytically or by quenching

90

phosphine initiated anionic polymerization of ACNZ-. The

NCCH,CH,CH,CH,CN NCCH=CH,CH,CH,CN g
DCB
ADN )
NCCH,CH=CHCH,CN )
CH
2
I
NCCH:=CHCH=CHCN NC-C-CH,CH,CN

DCBD MGN

group of Misono have extensively studied the ruthenium chloride
catalysed hydrodimerization of acrylonitrilé62’91'93. Indeed
many ruthenium IT and III salts in the presence of hydrogen
act as very efl'fective dimerization catalystsgq-loo although
the reaction mechanism is still not well established. The

reaction of ACN with RuCl 2O yields RuCle.jACN when cohducted

3.H
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under nitrogen but a cyanoethyl complex when under hydrogen
and both catalyse the conversion of ACN to propionitrile,
ADN and DCB. Tin dichloride or tetraethylammonium triéhloro-
stannate II has been found to reduce the pressure of hydrogen
required for dimerization with RuC13.2H20.lOl When hydrogen
was replaced by deuterium in the same system, deuterium was
found incorporated not only into propionitrile and ADN but
also into the trans position of the ACN substrate, On this
basis the reaction mechanism shown in equation 1.13 (overleaf)
is developed. The catalyst generation step is the conversion
of the 7 adduct into a-vinyl ruthenium IV hydride. This
intermediate may then add or insert a second molecule of ACN
and eliminate dicyanobutene. Hydrogenation is effected

by a second route involving the formation of a dinuclear
ruthenium complex (equation 1.14),

An alternative scheme suggested on the basis of

102

kinetic data favours the formation of a cyanoethyl

ruthenium (III) complex followed by insertion of C=C double

bond into the carbon ruthenium bond (equation 1.15). The two
ACN RU | FeNCCH,CH,REACN AR-NCCH,CH,CH,CHREACN
H, CN
CN ACN
' ACN
CH,CH,CN

(H,)

DCB+(ADN)

Equation 1.15

schemes may not be incompatible since the mechanism may be

modified by the addition of a tin species.



ACN
insertion

ACN NCCH:C‘lCHngRGH
DCB CN

lA CN+H  NcGH,CH,RUCH=CHON
DCBYADN

NCCH=CHRURUCH=CHCN= Eq.114
+

CH,CH,CN

H CN
CN Nk CN
" — w// . W/;==/ H
) | \C 5 )

b A D’ H

Equations 1.13 and 1.14
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Ruthenium and platinum chloro complexes will also catalyse
the disproportion of ACN to propionitrile and dicyanobuta-
dienel?° (equation 1.16).

RuQEj'jHQO
3 ACN — CH30H2CN + NCCH = CHCH = CHCN (1.16)

Many metal halides catalyse the oligomerization of ACN to
methylene glutaronitrile and 2,4,6 tricyanohexene in the
presence of amines or isocyanides. The halides of Ti 1V,
¢d II, V III, Al III, Fe II, Zn II and Co II (in order of
effectiveness) all catalyse the conversion of ACN to MGN in
the presence of a trialkyl or aryl amine in yields of up to

75% based on ACN consumed, 103 10%

The system will also
codimerize ACN with acrylic esters in low yields although neat
acrylates were not dimerized. Various patents have extended
this reaction to an even wider range of metal salts to include
all the first row transition metals with various organic

anions.lo5'108

The mechanism based on kinetic data from the
ZnCl2/R3N system requires a 1:2 adduct between ACN and zinc
to be the catalytic species, tentatively suggested to have

the structure:

RN
5
2-
ACN — zn°*  {znc1,}
R_N
2
The reaction scheme proposed is shown in equation 1l.17. If

the amine is replaced by an alkyl isocyanide, acrylatesand

ACN are dimerized to branch chain oligomers and polymers.log’llo

A number of nucleophilic anionic metal complexXxes also catalyse

the dimerization of ACN,. N,N‘ ethylenebis(salicylideneiminato)
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ZnCl2 + 2Et3N + ACN = Zn2Cl4(Et3N)2ACN

+MGN ACN
TCH ACNI" _MGN
+ ACN
ZnyCLEtN)TCH o ZnyCl(Et3NIZMON

Equation 117

cobalt I, (Co salen), (Figure 1.14 ) catalyses the oligomeri-
zation of ACN to MGN, equation 1.18, in the presence of a

111

guenching agent such as tert butanol. The intermediate

Cq\\
O’/ -0
Figure 1.14
salen Co CH?EHCN, is closely related to the intermediate in -
- + 87,9C

the tertiary phosphine catalysed oligomerization, RBPCHeﬁHCN

as are the products

l?o.salen] + CH,CHCN == salen CoCHRCHX (1.18)

_ACN salen.CoCH,CHCN — salen CO?HQECN

CHQEHCN CH,CH,CN

([

[bo salen] + CHP = CCN
CHQCHECN

salen Co(CH,CHCN) CH26HCN

polymer
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Other nucleophiles which dimerize ACN include HFe(CO),.

HFeg(CO)S. HFeE(CO)

11
NaBH, or LiAlH,. '® Whilst these yield ADN, MGN and pro-

and Fe(CO)5 or Cog(CO)S reduced Dby

pionitrile it seems highly 1likely that the mechanism is
nucleophilic. Non-catalytic dime~ization has been achieved

by reacting a metal halide and a strongly reducing metal
113-119

in a polar solvent , €.g. equation 1.19. The yield
is
H,0
ACN + CoCl, + Mn DME _ » 2 . ADN (1.19)
stoichiometric on reducing metal consumed. The intermediate
was suggested to have the structur-e:ll9
T .
CH = CHCN
2.DMF ——— Co//
| NCH = CHCN
H

The hydrolysis step may be replaced by pressurizing with

113,116

hydrogen (see discussion in Chapter Six).

1.5.3 Acrylonitrile Complexes as Catalysts

The catalytic activity of bis(ACN)nickel has
_ 13

been reviewed by Schrauzer and more recently its effective-

ness as a cycloaddition catalyst has been employed in the

reaction of bicyclo(1l,1,0) butanes with olefinsl?O-l25.

The zinec chloride, acrylonitrile complex has also been used

as a cycloaddition catalystl26 . as well as

a polymerization or copolymerization catalyst although this

is outside the scope of this review. ol 29



CHAPTER TWO

Some N bonded Acrylonitrile and Related Nitrile

complexes of some Metal Chlorides

N
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2.1 Introduction

The compleXes between nitriles and metal salts have
been extensively investigated and the subject of a number

1-3

of reviews. Nitriles are particularly useful solvents
for metal chlorides and therefore many studies have concen-
trated on the solution behaviour of metal halides in nitriles.
Acetonitrile has been examined as a solvent very extensively.
The solvates fall into two categories. The first are the

i

non-ionic adducts such as SnClq.QMeCN , BX .MeCN5 and many

3

others of general formulation MClh.mMeCN where M=Mg,Ni,Cd,

Ga,In and T1, etc.6’7

The second type are the ionic adducts where the nitrile
is bound to a cationic centre. Ionic solids have been
isolated by the technique of mixing a metal chloride with
a. powerful halide abstractor such as SbC15, SnClu or BClj.
By this method adducts of the general formation Man+
(M'Cqu')p/q where M is a main group or transition metal,
M =B, Al, Ga, In, T1, Fe, Sb and L = MeCn, Bu‘cy, pncy.8712
The ionic nature of the adducts in solution has been confirmed
. by conductancell and potentiometric12 measurements. However
more frequently the nature of the adducts has been deduced
from the method of synthesis and occasionally ligand field

spectra.S_lQ

Acrylonitrile shows similar N bonded coordination chem-
istry to the aliphatic nitriles, forming adducts which are

probably non-ionic in the crystalline state such as ZnCl2.

) -

2aeN27 MY, micl. zaeN 2, Ticl,.2acnt3+15:16 ang MC1, . ACN™ 1724

(M = Nb, Ta, Sb) and also ionic adducts such as Cu@CN)4010422,
25

) - 24 -
M(ACN)=" (SbClg™),"7 and M(ACN)g (InCl,”),.



In the coordination chemistry of both acrylonitrile and
aliphatic nitriles however there are systems which cannot

be categorized because of a lack of or conflicting data.

For example considerable attention has been devoted to the
AlClj—nitrile systems. On the basis of 27Al NMR the eqﬁili-

brium in equation 2.1 has been proposed to exist in solution.24

2-

4A1C1, + 6RCN =—> Al(RCN6§+ + 3A1CL, (2.1)

3 <~
Vibrational spectra of solutions and of the solid adduct
A1013.2MeCN confirm the presence of the AlClu- anion.25
Very recently Beattie and coworkers26 have attempted to re-
solve the nature of the cationic species in the system.
From conductimetric data on mixtures of thNCl or LiCl with
AlCl5 in MeCN they conclude that equation 2.1 or 2.2 or a linked

equilibrium of the two is most favourable.

3A1C1L, + 5MeCN => [AlCl(MeCN)5]2+ + 2A1C1,° (2.2)

3

They also found the formulation in equation 2.2 to exist in
the solid adduct AlC1l;.2MeCN which was shown by an X-ray

structure determination to exist as [}lCl(MeCN)é]2+[A1014—]2.MeCN.

This system has been outlined in some detail since it
illustrates the problems encountered in attempting to deduce
the structure of the solid adduct and its solution. Similar
solution eguilibria are believed to occur in the systems
CrCl} + ACKl'TandCoCl2 + MeCN.28 In view of the uncertainty
regarding the structure of many of the acrylonitrile adducts
and the importance of the metal chlorides as Ziegler Natta
29 initiators in

34-37

catalysts in acrylonitrile'poljmerization,

(co);:>ol,ym-:—:1.r*ization,)O_32 and cyanoethylations reactions
we have studied some of the systems and compounds placing

emphasis on those compounds whose formulation appears incon-
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sistent with their likely structure. We used the work of
Keml3 as an entry point since this represents the earliest
significant study of acrylonitrile with the first row

transition metals.

In this chapter we will characterize a new cationic
complex of acrylonitrile, Ni(ACN)62+, which crystallizes
with the rare anion Zn2Cl62- apd will demonstrate that oro-
pionitrile also forms a similar complex. The synthesis of
a range of adducts and the reaction of iron trichloride and

nickel chloride with acrylonitrile is also discussed.

2.2 Experimental

CoCl2 and NiCl2 were prepared from hydrated commercial

samples (BDH) Ly refluxing for 24 hrs. with thionyl chloride.

Zinc chloride was prepared by dissolving Zn me tal in
diethyl ether saturated with hydrogen chloride. The solution
of ZnCl2 was filtered to remove unreacted Zn metal and the
ether pumped off. This was found to give ZnCl2 of at least
99.5% purity. FeCl3 was purified by vacuum sublimation of
commercial anhydrous samples (BDH) and TiCl, and SnCl, by
vacuum distillation. Analytical data and infra-red spectra
for all compounds are listed in Tables 2.1 and 2.2 respect-

ively.

MC14.2ACN (M=Ti,Sn): 5 ml. of MCl4 was added to 30 ml. ofﬂ
ACN in a cooled flask. Any immediate precipitate was re-
dissolved by warming the solution. On standing of reduction
of volume the solution yielded white (M=Sn) or yellow (M=Ti)
volatile crystals which were collected on a filter and washed

with cold ACNMN.
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CoClg.ACN: 5g. of dry 00012

ACN for 1 hr. Excess undissolved CoCl2 was filtered from

was refluxed in 25 ml. of dry

the blue sclution and on standing the liguors yielded a
microcrystalline purple solid which was separated on a glass
frit and washed with cold ACN. The adduct was dried in a
stream of dry N2 which changed the purple solid to a blue
solid. (The purple solid could not be isolated, dry, from

the liquors).

ZnCl,,.2ACN: 5g. of anhydrous ZnCl2 was dissolved in 30 ml.

2
of ACN. The reaction was very exothermic and cooling the
solution yielded colourless needles. These were collected
on a sinter and dried in dry N2. They were soft, low

melting and very air sensitive so that difficulty was en-

countered in obtaining good analyses or infra-red spectra.

Fe2013.6ACN: 5¢. of anhydrous FeCl3 was added to 20 ml. of
acrylonitrile and the mixture warmed until complete dis-
solution had occurred giving a yellow green solution. A
slight insoluble residue was filtered off and the solution

cooled to give brown-green crystals. They were collected

on a sinter and dried in a stream of N2.
Ni(MeCN)62+ZnClh2_: The adduct was prepared by 2 methods:

(1) 1l.1g. of NiCl2, 2g. of Zn dust and lg. of dry sand (to
prevent caking) were placed in a Soxhlet thimble and ex-
tracted with 70 ml. of acetonitrile for 18 hrs., when the
~liquors had turned royal blue. On cooling the solution
arforded purple crystals which were separated and dried in
a slream of nitrogen to give hewakis acetonitrile nickel II

tetrachleorozincate.



(2) 4.4g. of NiCl, and 6.7g. of ZnCl, were ground together

2 2
in a glove box and refluxed with 50 ml. of dry acetonitrile
for 6 hrs. after which the yellow slurry had turned the
ligquors blue. Excess NiCl2 was filtered from the hot liguid

and on cooling purple crystals of hexakis acetonitrile nickel

IT tetrachlorozincate were formed.
. 2+ 2- )
N1(ACN)6 Zn,Clg™ @ Prepared by 2 methods:

(1) 3g. of hexakis acetonitrile nickel II tetrachlorozincate
were dissolved in 10 ml. of acrylonitrile. The liquors from
the blue solution were pumped off and the procedure repeated
twice more. The final liquors were allowed to stand at 0°c
for several days whereupon they yielded purple crystals of

hexakis acrylonitrile nickel ITI hexachlorodizincate.

(2) N1012(4.6g) and ZnCl2(lOg) were refluxed together in
30 ml. of ACN for 5 hrs. after which time the solution was

deep blue. Unreacted NiCl, was filtered from the hot liquors

-2
and on cooling purple crystals of hexakisacrylonitrile nickel

ITI hexachlorodizincate were formed.

2+ -
Ni(EtCNg Zn2C162 ¢ This was prepared by the same method 1

as for Ni(ACN)62+Zn20_62'.

The reaction of NiCl2 + ACN: 5g. of NiCl2 were placed in

a soxchlet thimble and extracted with 50 ml. of dry ACN for
4 hrs. After 1 hr. the solution had turned dark yellow and
yielded a dark yellow precipitate insoluble in excess ACN.
Consistent analyses coula not be obtained-for this yellow
solid although the analyses approximated to NiClz.ACN ~ and

1.5
it was not investigated further.

NiSb2016.6ACN: 5g. of NiCl, was refluxed as a slurry with
11.6g. of SbCl5 dissolved in 50 ml. of ACN for 26 hrs.; the

solution had turned brown. A Turther 50 ml. of ACN was added
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since the solution was solid. On cooling the

diluted solution, apparently brown needlelike crystals were
formed which on separation and washing turned to a pale grey
in colour. Analysis showed them to be hexakis acrylonitrile

nickel ITI bis hexachloroantimonate.

2.5 Results and Discussion

2.3.1 The Solid Adducts

The adducts all show an increase in the C:=N
stretching frequency with no change in the C=C stretch
(Table 2.2) as expected for an N bonded acrylonitrile adduct
(see discussion in‘Chapter One). The adducts TiCl,.2ACN
and SnClu.EACN are both volatile crystalline solids having
a vapour preéssure of about 5 mm.Hg. at room temperature.

FPar infra-red studiesgo 15

and dipocle moment measurements
indicate a eis stereochemistry which is confinmed in SnCln.
2ACN by }501 nuclear quadruponle resonance spectroscopy in -
Chapter Five. The structure of bis-acrylontrile zinec di-
chloride is not known. However the acetonitrile analogue,
whose crystal structure has been determined38, contains tetra-
hedral coordinate zinc with only weak Van der Waals inter-
actions between adduct molecules. The ACN adduct probably
has a similar structure with greater distance between adduct
molecules due to the greater size of the ligand. This would
account for its unusually low melting point (3800); The
structure of the mcnoacrylonitrile cobalt chloride gdduct is
unclear and in the absence of further informmation such as re-
Tlectance uv/visible spectra or other established nitrile

analogues no deductions regarding the structure may be made.
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2.3.2 Adducts Containing Nickel Chloride

There have been a number of studies of nickel
halide-nitrile systems and several of the adducts have been
extensively characterized. However thesituation is con-
fused by the claimed preparation of a number of complexes of

doubtful formulation.

Russian workers have isolated the '"sky blue"
adduct NiC12.2MeCN47, from sealed tube reactions, whilst

other workers have reported the same formula compound as

l
yellow green.+l Complexes of the formulation NiCl2.4MeCN47
and NiCl-E.MeCN6 have also been claimed. In contrast Keml3

48 found that MeCN and EtN did not react with

and Beech
anhydrous nickel chloride at normal pressures. The situation
was further complicated by the claimed isolation of the
adducts NiClE.QEtCN, NiClE.j.SMeCN and NiCle.jACN from nickel
chloride, zinc metal admixtures. Recently the acetonitrile
nickel chloride system has been studied by differential
scanning calorimetry and thermal gravimetryi‘9 the results

conclusively demonstrating the existence of NiCl,.2MeCN and,

2

on heating,lts decomposition by loss of ligand tb NiCl, .MeCN.

2
Lower ratios of MeCN to NiCl2 were also observed, e.g.

NiCl,(MeCN)g gg -

We have re-examined the reactions and products
of reference 13, The yellow powder from the reaction of
NiCl2 with ACN is similar to that obtained by Kem in physical
and spectral appearance. Its insolubility in ACN strongly
suggests a polymeric structure, an interpretation further
strengthened by the absence of a C=C double bond abscorption
in the infra-red spectrum indicating that free ACN is no

longer present. The variable analytical data would indicafte
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that the nickel chloride is not stoichiometrically bound
to the polymer but loosely trapped or intercalated in a
polymeric matrix.

We have found the nickel chloride, zinc, nitrile

systems to yield NiL62+ZnC142-

. 2+ 2-
, L=MeCN and N1L6 Zn2016
L=EtCN, ACN. The acetonitrile adduct was believed to be
NiClp.EMeCN13 until a crystal structure showed it to contain

43

the tetrachlorozincate ion. We independentlv demonstrated

that the role of . the zinc metal was not simply reductive as

15

claimed but was also incorporated into the final structure,
as zinc chloride. Reduction of nickel chloride by zinc
yields zinc chloride. Since zinc chloride is a moderately
good chloride acceptor it aids the dissolution of nickel
chloride as the solvated_NiL62+ cation. Acrylonitrile and
propionitrile also undergo similar solvation reactions to
give hexakis-nitrile nickel II salts but the structures con-

tain the rare hexachlorodizincate anion.

2.3.% The Crystal Structure of Ni(ACN)62+Zn2Cl62—

The crystal structure of this adduct was determined
by Dr. Stephen Wallwork of the University of Not tingham by
standard X-réy techniques. The molecular units are shown in
Figure 2.1 with selected internuclear distances and angles
given in Tables 2.3 and 2.4. The unit cell is illustrated
in Figures2.2.a,h The cation shows the expected octahedral
symmetry with slight distortion perhaps due to crystal packing.
The average C=N distance is 3 pm. shorter than in free acrylo-
nitrile39 although this is within the e.s.d. of the data. A
shortening of 22 pm. has been found in accurate studies of

BF}.MeCN adduct.5 The hexachlorodizincate anion is binuclear

with tetrahedral coordinate zinc and bridging chlorine atoms.
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TABLE 2.3 Selected Bond Lengths for Ni(ACN)6Zn2016*

Ni-N1

Ni-N,

Ni—N3

Ni-N4

Ni-N
=g

Nl-N6

N -Cq

N2‘C}+

NB—C7

Ny-C10

N5-Cy3

Ne=C16
Zn,Cl,

ZnIClE'

Zn2015

Zn2Cl6

203(1)
204 (4)
206(5)
206(5)

207(5)
205(4)

112(5)
114(5)
108(6)
113(6)
111(53
120(5)

219(2

)
222(2)
221(2)

)

220(2

R W M S ol W L N N NS g

av=113(5)

Nt Mot Mt e N Nt Nt et S S N

av = 205(5)

C;C

1Co  148(7)

171(12)
162(8)
151(8)

C,Cs
C-Cg
C10%11

Cl6cl7l48(8)

Zn1013 239(2)

Zn,C1, 229(1)
Zn,Cly
Zn,Cl, 240(2)

232(1)

125(7)
143(1)
127(6)
C1,C10124(8)
C14C15123(7)
017018125(10)

C2C3
CSC6
0809

TABLE 2.4 Selected Bond angles for Ni(ACN)6Zn2016*

N-Ni-N (a

Cl,Z2n,Cl

v)

1771772,

CllZn1Cl3

012

3

Zn1014

C1,2n,Cl,

1

90(2)
116(1)
111(1)
118(1)

93(1)

1321'12Cl)1L
ClgZn,Cly 110(1)
C1l,Zn,Clg 107(1)
C15Zn,Clg 118(1)

*
Refinement incomplete, preliminary data only
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Figure 2.2.b View of Unit Cell of Ni(ACN)62+Zn2c162'

on B AXis
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Figure 2.2.a View of Unit Cell of Ni(ACN)6

on A Axis
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The Zn,Cl 2-

R *
(Cp2T1DME2)Zn2016.Bz

dimer has been characterized pre.iously in

% ana [(mc H, . N1 (PPha).t] Zn.c1 2" “
6711 3/2 [2972Y76

although full structural data was not published for the

latter compound.

The chlorine bridges in our compound are slightly
assymmetric with an 8-10 pm. difference in bond length com-
pared with 14 pm. difference in reference 40. The terminal
Zn-Cl distances, 2.21 pm. are significantly shorter than the
bridging Zn-Cl distances of 230 pm. and 240 pm., as expected,

similar to the A12C16 dimer.

In contrast the analogous acetonitrile compound,
hexakisacetonitrile nickel tetrachlorozincate, has been shown
to contain a monomeric anionuj. The reason for this is pro-
bably a crystal packing effect of the cation size. It is
noteworthy that the hexachlorodizincate anion 1is associlated
with large cations in the other two structures known to contain

this anion.LK)"41

2.3.4 The Reaction of Iron Trichloride with Acrylonitrile

We were unable to prepare the simple FeCl3 adduct
with acrylonitrile. The analyses indicate that one. third of

the iron is present as FeII. The reduction of FeIII

must
proceed with a simultaneous oxidation (in the form of chloro-
nation) of acrylonitrile although no attempt was made to iso-
late any organic products. The reduction of FeCl3 by nitriles
has been shown to ke catalysed by smali amounts of wateruu.

When the solvents are perfectly dry the adducts FeCl,.nRCN

3
(1.7<n<3) (R=Me,Ph,CH201,Et) may be isolated and a preliminary
crystal structure44 of the propionitrile adduct indicates that

each unit cell consists of 8FeCl,” units and 4Fe(EtCN)5012+

X DME dimethoxy clhane
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i, 45
cations. Acetonitrile reacts analogously with acrylonitrile,

and the adduct has been formulated as Fe2+(MeCN)6(FeC14')2

on the basis of ligand field andMoessbauer spectra. We con-
sider the acrylonitrile adduct to have a similar formulation.
The partial reduction of iron III may be explained by the
increase 1n the reduction potential of iron III by coordination
of the chloride ion. If a good chloride acceptor such as
SbCl5 or Sn014 is added to the reaction, the reduction has

been found to proceed to completion whereas the reduction is
totally inhibited if a chloride donor (e.g. LiCl, NiCl2) is
present, where the tetrachloroferrate III salt is formed

(equations 2.3, 2.4).

FeCl, + 28KCl 28 MeCN . pell(mecn )y + 2sbCle + 7 (2.3)
LiC1 + FeCl, X8 MeCN . 13 (mecN)* + relllcy,™  (2.4)

If FeCl, 1s ionized in nitriles as Fe(RCN) C1 2""* ana Fecl,
only the cationic part of the iron will undergo reduction to

iron II (equation 2.5).

ACN 2+
Trace

H20

Fe (RCN) C1 7™ + Fecl,” Fe(RCN)“' + FeCl,”  (2:5)

2.3.5 The Solution Behaviour of metal Chloride
Acrylonitrile Adducts

The behaviour of a metal halide in a solvent such
as a nitrile is governed by a number of factors, the most
important probably being dielectric constant, Lewis acidity
of the solute and basicity of the solvent and the maximum co-

ordination number of the metal.

The determination of solution behaviour is both




67

difficult and laborious due to the variéty of techniques such
as ligand field spectroscopy, conductivity, multinuclear NMR,
ete. needed to gain an accurate model of the solution. For
this reason no attempt has been made to measure any solution
parameters of the acrylonitrile adducts and this discussion
will be restricted to what can reasonably be inferred from
the wealth of information on acetonitrile solvent systems.
Comparison of the degree of ionization of a number of metal
chloride complexes in a single solvent enables factors such
as dielectric constant to be ignored. The ionization is
then dependent on the strength of the metal-chlorine bond
and the donor capacity of the nitrile (namely the relative
donor capacity of a chloride ion vs the nitrile).

Hence the ZnClz,MeCN system undergoes partial

50

solvolysis”~ according to equation 2.6.

2+

3ZnCl,.2L + 2L —= Zn(MeCN)“" + 2(2nCl L7) (2.6)

2 5

In the cobalt dichloride-acetonitrile system a more complete
two part solvolysis has been established by conductivity

measurements and ligand field spectraBl, equation 2.7.

X8 MeCN:
00012.4MeCN(s) < CoCl2.2MeCN + 2MeCN k = 312
(2.7)
. —_— 2+ 2-
2CoC12.2MeCN + 2MeCN <T— Co(MeCN)6 + 00014 k = 0.38

Due to the poor solubility of nickel chloride in nitriles no
comparable study has been made of the NiClg-MeCN system al-
though formation of the complex anions (NiClEL)- has been ob-

52

served by Libus in this system indicating some kind of co~-
ordinative dissociation. Finally no studies have revealed
any ionization in the TiC14.2RCN or SnCl4.2RCN systems. The

reason’. for this is that the metals are already coordinatively
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saturated unlike previous examples and therefore any dis-
sociation will involve the rupture of a metal-chlorine bond

with the formation of a weaker dative metal nitrogen bond.

The very high strength of the TiCl bond (494 kJ mol-l)53 and
Sn-C1 bond (414 kJ mol™1)5> compared with Zn-Cl (230 kJ mol™t)>*
precludes any such dissociation. Metal chloride acrylonitrile
systems would be expected to show broadly similar behaviour

to the acetonitrile systems discussed above since the donor
capacity, dielectric constant and solid state coordination
behaviour are very similar. However precise discussion is

unjustified in view of the dearth of information.

2.4 Summary

Metal chloride adducts have been prepared by a variety
of routes. Whilst some adducts, e.g. TiClu.2RCN, SnClu.2RCN
are essentially mnon-ionic in nature others with weaker M-C1l
bonds and better halide acceptor power such as in the NiCl2/
ZnCl2/RCN system are ionic. A simplified synthesis of
Ni(MeCN)6ZnCl4 from NiCl2 and ZnCl2 has been demonstrated and
the new compound Ni(ACN)6Zn2016 has been prepared and its

structure verified by X-ray analysis by outside workers.

In between the two extremes of coordinative dissociation,

2.ACN and ZnClg.QACN are considered to be

neutral in the solid whilst solvolysis in acrylonitrile giving

the adducts CoCl

an ionized solution is indicated from by comparison with the
corresponding acetonitrile data.
Finally the reaction of FeCl3 with nitriles giving

II -
Fe L62+ FeI11014 has been rationalised on the basis of



modification of the electrode potential of Fe

coordination with chloride ion.

ITI
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CHAPTER THREE

The Relative Lewis Acidities of Silicon Germanium

and Tin Tetrachlorides towards some Lewis Bases:

A Vapour Pressure, Composition Study

70
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3.1 Introduction

The Lewis Acidities of the Group IV halides have been

extensively studiedl—12 and their Lewis Acidities are known

to increase in the sequence 0014<31014~:Gec14<<Sn014>1=b014.13
Whereas no interaction of carbon tetrahalides with Lewis bases
is normally observed the other tetrahalides show the ability

to coordinate to strong Lewis bases to give mono- and bis-

adducts, equation 3.1

L
— —
MX4 + L < MXu.L —— MX4.2L 3.1

Tin IV chloride forms the widest range of stable adducts,

SnClu.2Ll'4, soluble in inert solvents with varying degrees

5-8

of dissociation

25359 and germaniume’3 analogues Sn014.2L

Fewer silicon
and Ge014.2L have been isolated and characterised.

10,11 egest that 8iC1, and GeCl,

Cryoscopic studies
exhibit only a slight interaction with ethers whilst SnClu
forms compounds with a wide range of aromatic and aliphatic
ethers and where isolable adducts of all three tetrachlorides
are formed with the erlution of less heat than the tin
adducts. Thermometric titration14’15 demonstrates the ease
of formation of the adducts and other calorimetric studiesl6’17
of the reaction of pyridine or isoquinoline between SiClu,

GeClLIr and SnCl4 show that the heats of formation of the adducts

increases in that sequence.

Adducts between germanium tetrachloride or silicon
tetrachloride and nitriles or ether‘sj’19 have never been
isolated. Nevertheless a feebly bonding interaction between
81014 or GeCla and weak donors such as ethers and nitriles

would be expected which would then cause the mixtures to have
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a lower vapour pressure than predicted by Raoult's Law.

In this chapter we will show such expectations to be
incorrect. A vapour pressure: composition study on liquid
binary mixtures of SiClu or Ge014 with a range of Lewis bases
known to coordinate with SnCl4 showed positive deviations
from ideality for all but the strongest base (tetrahydrofuran)
with the strongest Lewis acid (GeClu), rather than the nega-
tive deviation had there been significant attraction between

the Lewis acid and Lewis base.

These results will be discussed in terms of the ener-
getics involved in adduct formation and the difficulties
encountered in comparisons of Lewis acidity or basicity.
Finally, as an extension to the main work, we will test the
method to see if the degree of deviation for a single acid
can be used as a measure of relative Lewis basicity for a

wide range of bases.

3.2 Experimental

3.2.1 Reagents

The Group IV halides were purified by vacuum
distillation into a trap cooled to —96°C in order to separate
hydrogen chloride. The Lewis bases were dried as outlined

in Appendix B.

3.2.2 Vapour Pressure measurements

Rigorously anhydrous conditions were employed
throughout the experiment by working under dry nitrogen or
by standard vacuum line techniques. Vapour pressures were

determined manometrically. Acid-base mixtures were prepared
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by distilling weighed portions of base into a 100ml flask
containing a measured quantity of the acid and the vapour
pressures of such mixtures were measured at repeated inter-
vals after the liquid mixtures had been stirred vigorously
at 0°c. The values reported are constant equilibrium values
normally reached after about lhr. stirring at 0°c. Repro-
ducibility was checked by conducting independent runs with
overlapping compositions and starting with fresh batches of
MC14. Great care was taken to avoid the accumulation of
volatile by-products such as hydrogen chloride (from partial
hydrolysis) and ethyl chloride. Silicon tetrachloride

with diethyl ether is known to react very slowly at room
temperature to give SiClBOEt and EtCllg. Monitoring for
volatile contaminants, performed by taking the gas phase
infra-red spectra of the vapour samples, was maintained

throughout each run.

The mixtures were then expanded into a line of
known volume estimated to contain about 3g. of typical vapour
(about 31.). Since we required that the composition of the
liquid phase should not change by not more than 5% during
collection of the vapour this dictated that the total quantity
of acid and base should be about 20g. The partial pressures
of acid and base in the vapour samples were measuwred by
determining the vapour density and calculating the apparent
molecular weight of the vapour which were then used to calcul-

ate the mole fractions of acid and base (equation 3.2):

. X + M

X 3.2
L MClu. MC14

where M = molecular weight, X = mole fraction, L = Lewis

base and MClu = SiClu or GeClu. The partial pressure of

base PL was then calculated from 3.3:

PL = P.X 3.3



T4

where P = the total pressure. This method of determining
vapour pressures relies on there being negligible interaction
of the components in the gas phase. Therefore the reliabil-
ity of the method was established by checking it on totally
gaseous mixtures made from known quantities of L and MCl4.
The total pressure was found to be the sum of the partial

s
pressures to within - 1%.

An alternative method of determining P, in the

L
ACN/MCl4 systems was also tried. The intensities of the

absorptions in the vapour samples due to the vinyl twist and

1

wag at 960 em — and 690 em 1 respectively were measured.

However this method proved inadequate since on checking it
was found that the band intensities in gaseous ACN were en-
hanced simply by the addition of a small amount of gaseous

MCln.

3.5 Results

The complete results for the ten binary systems studied
are given in Tables 3.1-3.10 and the vapour pressure compos-
ition curves in Figures 3.1-3.5. Table 3.1l summarizes the
deviations from ideality for all the Lewis bases studied by

listing (i) the experimentally observed vapour pressure, Pexpt

of 1:1 mixtures of MCl4 and Ligand, (ii) the vapour pressures

P expected for ideal 1:1 mixtures and (iii) the percentage

ideal
deviation given by equation 3.4:
(Pexpt. } Pideal)

3 3.4

Percentage Deviation = 100

ideal
AlL nitrile systems, both thoge studied throughout the

composition range (MeCN and ACN), and also those studied
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TABLE 3.1 Partial Vapour Pressure Data for System: SiCl4+ACN

Mole % ACN Wt . T K Total P Apparent Partial
Condensate mm Hg M.W. P.ACN/mmHg
1.30 1.9246 291 83.41 155.8 10.09

3.35 2.0212 291 87.37 156.2 10.31
6.14 2.0422 293 90.88 152.8 13.36
9.35 2.1000 294.5 97.55 147.1 19.06
12.34 2.0132 295 96.10 143.4 21.82
15.84 1.9153 295 95.3%6 141.1 23.55
42,19 1.9166 297 93.98 140.5 23.64
67.57 1.8993 296 92.25 141.4 22.51
74.69 1.7026 296 86.26 135.5 25.37

TABLE 3.2 Partial Vapour Pressure Data for System: GeClu+ACN

Mole % ACN Wt. T K Total P . Apparent Partial
Condensate mm Hg M.W. P.ACN/mm Hg

1.23 .7551 297 32.75 158.9 11.26
3.:56 L9173 297 36.96 171.0 9.90
5.30 .8764 297 38.85 155.5 14.13
6.79 .8459 296 40.82 142. 4 18.20
10.02 ° .9787 295 44,68 149.9 17.82
11.88 .8710 295 by, 27 134.7 21.80
16.01 .8571 295 45,58 128.7 24.20
19.91° .8594 295 45.70 128.7 24,22
27.80 .8026 295 46.59 117.9 27.81
32.23 .7821 295 46.82 114.4 29.02
4o.7 .7839 295 46.88 115.2 28.60
66.78 L7449 295 43,42 117.3 26.13
83.62 .6998 294 4y, 30 107.8 29.23

0 - - 28.54 - -
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TABLE 3.3 Vapour Pressure Data for System: SiCl4 + MeCn

Wt. Total P Apparent Partial

Mole % MeCN Condensate T/K mm Hg M.W. MeCN/mm Hg
2.36 2.5896 293 82.21 165.09 3.07
5.78 2.7135 293 90.70 156.80 9.20

10.85 2.8446 292.5 98.42 151.27 14.23
15.50 2.8514 292 99.22 150,10 15.24
24.70 2.8385 292 99.72 148.68 16.42
35.43 2.8156 292.5 99.62 147.93 16.98
58- 84 2.7999 292.5 100.20 147.02 17.80
70.21 2.7690 291 98. 74 146.00 18.31
82.60 2.7107 293.5 98.97 143.84 20.0

89.87 2.9727 293 75.47 137.09 19.22
93.56 1.5963 292.5 63.94 '130.67 19.5

96.23% 1.2572 293 56.15 117.47 22.85
100.00 - - 22.83 - 22.83

0 - - 76.90 - -

TABLE 3.4 Vapour Pressure Data for System: GeClu.+ MeCN

Wt. Total P. Apparent Partial

Mole % MeCN T/K

Condensate mm Hg M.W. MeCN/mm Hg
4.30 1.3338 296.3 35.28 170.33 8.97
7.35 1.2668 296.5 42.20 159.21 13.43%
11.56 1.2655 296.5 L46.71 143.69 ° 19.05
25.65 1.2544 296.5 46.69 142.49 19.36
39.30  1.2310 296.3  46.46 140.43 19.82
58.07 1.2075 296.6  46.37 138.16 20. 40
71.9% 1.2045 296.4  46.40 137.63% 20.55
84.09 1.1429 296.3 44,81 135.18 20.48
91. 40 1.0101 296.3  41.75 128.23 20.75
95.75 0.7075 296.0 35.78 104.70 22.64
0 - - 24.30 - -

100 - - 23. 43 - -




TABLE 3.5 Vapour Pressure Data for System: SiCl, + Et,0

2

Mole % Et,0 Condg;éate T/K igtﬁé ? Apﬁ?&?nt Etzgigiaég
10.04 1.1683 295.8 140.33 153.28 17.60
11.50 1.1844 295.2 42.50 147.16 20. 40
13.42 1.2590 295.5 45.96 144,80 22.83
15.55 1.3001 297.0 50.36 137.15 27.79
22.34 1.5507 295.2 62.92 130.14 37.86
29. 45 1.5591 295.2 72.03 114,30 51.50
32.06 1.5560 295.6 75.12 109:52 56.27
34,62 1.6151 295.6 79.00 108.10 59.98
48.78 1.9005 294.7 102.00 98.22 84.64
57.40 1.9485 294.5 115.02 89.24 102.82
66.55 2.1894 294.7 131.03 88.08 118.22
74.00 2. 4009 296.5 145.06 87.78 131.18
81.00 2. 4220 296.0 155.20 82.63 146.06
87.40 2.5242 296.0 164.98 81.01 157.18
93.86 2.47%2 296.0 172.88 75.75 171.20

0 - - 24,3 - -
100 - - 183.23 - -
TABLE 3.6 Vapour Pressure Data for System: .GeClu'+ Et,0

Wt. Total P Apparent BRartial P

Mole % Et;0 (ingensate /X mm He M.W. Et,0/mm Hg
10.17 2.4376  295.6 91.75 140.48  28.18
15.90 2.5054  296.0  99.06 133.91  37.23
21.30 2.5231  294.8 106.00 125.52  149.11
33.15 2.8711  295.1 122.50 123.72  59.06
46.59 2.8650  294.8 135.80 111.25  83.15
58.75 2.9087  294.7 149.74 102.40  105.53
71.35 2.8720  295.9 161.29 9Lk.25  127.39
81.90 2.8473 296.4 175.12 86.21 153.01
87.02 2.8704  296.0 179.50 - 84.67 159.73
96.06 2.7384  296.0 181.66 79.81  170.87

0 - - 76.90 - -

100 - - 183.23 - -
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TABLE 3.7 Vapour Pressure Data for System: SiCly + EtOAc

Mole # ESOAC condcisate  TX  mmHg | HW. . EcOhe/mm He
11.45 2.4038 288.0 76.20 162.50 '6.89
16.81 2.3864 289.0 76.00 162.32 7.04
24.57 2.3220 290.0 75.38 159.79 9.31
36.00 2.2270 288.0 72.70 157.81 10.75
45.27 2.0545 292.0 70.19 152.88 14,60
58. %% 1.8046 292.6 63.50 148.74 16.43%
71.50 1:5561 292.3 56.40 144,26 17.70
82.40 1.2666 293.5  49.55 134,20 19.46
89.40 0.9318 292.5 38.85 125.50 21.10
97.01 0.6017 292.6 29.91 105.29 23.63

100 - - 24.10 - -
0 - - 76.79 - -

TABLE 3.8 Vapour Pressure Data for System: GeClu + EtOAc

Mole % EtOAc Condggsate T/X agtgé Apﬁ?;?nt Etgigﬁéleg
6.99 1.0888 291.0 27.71 204.53 2.17 .
16.39  1.0422 201.3 28.79 188.63 5.87
25.72 1.0155 291.3  30.01- 176.32 9.05
40.25 1.0082 291.7 30.91 170.19 -10.82
54.50 1.0017 292.7 31.51  165.87 12.11
65.43 0.8927 292.1  31.29 149.07 16.18
- 83.47 0.6777 292.1 28.03 125.85 19.66
92.05 0.5871 291.0 27.27 112.45 22.02
100 - - 24.10 - -

0 - - 24,30 - -
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TABLE 3.9 Vapour Pressure Data for System: SiCly + THF

Mole £ THF Gongensate /X mmg M. THp/mm HE
7.70 é.4200 292.0 76.87 164.4% 4.30
18.71 2.3515 292.0 77.20 159.09 8.53
33.09 2.1125 292.0 74.25 148.61 16.16
52.60 1.7098 292.0 69.25 128.96 28.29
65.57 1.4430 292.0 64.17 117.86 34,15
T7.01 1.3237 292.1 62.84 110.06 38. 46
85.54 1.1439 292.1 59.26 100.86 41.84
_ 91.20 1.0045 292.6 56.97 92.28 45.22
& 95.08 0.8498 292.1 54,23 81.88 48.82
100 - _ - 50.29 - -
0 - - 76.90 - -
TABLE 3.10 Vapour Pressure Data for System: GeCl4 + THF

Mole B THF ogentace VK mmhg LR THRme g

7.88 0.9664 293.0 25.00 202.60 2.07
14.89 1 0.9686 293.0 28.91 - 188.65 4,87
25.93 0.9174 294.2  28.72 168.10 9.35
37.07 0.9576 ©293.3 31.50 159. 49 12.16
47.75 0.8740 293.3 32.60 140.66 16.90
57.88 0.8246 293.0  35.47 122.13 23.00
68.88 0.7143 294.0  38.5%4 97.13 34.77
82.14 0.6787 294.3 42,67 83.72 39.19
94.53 0.7372 291 48.64 78.79 46.32 -
100 - - 50.29 - -

0 - - 24.30 - -
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TABLE 3.11 Physicochemical Data for the GpIV Chlorides

Metal Sn Si Ref.

Electronegativity 1.72 2.02 1.74 25

(Pauling) :
d(M-C1) (pm) 231 208 201 26,27,28
AHf (Sn-Cl)
(Kj mol-1l) 41y 343 476 25
AHg coord
(kJ mol-=1i) 100 83 76 15
MCIA.Epy
AHf coord
(kg mol™t) 95 85 75 15
TABLE 3.12 Degree of Deviation for 1l:1 mixtures of Lewis

Base and SiClu at 0°c

+ Pressure Pressure %

Lewis Base observed/ Ideal/ Deviation
mm Hg mm Hg

MejN 336 380 -12
Et20 142 130 9
THF 70 64 9
POC14 56 48 17
EtOAc 68 50 36
ACN 97 55 76
PhCN 69 37 86
MeCN 100 50 100
EtCN 107 46 133

* In order of predicted basicity.

Pyridine and Megso were

also studied but undergo chemical reactions with Si014

E'2 .
% Deviation

Pobs

P

id

P

id
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only as 1l:1 mixtures show pronounced positive deviations
from ideality. The nitriles ACN and MeCN differ in their
behaviour towards 81014 and GeCl4 in that whilst ACN is
miscible with both acids throughout the composition range,
acetonitrile and MCl, form two liquid phases at 0°C over

the approximate ranges 15-80 mole % (M=Si) and 10-70 mole %
(M=Ge). Between these limits the vapour pressures corres-
pond to saturated solutions of MeCN in MClu. (The Group IV
chloride is more volatile in both the ACN systems although

it is somewhat marginal for MeCN).

Both ethyl acetate systems, Figures 3.3a,b, show
positive deviations from ideality although the deviations

are significantly less than in the nitrile systems.

Towards ethers, Et20 and THF, the different
affinities of SiCl4 and GeClu reflect the greater Lewis
acldity of the latter. So whilst SiClu and Et20 show a
slight positive deviation from ideality GeCl4 and Et20
exhibit near ideal behaviour (Figures 3.4a,b). wWith
tetrahydrofuran the slight positive deviation shown by SiClu

is contrasted by a slight negative deviation by GeClu.

3.4 Discussion

All five bases studied throughout the composition range
. 5,6,7,10,11,14,15
are known to form stable adducts with tin tetrachloride.
These results therefore confirm the established gradation
of Group IV Lewis acids SiC14<GeC14<Sn014. We consider that
qualitatively the results are also consistent with increasing

donor character towards MCl4 in the sequence MeCN<ACN<MeC02Et

<Et204THF. Positive deviations from ideality in SiCla—ether



and SiHClj-ether systems have been observed in the attempted

separation of these Lewis acidsgo

although the implications
were not commented upon. Other previous phase studies have
attempted to interpret information from the solid liquid
phase transition as in the case of early studies on ether

systemst0s 11 21,22,23

or more recently on POClj-M014 systems
If the interactions in the solid are not well established

(e.g. crystal structure or lattice energy data) it is difficult
to interpret results from such studies in terms of the

attractive or repulsive nature of the interaction in the

liquid phase.

The absence of negative deviation may be rationalized

as follows.

In order to form an adduct, MClu.L, it is necessary for
the Group IV tetrahalide to change from a tetrahedral to a
pseudopyramidal arrangement to accommodate the ligand and

allow the dative bond L —= M to form, Figure 3.6, since in

!
Cl L —»Cl M= L

Cl

Cl

Figure 3.6
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their uncoordinated form the tetrachlorides have insufficient
space between the chlorine atoms to allow access of L to M
without distortion. The space between the chlorine atoms
has a diameter of 24pm in SiClA, 32pm in GeClu and 80pm in
SnCla. Thus the energy necessary to deform SiClu and GeCl4
will be considerably greater than for SnClu. Therefore
unless the energy of the new L —— M bond, E(L —= M),

exceeds the reorganization energy, 4H needed to deform

reorg’
MClu, adduct formation will not occur and liquid mixtures
of MCl4 and L will then have a Vapour pressure that reflects
the lack of affinity that non-polar pseudospherical MCl4

molecules have for non-spherical base molecules.

Figure 3.7 illustrates qualitatfvely the difference
between SiClA, GeClq, and SnCl4 in their behaviour towards
a strong Lewis base such as pyridine with which all three
Lewis acids form adducts. The enthalpy change, AHcoord’

for the coordination reaction 3.5, becomes progressively less

exothermic in the sequence Sn>Ge>Si (as shown in Table 3.12)

MC1l, + 2L —= MC1,.2L 3.5



Figure 3.7 |
Enthalpy changes in the formation of MCl, L

M=Si

E _ S
C

A Moy L
MCIZ:the reorganised [trigonal pyramidal] MCl,
molecule
A=QH reorg
B=E[L-M]

C=AHcoord
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This enthalpy change, AH probably represents the

coord’
difference between E(LL. — M), (expected from increasing

electronegativity to change in the sequence SnClM_>GeCl,4_>SiClLt

(Table 3.11) and AH (expected to decrease as the M-Cl

reorg
bonds get longer and weaker (Table 3.12) in the sequence

Stepwise changes in going from SnCl4 to GeClu and from
GeCl, to SiClq are not constant between Lewis bases. For

example when the ligand in question 1s pyridine the steps are

1

17 kJ mol ~ and 7 kJ mo1~1 respectively. Whereas with

1l ang 6 kJ mol ™1 res-

isogquinoline the steps are 10 kJ mol~
pectively. Nevertheless it is apparent that unless the
formation of a tin IV chloride adduct involves the formation

1

of at least some 20 kJ mol” ~ and probably considerably more

than the formation of adducts with Ge014 and SiClu is unlikely.

The binary systems SiClq/L and GeCla/L where L=THF or
ethyl acetate, show nearly ideal behaviour. (Since non-
interacting dissimilar molecules such as SiClu and hexane24
show a positive deviat.on it would appear reasonable to assume

that this is a genuine feeble association). The reported

values of H
12

coord for the formation of SnClq.2EtOAc and

SnCl,.2THF® are 44 kJ mol™* and 59 kJ mol™ .  Therefore
it seems likely a negative deviation from Raoult's Law can
only be expected if the base when mixed with SnCl, evolves

about 50-60 kJ mol™ Y.

However a note of caution is necessary here, one which
will to some extent reconcile the different limiting values

for prediction of a negative deviation estimated above.

All the available thermochemical data for these systems

is concerned with solid addition compounds. Consideration
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of a sample Born-Haber cycle, Figure 3.8, indicates that

AH contains a term due to the lattice energy of the

coord
adduct.

MX 4 2L . DBHcoordl) . MX, 2L

4(q) (g) (g)
H H H
AHEA !A EB |A LE
|
AHcoord.
Mt 2l MY 2 s) .

AHg p=Heat of vapourization of Lewis Acid

AHEBzHeat of vapourization of Lewis Base

AHLE=Lc1ttice Energy

Figure 3.8

A
TRt

N,
~

For accurate comparisons to be made one must therefore

consider AH the heat of formation of the adduct in

coord(g)’
the .gas phase from the cycle:

AH +aH + 2pH + AH AH 3.6

coord(g) ~ EA EB coord ~ AVLE

Although latent heats of evaporation of Lewis acids and bases

requires knowledge of

P
are usually known, to find AHcoord(g)

the Lattice energy, AHLE’ a quantity only rarely determined.
For this reason one may only compare AH if the addition

coord
éompounds are of closely similar structure. This is perhaps

an unreasonable assumption to make in this situation and may
account for the divergent values estimated for the minimum
enthalpy change necessary in the SnClqu system for pre-
diction of the behaviour of the SiClM:L and GeClu:L binary

system.
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In view of these limitations placed on interpreting

AH an attempt has been made to quantify the degree of

coord
deviation from ideality of 1l:1 mixtures of SiClu and Lewis
base in the hope that this may be a measure of the relative
basicity of a range of Lewis bases. Table 3.12 shows the

degree of deviation for 1:1 mixtures calculated from

(Observed Pressure)-{(Ideal Pressure)
(Ideal Pressure)

Degree of Deviation = x 100

The results are not consistent with the established Lewis
baéicities of several of the bases studied. For instance
POClj, known to be a weak base towards SnCl4 from NQR measure-
ments (Chapter Four), appears as more basic than ethyl acetate.
Similarly the method does not discriminate between diethyl

ether and the more basic ether, tetrahydrofuran.

3.5 Summary

The extent of difference in the behaviour of tin tetra-
chloride and germanium and silicon tetrachlorides towards a
variety of Lewis bases has been demonstrated by vapour pressure
measurements of the liquid binary mixtures. The relative
Lewis acidity has been shown to increase in the sequence
SiClq<GeCla<<Sn014. The method has circumvented the problems
of Lattice energy considerations associated with solid liquid
equilibria. An unsuccessful attempt has been made to classify
the relative Lewis basicities of the donors by their degree

of deviation from ideality.



CHAPTER FOUR

The Study of some Tin IV Chloride Adducts

by 5501 Nueclear Quadrupole Resonance
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4.1 Introduction

Of the large number of known tin IV chloride adducts
SnClu.2L or SnClA.L-Ll'j’ (L = a monodentate Lewis base,

L-L = a bidentate Lewis base) the compounds cis SnClu.2L

4 5 5 7 . 8
580", MeCN-, POCl3 , SeOClj ),ets SnCl,. NC(CHE)BCN ,

and trans SnCl .2py9 (py = pyridine) have been the subject
4

(L = Me

of X-ray crystéllographic studies.

However the stereochemistry has usually been deter-

mined from the vibrational spectra of the compoundslo_l6

although it has been pointed out1?s1> that this method may
lead to erroneous conclusions if the absorption bands have
merged or solid state effects have caused band splitting.

The Sn-Cl vibrations may also be obscured by other absorptions

116 124 17,18

unless Sn- Sn isotopic enrichment is used to aid

assignment.

Since 35C]. nuclear quadrupole resonance studies are

in principle capable of distinguishing between c¢is and trans

19,20

isomers of SnClu.2L or SnClu.L—L we have recorded the

3501 NQR spectra of the SnClu.EL series for L = MeCN,

t

CH,:CHCN, Bu'CN, PhCN, CH2(CN)2, 1,2 C6H4(CN)2 4MeC6H4CHQCN,

2

2MeC.H,CH,CN, Me,SO and THT (THT = tetrahydrothiophene, C,HqnS).
64~ 47’8

2
In this chapter we will report the nqr spectra of the
above compounds and discuss their structural implications.
As a corollary a comparison will be made between the vibrat-
ional and nqr spectral methods for the assignment of eis or

trans stereochemistry in pseudo octahedral complexes.

4,1.1 General Principles of N.Q.R.

The fundamental requirements for nuclear quadrupole

resonance are:.
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(1) The sample must contain a quadrupole moment in an

unsymmetrical electronic environment.

(2) The effect is only observed in the solid state where
the field gradient axes are fixed. In liquids and gases,

molecular vibrations and tumbling, which occur on a faster

ﬁime scale than the radiofrequency timescale average the

field gradient to zero.

(3) The chosen nuclear isotope must be in relatively
high abundance (i.e.> 20%) and in addition about 2g of

crystalline sample are usually required.

The theory of the nuclear quadrupole resonance
effect may be explained by considering the way in which the
nuclear quadrupole moment interacts with the electronic
environment. A guadrupolar nucleus behaves as if it were
extended along its axis of spin with the charge either com-
pressed or extended on this axis. A positive moment is
represented by a prolate sphere (extension along the spin
axis) and a negative moment by an oblate sphere (compression

along the spin axis) as shown in Figure 4.0.

The magnitude of the quadrupole moment is given

by equation 4.1.

eQ = ./.rep(jcosge - 1)dr 4.1

where e is the absolute charge of an electron, p is the
charge density in a volume element dr at a distance r from
the centre and © is the angle between the nuclear spin axis
and the radius vector r. If the nuclear guadrupole is non
zero (i.e. the nucleus is not a site of tetrahedral or
octahedral symmetry) then the energy of the system will

depend on the orientation of the nucleus and there will be



(a) (b)

Eigure 4.0

a minimum energy for the system. In Figure 4.0.a the

energy of interaction will be less since there is less
separation of charges and may be considered the ground state
whilst 4.0.b is the excited state since energy is required
to separate the charges of opposite sign. At the nuclear
level the energy levels will be quantized with different
orientations giving rise to different energy levels. Tran-
sitions are brought about by interaction between the magnetic
dipole of the nucleus and an applied magnetic field in the
form of radiofrequency electromagnetic radiation. Thus
energy levels arise from the electric quadrupole interaction

with the surroundings whilst the transitions between energy

levels arise from magnetic dipole ipteractions with an applied

((\\am Uni\ve,.‘%
Q¥ SCIENCE &
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o SECTION
*‘&;\L'b"al-'

a0 4

field.
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When the electric field gradient is symmetrical about
an axis as for instance in a o bond the energy levels are

given by:

E = ET%;%%TT [3M§ - I(I+1)] 4.2

where eQ is the nuclear quadrupole moment from equation 4.1,
eq 1is the magnitude of the electric field gradient on the
symmetry axis, I the nuclear spin quantum number and MI the
nuclear magnetic quantum number which takes the values +I,

I-1, ....... , =I.

The electric field gradient tensor is defined in a
diagonal form so that all off diagonal terms, e.g.
avg/axay, are zero when x,y and z are the tensor axes. From
the Laplace equation the sum of the field gradients in these

directions are zero (equation 4.3).

2 2 2
3%V . 3%V 3%

+ + =0 4.3
3x°  dy°  dz°

The axis are defined so that:
2

3=V
3z°  dy

vV
2
and the electric field gradient defined by equation 4.4.

2
é—% = eq 4.4
oz
The asymmetry parameter, n, which represents the degree of

distortion from axial symmetry of the field gradient as a

value from 0-1, is defined as

2 2 . 2
3%y 3% 3%y
N = - §.5
<axz ayz) ///’azz

When d°V/3x° equals 3°V/dy° the field gradient is symmetric

and n equals zero.
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For nuclei of spin I = 3/2, from equation 4.2, the energy

levels are therefore given by:

I

EY 1/ =1/, e2qq
4.6

gt 5/

1/4 eng

The selection rule for magnetic dipole transitions is:

+
aMp = 2

1
and hence only one frequency is observed:

2
v= Y, 5 4T

The term e2Qq/h is the nuclear quadrupole coupling constant
in units of MHz. If the asymmetry parameter is non-zero

the transition frequency is modified to

1/ e2ag 2\ =
\)=.2 n l+—%— 4.8

and the quadrupole coupling constant cannot be derived from

v withouﬁ knowledge of n. In practice n is small for singly
coordinate atom atom such as chlorine and an error in neg-
lecting values of n below 0.1l results in errors of less than
0.16% in the coupling constant, hence the coupling constant

is simply twice the resonant frequency.

For further discussion of the theory of the method
and applications outside of this Chapter the reader is

referred to reference 22.

The method of detecting the resonant frequency is to
apply a frequency swept radiofrequency field to coils around
the sample contained in a glass vial, all surrounded by a
metal can and observe the power absorbed by the sample.
Further instrumental details may be found in many of the

references cited in this Chapter.
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4.2 Experimental

Starting materials were purified as described in

23

Appendix B or by standard techniques. The nitrile adducts

t

SnC1,.2RCN (R = Me, CH,:CH, Bu’, Ph,_2MeC6H4CH2, 4MeC6H4CH2)

2
and SnCl4.2(NC(CH2)BCN) were prepared by mixing solutions of
the ligand, 45 mmole of ligand in 50ml of toluene, with 20
mmole of SnClu. The adducts separated as crystals when the
solutions were cooled or reduced in volume. After being

washed with cold toluene they gave analyses consistent with

the formulation.
The dinitrile adducts SnClu.NC(CH2)nCN n =1,2,4 and SnC1,.

206H4CN2 (not the 1:1 adduct) precipitated from solution on
mixing equimolar proportions of the compounds in toluene and
could not be recrystallized. They were insoluble in aprotic

solvents and apparently solvolysed in prectic solvents.

The dimethyl sulphoxide adduct was prepared according
to the method of Cotton and Fr‘anc1524 and recrystallised from
hot water. The tetrahydrothiophene (THT) adduct, SnCl4.2THT
was prepared from both chloroform and pentane. The adduct
precipitated immediately on addition of THT to a solution of
SnCl4 in pentane and could not be recrystallised. It was
also prepared by using chloroform as a solvent in which the

adduct is very soluble.

Bis Diphenyl methyleneammonium hexachlorostannate IV (PhECNHg)e
SnCl6, was prepared from Sn014 and PhCNH in dichloromethane
in the appropriate proportions. Analyses for all the com-

pounds are given in Table 4.1.

35

Cl nuclear quadrupole resonance spectra were recorded on a
commercial Decca mid range spectrometer using Zeeman modulation.

The positlons of the line centres were determined after side-
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TABLE 4.1 Analytical Data for SnCl, adducts

Compound c* H@lement c1* other”
SnC1,.2MeCN 14.3(14.0) 1.8(1.7) 41.0(4.14) N:8.4(8.2)
SnC1, . 2ACN 19.9(19.6) 1.7(1.6) 39.1(38.7) N:7.5(7.6)
SnCla.ButCN 27.5(31.9) 4.1(4.0) 33.9(31.5) N:6.4(6.2)
SnC1,.2PhCN 35.8(36.0) 2.2(2.1) 32.9(30.4) N:6.1(6.0)

Sn014.2(2Mec6H4CH20N) 42.7(41.3) 3.8(3.4) 27.3(27.2) N:5.3(5.4)
SnCl,.2(4MeCcH,CH,CN) 42.5(41.3) 3.7(3.4) 27.4(27.2) N:5.5(5.4)
SnCl,.2CH, (CN), 18.7(18.3) 1.0(1.0) 35.1(36.1) N:14.9(14.2)
SnCl,.NC(CH,), CN 15.1(14.1) 1.5(1.2) 42.1(41.6) N:9.3(8.2)
SnC1,.NC(CH,) 5CN 16.8(16.9) 1.7(:.7) 39.0(40.0) N:8.0(7.9)
SnC1,.NC(CH,),CN 19.7(19.5) 2.6(2.2)  39.5(38.5) N:7.3(7.6)

Sn014.2«36H4(CN)2) 37.0(37.2) 1.4(1.5) 26.2(27.5) N:11.0(10.8)

SnCl,.2py 29.4(28.6) 3.0(2.4)Y 33.5(33.9) N:7.3(6.7)
SnC1,.2Me,S0 11.0(11.5) 2.9(2.9) 33.7(3%4.0) S:15.5(15.4)
Sn014.2THT¢ 22.1(22.0) 4.0(3.7) 32.2(32.5) $:15.1(14.7)
SnCl,.2THT ' 21.8(22.0) 3.8(3.7) 33.0(32.5) 8:14.6(14.7)
(Ph,CNH,),8nClg 46.0(45.1) 2.8(2.9) 30.9(30.8) N:3.9(4.0)

» Calculated values in parentheses

4 Precipitated from n-pentane

t Prepared in dichloromethane
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band suppression. Low temperature spectra were recorded
using samples cooled by nitrogen gas evaporating from liquid
nitrogen or by standard slush baths. Temperatures were
recorded using a comark electronic thermometer and a copper

constantan thermocouple.

4.3 Results and Discussion

4.3.1 Stereochemistry of the Adducts

An approximate molecular orbital treatment
applied to the effect of donor molecules that are eis or
trans on the electric field gradient at a nucleus in a pseudo

octahedral complexlg’20

shows that the average shifts in NQR
frequencies for the e¢is and trgns isomers will not be the
same and in a cig adduct the NQR frequency will be different

for the axial and equatorial chlorine nuclei.

This conclusion also follows from an empirical
consideration of the eis and trans structures shown in
Figure 4.1. " At least two resonances (Figure 4.1.a.i) are
expected from the cis adduct arising from the two distinct
types of chlorine atom (axial and equatorial) though either
of these resonances (Figure 4.l.a.ii) or both of them (Figure

4.1.a.iii) may be further split if the chemically equivalent

nuclei‘occupy different lattice sites. In contrast the spec-
trum of the trans adducts may consist of a singleresonance
(Figure 4.1.b.i) since all four chlorine atéms occupy chemi-
cdlly equivalent positions. However secondary, crystallo-

graphic inequivalence may generate a total of two, three or
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four resonances (Figure l.b.i-iv). The crystallographic
splittings are always small relative to the chemical shifts
and are considered unlikely to exceed 2%25 - 5%26 of the

observed absorption frequency.

A typical NQR spectrum of SnClu.QACN (as recorded)
is shown in Figure 4.2. Details of all the spectra recorded
are given in Table 4.2, They are also presented graphically
in Figure 4.3 from a single temperature (77K). The spectra
recorded at a single temperature do not fall obviously into
any one category of those discussed above. For this reason
the temperature dependence of the absorptions were deter-
mined by recording them at 77K (liquid nitrogen), 195K (dry
ice) and 300K (Room Temperature).

Figures 4.4-7 illustrate the temperature depend-
ence of the spectra for SnCl,.2RCN (R = Me, CH,:CH, But,Ph).
Chemically equivalent nuclei are expected to show a similar
temperature-absorption frequency coefficient (dv/4aT). In
each of the Figures 4.5-7 there are indeed two distinct types
of temperature dependence in each case, with pairs of lines
having closely related temperature coefficients (Table 4.2)
corresponding to the axial and equatorial chlorine sites in
a ecis adduct. For L = ACN this situation could only be
elucidated by recording spectra at more temperatures than
normal due to the unusual crossover of two of the absorptions.
The situation 1s less clear for SnC14.2MeCN but similar
temperature dependence is shown by at least one pair of lines
and the overall spread of frequencies (0.43MHz) is too great
to be attributable to a solid state splitting of chemically
equivalent nuclei. Therefore a ¢ts configuration is again

indicated.
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TABLE 4.2 3501 N.Q.R. Frequencies at Various Temperatures

of SnClA Adducts

S¢1 N.Q.R. Frequency (MHZ)¢'(QX) (HZK_l)
Compound dT av
77K 195K 300K
SnCl4+ 23.720
24,140
24,226
24,296
sSnCl,, . 2MeCN 19.192 19.225 19.175 -76
19.580 19.545 19. 475 -426
19.825 19.750 19.725 - 448
20.625 20.514 20.433 -861
SnC1,.2ACN 19.19 19.13 18.96 -1013
19.64 19.66 19.56 -359
19.94 19.80 20.65 -1300
20.13 20.15 20.11 -90
SnClu.QButCN 19.390 19.180 18.800 -2650
19.535 19.278 18.925 -2740
19.650 19.558 19. 406 -1090
20.285 20.217 20.025 -1170
SnCl,.2PhCN 19.753 19.61 19.33 -1897
19.85 19.85 +435
SnC1,.2CH, (CN), 19.40(2) 19.35(2) 19.35(2) -224
20.10(1) 20.13(1) 20.19(1)  +403
21.57(1) 21.57(1) 21.58(1) +44




TABLE 4.2 (continued)

snC1,.2(1,2C4H, (CN),) 19.08(2)
22.09(1)
22.22(1)

SO 16.92
17.17
17.98
18.74

snCl, . 2THT 17.42
17.88

(Ph,CNH, ) ,SNC1g 16.19(1)

17.70(2)

16.86
16.96
17.86
18.52

17.33
17.75

16.7%
16.8*
17.7%
18. 4«

16.11(1)

16.35(1)
18.14(1)

111

-Q42

-1704
-1166
-1570

-763
-1102

-381
-6053
+1975

# Peaks are of equal intensity unless relative intensities

are given in parentheses

t Ref. 21

* No resonances: were observed for SnClq.QMe

2

SO at 300K.

The frequencies listed are estimated values obtained by

extrapolation from the spectra at 77K and 195K assuming

a linear variation of frequency with temperature.
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Figure 4.3
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Unfortunately our samples of the adducts with
L = Me,SO, CH2(CN)2, ONCCgH,CN did not give satisfactory
spectra throughout the range. This situation is not un-
common as line intensities are usually (but not always)
greater at lower temperatures because there is a more favour-
able Boltzmann distribution of energy level populations and
there is less broadening from molecular librations at low
temperatures. However the appearance of widely spaced lines
of relative intensity 1:1:1:1 (L = MeESO) and 2:1:1
(L = CHE(CN)Q, ONCCGHch) at 77K suggests that these struct-
ures also have a ¢is configuration. Indeed the adducts
SnClu.2MeCN and SnClu.QMeESO are known to have cis structures.4’5
It appears that nitriles generally adopt a ¢Zs configuration.
This is probably because a nitrile is effectively a pointed
ligand, the donor atom projecting some 460pm from the alkyl
or aryl substituent. Hence crowding of one ligand by
another in a c¢is adduct is not important even in the case of

ButCN. The same is probably true of the sulphoxide ligand.

The tetrahydrothiophene adduct, SnCl4.2THT gives
a 35Cl NQR spectrum (Figure 4.3) containing two closely spaced
lines with a similar temperature dependence thus resembling

ether adducts SnCl4.2R2014 and confirming the trans structure

that had been inferred from a vibrational spectroscopic study13
supported by X-ray powder photographs and dielectric constant

data.

Other workers'® have reported that adding THT
to a pentane solution of SnCl, affords the ets adduct. How-
ever we found no evidence for this. The NQR spectra of the
two SnClu.2THT samples and the temperature dependences are

identical and consistent with a trans structure.
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4.3.2 Infra-Red Spectra of SnC14.2L

Although the 2°C1l NQR data listed in Table 4.2
provide a useful insight into the stereochemistry of these
adducts and so illustrate the value of nqr for structure
determination, the limitations of the method were apparent
when we attempted to record the spectra of 6 further adducts,

14
4MeC6HMCH2CN s

snC1,.NC(CH,) CN (n = 2,38,4), snC1,.2L (L

2)n
2MeC6H4CH2CN4, Pyg). No resonances could be detected at

any temperature for these compounds. In view of this we
felt it worthwhile to record the infra-red spectra off all
the compounds prepared and attempt to analyse the far infra-
red region (250-450 cm-l) where metal ligand vibrations are
expected to occur. The far infra-red spectra.are tabulated

in Table 4.3.

Theoretically 15 normal vibrations (3x7-6) are
expected for the Sn014.2L molecule if the ligand L 1is assumed
to be a point mass. The vibrations for a trane adduct
(D4h symmetry) are given by equation

I'= 2A + B + B + Eg + 2A2u + B2u + 3E,

lg 1g 2g

Only the A (Sn-L) and E.u (Sn-Cl) bands are infra-red

2u
active.

In the €8 case (C,,) the vibrational modes

are given by equation

2

ip = 6Al + 2A2 + }Bl + AB

The A B, and B2 vibrations are infra-red active of which

1’ 71

four are Sn-Cl vibrations (2A, + B, + B2) and two are Sn-L

1 1

modes (Al + B2).
Hence in the absence of crystallographiec differ-
ences of ligands one expects generally more bands in the far

infra-red region in the ¢Zs adduct than in the trans case.



TABLE 4.3 Infra-Red Absorptions between 250 cm

L and

450 em™1 in SnCl, adducts
Ligand St;gsi;o- Absorption Maxima

MeCN 2 308s, 340s,br, 365s,br, 390m, 405m

ACN 2 308s, 340s,br, 360s, 402s

ButCN 2 268m, 308m, 340s,br, 360s,br, 405s

PhCN 2 255sh, 308m, 345s, 360s, 400w

E,MeC6H4CHQCN 2 255w, 305s, 330s, 355s, 382m, 393m,
405sh, 435sh

4,MeC6H4CHECN 2 290m, 303m, 330s, 337s, 372s, 390sh,
420m

CH, (CN ), 2 255w, 315s, 340s, 375s, 405m

NC(CHe)é;CN 1 260m, 320s, 345s, 378s, 400sh

NC(CHg)scN 1 250m, 280w, 305m, 315m, 340s, 380s,

— 400sh

NC(CHg)ucN 1 258m, 298m, 315m, 340s, 368s, 390w

Me, SO 2 250w, 272m, 305s, 338s

THT 2 268w, 305sh, 323s

CHN 2 310sh, 330s, 440m

575
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This is found to be the case on consideration of the absorp-

1. 450 cm'l. It is evident

tions in the region 250 cm
however that a strict correlation with the group theorv pre-
dictions does not occur. In the eis adducts (L = RCN,MeQSO)
not all the expected absorptions are observed due to band

coalescence. In the trans (L = THT,py) splitting must occur

to explain the observation of 3 bands instead of the pre-

dicted 2.

4,3.3 Lewis Base Strengths

For tin IV chloride adducts Sn014.2L the drop
in 3501 NQR frequency (relative to uncoordinated SnCl4) on
complex formation is expected to reflect the donor properties
of the ligand L.27'29 This arises because a strong Lewis
base will transfer more electron density to the chlorine atoms
of the Sn014 making them more ionic and so reducing their ngr
frequencies. On this baais the averages of the nqr frequencies

in Table 4.2 lead to the following sequence of Lewis base

strengths:

1,2 C6H4(CN)2 < CH2(CN)2 < POCl3 < MeCN < PhCN < CH2:CHCN

~Bub < MeASO

2

4.3.4 3Sn-Cl Bond Length -3501 NQR frequency correlation

Correlations between the 35Cl NQR frequency and
M-Cl bond lengths are to be expected in a simple unperturbed
system since the bond length is reflective of the degree of
ionicity in the bond and hence the electric field gradient

at a nucleus. Correlations have been noted in several

syst:ems.jo'33

Linear relationships between bond length .and nqr
frequencies have been reported for cyclo phosphazerxestJl

Figure (4.10), platinium II chloride adducts”® and tetra-
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33

chloroiodates””, and a non-linear but well defined relation-

ship has been noted for a series of mercury II chloride com-

pounds.>"  Our own nqr data together with data from the
ci_ _Cl Cl\P/X
N¢P\N /PQlB Me\N/ \N,Me
0=lS g=0 MeN\ /NMe
d VY "t @ @
Me Me

Figure 410

literature (Table 4.4) shows that despite the sometimes

marked temperature dependence of ngr frequencies, illustrated

by Table 4.2, a linear correlation between 3501 NQR fre-
quencies and Sn-Cl bond lengths exists in the case .of tin IV

chloride adducts.

The correlation has been investigated with 3
methods of assignment. Firstly the average bond length may
be plotted against the average NQR frequency. This gives

the plot shown in Figure 4.11.

In order to make better use of the available data
it is necessary to assign particular resonances to specific
chlorine nuclei. One method of assignment commonly adopted
is to assume that the longest bonds in a particular compound
have the greatest ilonic character and hence the lowest ngr
frequency, as is usually the case if there is little or no =
bonding contribution to the M-Cl bond. Figure 4.12 shows

the data from Table 4.4 plotted on this basis.
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TABLE 4.4 Sn-Cl Bondlength vs 25¢1 N.Q.R. Correlations

Compound d(Sn-C1) Ref. 35¢1 NQR Frequency (MHz)

(pm) A B C

SnCl, .2MeCN 235.6 5 19.705 19.175 19.175
235.5 19.485 19.725
234, 1 19.725 19.485
2%3.9 20.433  20.433

SnCl,.2Me,S0 247 4 17.4 16.7 17.7
244 16.8 16.7
242 17.7 16.8
236 18.4 18.4

SnC14.2P0013 236 7,36 19.968 18.873 18.873
233 19.110 20.945
231 20.945 19.110

(4C105H4NH)+ 246.3 26,37 16.60  14.97

Sn016' 241.9 17.32
241, 4 17.52

(thcNH2+)2 245.6 16.86 16.10

Sn016' 242.6 16. 35
241.3 18.14

(MeuN)QSnC16 240.2 38 16.663

K,SnClg 241.1 38 15.064

Rb,SnClg 242,73 38 15.60

Cs,SnClg 242.3 38 16.05

(NH,),SnClg 242.1 38 15. 475
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An alternative method of assignment is to use
the compound ecis SnCl4.2POCl3 as a model and the trgns effect
as proposed by Syrkinjs, to enable this method of assignment
o be extended to the other compounds. In the adduct
SnC14.2P0C13 the axial chlorines have the same Sn-Cl bond
length, 233pm6, whilst the equatorial chlorines are unequivalent
(231,23%6pm). The axial chlorines are therefore assigned to
the highest intensity resonance at 20.945MHz, also the highest
frequency resonance. This is in agreement with the trans
effect which simply proposes that a ligand is electronically
more sensitive to another ligand in a trans position than a
cis, Therefore since Cl is a poorer donor of electron den-
sity than any of the ligands considered here, the axial
chlorines will have less electron density donated to them
than the equatorial chlorines trans to the donor molecules.
Thus the axial chlorines will be more covalently bonded and

nave a higher nqr frequency.

In the other adducts the highest frequency reson-
ances are accordingly assigned to the axial chlorine atoms.
The remaining two resonances must then be assigned using the
"longest bond gives rise to the lowest frequency' criterion.
Although this method leads to some assignmsents which differ
from those made on the basis of bond lengths the same overall
correlation between v(3501) and d(Sn-Cl) exists as shown in

Figure 4.13).

The correlation coefficients for all 3 methods
of analysis are given in Table 4.5. The considerable deviation
of certain points from the linear relationship shown in
Figures 4.12 ang.4.13 probably arise from the perturbation of

the electric field gradient at certain nuclei by neighbouring
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ionic nuclei. In studies of the hexachlorostannates of

+ 38

K, Rb+, Cs+; NH,_}+ and Me4N+, Brill and coworkers conclude
that there is no bond length frequency correlation for theée
salts because of perturbation of the SnCl62' anions by the
cations. For this reason the data for the potassium,
rubidium, caesium and ammonium salts have been omitted from
the regression procedure. Table 4.5 shows the effect on r2
(residual) of their inclusion. However the correlation with
the other data improves as the cation becomes softer (i.e.

in the sequence X' < Rb' < st < NH," < Me,N") and thus the

data for Me N+ are included in the regression.
it

4.4 Conclusions

The applicability of the empirical relations developed
above probably imply that the asymmetry parameter, n, of
the electric fileld gradient around the 55Cl nucleus is either
small or does not vary from one complex to another so that
the observed naqr frequency is directly related to the nuclear
guadrupole coupling constant. Evidence from the study of
1271 nqgr in SnI4 and SnI4.288 where the . asymmetry parameter
can be determined directly indicate that it has a value of

less than 0.04.

In view of the broad correlation between v(3501) and
d(Sn-Cl) that has been illustrated we consider that
Sn(5d4)-Cl(3p) bonding is not significant in these systems,
because if it were the shorter bonds would be expected-to
give rise tec lower nqgqr frequenciecs, a trend opposite to that

observed.
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TABLE 4.5 Linear Relationships (y=mx+c) between 3SCl
Frequencies (y in MHz) and 4(Sn-Cl) bond

Lengths (X in pm)

Method of Assignment

Coefficient
A B c
m ~33,20 -30.73 ~29.56
c 97. 34 91.58 88.82
*pl 0.90 0.87 0.76
m -%40.26 -33.88 -32.92
o 113.72 98.86 96.55
per 0.73 0.78 0.69

r'2 = correlation coefficient
*  pregression computed including data for MQSnCl6(see text)
A relates average frequency to average bond length for
each compound
B relates individual frequencies to individual bond lengths
by the method of "longest bond gives lowest frequency"
C relates individual frequencies to individual bond length

by the method of "the trans effect"
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CHAPTER FIVE

The Reaction of Tin Dichloride

and Hydrogen Chloride with Nitriles
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5.1 Introduction

The reaction of hyvdrogen chloride and tin dichloride

has been reported tc yield solvated trichlorostannane,

t)'l—ll

HSnCl,.nL(I) (L = solven Engellfﬁrst reported the

>3

preparation of HSnClj.BHQO by cooling an aqueous solution

of tin dichloride saturated with hydrogen chloride. Con-

ductivity s’cudies2 indicated the presence of species such
as SnCl, and SnClug'. The formation constants for

3

equation 5.1 have also been deter'mined,5 based on

sn®* + nCl” &= snc1 ®™® n = 1-4 (5.1)

4-6

emf data from concentration cells. Russian workers
have studied the structure and properties of trihalogermane
etherates, such as HGeClj(EtEO:.)2 which behave as pseudo
carbenes, eguation 5.2a, towards alkenes and alkynes,

equation 5.2b.

HGeCl;.nEt,0 == (GeCl,) + Et,"oH + C1” (5.2a)
H,C:CH, + GeCl, — = ch\-/CHg
Ge (5.2b)
\
c1  C1

—_ XClgGeCHECHEGeCl3 + {?HQCHgGeClé}E _ X =H,Cl

However they state that trichlorostanne etherate does not
Torm organotin compounds with unsaturated hydrocarbons.

7 suggests that (I)

In contrast, a patent application
dces react with o alkenes to give the corresponding alkanes,

equation 5.3.

HSnCl, + H.C:CHR —— C1.SnCH,CH,R R = alkyl, H (5.3

5 2 3 2vr2

More recently SnCl2 and HC1l in ether have been found to react

with o, 8 unsaturated carbonyl compounds such as acrylic
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esters and amides to give B substituted alkyl tin trichloride58’9

(e.g. 5.4) in high yields.

HC1 + SnCl, + CH, = CH COOMe ———= C1,SnCH,CH, COOMe  (5.4)

The same workers also describe the preparation of sub-

stituted dialkyl tin dichlorides’’ 10,11

from metallic tin
and hydrogen chloride (e.g. equation 5.5) postulating the
formation of (H2SnC12) or (HSnCl) as reactive intermediates.
This synthesis is alsc the subject of two patents by inde-

pendent wor'kers.lg’13

3Sn + HBHC1 + ECH2 = CH COOMe —— Cl}SnCHQCHQCOOMe

(5.5)
+ ClESn(CHECH COOMe)2 + H

2 2
Independent of the work on the reaction between HC1, SnCl2
and olefins certain nitriles undergo reduction by SnCl2 and
HCl in ether by the Stephen Reaction to give aldehydes on
1’1yd1"olysis.ll'l The literature regarding the scope of the
reaction and its mechanism is inconsistent. Stephen's
original worlc14 claims virtually quantitative conversion to
aldehyde but this has never been repeated.15 Common by-
products after hydrolysis are primary amides and trimers,

NN “alkylidene bisamides, (RC:ONHCHRNHC:OR)16. Dimers have

also been obser'ved17 but subsequent workersl8 were unable to

repeat this.

Russian wor‘kl4 has shown that the reaction may be com-
plicated by the cleavage of ether by HCl and subsequent
20,21 (1963),

in attempting to explain previous results from analytical

ethanolysis of products. The most recent study

information on intermediates has shown that the yield of
aldehyde decreases and the yield of amide and trimer increases
as the alkyl chain length increases. The current knowledge

may be summarized in equation 5.6.
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H,0
(RCHNH,"), SnC1,°" —F—+nldehyde R o
RCN -~ (5.6)
xg\(Rg-NHCHRN=R)2+ SnC1°".28nC1,, R>Cg
.

In view of the reactivity of HC1l and SnCl2 towards alkenes
and nitriles we were interested in exploring how this system
would react with nitriles and especially ACN since this has
two sites for possible addition. Whilst we did not set out
to clarify the mechanism of the Stephen reaction, but rather
to study anhydrous reactions of nitriles, our results never-
theless strongly suggest that the currently accepted mechanism
of the Stephen's reaction is in need of reappraisal. The
major products from the reaction of niftriles other than ACN
were dimers with an amidinium structure , Figure 5.1,
whereas acrylonitrile reacts by addition of H-Sn across the

C=C double bond.

R
N
/C—-NHZSan

N

IC'

VRN
R SnCH3

R=Me(IO),Et{TN),Bu (¥},Ph{¥]},

Figure 5.1
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5.2 Experimental

All compounds were regarded as air and moisture sensitive
and were therefore handled exclusively under dry nitrogen
or in a vacuum line. Hydrogen chloride was either used
direct from a cylinder (BOC) or dried by using gas evaporat-
ing from liquid hydrogen chloride. Anhydrous SnCl2 (BDH) was
used without purification since the infra-red spectrum showed
it to be water free. All other reagents and solvents were

dried by standard methods (see Appendix B).

5.2.3 The reaction of acetonitrile with HCl and SnCl

-

2

Tin dichloride (2.89g) was added to 20ml of dry
acetonitrile. Hydrogen chloride was passed through the

cooled mixture and the SnCl,, was taken into solution in 40

2
minutes. Hydrogen chloride continued to be passed for 6
hours until a white solid was precipitated. The precipitate
was collected on a filter and dried in a steam of dry nitrogen

and analysed. On standing overnight the solid turned pale

brown.

The solid was found to be ¥ (methyl(trichlorostannyl)
methylene) acet amidinium trichlorostannate II (Strueture III,

Figure 5.1) M.P.: 92°C (dec.).
Analyses: see Table 5.1.

Infra-red (cm'l) (Nujol mull): 3340s,br, 3180s,br, 1675s,br,
1550s, 1480s, 1420s, 1388s, 1370m, 1350s, 13%00m, 1260m,
1230w, 1140m, 1115s, 1040m, 1028m, 990s, 922m, 792m,
750s, 680s, 525s.
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5.2.ii The reaction of propionitrile with SnClp

and hydrogenchloride

Tin II chloride (3.17g) was added to 10ml of
dry propionitrile and then saturated with hydrogen chloride
for 12 hours at 0°C. The SnCl2 dissolved during 3 hours
to give a straw yellow solution. After 7 days standing at
4°¢ the solution yielded a fine yellow precipitate which was
collected on a filter, washed with propionitrile and pumped
dry. The yellow solid, #(ethyl,trichlorostannyl methylene)
propionamidinium trichlorostannate II (Structure IV, Figure

5.1), was of a waxy consistency M.Pt. 84°C (decomp.)

Analyses: see Table 5.1

Infra-red (em 1) (Nujol mull): 3510sh, 3320s, 3220s, 1678s,
1648s, 1612m, 1570m, 1480m, 1455m, 1405s, 1390s, 1360s,
1308m, 1245w, 1175w, 1150m, 1125m, 1100m, 1070sh, 1010sh,

1000m, 875w, 83%5m, 800m.

5.2.1ii The Reaction of 2,2,dimethyl propionitrile
with €in dichloride and hydrogen chloride

The reaction scheme followed was identical to
5.2.i1. A pale brown solid, #¥(2,2,dimethyl propyl, tri-
chlorostannyl methylene) 2,2,dimethyl propionamidium tri-
chlorostannate II, (Structure V, Figure 5.1) was isolated

on filtration, M.Pt.185°C (dec.).
Analyses: see Table 5.1

Infra-Red (em ¥) (Nujol mull): 3320s,br, 3220s, 3180s,br,

1690s, 1540m, 1480m, 1400s, 1118m, 1080m, 1040w, 1025w,

870s, T728w.
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5.2.1v The reaction of benzonitrile with tin
dichloride and hydrogen chloride

The reaction scheme followed was identical to
section 5.2.1i1i. A white powder, ¥ (phenyl,trichlorostannyl
methylene) benzamidinium trichlorostannate IT (Structure VI,

Figure 5.1), was isolated on filtration, M.Pt. 180 (dec.).
Analyses: see Table 5.1.

Infra-red (em 1) (Nujol mull): 3310s,br, 3160s,br, 2215w,
1720s,br, 1660s,br, 1600s, 1580w, 1545m,br, 1460sh,
1450s, 1445sh, 1330m, 1315m, 1220s, 1185m, 1162w, 1055w,
845sh, 83%8s, 790s, 780s, 775w, 710w, 700w, 685w, 588w,
550w, 450m, 435u.

5.2.v The Reaction of acrylonitrile with hydrogen
chloride and tin dichloride

Anhydrous hydrogen chloride was passed through
a slurry of 25g. of SnCl2 in 150ml1 of dry ether at OOC.
After lhr. the SnCl2 had dissclved completely. The HC1l
flow was terminated and the solution allowed to warm to room
temperature. A pale yellow o0il (50ml) separated on standing.
The supermatant ether was syringed off and 40ml of dry ACN
was added. The ACN was immediately miscible with oil and

was stirred at room temperature for 48 hours.

All volatile components were then pumped off at
O.1mm Hg and the remaining 25ml of straw yellow liquid was
distilled Zn vacuo to remove B chloropropinoitrile Gml collected
at 40°C at lmm Hg). Further heating indicated that a second
fraction (B.pt. l}OOC at 5mm Hg) was present but this could
not be isolated since it was a solid at room temperature and

was blocking the still head and condenser.

A solvent extraction method was therefore used.
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The distillation residues were extracted with
100ml of toluene by refluxing for % hr. and filtering off

the hot liquors.

Reduction of the liquors yield B cyanoethyl tin

trichloride (15g) M.Pt. 107-108°C.
Analysis: see Table 5.1

Infra-red (ém_l) (Nujol mull): 2280s, 1415m, 1305w, 1175m,
1150w, 1010w, 970w, 900w, 750sh, 720m, 680m, 455w,
375s, 358s.

5.3 Results and Discussion

Alkyl and Aryl Nitriles with Tin Dichloride
and Hydrogen Chloride

5.3.1 Preparative and Stability Aspects

The reaction of Sn012 and HC1l with alkyl or
aryl nitriles yields products of the general formulae shown
in Figure 5.2.a,Db. The precise electronic structure cannot
be discussed at the present stage of investigation. For
simplicity'the butadiene type structure, Figure 5.2.a, will

be considered as representative.

R

3 SnCl.

——— + 2]
C———-NH2 SnCl 5 3

.C=—NH

'Z.\ /w

+

Q

C
R//// \\\\SnC13 R/// \\\\SnCl

R = Me, Et, Bu®, Ph

Figure 5.2.a Figure 5.2.b.
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Variation of R has considerable effect on the thermal

stability of the compounds.

The methyl and tertiary butyl derivatives,
ITIT and V, darkened in colour after separation and difficulty
was encountered in obtaining satisfactory infra-red spectra,
the compounds becoming waxy and less easy to mull. This
may have been due to loss of HCl or more probably further

rearrangement (see section on mechanistic consideration).

Also whereas the ethyl and phenyl compounds were
stable for several days in d6 dimethyl sulphoxide, the methyl
derivative decomposed immediately and the tertiary butyl in
about 1 hr. The decomposition products were not character-

ized.

5.%.2 §&tructural and Spectroscopic Aspects

(i) Analysis:

The elemental analysis (Table 5.1) are
consistent with the formation of 1:1 adducts between tri-
chlorostannane, HSnClB, and a nitrile. However analyses
for tin in oxidation state II (see Appendix A for experi-
mental details) show only half the tin to be in this state.
Analyses for total tin were uniformly poor suggesting that
the analytical method was inaccurate (see Appendix A for

discussion). We therefore consider that the tin II is

present either as SnClp or, more 1likely, SnClj-.

(ii) Mass Spectra:

. The spectra are summarized and assigned
in Table 5.2 and shown graphically in Figures 5.3%-5.7. None
of the compounds III-VI showed parent ions in their mass

spectra. The highest mass peaks are due to Sn013+ or SnC14+
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TABLE 5.2.A Tin Containing and other significant peaks in
the mass spectrum of compound IV (R = ethyl)

Ton m/e Religivgeég?ensity Reé?;ivgeég?ensity
snc1,” 260 0 3.16
Sn013+‘ 225 5.14 31.18
snc1," 190 0 34,27
snc1?t 155 0 69.80
sn" 120 0 9.83
(Et-CN)," 110 0 0.56
Etg\\

/,C=NH2+ 73 20.70 5. 34
HoN
EtCNH," 57 25, ith 4.99
EtCNH™ 56 32.00 8.29
HC1 36 72.53 100
? 238 9.74 5.27
? 218 10. 42 3.79

+ See also Figures 5.3%.a,b




TABLE 5.2.B. Tin containing and other significant peaks
in the mass spectrum of Compound III (R=methyl) i

Ion m/e Relative Intensity
+

SnC1, 260 3.50
Sn013+ 225 4.78
Sn012+ 190 3.00
SnC1l 155 10.98
sn’ 120 3.96
Me N=C

\\\ﬁ’// \\\Me 84 2.00

+
NH,,
Me
+

\\\C=NH2 59 67.72
HoN
Me

T\\C§NH+ 58 41.06
a N

2
MecNH' 42 100
HCl 36 70.71

+ See also Figure 5.4
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TABLE 5.2.C. Tin containing and other significant peaks in
the mass spectrum of compound V (R = t-Butyl)t

Ton m/e Relative Intensity

Sn013+ 225 2.50
sncl,” 190 3.00
snc1* 155 16.60
sn* 120 17.16
But

;:::C=NH+ 98 €.08
N

? 86 13,30
Bubcngt | 84 .00
Butcrt 70 37.81
Byt 57 50.72

+ See also Figure 5.5.

TABLE £.2.D. Tin containing and other significant peaks in
the mass spectrum of the compound VI (R=Ph)+

Ion m/e " Relative Intensity
SnClB+ 225 4.23
SnCl2+ 190 1.17
sncit 155 4.18
Ph\ +

//C=NH0 © 121 2.5%
H N
+
Sn 120 1.51
PhCNH2+ 105 80.00
PhCNH 104 100
PhH 78 35,72
HC1 36 48, %2

t See also Figure 5.6.
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TABILE 5.2.E. Tin containing and other significant peaks in
the mass spectrum of tri n-Butyl tin chloride

Ton m/e Relative Intensity
Bun28n01+ 269 0.82
Bu"snc1? 212 0.64
snci” 155 0.54
snt 120 0.3%2
Bu 57 2.30
TABLE 5.3 NMR Spectra of Products from the Reaction of

RCN with HCl and SnCl2a
R Absorptions
Me Sample decomposed
Et 1.15t (J=7.5Hz)(3), 1.37t(J=THz)(3), 2.66q(J=5.25Hz)(2)

4.44q(J=5.25Hz) (2), 7.20t(J=50.THz)(2)
Bu 1.03t(J=THz)(9), 7.28t(J=52Hz)(2)
Ph 7.13t(J=52Hz)(2), 7.70-7.80(v20)

(a) Recorded in dg dimethyl sulphoxide with internal
TMS standard (§=0)

(b) Relative intensities and coupling constants in
parentheses, t=triplet, g=quartet.
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the latter being attributable to an ion recombination re-
action (equation 5.6) on decomposition of the sample on the
mass spectrometer probe by elimination of SnCl4 and SnCl2

to give a carbenoid species (equation 5.7).

.}_ - - N
R 8nCly ——R + Si‘1013+ —CL ~snc1, —Swsnc1,t  (5.7)

R

\c - NH,"snc1,” —————=R
N/ 2T \c {;IQH
u 7 :
////C (1ﬁ
R \\\\SnClj C
///

R

+
+ SnCl4+SnCI2

(5.8)

C
I — ??7?
N

Ion-ion reactions would be expected to be inlet pressure
dependent. However this is difficult to control when ad-
mitting a solid to the mass spectrometer. An elimination
reaction, equation 5.8, would be expected to be temperature
dependent. _ Figures 5.3.a and b. show two separate scans

for the ethyl compound after 4 mins. (Figure 5.3%.a) in the

ion chamber and after 8 mins. (Figure 5.3.b). At the earlier
time at lower temperature, there are no peaks due to SnC14+

+

and only weak peaks due to SnCl3 As the probe warms up

however (Figure 5.3.b) peaks due to SnClM+ become evident.

Peaks at m/e 2738 and 218 in the low temperature
scan do not contain tin or chloride. They may be due to

ion-molecule or ion-ion combinations or possibly from the
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reaction of the carbene species proposed above.

Loss of SnCl4 is also observed for R = Me.
The general breakdown pattern of loss of organic fragments
before halide ions is typical of organotin compounds as
shown in Table 5.2f which lists the fragmentation pattern
of tin(n-butyl)tin chloride (this work) and also in
section 5.4.1 where the mass spectrum of B cyanoethyl tin

trichloride is discussed.

Only for R = Me (Figure 5.4, Table 5.2b) is a
peak corresponding to an intact organic backbone,
MeCN(Me)C:NH2+ observed. In all other cases the highest
mass organic fragment is R - C:NH2+, also an ion molecule

NH2
product. Lower mass peaks are consistent with the break-

down thereof.

5.3.3 N.M.R. Spectra

N.M.R. spectra were recorded in d6 dimethyl
sulphoxide, the only solvent in which the compounds were
found to be soluble. They were insoluble in less polar

solvents such as CDClj, CCl4 or d8-toluene.

The methyl derivative appeared to decompose 1in
solution. The solution turned brown over a period of 5 mins.
and the nmr spectrum could not be interpreted due to its
complexity. The 60MHz spectrum of the ethyl derivative,
Figure 5.8a shows the presence of two magnetically different
ethyl groups. Three equal intensely absorptions at 6.336,
7.206 and 8.076 are assigned as a triplet (J=52Hz) due to

14

coupling between the N nucleus (spin=1) and the protonz ol

. the C=NH2+ group. This was conf{irmed by rerecording the

spectrum at 90 MHz, Figure 8b, when the coupling constant

—
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was found to remain the same. Assignments for all compounds
are listed in Table 5.3. The 60MHz spectra of the But and
phenyl compounds show the expected absorptions due to the
alkyl or aryl groups. Only one, absorption could be resclved
probably since the protons in the But group are more remote
from the inductive influence of the electron withdrawing
group. The aryl proton absorptions could not be resolved

in sufficient detail to extract any structural information.
Both the phenyl and t-butyl compounds show equal intensity

triplets centred on 7.138 and 7.288 respectively, identical

to those observed in the ethyl derivative.

Proton nitrogen coupling is only rarely observed
for two reasons. Firstly the nuclear quadrupole of ll‘N
causes the nuclear relaxation time to be increased leading

to broadening and coalescence of the lines.24’25

Secondly
the acidity of protons bonded to nitrogen leads to consider-
able hydrogen bonding and usually facilitates rapid proton
exchange which would destroy any coupling if it occurs faster

-than the n.m.r. time scale. Any hydrogen exchange must
therefore be relatively slow. The value of the coupling
constants (J=52 H2) compares with J(qu-H) of 40-68 Hz for

dialkylamines or tertiary alkylammonium salts.22’23

5.3.4 Vibrational Spectra

The vibrational spectra of the compounds were
generally less informative than the other spectra. The
compounds were very difficult to mull, insoluble in common
infra-red sclvents and usually gave poor spectra. Therefore

only general structural data could be inferred.

All the spectra (Figures 59&49 showed two or

1 1

three broad intense peaks in the 3200 cm ~ to 3500 cm” — region,
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FIGURE 5.9 IR Spectra of (a) ITI, (b) IV, (2) ¥, (&, I

(a)

(b)

(c)
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assigned to strongly hydrogen bonded (N-H) vibration. Only

two bands would be expected from an NH2 group, a symmetric

and an assymmetric stretch. The third band may be a com-
bination band. Three bands are observed in this region in
aniline26 and several broad intense peaks between 3100 cm-l

and 3300 cm'l are found in the spectra of some dialkylamine

hydrochloridesg7.

Twé tvpes of absorption are expected in the
1480 em™t to 1700 em™L region. We expect the (C=N) double
bond stretch and the 6(NH2) scissoring. All the compounds
show at least 3 absorptions in this region. If Figure 5.2.a
is a good representation of the true structure then we would
expect only 3 absorptions in this region, two v{(C=N) and one
5(NH2). However if the delocalised bonding description,
Figure 5.2.b, contributes to the bonding then one would expect
more absorptions in this region. Therefore the non-delocal-
ized description, Figure 5.23, is tentatively put forward as
the preferred structure. Bands due to the SnClj groups are

-1 28,29

expected to be in the region 200-400 cm ~. This is

however outside the KBr region recorded.

5.3.5 Mechanistic Aspects

The mechanism of formation of hydrostannated
nitrile dimers can be considered in three independent stages:
(2) the nature of the HCl/SnCl2 reaction;

(b) the reaction of the product from (a) with nitriles; and

(¢c) dimerization.

(a) The nature of the HC1-SnCl, system:

2
The hydrogen chloride tin dichloride system has been

extensively studied from its utility in the preparation of

4-13

organotin chlorides. However only very recently has the
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system been studied in detail. Dutch workers§o have shown

that the reaction can be crudely represented by equation 5.9.

— T y o
nHCl + SnCl2 + mEt2O v——-dnSn012+n.mEt20 (5.9)
(1)
(I) separates from ethereal solution as a yellow oil. The

Dutch also found the 'H nmr to show the presence of a
strongly deshielded proton between 10.8 and 12.8 ppm, depend-
ing on experimental conditions (in contrast to 6.8 ppm for
HCl.nEtgo) and the interaction of the proton with the co-
ordinated ether in I is reflected in the chemical shifts of
the ethyl groups.

The absence of ‘a band between 1700 cm * and 2200 em™ 1

in the infra-red confirmed that a covalent tin hydrogen bond

was not present.

They found the 119

Sn Moessbauer parameters of I to be
more consistent with a tin II species than a tin IV species
and most closely resembled data obtained from triligand
stannates. Consequently they conclude that I consists of

ionised dihydrogen tetrachlorostannate II, equation 5.10.

H2Sn014 + 2Et,0 —— 2Bt TOH + SnClqg' (5.10)

2 2
(b) The mechanism of reaction of dihydrogen tetrachloro-
stannate II with nitriles:

It would appear reasonable to draw the analogy between
the reaction of HSnCl3 with olefins and with nitriles.
According to workers of Ak=zo Chemie8’9 the formation of

alkyl tin from an olefin, HCl and SnCl, is due to the addition

2

of Sn-H across the unsaturated linkage as has been established
in the reaction of EtBSnH with ACN. ™22 However in view

of the considerations in the preceding section this seems

unlikely. An alternative possibility would be addition of
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tin dichloride to a C chloro alkyl imidoyl salt (III),

equation 5.11, as formed from the reaction of hydrogen

chloride with nitriles.’* 30 .
ROIN + HCL ——= RC(C1): NH,'Cl" —— \\\C:NH2+Cl_ (5.11)
III C1,5h
>

However no imidoyl chloride dimerization (y;de infpa)
products were observed in our systems and a2lso it has been
found that tin dichloride does not react with B-Cl methyl

20

propionate””, equation 5.12.

SnCl2 + ClCH20H2COQMe ——> ClBSnCH CH,CO, Me (5.12)

272772
Therefore we consider the most probable mechanism to be a
1,2 additicn involving initial protonation of the nitrile
to give a nitrilium salt followed by nucleophilic attack by
trichlorostannate II to give an alkyl trichlorostannyl im.ine

or iminium salt, equation 5.13.

R . R\\\\
) H
ReNHY + saCl,” —— C=NH =—= C=NH2+
+ Ccl Sn/// C1.S -
H 3> 3°0
RCN "
Y’v‘la (5.13)
R ~
C=N_
SnC1.
2

(¢) The dimerization of alkyl trichlorostannyl imine:
The literature is abundant with the reaction of hydrogen
halides with nitriles. Schaeff‘er'37 has reviewed the subject

35, 36,38, 39

and recently in a series of papers a Japanese group
have surveyed and reinvestigated the reactions of hydrogen

chloride with alkyi and aryl nitriles.
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Imidoyl chlorides dimerize under relatively mild con-
ditions by displacement of a chloride ion by a second molecule
of iminium base acting as a nucleophile, yield N(alkyl chloro

methylene) alkyl amidium salts, V, equation 5.14.

+HC1 R\\\ R\\\
+
RCN = //,C=NH = ///C = NH, Cl (5.14)
-HC1 C1 Cl
R R R +
///c= NH + ///C = NH, Cl —THCL” ﬁ
c1 VR

The simplest systems are those having no a hydrogen
such as MegN ,40 Ph ,36 RC6H4 ,36 RS .36 When substituents
contain an a hydrogen the product V undergoes rearr'angement35

to give an N{ o chloroalkenyl) alkyl amidine salt VI, equation

5.15.
R Farer A
NH..C1
R . i \ 7 2
\c/ NH,C1 \
NH
R | R
N e N/
CH—C CH—C —C1
e ' 7 |
R ¢l R c1

(5.15)
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The dimerization of alkyl trichlorostannyl iminium
salts may be analogous to equation 5.14 although one can
postulate several plausible reaction pathways as summarized
in Equations 5.16-19. The reaction terminates at this stage
for all the derivaties. One reason that the derivatives
with o hydrogens do not undergo further reaction (equation
5.13) may be that the trichlorostannate II group is not as
good a leaving group as the chloride ion, thus rendering

equation 5.19 very slow.

We also favour equation 5.18 to equation 5.17 for the

same reason.

R + R
N\ H N\ .
RCN +H=—= RCNH — C=NH = C==NH, 5.16
/ -H /
Chan Ck35n
R ///’-—\\\\ //R R\\
\C=-NH§ HN=C — C—_-NHESnClé 517
Y4 N\ /
Cl3Sn SnCl3 ?
C
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R R
SnCl
C=NH  RCANH 3 . C=nH
ClaSn +lﬁlH "SnCly
C
N
R/ SnCl3
518
R
N\ + -
/C=NHZSnCl3
N
|
C
N
R/ SnCl3
R R
C=NH>X C=NH2X
/ HX
) — 0
RI
C CX
N 772
rR” - x /c
R _HX 5.19
R
AN
X=Cl ./C=NH2X
X#5SnCl, Hf\ll
C
~
R\C/ "
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5.3.6 Aspects Relevant to the Stephens Reaction

The compounds described in this chapter do not
form any part of previously proposed mechanisms of the
Stephens' reaction. The reaction has been considered to
proceed by the reduction of an imidoyl chloride to an
aldimine. Hydrolysis of the aldimine yields the aldehyde

(Equation 5.20).

RCN + HCl ——— RC(C1) = NH

2

|
RCC1l = NH + SnCl, + HCl —— RCH = NH.HCl.SnC14 g (5.20)
RCH = NH.HCl.SnCl4 + H20 — RCHO + NHucl + SnClu )

Whilst this reaction mechanism cannot be discounted on the
basis of this work it suggests that the predominant reactive
species 1is H+ + SnClj_ as opposed to HCLl. The formation of
primary amides in the Stephens' reaction has been suggested
as being due to the hydrolysis of RCN.SnCl2 adduct. However
no nitrile adducts of SnCl, have been isolated (this work).
The amides will arise from the hydrolysis of the dimer II in

the following scheme, (overleaf).

Experiments are in progress to confirm that the
products of hydrolysis of II are indeed aldehyde and dimer

is 1:1 ratio.
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N\
C==NH> . C=NH}
H /.
I I
C C
VAN
R \SnCl3 R SnClij
"OH
R R
\
C= H+ + C=NH
/ J 2 /
HO Cl3Sn
l l+2H+,OH'
0 R
N\
R—C/ . C=NH5+ HOSnCl3
2
\ /
NH 9 H -OH
R NH2
Py
H ‘(}H
l—NHg
R
N\
C=0
/
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5.4 Results and Discussion of the reaction of ACN with
Tin Dichloride and Hydrogen Chloride

Whilst SnCl, and HCl are known to add to o, B unsaturated

2
carbonyl compounds to yield (8 carbomethoxy) ethyl tin tri-
chloride9 the reaction with ACN has not previously been

described. The product from this reaction, equation 5.21,

B cyanocethyl tin trichloride, is believed to be a new com-

pound.

+ ACN —— = NCCH,CH (5.21)

5 5 2SnCl

HCl + SnCl 3

5.4.1 Structural and Spectroscopic Aspects

The mass spectrum of B cyanoethyl tin trichloride
is shown in Figure 5.10 and the significant peaks are assigned
in Table 5.4. Most noticeable in contrast to the mass
spectra of the N{trichlorostannyl alkyl methylene) amidinium
salts is the presence of tin containing organic fragments.

No parent ion is observed but a P+1 peak at m/e 280 corres-
ponds to the protonated parent. This protonation in the

mass spectrometer is common amongst nitriles and is due to
abstraction of a hydrogen atom by the molecular ion.)"‘l The
infra-red spectrum, Figure 5.11 shows all the expected features.
The nitrile absorption at 2280 cm-1 is characteristic of an
organic nitrile. Other bands assigned to the organic residue
are G(CH2) (scissor) at 1415 em™ T and T(CH2) (twist) and

w(CHg) (wag) at 1305 em ! ana 1175 em™ L. Bands at 358 cm”

28

1

and 375 em™ 1 correspond to v (Sn-Cl) and v (Sn-C).

When the compound was exposed to air and the
spectrum rerecorded, in addition to the water peaks, the

nitrile band became split into two peaks at 2280 cm_1 and

2225 cm—l. This suggests that the nitrile group is coordinated
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TABLE 5.4 Mass Spectrum of B cyanoethyl tin trichloride

Fragment m/e Intensity
+
HNCCH,CH,SnC15 280 6.0%
SnC13+ 225 31.51
T y + - T
NCCH,CH,SNnCL, 245 16.0
Sn012+ 190 9.62
snc1” 155 3h, 42
snt 120 7.85
+
NCCH,CH,, 54 13,31

HC1 36 46
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FIGURE 5.11 R Spectrum of 8 cyanoethyl tin ftricnlorid
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in the solid. Thus uptake of a Lewis base stronger than
the nitrile will displace the nitrile from coordination and
cause a drop in v(C=N). In a non-coordinating solvent,
benzene, v(C:N) was found to occur at 2284 cm_l whilst in

a coordinating solvent, THF at 2242 cm_l, confirming that
v(C=N) is dependent on the coordinating power of the solvent,
the same effect has been observed in f cyanoethyl tin tri-
br-omide42 and was attributed to the formation of a dimeric
molecule in non-coordinating environments. This proposal
is consistent with our data although a chain structure in
thg solid is equally plausible. Unfortunately p cyanoethyl
tin trichloride is hardly soluble in benzene which prevents
the simple cryoscopic determination of molecular weight.

The lH 90 MHz nmr spectrum is given in Table 5.5.

The spectrum was recorded in d6.dimethyl-sul—
phoxide and also CDClj. In each case the high field resonance

is assigned to the '« methylene group by comparison with
11

R,SnCl,”" and the low field resonance to the 8 (CH,) group.
TABLE 5.5 .'H NMR Spectrum of.NCCchHganlE(a)
Solvent « (CH,) 8 (CH,)
CDCl3 2.51t(J=8.0Hz) 2.00t(J=8.0Hz)
dgDMSO 1.73t(J=8.5Hz) 2.73t(J=8.5Hz)

(a) Ref. Internal TMS (§=0), t=triplet.

It was hoped that recording the spectrum in two
solventé of different coordinating power would yield inform-
apion on the dimeric (or otherwise) nature of the compound.
However the differences cannot be reliably interpreted in view

of the considerable difference in solvent susceptibility.
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5.4,2 Mechanistic Aspects

Considerable discussion has been devoted to the
mechanism of hydrostannation by HC1l and SnCl2 in section 5.3.5
of this chapter and it will not be repeated here. The
additional considerations in this section concern the site
of addition (i.e. >C=C{ versus -C=N) and the orientation of

addition.

The preferred site of addition by reagents
H(&+) - X(6-) appears to be consistently the C=C double bond

as demonstrated by the reaction of ACN with HX, R2NH, etc.43

In general an unsymmetrical reagent, HX, adds to an o,8
unsaturated compound so that the hydrogen becomes attracted

to the carbon o to the substituent since electrophilic addition
proceeds via the most stable carbocation. To rationalize

this one consider the o,Bunsaturated compound as a conjug-

ated system as follows. Addition of H+ to an end of a
conjugated system is preferred since this yields a resonance

stabilized carbocation (equation 5.22 a,b)

~N
H— C —C =gz (5.22a)
P .
. / ;
e A
C=N

T

-~

L-—=C—C = NH (5.22b)
<+

The nitrogen end is preferred since the positive
charge is carried by the more electropositive carbon atoms
and also the system can minimize the destabilizing effect

of the positive charge in the presence of the 7 system.
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The second step is attack by the nucleophile
at the carbon of the C=N or the terminal position of 5.22b

(equation 5.23)

///,CX = NH
~
‘/C = C\ (5.23z)
~ — e -
_CC=C = NH + X
+ |
-C—C =C = NH (5.23b)
I
X

Only addition to the B8 carbon atom yields a stable produce,
a = tanimine. The ketenimine then undergoes tautomerism

to the nitrile (equation 5.24).

- = . =,
—C—C =C = NH T+——7— XCH2CHEC = N (5.24)

X
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5.5 Conclusion

We have shown that the HC1l and SnCl2 in ether react
as H' and SnClj_ towards nitriles. It reacté with alkyl
and aryl nitriles by addition across the C=N triple bond and
the intermediate dimerizes to an N(alkyl trichlorostannyl-

methylene) alkyl amidinium trichlorostannate II (Figure 5.1).

This has been proposed on the basis of the ratic of nitrile:
Sn(total) : SnII of 2:2:1 implying a dimeric structure. This
was further confirmed by the obsgervation of two types of ethyl
group in the lH nmr and the mass spectra which show fragments
of the organic 'backbone' although no parent peaks. The
nmr also shows unusual 14N-H coupling. In contrast ACN
undergoes addition across the C=C double bond to give B
cyanoethyl tin trichloride which is considered dimeric in
the solid and in non-coordinating solvents. Further work
is in progress to confirm the salt structure by conductivity

and to identify the hydrolysis products.
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CHAPTER SIX

The Dimerization of Acrylonitrile

by Cobalt Chloride and some

electropositive metals




6.1 Introduction

The oligomerization of olefins, dienes and alkynes
which can be produced in large guantities, is of considerable
industrial importance since it affords routes to long chain
polyfunctional intermediates. The dimerization of acrylic
compounds is especially noteworthy since it yields hi-
functional compounds, like adipates and glutarates, funda-
mental to the polymer industry in the production of conden-

sation polymers such as nylon-6. The most common products

from the dimerization of acrylonitrile are the straight chain

dimers, cis and trans 1,4 dicyano butene(I),cis and trans
dicyano butadiene(II), and dicyano butane III, and the
branched chain dimer 1 methylene dicyanopropane IV (more

~

commonly known as 2 methylene glutaronitrile).

Pigure 6.1 Possible Dimers of Acrylonitrile
NCCH:CHCHQCHQCN NCCHQCH:CHCchN
Ia Ib
NCCH:CH-CH:CHCN NC(CH2)4CN
IT IIT-
CH

| °
NCCCH20H2CN

IV

The most important of these are the straight chain dimers
since they are precursors to adipic acid used in the pro-

duction of 6,6 nylon.
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Therefore the presently available methods of dimerization
have been developed to produce soley straight chain dimers
to the exclusion of any other oligomers. The methods of
achieving this have been reviewed in Chapter One and the
dimerization of acrylic compounds in general has been reviewed
by Misono.l Therefore extensive discussion of the range of
homogeneous catalytic dimerizations of acrylonitrile will not
be repeated. Consideration of the published literature
{Table 1.1) shows that most of the catalytic oligomerizations
of ACN utilise expensive second and third row transition metal
compounds. We were interested if any first row transition
metal compounds could be effective in the preparation of
linear dimers from acrylonitrile. The only published cata-
lytiec dimerizations of acrylonitrile by a first row transition
metal are those effected by a metal halide such as CoCl2 and

7

a trialkylamine2-6 or alkyl isocyanide' giving methylene
glutarcnitrile. However a report of the ncn catalytic
dimerization of acrylonitrile yielding solely adiponitrile8
according to equation 6.1 prompted us to investigate this

reaction further.

H,0

CoCl, + ACN + Mn 2o o -—p?y—> ADN (6.1)

In this chapter we have investigated the scope of the reaction
for preparing dimers by varying the metal chloride, metal,
solvent and olefin in order to optimize the reaction yields.
We have also attempted to elucidate the mechanism of dimeri-
zation by a number of technigues in the hope that knowledge

of the reaction mechanism might enable us to devise a re-
action scheme to make the system catalytic. During the work

several Japanese patentsg'l)

were tLested, which claimed that
water need not be the source of hydrogen but that hydrogen

gas at 100 atm. effects the formation of adiponitrile from
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the reaction mixture. We have been unable to repeat them.

6.2 Experimental

All the metal chlorides were dehydrated with thionyl
chloride before use and all solvents were dried by standard

techniques (see appendix A). Metal powders (Goodfellow or

BDH) were used direct.

All reactions were carried out under standard anhydrous

conditions. Reactions fell into two categories:

(1) those investigating a range of possible reagents using
GLC for analysis; and
(2) those concerned with preparing samples of adiponitrile

for detailed analysis.

The reactions in the first category were all carried out

under the same conditions (i.e. room temperature with stirring
for 24 hrs.) and the observations followed the same ma ttern:
the 00012 was added to ACN with or without solvent and the
metal powder added with stirring. A successful reaction was
usually indicated when the solution turned from blue, to dark

green and then to red (DMF only).

Aliquots of hydrolysed sample were analysed by gas chroma-
tography on a Pye Unicam GCD model fitted with a 33% LAC on
Embacel column at 160°C using nitrogen gas as a carrier.

Samples for analysis were compared with authentic compounds.

Two typical reactions, one from each category, will be
described in detail. Full results are summarized in Tables
6.1 a,b. In addition methyl acrylate and methyl methacrylate

were substituted for acrylonitrile in the CoClE,Zn in dimethyl
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formamide system with no reaction and only CoCl2 was found

to be effective from the chlorides, CoCl2, MnClg, NiClg,

SnCl SnClq.

2’

6.2.1 The Reaction of Acrylonitrile with Cobalt Chloride
and Manganese in dimethyl formamide

The reaction scheme outlined below is typical
of the method used in assessing the scope of the reaction.
CoCl, (5g) was dissolved in 50 ml. of dimethyl formamide and
5 ml. of acrylonitrile. 3.5g of manganese powder (<150 mesh)
was added and the slurry stirred at room temperature. After-
30 mins. the blue solution had turned green and a 5 ml.
aliquot was removed. No adiponitrile (ADN) was detectable
by GIC. The 5 ml. sample was added to 1 ml. of 50/50 pyridine:
water mixture whereupon it turned pink and gave a brown pre-
cipitate. ADN could then be detected by GIC. No attempt
was made to estimate the concentration. After 24 hrs.
stirring the original reaction mixture had turned from green
to brick red. No ADN was detectable but on hydrolysis with

pyridine and water ADN was found as before.

6.2.2 The Reaction acrylonitrile with cobalt chloride
and manganese metal

CoCl2 (5g) was dissolved in 50 ml. of acrylonitrile.
fo this blue solution 3.5g of manganese powder was added with
stirring. After % hr. the solution turned dark green and
slowly deposited a green solid. To the green solution 25 ml.
of water and 5 ml. of pyridine were added and the mixture
warmed to 60°C for 1 hr. The green solid and liquors gave a
brown slurry in about 5 mins. The solid was separated by

filtration leaving a pink solution which was discarded since

GLC showed it to contain no adiponitrile.
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The brown solid residue was worked up according to the
method of Balard and Meybecklu for separating ACN oligomers. The
solid was extracted in a Soxhlet apparatus with 100 ml.15/85 V/V
dioxan/toluene mixture. The composition of the liquors was
followed by thin layer chromatography using a silica stationary
phase and a 15/85 V/V dioxan/toluene eluent. The plates were
developed in iodine or viewed under a UV lamp, the former being
more sensitive. After 48 hrs. extraction 4 components could
be detected at Rf = 0.3%6, 0.46, 0.57 and 0.65. The major
component (Rf=0.57) corresponded to ADN whilst the other com-
ponents were identified as acrylamide (Rf=0.36) 1 methylene
dicyanopropane (Rf=0.46) by comparison with authentic compounds
and a trace of unknown compound (Rf=0.65), possibly silicone
grease. The soxhlet liquors were concentrated and separated
on a 30 cm., silica chromatography column using 15/85 V/V dioxan/
toluene eluent. The eluent was collected in 10 ml. aliguots
and analysed by TIC. Three fractions were detected and on
removal of solvent from the combined fractions, containing ADN
% ml. of liquid was collected. The other two fractions yielded
less than 10 wMl. of sample and were discarded. The major com-
ponent was studied by GLC, IR and NMR and shown to be identical

with an authentic commercial sample of adiponitrile.

The brown residue from the soxhlet extraction was found
to contain 48% carbon and was therefore washed with 50/50 V/V
concentrated hydrochloric acid and dioxan to remove any inorganic
material. The slurry was observed to vigorously liberate
hydrogen from excess zinc metal yielding a dark green solution.
3g of an insoluble yellow residue was filtered off. Analysis
gave it an empirical formula CjHjN and it was assumed to be

polyacrylonitrile.



175

The reaction was repeated using deuterium oxide in
place of water in the hydrolysis of the green intermediate

to yield 1,4 dideutero adiponitrile.

6.2.3 Attempted Reactions

A. Attempted Isolation of Intermediate:

Attempts were made to isolate the green inter-
mediate which, on hydrolysis,yields adiponitrile. The green
compound precipitates irreverisbly from all solvents except
DMF in which it decomposes to a red solution. In order to
simplify any separation procedure the preferred solvent for
reaction was acrylonitrile itself. The separation methods
evolved were designhed to separate unreacted metal powder,
metal chloride, polyacrylonitrile, and intermediates. The
insolubility of the precipitates precluded any simple solution
based separation technique hence anhydrous column chroma-
tography was attempted. Dry, neutral alumina and silica
stationéry phases were tried with solvents ranging in polarity
from hexane through acetonitrile to dimethyl formamide. It
was found that cobalt chloride was eluted by dioxan or aceto-
nitrile on a silica column whilst it bound to an alumina column.
The use of polar solvents such as dimethyl formamide or di-
methyl sulphoxide were successful in the elution of the green
compound but during elution the green material slowly turned
brick red and adiponitrile was detected in the eluent indica-
ting decomposition had occurred. No further attempts were
made to isolate an intermediate.

B. Attempts to trap and observe reactive
intermediates:

5 ol the free radical trap, tBuNolb’l6, was

added to the reaction of CoCl2 with Zn and acrylonitrile in

an attempt to isolate any free radicals generated so that they
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might be studied by ESR. However no signals could be
observed in any of the reaction mixtures although we were

able to observe signals from a warmed solution of ButNO and
azoisobutrynonitrile in acrylonitrile, yet on addition of
cobalt chloride to the solution the signals disappeared. It
would seem that the paramagnetic cobalt ions cause consider-
able line broadening precluding the observation of any organic

radicals.

C. High Pressure Reactions

The effect of hydrogen or carbon monoxide was
studied at the Corporate Laboratory (Runcorn) of I.C.I. Ltd.
in order to test Japanese claims that high pressure hydrogen
vields adiponitrile directly in the reaction obviating the
need to add water and also to attempt to insert carbon mono-

xide into any metal carbon bonds present.

A 100 ml. glass lined magnetically stirred auto-
clave was charged with 50 ml. of ACN or 5 ml. ACN in 50 ml.

of DMF, 5g. CoCl, and 3g of Zn dust and pressurized to 100 atm

2
with hydrogen or carbon monoxide. 1 ml. aliquots were with-
drawn at 1 hr. intervals and tested by GLC for adiponitrile
and other high boiling components on a 3% LAC column at 180°C
and for low boiling components on a 10% LAC column at 55°C.
The aliquots were then hydrolysed by 3 ml. 1f 50/50 V/V
pyridine water mixture and the analysis repeated. In all
systems no high boiling fractions and only a trace of pro-
pionitrile (Hsdrogen filled autoclave only) were detected
before hydrolysis up to 24 hrs. after starting the reaction.
After hydrolysis adiponitrile was found in all systems to-

gether with trace amounts of propionitrile (Hydrogen filled

autoclave only).
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TABLE 6.1.a The Effect of Variation of Solvent on the
Reaction of Acrylonitrile with Zn and CoCl2

Solvent Reactionl Method of Analys152
ACN + P, GIC
MeCN + GLC
DMF + P, GILC
DMSO + GLC
THF 2 GLC
EtOH + GLC
MeOH + GLC
Hexane X GLC
Toluene X GLC
HEO X GLC
1 + = Reaction gives ADN according to analysis
X = Reaction gave no detectable ADN
2 P = ADN prepared from reaction, GLC = ADN detected

by GLC and standard

TABLE 6.1.b Effect of Variation of Pure Metal on the Reaction
of Cobalt Chloride and Metal in Acrylonitrile

Metal Reactionl Method of Analysisl
None X GIC

Mg + GLC

Zn + P, GLC

Mn + P, GLC

Fe X GLC

Ni X GLC

Cu X GLC

1. See Table 6.1.a.
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6.3.1 Results and Discussion

The results of the experiments to investigate the
scope of the reaction are given in Tables 6.1.a,b. Solvents
of dielectric constant similar or greater than acetonitrile
are satisfactory (namely solvents in which CoCl2 is soluble)
although the reaction proceeds only slowly in ethers and not
at all in water. All the satisfactory solvents gave blue
solutions of CoCl2 indicating that tetrahedrally coordinate
cobalt 1s present whereas the reaction does not proceed in
water in which cobalt ions are octahedrally coordinate.

Cobalt chloride is the only reactive metal chloride.

Electropositive metals affect the reaction,
although it was observed that the most electropositive metal,
Mg, caused reduction of cobalt chloride to cobalt metal in
addition to forming the green 'adduct' at room temperature
and manganese and zinc reduced CoCl2 to the metal if the |
solutions were warmed to SOOC. The reaction appears to be
dependent on the electropotential of the metal used. Metals
equal or more electropositive than zine (Zn ———»Zn2+(aq)

E°.

E° = 2.34V) are effective whilst those equal or less electro-

= 0.76 V, Mn — Mn°'(aq) E° = 1.05V, Mg — Mg-*(aq)

positive than iron are not (Fe — Fe2+(aq) E = 0.44v,

Ni — Ni®t(aq) E° =-0.23, Cu — Cu='(aq) E° = 0.34V).

No attempt has been made to determine the potential more pre-
cisely by chemical means since the reduction potentials are
considerably solvent dependent and therefore agueous reduction

potentials may not hold in acrylenitrile.

Studies of the green intermediate were limited
by the difficulties encountered in its separation from cobalt

chloride, zinc metal, zinc chloride and polyacrylonitrile.
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The proton decoupled ljc nmr spectrum of dideutero-
adiponitrile confirms that the deuteration occurs in symmetric
positions (i.e. 1,4 or 2,3) and is greater than 95% since the
triplet due to the CHD group is not appreciably distorted
(Pigure 6.3). If there were significant amounts of partially
or undeuterated compound present then the centre line of the
triplet could be enhanced relative to the outer pair of the
triplet due to a contribution from a methylene group. In
adiponitrile the carbon atoms in the 1 and 4 position come
into resonance at higher field than the 2 and 3 position
carbon atoms18 due to the large maghetic anisotropy of the

19

nitrile group which causes shielding of atoms on the C-N

axis (Figure 6.4).

_ Dc—:— N Shielded

Deshielded

Figure 6.4

Therefore in dideuteroadiponitrile the absorptions at 26.98
ppm are assigned to the 2 and 3 positions whilst the CDH
absorptions at 16.18 ppm are assigned to the 1 and 4 positions
(Table 6.2). The 'H nmr spectrum of dideuterocadiponitrile

is consistent with this interpretation (Figure 6.5) with
absorptions at 2.45 ppm and 1.83 ppm assigned to protons in
the 1,4 and 2,3 positions respectively (Table 6.2)?0 The

downfield shift of the 1,4 protons arises from the interaction
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Figure 6.5'H NMR Spectra of (a)d2 ADN,(bJADN

5 CHp
(@)
a CHD
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(b)
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Hence no analytical data is reported and the discussion of

spectroscopic data limited to general structural features.

The infra-red spectra of the green intermediates
prepared by removal of solvent from the reaction of ACN, 00012
and Mn or Zn showed several broad intense bands at 200-23%00 cm'l
suggesting the presence of both coordinated and uncoordinated
nitrile groups. Similarly weak absorptions in the region
1600-1650 imply the presence of an olefinic link. The mass
spectrum of the same compound showed peaks dﬁe to the dimer
5H7N+ at
M/e 81 (Figure 6.2.b) but no higher mass fragments attribut-

fragments C6H7N2+ at M/e 107 (Figure 6.2.a) and C

able to organo-metallic species

*CcHON NCCH,CH,CH, CH

N=C - CH ~CH,CH,

CH2CH

2 2

Figure 6.2.a Figure 6.2.b

Therefore we conclude that the green compound contains a

straight chain acrylonitrile dimer.

Since the green intermediate is known not to
contain free adipcnitrile, the compound was hydrolysed with
deuterum oxide so that information could be gained regarding

the mode of bonding to the metallic substrate.

The mass spectrum of the deuterocadiponitrile
shows a parent ion due to d2(ADN)+H with a fragmentation
pattern analogous to that of adiponitrile. A measurement
of the percentage deuteration was attempted by comparing
intensities of the peaks in the mass spectra of adiponitrile
and dideuteroadiponitrile. -However the relative intensities
of' the spectra were strongly pressure dependent due to ion-

17

molecule reactions of the nitrile group and comparable

Tragmentation intensities could not be obtained.



of the proton with the deshielding part of the magnetic field
of the nitrile (Figure 6.4) rather than from an inductive

electron withdrawal by an electronegative group.

The splitting of the pmr spectra is complex due

to D-H and D-C-C-H coupling, and a detailed analysis of the

TABLE 6.2 90 MHz NMR Spectra of 1,4 dideuteroadiponitrile1

+

Nucleus ol CDH CH, '

3¢ 118.84 bro(1)  16.18t2(J=45.2Hz) (1) 26.98(1)
'H 2.45 br (1) 1.83 br (2)

'd pure ADN 2, 45t2(J=6.25Hz) 1.83q

(J=3.5Hz) (1)

+  t t + *

(1) NC* CDH CH20H2CDH CN, Recorded in CDC1l

(2) d = doubiet, t = triplet, q = quintet

30 Internal TMS(Oppm)

(3) Assignment ref. 20

spectrum is outside of this discussion.

!
Finally we conclude from H nmr and 13C nmr that

the product of deuterolysis of the green intermediate is 1,4

dideuterocadiponitrile.

6.3%.2 High Pressure Reaction

A number of Japanese patents claim that, in
addition to the dimerization of acrylonitrile by hydrolysis
of the green in’t:elr'media‘t:e,g'lj adiponitrile may also be pre-
pared by hydrogenation of the reaction mixture CoClg, Zn and

9’10. We

ACN in DMF with hydrogen at 40 atmospheres pressure
were unable to repeat this reaction underthe conditions stated

in Lhe patent and it may have been that the Japanese workers
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did not use totally anhydrous conditions leading to tn situ

hydrolysis of the intermediate to ADN.

6.3.3 Reaction Mechanism

The original wor'ker's8 proposed that the green

intermediate had a metal hydride structure shown in Figure

6.6.

H
DMF\ /CH = CHCN
Co
N
DMF CH = CHCN
H
Figure 6.6

This structure seems implausible in view of our experiments
since no M-H stretch is observed in the infra-red and we
have observed dimeric fragments from the intermediate by
mass spectroscopy. Also the structure would be expected

to yield hydrogen on hydrolysis.

We will develop and discuss several plausible
reaction mechanisms for the dimerization reaction since the
mechanistic information available is limited by our inability

to isolate and characterize a pure sample of the green inter-

mediate.

The mechanism must be consistent with the observ-
ation of dimeric fragments in the mass spectrum and the inter-
mediate must contain the dimer bonded by carbon in 1 and 4
positions of adiponitrile to the metal substrate as indicated
by the deuterolysis experiments. The substrate metal is
assumed to be cobalt in all cases since the reaction proceeds

with a variety of electropositive elemental metals and cobalt
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chloride is the only effective metal chloride. Further

evidence for this view comes from the reported preparation

of bis-acetonitrile bis diethyl fumarate cobalt(o) from cobalt

chloride, manganese metal and diethyl fumarate in acetonitrile

(equation 6.2). RO,C CO,R
—

CoCl. + Mn + RO.CHC = CHCO.R —2€CN _ MeCN —= Co «— MeCN

2 2 2
/ \ (6.2)

2C COER

In this reaction the manganese metal is acting as a reducing

RO

agent for cobalt II and not reacting with the olefin. However

arylonitrile has been shown to react with electropositive
metals by one electron transfer as in the dimerization of

acrylonitrile to adiponitrile by sodium amalgaml (equation

6.3)

+
ACN = Na/Hg —— 'CHEEHCN + Na

HX + CH2CHCN — CH20H2CN + X (6.3)

2 CHECH2CN —_— Nc(CH2)4CN

Hence we must consider two possible initial steps, the re-
duction of cobalt II to cobalt 0 or I or the reduction of

acrylonitrile by one electron transfer.

6.3.3.A A Reaction mechanism based on the
reduction of acrylonitrile

We will propose a reaction scheme based on
the one electron transfer reduction of acrylonitrile. The
electropositive metal transfers one electron to acrylonitrile
analogously to the alkali metal dimerization to give a radical
anion (equation 6.4)

M + 2CH, = CHCN — 2 CH.CHCN + M°T

5 (6.4)

The radical anion then reacts with the cobalt chloride species

21
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in solution (see Chapter Two for a more detailed discussion

of solute behaviour in acrylonitrile) eliminating chloride

ion.

~ The step is repeated to give an organocobalt diradical

intermediate (equation 6.5) which reorganises to give the green

intermediate,

either a 5 membered metallocycle or a polymeric

compound (equation 6.6) with interlinking organic groups.

We favour the polymeric intermediate in view of the insolubil-

ity of the material and the difficulty of separation, although

NC\\\\ ]
///CH-CHQ
2= . =
LCoC1 ™" + 2 CH,CHON ————— L, Co
N
CH-CH,.
//// ¢
_ NC ]

NC
CH-CH

IhCo

CHCH

NN/

NC

'CH2 -CH

NC\\\
LhCo\\\
NC’///

N

L

/

\‘L

e
Nex

CH - CH2

CH - CH,
q
CHCH, ——
4 n

+ mCl~- (6.5)

(6.6)

this reaction applied to dialkyl maleates yields trialkyl

cyclopentanone 2,3,4 tricarboxylates.

22,23

This would be

consistent with the elimination of a cobalt alkoxide from a

metalloecyclic intermediate (equation 6.7)
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Mn CO.R
RO,CHC=CHCO,R+ CoCla:
‘ i1}H,0

6.7
RO, COR

This reaction scheme is consistent with the masé spectrum of
the intermediate and deuterolysis of such organocobalt com-
pounds will yield 1,4 dideuteroadiponitrile. However the
presence of free cyanoethyl radical anions would be expected
to give rise to detectable quantities of adiponitrile and pro-
pionitrile prior to hydrolysis due to proton abstraction by
the anion from the solvent (equation 6.8). No adiponitrile

or propionitrile have been detected prior to hydrolysis.

‘o NC(CHQ)MCN
'CH26HCN + S —————e-bHQCHQCN (6.8)

CHBCHQCN

Solvent

6.3.%.B. A Reaction Scheme based on the
Reduction of Cobalt Chloride

The reduction of cobalt chloride by an
electropositive metal such as manganese or zinc yield cobalt
§ complexes in the presence of diethyl fumarate21 or halogeno~
tris(triarylphosphine)cobalt I in the presence of a triaryl-

phosphinegq (although ACN is not dimerized by the latter25).
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Hence we propose an initial step involving the reduction

of cobalt chloride. The extent of reduction is unknown

at present and therefore two, closely related, reaction
pathways can be considered, one with cobalt in the zerovalent

state and one with cobalt I as the reactive species.

Reduction of cobalt chloride may yield an inter-

mediate 7 complex by analogy with equation 6.2 (equation 6.9).

r‘
_CN
§ —= Cot c1
CoCl, + M + ACN + S ~~CN (6.9)
CN

=/

S = CO =— S

CN

The 7w complexes then undergo oxidative addition of two

molecules of acrylonitrile followed by cyclization to a 5-

membered metallocycle or polymer as in equation 6.6 (equation

6.10 a,b).

or polymeric species (6.10Db)
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The major difference between the two routes is in the oxid-
ation state of the cobalt metal. This question is arriver-
able in principle by accurate measurement of the yield of
adiponitrile and the quantity of metal consumed. However
the separation difficulties described in the experimental
section 6.2 preclude this, We propose instead to explore
the reaction of some well characterized cobalt 0 or I olefin

complexes with acrylonitrile.

6.3.3.C A reaction scheme based on the nitrile group

Cobalt chloride and zinc metal are known to
dimerize 4 methyl 2,4 pentadienenitriles to 4,7 dimethyl

¥
3,7 decadienedinitr'ile26 (equation 6.11).

/ CN
CoCl./Zn H-O
/\/\CN il gﬁNC/\/\/\/\/’

We have shown that acrylic esters are unaffected by the

reaction mixture. Therefore it appears that this reaction
is unique to terminally unsaturated nitriles. The follow-
ing scheme attempts to take some account of this uniqueness
by invoking a reaction intermediate bonded to the nitrile

group.

The insertion of an alkene into a metal carbon
bond is well established27 and the reaction is usually highly
stereospecific as in Ziegler-Natta catalysed olefin polymer-
ization. Such an insertion reaction in the dimerization re-
action not only obviates the need to postulate free radical
infermediates but also accounts for the formation of soley

adiponitrile.

We suggest that the reduced cobalt solvate or
7T complex (CoXn where X = solvent and/or ACN) undergoes re-

arrangement to a o alkyl species (equation 6.12a) with the

* Errcneously referred to as 4,8 dimethyl 3.7 decadienedi-
nitrile in Ref. 26.
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nitrile group bonded as a pseudo alkyl group. A further
molecule of acrylonitrile then undergoes insertion into the

cobalt-carbon bond to give a pseudo bZ8 allyl which may re-

arrange to give a ¢ bonded metallocycle (equation 6.11.b).

c
N/‘\(IIH
GoX,, . X ~ Co—CH, (6.12a)
:\
CN
c c
N// \CH N/I\CH
X_Co (l)H -  X.Co (‘)H
n ,\ \> 2 n1 2
NSC-CH = CH, .y CH CH,
§§§C/

CH - CH

\\\\ CH - CH
//// 2
NG
wd

This reaction scheme is applicable to any a, B unsaturated

nitriles, such as the dimerization of pentadienenitriles in

equation 6.11 whilst o, B unsaturated esters form only the

n adduct (equation 6.2).
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6.4 Conclusion

We have shown that the dimerization reaction discovered
by Agnes8 is unique to nitriles and that the dimerization may
be effected by a wide range of electropositive metals in sol-
vents which dissolve cobalt chloride. The mechanism of the
reaction has been shown to include a 1,4 metallosubstituted
adiponitrile derivative which yields 1,4 dideuteroadiponitrile
on deuterolysis. Several different mechanisms have been dis-
cussed, the mechanism proposed by the original workers being

found inadequate.

The evidence favours a mechanism which accounts for
the uniqueness of the reaction towards nitriles and also its
high stereospecificity. We consider that scheme 6.3.3.C most

closely fits the available information.

Further work is in progress, preparing some olefin

cobalt 0 complexes for direct reaction with acrylonitrile.
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APPENDIX A

Analytical Methods

1. Element Analyses:

Carbon, Hydrogen and Nitrogen were determined using
a Perkin-Elmer 240 Elemental Analyser. Samples were sealed
into preweighed aluminium capsules in a glove boxX. Nitrogen
was also determined by the Kjeldhal method. Chlorine was
determined by oxygen flask combustion followed by potentio-
metric titration of the chloride ions. Metals except for
tin were analysed by oxygen flask combustion followed by

Atomic Absorption spectrophotometry.

Analyses for SnII was performed according to a modified
method of Vogel. The method depends on the oxidation of
tin ITI to tin IV by iodine in the presence of a high concen-
tration of hydrochloric acid.

sn°t 4+ I, — sn't + 21"

The titration was conducted under a nitrogen atmosphere to
prevent aerlal oxidation of tin II to tin IV. Water and
concentrated HCl used for solutions were degassed with a
stream of nitrogen. The procedure adopted was as follows.
200-500mg of compound were weighed out in a glove box. This
was dissolved in 150ml of concentrated HCl, transferred to

a 250ml flask and made up to 250ml by degassed water. 50ml
of solution was transferred to a flask continuously purged
with nitrogen via a side arm and diluted with 50ml of de-
gassed water. The solution was titrated with 0.05m iodine
solution, using 2ml of starch as indicator, to the first
appearance of a blue colour. The procedure was repeated

with 2 further aliquots.
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The percentage of tin was found from lml.I2 =0.11870g
of SnII. Titrations were typically 5-10ml and end point
reproducibility was b 0.05ml. Tin analyses were not attempted
on most tin IV compounds since they contained covalently
bonded tin-halogen species. This rendered the compounds
volatile and loss of sample was experienced during decom-
position to oxide for gravimetric analysis or reduction to
tin II by boiling with lead powder and concentrated hydro-

chloric acid as recommended by Vogel.
2. Spectroscopic Analysis:

Infra-red spectra were recorded on Perkin-Elmer 477 and

1 1

577 spectrometers in the range 4000-250 cm ~ and 4000-200 cm”
respectively. Liquid samples and solid samples as nujol
mulls were pressed between KBs or Csl plates depending on

the region to be studied.

'H NMR spectra were recorded on a continuous wave
Varian A60/56D spectrometer operating at 60MHz and also a
fourier transform Bruker HX90E spectrometer operating at
90MHz. 13C NMR spectra were recorded using the same Bruker

machine operating at 22,6350 MHz.

The mass spectra of solid compounds were measured on
an AEI MS9 mass spectrometer using electromagnetic scanning,
an accelerating voltage of 70eV and a probe temperature of
180-200°C. The spectra of liquids were measured by direct
injection into a V.G. Micromass 12B spectrometer. The
spectra were recorded using conventional UV chart recorder
or later a V.G. Datasystem 2000 which enabled automatic
counting and plotting of the spectra by means of a PDP8/3a
minicomputer, a Descope visual display unit and a Bryans

X-Y plotter.
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The glove box atmosphere was maintained by continuous
purge whilst the box was in use and continuéus recycling
throuéh a KOH tower, a heated copper tower and a P205 tower
to remove acid gases, oxygen and water respectively. All
external tubing was of nylon or glass with joints sealed

with silicone rubber.

3. Starting materials:

(a) Metal chlorides.

Involatile metal chlorides, NiClg, CoCl MnCl

2’ 2
and ZnCl2 were prepared by dehydrating commercial hydrated
samples by refluxing with freshly distilled thionyl chloride
for 24 hrs. The thionyl chloride was then distilled to
dryness and the metal chloride pumped at 0.01 torr for 6-7

hrs. at 100°C to remove final traces of thionyl chloride.

Anhydrous zinc chloride was also prepared by dis-
solving zinc metal in ether saturated with hydrogen chloride.
Excess zinc was removed on a grade 4 frit and the ether
removed by pumping for 12 hrs. to leave anhydrous zinc
chloride (99% + on zinc). Volatile metal chlorides, SbClS,
SnClq, TiClu, GeClu and SiCl4 were vacuum distilled before

use.
(b) Solvents.

Acrylonitrile was purified by stirring with calcium
hydride (10g/l) for 6 hrs. and distilling into fresh calcium
hydride to remove water and stabilizer (hydroquinone). The
distilled ACN was refluxed for a further 6 hrs. and fraction-
ally distilled using a Vigreux column onto freshly activated
%A molecular sieve, discarding the first and last 15% of

distillate. The ACN was stored in flasks enclosed in
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plastic bags to prevent UV initiated polymerization in the

absence of stabilizer.

Acetonitrile was repeatedly distilled from P205
until no colour change in the P205 occurred and stored o.ver

3A molecular sieve.

Dimethyl formamide and dimethyl sulphoxide were
purified by preliminary drying with dry magnesium sulphate
followed by shaking with KOH for 5 mins. The decanted
solvent was distilled from anhydrous alumina at 15-20 torr
up a 40cm Vigreux column and the 15-85% cut stored over

freshly activated molecular sieve.

Tetrahydrofuran was dried by refluxing with
potassium metal. Diethyl ether, dioxan, toluene and other

hydrocarbon solvents were dried with sodium wire.
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APPENDIX C

The Board of Studies in Chemistry requires that each
postgraduate research thesis should contain an appendix
listing all research colloquia, seminars and lectures (by
external speakers) arranged by the Department of Chemistry
during the period when research for the thesis was carried
out.

Research Colloquia, Seminars and Lectures Arranged by

the Department of Chemistry between October 1976 and
September 1979

20 October 1976

Professor J.B. Hyne (University of Calgary), "New

Research on an 0ld Element - Sulphur"

10 November 1976

Dr. J.S. Ogden (University of Southampton), "The
Characterisation of High Temperature Species by Matrix

Isolation"

17 November 1976

Dr. B.E.F. Fender (University of Oxford), "Familiar

but Remarkable Inorganic Solids"

24 November 1976

Dr. M.I. Page, (Huddersfield Polytechnic), "Large and

Small Rate Enhancements of Intramolecular Catalysed Reactions"

8 December 1976

Professor A.J. Leadbetter (University of Exeter),

"Liquid Crystals"

26 January 1977

Dr. A. Davis (E.R.D.R.), "The Weathering of Polymeric

Materiala"
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2 February 1977

Dr. M. Falk, (N.R.C. Canada), "Structural Deducations

from the Vibrational Spectrum of Water in Condensed Phases"

9 February 1977

Professor R.0.C. Norman (University of York), "Radical

Cations; Intermediates in Organic Reactions"

235 February 1977

Dr. G. Harris (University of St. Andrews), "Halogen

Adducts of Phosphines and Arsines"

25 February 1977

Professor H.T. Dieck (Frankfurt University), "Diazadienes -

New Powerful Low-Valent Metal Ligands"

2 March 1977

Dr. F. Hibbert (Birkbeck College, University of London),
"Fast Reaction Studies of Slow Proton Transfers Involving

Nitrogen and Oxygen Acids"

4 March 1977

Dr. G. Brink (Rhoes University, South Africa), "Di-

electric Studies of Hydrogen Bonding in Alcohols"

9 March 1977

Dr. I.0. Sutherland (University of Sheffield), "The

Stevans' Rearrangement: Orbital Symmetry and Radical Pairs"

18 March 1977

Professor H. Bock (Frankfurt University), "Photo-
electron Spectra and Molecular Properties: A Vademecum

for the Chemist"

30 March 1977

Dr. .J.R. MacCallum (University of St. Andrews), "Photo-

oxidation of Polymers"
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20 April 1977

Dr. D.M.J. Lilley (Research Division, G.D. Searle),
"Tails of Chromatin Structure - Progress Towards a Working

Model"

27 April 1977
Dr. M.P. Stevens (University of Hartford), "Photo-

cycloaddition Polymerisation"

4 May 1977

Dr. G.C. Tabisz (University of Manitoba), "Collison

Induced Light Scattering by Compressed Molecular Gases"

1l May 1977
Dr. R.E. Banks (U.M.I.S.T.), "The Reactions of Hexa-

fluoropropene with Heterocyclic N-Oxides"

18 May 1977

Dr. J. Atwood (University of Alabama), "Novel Solution

Behaviour of Anionic Organcaluminium Compounds: the Formation

of Liquid Clathrates"

25 May 1977

Professor M.M, Kreevoy (University of Minnesota),

"The Dynamics of Proton Transfer in Solution"

1l June 1977

Dr. J. McCleverty (University of Sheffield), "Conseq-
uences of Deprivation and Overcrowding on the Chemistry of

Molybdenum and Tungsten"

6 July 1977

Professor J. Passmore (University of New Brunswick,

Canada), "Adducts Between Group V Pentahalides and a Post-

script on S7I+"
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27 September 1977

Dr. T.J. Broxton (La Trobe University, Australia),
"Interaction of Aryldiazonium Salts and Arylazoalkyl Ethers

in Basic Alcoholic Solvents"

19 October 1977

Dr. B. Heyn (University of Jena, D.D.R.), "o-Organo-

Molybdenum Complexes as Alkene Polymerisation Catalysts"

27 October 1977

Professor R.A. Filler (Illinois Institute of Technology),

'"Reactions of Organic Compounds with Xenon Fluorides"

2 November 1977

Dr. N. Boden (University of Leeds), "N.M.R. Spin-Echo
Experiments for Studying Structure and Dynamical Properties

of Materials Containing Interacting Spin-+ Pairs"

9 November 1977

Dr. P.A. Madden (University of Cambridge), "Raman

Studies of Molecular Motions in Liquids"

14 December 1977

Dr. R.0. Gould (University of Edinburgh), "Crystallo-

graphy to the Rescue in Ruthenium Chemistry"

25 January 1978

Dr. G. Richards (University of Oxford), "Quantum

Pharmacology"

1 February 1978

Professor K.J. 1Ivin (Queens University, Belfast),
"The Olefin Metathesis Reaction: Mechanism of Ring-Opening

Polymerisation of Cycloalkenes"
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3 February 1978

Dr. A. Hartog (Free University, Amsterdam), "Some

Surprising Recent Developments in Organo-Magnesium Chemistry"

22 February 1978

Professor J.D. Birchall (Mond Division, I.C.I. Ltd.),

"Silicon in the Biosphere"

1 March 1978

Dr. A. Williams (University of Xent), "Acyl Group

Transfer Reactions"

3 March 1978

Dr. G. van Koten (University of Amsterdam), "Structure

and Reactivity of Arylcopper Cluster Compounds"

15 March 1978

Professor G. Scott (University of Aston), "Fashioning

Plastics to Match the Environment"

22 March 1978

Professor H. Vahrenkamp (University of Freiburg),

"Metal-Metal Bonds in Organometallic Complexes"

19 April 1978
.Dr. M. Barber (U.M.I.S.T.), "Secondary Ion Mass Spectra

of Surfaces Adsorbed Species"

15 May 1978

Dr. M.I. Bruce (University of Adelaide), "New Reactions

of Ruthenium Compounds with Alkynes"

16 May 1978

Dr. P. Ferguson (C.N.R.S., Grenoble), "Surface Plasma

Waves and Adsorbed Species on Metals"
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18 May 1978

Professor M. Gordon (University of Essex), "Three

Critical Points in Polymer Science"

22 May 1978
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