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ABSTRACT

Chapter 1 summarises the use of w-allyl complexes in
stereospecific organic syntheses. The factors governing the
site and mechanism of nucleophilic attack are discussed. The
origins of asymmetric allyl bonding in (allyl)MXY complexes
and the necessary conditions for the study of such
asymmetry, caused by asymmetrical substitution of the allyl
ligand, are introduced, with reference to previously reported
structures.

The 1routes for synthesising suitable asymmetrically
substituted allyl-metal complexes are reviewed in Chapter 2,
followed by a discussion of the spectroscopic properties of
the complexes produced. Preliminary crystallographic
investigations, to determine the suitability of the
compounds for full 3-dimensional crystallographic studies,
are also reported.

In Chapter 3 complete crystallographic studies of
[n’-1-Ph-C H }PATMEDAJBF , (n*-1-Ph-C_H )PdCPp and
(phen)Mo(CO)z(NCS)(na—1—Ph—C3H4), all of which contain the
n3—1-pheny1a11y1 ligand are reported. This ligand binds to a
metal centre such that the substituted peripheral allylic
carbon atom 1is the further from the metal, even in the
absence of steric congestion. The structure determination
of [{na—1—EtOOC—Caﬂ‘)PdTMEDA]BF‘, on the other hand, reveals
that the substituted carbon is the closer bound.

Chapter 4 asseses the electronic origins of this

asymmetric bonding, as studied by EHMO calculations, and



predicts the manner of bonding in other substituted allyl
complexes.

The structures Qf [Cp*Mo(CO)Z(n4—C(CH2)3)]BF‘,
CpMo(CO)Z(n3—2-Me—C3H‘) and CpMo(Cl)z(n"—C4H8) are discussed in
Chapter 5. A theoretical treatment of the bonding of the
C‘HG ligand to the metal fragment for the complexes
[CPMo(CO),(n*~C(CH,))]* and CpMo(Cl),(n'-C H), again by EHMO

calculations, is undertaken in Chapter 6.
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CHAPTER 1
INTRODUCTION

A vast number of organometallic reagents or
intermediates are currently employed in modern synthetic
organic chemistry' due to an enhanced reactivity and/or
greater stereochemical control, over normal synthetic
methods, which can be achieved by their use. One specific
example of their utility is in carbon-carbon bond forming
reactions, often with stereochemical control, a fundamental
step in the total synthesis of large organic molecules.

In this context w-allyl transition metal complexes have
shown great potential and there 1is considerable current
activity in this area’. Their ease of synthesis from a
variety of alkenes makes them particularly attractive.
Being electrophiles such species are subject to nucleophilic

attack, addition taking place at one of the terminal carbon

atoms, a or b, equation 1.1.

Mn , a.N\b _Nu /w 11
M

EWG Ln-7 Nu

The most predominantly used metal centre is palladium3
( generating four-coordinate square planar complexes )
although other transition metals exhibit similar properties".
The allyl complex may be preformed, or a catalytic
amount ( ca. 5-10% ) of a metal substrate such a Pd(PPh3)‘
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may be used in the reaction, in which case the w-allyl
complex is formed in situ. In both cases, however, the
stereochemistry of the product has been found to be
dependant on:-

(1) The nature of the nucleophile.

(2) The substituents on the w-allyl function.

(3) The nature of the ligands on the metal.

(4) The metal substrate employed.

In most cases, however, due to the greater
thermodynamic stability of 1-syn compared with 1-anti
substituted allyls, it is generally the E isomer of the olefin
that is formed, independant of the stereochemistry of the
starting material. This fact is illustrated in the synthesis,
by Manchand, Wong and Blout, of Vitamin A, 1, and

5

derivatives”, equation 1.2

)\/ CHpoac X Ty (H20A /j\/ '
> C CH,R
NaOAc,NaCl et R 2

Cl =
3

| .
2 /k/\/k/ 3 CoHe0H *J\/k/u’izOA(
H R

12



When different forms of nucleophile are used i.e.
soft/stabilised or hard/non-stabilised, the mechanism of

addition is different. Stabilised nucleophiles such as malonic

esters® 7 or B-keto sulphones’ sttack the allyl directly, on
the opposite face to the coordinated metal, at the least
substituted allylic terminal carbon. The metal then becomes

the leaving group, as in A.

VA

M
Ln-z

In a catalytic cycle this leads to a double inversion of
configuration, once on formation of the w-allyl complex and
again on nucleophilic attack, resulting 1in an overall

retention of configurations, equation 1.3.

AcO CH(COoMe),

Pd(PPh3),
NaCH(CO,Me)p ~

13

This fact has also been employed in the synthesis of
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ecdysones ( insect moulting hormones ) and derivatives of

cholesterol’, 3, equation 1.4.

Pd(PPhg),

PRSO,CH(NalCOMe

Non-stabilised nucleophiles, such as vinyl—e, aryl-g,
methyl—10 and trimethylsilyl-11 organometallics, attack the
metal first and then transfer to the allyl carbon. This

leads to only one, and hence overall, inversion of the

configuration’z, equation 1.5. Bun H
AcO >:#
Me \
Pd(pph3)L
Bu" H7 15

MEOZC 4



Note that equations 1.3 and 1.5 both employ the same
alkene, 2, yet the products have different stereochemistries
due to the different nucleophile used.

A similar inversion/retention effect is observed when
the metal substrate is changed. This is readily
demonstrated by the silylation of the same cyclic alkene, 2,
used in equations 1.3 and 1.5 in the presence of palladium

and molybdenum catalysts'' equation 1.6

L
AcO Pdkppha\h
MeOZC 16
SiMe
Mo(CO)6 3
2 Mgy
39134
MEOZC 5
MeO,

In the palladium catalysed reaction the nucleophile first
attacks the metal and then the allylic carbon leading to
inversion of configuration in product 4. However, with the
molybdenum carbonyl catalyst, attack is directly on the
allylic carbon despite the use of a hard nucleophile and this
results in retention of configuration in the product, 5.

As already noted soft nucleophiles attack directly on
the least hindered allylic terminal carbon. In the case of

the hard nucleophiles it 1is the stereochemistry of the



intermediate, formed by nucleophilic attack on the metal,

which governs which allyl carbon undergoes substitutionS

This stereochemistry can be altered by the use of different
ligands on the metal, resulting in different products®!"

!

equation 1.7.

2 17

Ligand effects are also observed in nucleophilic addition
to CpMo(COXMaXna—CJHS)‘w, 6. In the exo form of 6 addition takes
place cis to the NO function, B, whilst addition is trans to NO

6



in the endo form, C.

These differing regioselectivities are reproduced by the
results of a theoretical study, which suggests that it is
the orientation of the coordinated alkene that is generated
which is the critical factor.

Thus the factors governing the regioselectivity of
nucleophilic addition may be summarised'® as:-

(1) Steric considerations.

(2) Charge distribution/stability of the w-allyl metal
complex intermediate.

(3) The stability of the alkene metal complex generated.

The effects of an asymmetric set of non-allyl ligands on
the bonding of the allyl to a transition metal centre are
well established and may be readily interpreted in
electronic terms. In square-planar palladium complexes of
the type (allyl)PdXY the differing trans influence of X and Y
determines the direction of the asymmetry in the bonding of
the allyl. Well known crystallographically studied examples

7



are (n?-2-Me-C_H,)Pd(PPh,)C1", 7, and

(n*-2-Me-C_1 )Pd{SC(Ph)C(H)C(Ph)O}”. 8.
PPh3

A
N

¢
c Ph
1.
Me — - 2—'15—- - C 8
c\:\ / \ /
0—— C
s

Ph

In both cases the Pd—(:t bond trans to the ligand with
the greater wn-acceptor character ( PPh3 and S ) is longer
than the other Pd-Ct bond. This asymmetry is consistent
with the expected trans 1nfluence of the ligélnds18
Furthermore, the conformation of alkyl, 1-syn, substituted
(allyl)PAXY complexes 1is such that the substituted allyl
carbon is trans to the ligand, X or Y, which 1is the better
w-acceptorw. Here the rational is that the labilised allyl
carbon is stabilised by the inductive effect of the alkyl
group20

Similar examples also exist in molybdenum and tungsten
chemistry. CpMXY(allyl) complexes, and derivatives thereof,
already mentioned with respect to the regiospecific



nucleophilic additions, have been structurally

characterised?'-2%, In all cases the bonding of the allyl is

severely distorted, the M-C  phong trans to the ligand ( X or
Y = NO, CO or 1 ) with the greater w-acceptor character
being the longer, as in 9. Consistent with this is the
observation that the asymmetry of the allyl coordination is
substantially reduced in the analogous nitrosyl-carbonyl

complex, 102",

NM NM
NO“‘&-;'\--MO——-—-’—CO
27\
&" o
9 10

Moreover, the allyl ligand appears to have rotated,
about the allyl-M vector, to bring the allyl C-C bond trans
to the weaker wn-acceptor paralle]l, or as near as possible,
to the M-(m-acceptor) bond.

Not only will the electronic properties of the other
ligands on the metal affect the stability of the
intermediates, formed in the nucleophilic additions, but any
substituents on the allyl are also likely to be important.
Schwartz has suggested that the electronic properties of
the allyl terminii may be different in an asymmetrically
substituted ligand, and this could result in uneven bonding

9



to the metald

In order to observe and assess effects due to
asymmetric allyl substitution it 1is necessary to study
complexes which are otherwise symmetric. The metal
fragment ( the metal plus non-allyl ligands ) must be of at
least C' symmetry and the allyl must be coordinated across
the mirroxr plane which then bisects the C-C-C angle.

A suitable metal fragment would obviously be the ML2
moiety, in which L, represents two identical monodentate
ligands, such as phosphine or arsine, or a single bidentate
ligand such as a diphosphine, diene or diamine whose
substitution pattern 1is identical on both sides of the
molecular mirror plane. The resulting allyl complex would be
formally a four-coordinate one. Other suitable backbones
would be the conical fragments M(CO)a, M(arene) and MCp,
generating a five-coordinate complex, a C2v ML‘ fragment of
the type MLZXY, where X and Y are mutually trans ligands
lying in the mirror plane, D, ( six-coordinate ), and the

CpML2 fragment ( seven-coordinate ).

Mirror
X L\/plane
L\ >~
-~ M
[ — D

10



Furthermore, intramolecular interligand congestion
should be avoided by the use of relatively compact ligands,
with functions such as ns—CsMeS ( Cp’k ) probably proving too
large.

Moreover, the allyl ligand must not be constrained by
bonding, through its substituents, to the metal or other
ligands either within the molecule by a cyclic system, or to
a different one by hydrogen bonding. An example of the

former occurs in (CO)3FeC(O)N(CH2Ph){n3—C(Me)CHCHPH}25, 11.

Ph
| Me
(CO)5Fe
11
C
/N
0 e, ph

Altering the size of the chelate ring has been found to
alter the degree of asymmetry in the allyl bondingzs'zg.
Clearly, the allyl ligand must be "free".

Only five examples of free, asymmetrically substituted

allyls coordinated to a symmetrical backbone have been

characterised by three-dimensional crystallographic studies.

They are:-
[ (n’-1- syn-Et0OC-2-OH-C H_ )PAC1], 12%°
[ (n™-1- syn-AcOCH ~2-Me-C H )PAC1], 13>
[(n3-1—anti-Bu‘—2—Me—c3H3)Pdc1]2 14°

which are all four coordinate dimeric species,

(n>-1- syn-Ph-C H ) Ir (PPh ) (H)CL 1532

11



a six-coordinate complex with a C

v MLZXY backbone,

and the seven-coordinate CpMon(allyl) complex
CPMo(1,2-CH,S,) (n°-1-syn-Ph-3,3-Me ~C H ) 167,

The accuracy of the determination of 12 is very poor,
the average palladium-carbon distance being 2.11:0.05A with
no significant difference between any of the three
individual Pd-C lengths. There 1s also a network of
hydrogen bonding between the hydroxyl group on one
molecule and the carbonyl of another, related to the first
by the centre of inversion ( the space group is PT ). Thus
this determination is of little use in assessing the effect
of the substitution.

Complex 14 is a rare example of a 1-anti substituted
allyl complex; the conformation 1is anti because of the
unfavourable steric interaction that would exist between
the large Bu' group and the methyl substituents in the syn
form. However, doubt must be cast on the structure
determination since De Boer et al. claim a mirror plane

passes through the two palladium positions, bisecting the

allyl groups, the Bu' substituents being mutually cis, E.

Me S - VA Pd-— -- Me- T2k

In the absence of disorder, which the authors do not

12



mention, these factors are clearly inconsistent.

The allyl function in 16 is substituted on both terminii,
thus only the net result of the substituent effects will be
observed, making analysis of the individual effects very
complicated.

Eliminating complexes 12, 14 and 16 from our discussion
leaves 13 and 15, the results for which are reliable and
show some degree of asymmetry in allyl bonding.

In 13 the substituted allyl terminal carbon 1is closer to
the metal than the unsubstituted one, although the result

1s not strictly significant, F.

. CHOAC
7,

o

Me - —~—-Pg Pd=- —-- Me
z /\ N
(. '\\'\Q \ / y ~
o\ Cl
F

CH20AC

Complex 15 on the other hand shows the reverse effect
since the substituted allyl carbon atom 1is unequivically

further from the metal than the unsubstituted one, G.

13



Although this could be due to steric crowding between the
phenyl rings on the allyl and those on the cis phosphorus no
mention is made by the authors of any such contact.
Moreover, the trans effect of the unevenly bound allyl group
is observed in the iridium-phosphorus distances.

The differing directions of asymmetric bonding of the
1-syn-substituted allyl ligands of 13 and 15 may be
understood via semi-empirical molecular orbital calculations
carried out in this project as part of a general analysis of
the problem; see Chapter 4.

The first section of this thesis ( Chapters 2-4 ) 1is
involved with trying to further qualify the distortions in
allyl bonding due to asymmetric substitution.

Specific, target, compounds have been synthesised and
characterised spectroscopically ( Chapter 2 ). Full,
three-dimensional, crystal structure determinations have
been carried out, at low temperature, on suitable examples
(Chapter 3 ) and finally, in order to probe the electronic
reasons for the asymmetry, Extended Huckel Molecular
Orbital ( EHMO ) calculations have been performed on
idealised models of the structurally studied complexes.

The target compounds not only conform to the
conditions outlined above, but, for ease and accuracy of the
structure determinations, do not involve any strong Mo-Ka
X-ray absorbing elements such as the third row transition
metals, Br or I. Furthermore, to simplify the molecular
orbital calculations only mono-substituted allyls have been

14



studied.

The substituents employed are methyl-, phenyl- and
ethoxycarbonyl-. Phenyl substitution was considered
important since the one previously studied example , 15,
showed marked asymmetry and, moreover, such complexes are
relatively easily synthesised. The ethoxycarbonyl group has
similar steric requirements to the phenyl group, although
markedly different electronic properties and hence should be
interesting for comparitive purposes.

Both Ph and COOEt substitution could, in principle, alter
both the o- and w- type interactions between the allyl
ligand and the transition metal. In contrast methyl
substitution ought only to alter the o-bonding capabilities.

The compounds studied range in coordination number
from four to seven, if the allyl is considered as a bidentate

ligand.

15



CHAPTER 2
SYNTHETIC. SPECTROSCOPIC AND PRELIMINARY CRYSTALLOGRAPHIC
STUDIES.

2.1 Synthetic routes:-

Although the first example of a w-allyl complex was
synthesised in 1.9523‘, the true nature of such speicies was
not determined until 196135, with the first crystallographic
studies, on [{rlj—C3H$}E”dC1]2 17, being published 1in 1965,
These chloro-bridged dimeric species are not only subject to
nucleophilic attack, but also bridge cleavage reactions ( in
which the allyl remains bound to the metal ) and allyl
migrations ( in which it transfers to another metal ). There
are several routes to the dimeric compounds, which makes a
wide range of substituted derivatives obtainable. Hence
they are valuable starting materials in any study of the
m-allyl system.

The route used to synthesise the dimer depends on the
available allylic starting material; alkenes37, dienesae, allylic
halides® and alcohols‘o can all be used as shown in

equations 2.1, 2.2, 2.3 respectively.

S+ pdCl M[{n3—C3H5}PdC1]2 2.1
/\/ benzene 3 L -
+ (PhCN)deClz —— [{n 1 cn2c1 c3n41pdc1]2 2.2

X
N7 pacy, RGO [P g yRacl ], 2.3

X = Hal or OH

16



However, most of the above routes result in relatively
low vyields ( ¢ 50% ). Improvements have been made on the
last route, employing allylic halides, by the addition of
carbon monoxide“, thus forming a hydroxy(carbonyl)w-olefin
intermediate*? which rearranges to give the allyl complex.

For small-scale preparations the use of carbon monoxide
is not particularly convenient and may be avoided by

employing SnCl2 as a catalystn, equation 2.4.
3
+ =CH- -
NadeCl‘ SnCl2 + CH2 CH CHZX—-—-b [{n C3H5)PdC1]2 2.4

This reaction supposedly involves a Pd(SnC13)53-
intermediate and proceeds in almost quantitative yields for
a variety of substituted allyls. When the allyl is
substituted in the 1-position, the product obtained is
almost always the syn isomer“, as indicated by 1H n.m.r.
studies. However, the use of large groups can force the
substituent 1into the anti position:“. Thus the 1-syn-phenyl-
and 1-syn-methyl-substituted allyl palladium chloride dimers
( 18 and 19 respectively ) can be readily synthesised from
commercially-available cinnamyl- and crotyl-chlorides in high
yield.

In the case of the ethoxycarbonyl-substituted analogue
( 20 ), the allylic chloride is not commercially available and
a modification of the route in equation 2.1 1s employed,

using the ester ethyl 2—butenoate‘5, equation 2.5.

PdCl2 + EtOOCC!*l2 -CH=CH2-—-—0 {{n = -EtOOC-C3H S} Pacl] 2 20 2.5
17



A wide range of reagents will cleave the halogen bridge
in these dimeric compounds while preserving the allyl
coordination to the metal. Reaction with a silver salt such
as AgBF‘ or Ac;1°15“5 results in the formation of the
coordinatively unsaturated [(Pd(allyT species‘s. This can be
stabilised by the addition of two neutral, two-electron

: A7 : 48
, arsines , dienes , oOr

donor ligands, L, such as phosphinesl'7

13 ‘9 + . . . +
amines , giving four-coordinate cations, equation 2.6.

q i )
Pd” / + 2AgBR+ bL—s 2 PdL,|BF, 26
?
R R

Similarly, neutral species can be made by treatment of
the dimers with salts of dialkyldithiocarbamatess0 or
acetylacetonate551'52, again resulting in the formation of

planar four-coordinate species, equation 2.7.

¢ VN
Pd '+ MNaRNCS, —— 2 Pd /(NR'Z 27
’ N\

R R

This method may even be used to increase the
coordination number of the metal by using the formally

three-coordinate cyclopentadienyl anion51, equation 2.8.

cl
/ |
Pe” S, +Nalp ——> Pd 28

18



Reaction of the allyl palladium chloride dimers with
metallic mercury results in migration of the allyl to vyield

: . . . . 53 .
o-allylmercurychlorides in quantitative yields™, equation 2.9.

benzene 2.9

[{n -1 -RC H }PdCI] + Hg —— o -RCH=CH-CH HgCl

These can then be used as allylating reagents for the
synthesis of many platinum group metal w-allyl complexes ¢

such as (ns—arene)RuCI(na—allyl) and its derivatives, equation

Cl
/ AR
Ru A +2RCH=CH- CHzHgCl — Rl<
| Lo 210

Cl

Thus the allyl palladium chloride dimers can give access

2.10.

to four-, five-, and six-coordinate wn-allyl complexes.

In order to obtain examples of seven coordinate
complexes a different approach is required. The most
suitable compounds are of the type LL'ZMo(CO)Z(na-allyl),
where LL2 is a three-coordinate, six-electron donating,
anionic ligand or combination of ligands. Examples where

LL’2 is the cyclopentadienyl anion were originally

55

synthesised by Hayter and the route was more dgenerally

developed by Fallerss. It 1s a three stage sequence,

equations 2.11-2.13.

Mo(CO) + steCNEi-lu—x*Mo(CO)a(MeCN)3 2.1

19



3
Mo(CO) (MeCN), + RCH=CH-CH,Cl "’CN'"’“""-Mo(co)z(MeCN)zcun -1-R-C H,)
2.12

Mo(C0)2(MeCN)ZCI(n3-1—R—C3H‘) + Licp He CpMo(CO)Z(n3—1-R—C3H4) 2.13

Alternatively, L may be a halide ( or a pseudohalide such
as NCS ), with L’2 representing one bidentate or two
monodentate donor ligands. In those cases where L’2 is a

strong w-acceptor ligand such as a phosphite57, phosphines'3

or acetylacetonesg, the neccessary condition of this study
that the "backbone" be symmetric is not fulfilled. However
in those cases where L'2 1s not a strong m-acceptor, but is,
for example, a diimineso'm, diamine®®'®’ or dietherel', the
required mirror symmetry is achieved.

The diimine complexes may be prepared by the reaction
of the acetonitrile complex formed in equation 2.12 with

diimine, which results in displacement of two molecules of

acetonitrile, equation 2.1455.

Mo(CO), (MeCN)2c1(q3-R—c H#,) + R'N=CH-CH=NR’ THE,
Mo(C0),C1(R’N=CH-CH=NR ") n3-R—C3H4) 2.14

Diamines ( e.g. bipy or phen ) and diethers do not
displace acetonitrile and a different route is required. The
diamine or diether is first coordinated to the metal by
substitution of two carbonyl groups from Mo(CO)G, equation

7

66 Reaction of this complex with allyl 1'1alic1e6 or, in

2.15

the case of the diether complex, allyl acetates‘ yields the
required w-allyl complex, by displacement of a further two

20



carbonyls, equation 2.16.

Mo(CO)_ + L, toluene, reflux Mo(L,) (CO), 2.15

Mo(L,)(CO), + RCH=CH-CHC1 MMO(LZ)(CO)2C1(n3-1-R-C3H‘) 2.16

Direct metathetical reaction of the halogen derivatives with
the salt of a pseudohalogen, such as KNCS, results in
formation of the respective pseudohalide complex87 which is
often more soluble than the parent compound. Similarly,
cationic complexes, which also possess the required
symmetryse, can be synthesised by reaction with a suitable
counter-ion ( e.g. AgBI-‘4 or NaBPhl' ) and a neutral 2-electron
donating ligand ( e.g. pyridine )87.

Unfortunately, all these preparations involve the use of
the allylchloride and hence the range of derivatives is
severely restricted.

An interesting feature of these seven-coordinate species
is that the allyl group can adopt two different
conformations with respect to the Mo(CO)2 fragmenteg, endo,

A and exo, B.

AN
~NM~ Mo
/

N .

A B

Normally both forms exist in solution, the endo:exo ratio

Co
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and rate of inter-conversion being dependant on the allylic
substituents. The two isomers can be differentiated on the
basis of their n.m.r. spectrass

For the purposes of this study the following compounds
were synthesised by the appropriate aforementioned routes.

The four coordinate ionic complexes:-

[n>-1-Me-C Hi }PACOD]BF, 1
[{n3-1-I>h-c:3n,)PdCOD]BF4 11
[(n’-1-Me-C H }PATMEDA]BF, III
[n-1-Ph-C_H }PATMEDA]BF, IV

[ {n>-1-Etooc-c J JPATMEDAJBF, V
The five coordinate neutral species:-

3 S
(n" -1-Ph C3H‘)Pd(n -C;ls) VI

3 5
(n™-1-Eto00C C3H‘)Pd(n CSHS) VII
The six-coordinate complex:-
3 6
(n -1 EtOOC—C3H‘)RuC1(n —CSHB) VIII
and the seven-coordinate series:-

5 3
(n —CSPE)HO(CO)Z (n -1-Ph-—C3H‘) IX

(bipy)Mo(CO)z(NCS)(n3-1-Ph-C3H‘) X
22



(phen)Mo(CO) (NCS) ( n3-1—Ph—C3H‘) X1

Complex III has been previously synthesised‘s although
the method differed slightly from that used here.

For the purposes of synthesising VIII the
o-allylmercuryhalide EtOOC-—CH=CH—CH2HgC1, Villb, was prepared
and characterised. The halide precursors to 11X, X and Xl
were prepared but not fully characterised due to their
insolubility or sensitivity to air. Their identity was
confirmed by full characterisation of the final products and

. . . 67
by analogy with previous literature examples58 8.
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4.2 Infra-red spectra:-

Evidence of the mw-allylic nature of the complexes is
furnished by their infra-red spectra. The carbon-carbon
stretching frequencies observed near 1450cm™’ are
characteristic of an allylic C:----C bondm. The exact position
will obviously be dependent on the substituents and
differentiating between u(C----C) and bands due to
coordinated CeHs or Cp ( ca. 1430cm | P° is Qifficult. Bands
due to coordinated and free alkene ( as in VIIIb ) occur at
approximately 1500-1550cm™ ! and 1620cm’ ' respectively and
are more easily identified.

The 1-Ph-allyl complexes give bands at ca. 1460cm | and
1490cm’'  while in the ethoxycarbonyl derivatives the
stretching frequencies are approximately 1470cm’’ and
1440cm'1, the exact values depending on the particular
compound.

The spectra are also useful for confirming the presence
of an uncoordinated carbonyl group in the ethoxycarbonyl
derivatives. A characteristic u(CO) band at about 1700cm ™ is
observable in the spectra of V, VII, VIIIb and VIIL

The mode of bondng of the NCS group in the
seven-coordinate compounds X and XI can also be detrmined.
A sharp u(NC) band at 2090cm”' and a broad wWCS) at 830cm

. . . 71
are both characteristic of an isothiocyanate
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2.3 Assionment of 'H n.mx. spectra:-

The allyl protons in the 1l-l n.m.r. spectra of all the

w-allyl complexes are assigned according to the scheme:-

H2s

R H3s

H1a H3a

The number denotes the carbon of attachment whilst
the letter indicates their position, syn or anti, relative to
the unique proton H2s. The spectra have been assigned on
the basis of coupling constants, chemical shifts and analogy
with previously recorded spectra of related compounds.

For all compounds, the spectra may be interpreted
unequivocally as showing 1-syn substitution. This 1is

indicated by the presence of two trans 3J couplings of ca. 10

- 13Hz ( 3J and 3J

{(H1a-H2s) ) and only one cis 3J coupling

(H3a-H2s)

( 3J(H33-H2.) ) of ca. 7THz. It is generally well established that

trans alkene couplings are almost twice as large as cis72,

although in the allyl system the difference is sometimes not
so marked.

The presence of only one c¢is coupling allows the
resonance from H3s to be readily identifed, as a doublet
with a relatively small coupling constant of approximately
THz.

Also readily assignable is H2s; coupling with H1ta, H3a
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and H3s, it should appear as a doublet of doublets of
doublets i.e. eight lines of equal intensity. However, when
the 3J couplings H1a-H2s and H3a-H2s are similar there may
be two overlapping signals thus giving six lines of relative
intensity 1:1:2:2:1:1. Furthermore, the resonance should occur
at the highest frequency of all the allyl protons.

Differentiating between H1a and H3a in the case of the
1-methyl- substituted compounds is trivial since H1la will
couple not only with H2s but also with the methyl protons,
resulting in a doublet of quartets. However, this 1is
complicated in the spectra of III due to overlap with the
doublet due to H3s. Selective decoupling experiments do
however confirm the assignment.

In the cases of the 1-phenyl- and 1-ethoxycarbonyl-
substituted complexes the assignment is not SO
straightforward. Both H1a and H3a appear as doublets with
a 3J coupling constant of 10 - 13Hz. However, the signal of
H1a should occur at higher frequency than that of H3a due
to the shielding effects of both substituents. This is borne
out by comparison with reported analogues such as;

[n*-1-Ph-c H)Ptcopl* ™, 21, (n’-1-Ar-c H)PdAcac’"’t, 22,

9 23 (n3-1—Ph—C3H‘)Pth7S, 24, and

(n’-1-Ph-C_H,}PATMEDA]"
[n’-1-EtoOC-C H ‘}PdCIJZ‘S, 20.

In some spectra fine structure is evident, due to either
long range or geminal couplings. However this is not well
resolved on the lower field spectra and is more readily

observed in the high field study ( vide infra ).
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Compound WIIIb was fully characterised by ‘" n.m.xr.
spectroscopy since microanalysis was not available due to
the presence of toxic mercury which would contaminate the

analyser. Satellites due to '¥gg ( 1=1/2, 16.8% abundance )

2

J = 142Hz ) and

were obvious on the methylene signal ( (H-Hg)

the spectrum compares favourably with those of analogous
o-bonded allyls such as CODPtCl(o—CHz—CI-I:CHPh), 2589.

Only one isomer of each compound in the
LL'ZMO(CO)2h3—1-Ph—C3H‘) series was detected on the lower
field spectra ( 80 or 200MHz ) but both were observed in

the high field study ( vide supra ).
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2.4 High field 'H num.x. studies:-

In order to further resolve the fine structure observed
in some of the low-field spectra and probe the effects of
differing substituents, high-resolution ( 360MHz ) spectra of
the four-coordinate, ionic complexes
[{l‘la""R-CaH‘}PdTMEDA]BF‘, ( R = Me, Ph, COOEt ); III, IV and V,
have been recorded in deuteroacetone. Similar spectra have
also been obtained of the seven coordinate compounds, IX, X
and XI in order to resolve and assign the signals arising
from both isomeric forms.

The effect of allyl substitution: The spectra of 1II, IV

and V, with relevant line narrowed expansions, are shown in
Figures 2.1, 2.2 and 2.3 respectively. Data for the allyl

resonances are summarised in Table 2.1.

Table 2.1 Spectroscopic data for allyl resonances of

complexes [{(n -1 ~R~C, B, JPATMEDA]BF, .

R

Me Ph COOEt
&1a 3.80 4.64 3.72
825 5.56 6.34 6.33
&3s 3.80 4.04 4.27
&3a 3.0 3.36 3.69
T asoe) 12.2 11.8 10.3
T szl 11.4 12.2 13.3
S 7.1 7.2 7.6
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Fig. 2.2 1H n.m.r. spectrum of [{n3—1—Ph—CJH‘)PdTMEDA]BF‘.
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Fig. 2.3 '"Hn.m.r. spectrum of

[(n-1 -Et00C-C,H, } PATMEDA]BF, .
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All complexes show four sharp singlets, due to the TMEDA
methyl groups, which indicates a non-fluxional structure.
This is in contrast to the results for the COD analogues,

both of palladium ( this work ) and platinum?  1are at

room temperature broad signals were observed for the
ligand protons. Discernable multiplets, as expected for a
non-fluxional structure, were only observed at low
temperatures ( ca. 193K ) for these derivatives.

The difference, A, between the two trans coupling constants,

3

J(ma-uzs) and 3J(H33_H23), reflects the inductive effect of the

substituent. A plot of A versus o*, the Taft inductive
parameter75, is shown in Figure 2.4. The Taft parameter for
the functional group COOEt is not available; instead that for
COOMe was used. A value of A = 0.0 can obviously be
assigned to the hydride-substituted allyl complex ( R = H )
since this would give an AM2X2 type spectrum with identical
trans couplings. Although the fit is not perfect there is an
obvious correlation. The discrepancies may be due to the
fact that o is a kinetic, as opposed to a thermodynamic
parameter. A modified parameter of, has been defined'
based on electrochemical data, and therefore, thermodyamic
in nature. For the phenyl group o° has a value of +0.9,
compared to the +0.6 for o’t and so the former is clearly in
better accord with the other values from this study ( see
Figure 2.4 ). Unfortunately, values for the other
substituents are not available, apart from methyl for which
x

both of and ¢ are assumed to be 0.0.
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The observation that the substituent has an effect-
reflected in the coupling constants- on the bonding within
the ligand, which correlates to a modest degree with its
electronic properties, suggests that any asymmetry in
metal/ligand bonding may also be elecronic in origin.

R = Me Fiqure 2.1: The signal due to H3a is obscured
by those due to the methyl and methylene groups of TMEDA,
but careful examination of the integral, comparison with the
low-field spectrum (in which part of <the signal was

observed ) and with the literature spectrum*? sllows it to

be 1located at 3.0:0.16. However, the 3

3

(H3a-tze)  COUPLING

constant, along with the other J couplings, can be
determined from the resonance due to H2s. This appears as
an overlapping doublet of doublets of doublets of quartets
at 5.566. The quartet splitting 1is due to long-range
coupling with the methyl group protons of the allylic
substituent. Selective irradiation of the methyl group
signal ( at 1.418 ) simplifies the H2s resonance to an eight
line signal ( Figure 2.5 ) due solely to 3J couplings from
which the relevant coupling constants can be extracted. The
signals due to H1a and H3s are also superimposed. Since the
coupling constant of H1la with the methyl group protons
(6.1Hz ) 1is exactly half that of the H1a-H2s trans coupling
(12.2Hz ), the H1la signal appears as a 1:3:4:4:3:1 multiplet,
further broadened by long-range coupling ( ca. 0.5~-1.0Hz ) to
H3s and H3a. Superimposed on this, at the same chemical

3

shift, is the doublet due to H3s ( J(H%_st) = 7.1Hz ) giving
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Fig. 2.5 Methyl decoupled HZ2s resonance.
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Fig. 2.6 Schematic splitting diagram for H1la.



the observed 1:3:12:12:3:1 signal. Figure 2.6 is a schematic
diagram of the splitting pattern.

R = Ph Fiqure 2.2: In this case there are no overlapping
signals and analysis is much simpler. The resonance due to

H2s ( 6.345 ) is resolved into its expected eight lines,

allowing all three 335 coupling constants to be extracted and
checked by comparison with those determined from the
other resonances in the spectrum. The intensities of the
eight lines are perturbed as a result of the similarity of
the two trans couplings ( 11.8Hz and 12.2Hz ).

The signal due to H3a ( 3.365 ) is a doublet, 33 = 12.2Hz,

further split by a 23 gem-coupling with H3s and a long-range
"J coupling to H1a: both coupling constants are
approximately 0.5-1.0Hz. The magnitude of gem-coupling
depends on the H-C-H anglen, a value of 0.5-1.0Hz suggesting
an angle of 125:2°. Equivalent couplings are also observed
in the fine structure of the H3s doublet. The long-range
couplings to H3a and H3s are not well resolved in the signal
of H1a, which appears as a broad doublet with only a slight

indication of fine structure.

R = COOEt Figure 2.3: The eight-line doublet of doublets

of doublets at 6.335, due to H2s, is well resolved with each
line having an equal intensity since the two trans-couplings
are markedly inequivalent ( 10.3Hz cf. 13.3Hz ).

The signals due to Ht1a and H3a overlap, the higher
frequency one being assigned to H1la. Both doublets are
further split by long-range coupling to the other allyl
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pProtons and in the case of H1la, coupling to the ethyl group
protons. The coupling between H1a and the methylene
protons of the ethyl group is also observed in the CH2
quartet ( 4.255 ) which can be resolved into a doublet of

quartets ( S

J = 0.5-1.0Hz ). The H3s doublet ( 4.276 ) also
shows the gem and long-range couplings observed for H3a,
although accurate measurement is difficult ( "J < 0.5Hz ).
Effect of other ligands on allyl conformation: The
spectra of IX, X and XI all indicate the presence of two
isomers, endo and exo, which have been detected for the

many analogous compounds already studiedss‘sg.

Figure 2.7
shows the spectrum of XI with the resonances due to the
minor isomer indicated. Spectroscopic data for the allyl
resonances of IX, X and XI are given in Table 2.2. Due to
their relatively low concentrations and to overlapping
peaks, not all resonances arising from the minor isomer
were fully resolved.

Criteria for differentiating isomers have been
established by Faller et al.ss. In the infra-red spectrum the
exo conformation usually has a carbonyl stretching frequency
ca. 10cm ' lower than the endo form. Also, in the n.m.r.
spectrum the anti protons are generally at higher field ( by

ca. 0.6 p.p.m. ) and there is a larger geminal syn-anti coupling

observed for the exo form than for the endo form.
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Fig. 2.7 'H n.m.r. spectrum of (Phen)(NCS)Mo(CO) (n’-1-Ph-CH,).
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Table 2.2 Spectroscopic data for the allyl resonances

in complexes LL’,Mo(CO), (n3-1—PhC3H‘) IX, X and XI.

IX X X1

Major Minor Major Minor Major Minor

&1a 2.48  2.42 3.24 3.01 3.30  3.07

&2s 5.24  5.06 4.15 4.1 4.17 4.06

&3s 2.85  2.60 3.45 3.2 3.64 3.41

&3a 0.92  0.88 1.59 1.41 1.68 1.50
T taszs, 10.6 5 10. 1 9.7 10.2 9
T s, 10.0 7.0 8.9 7 8.8 7

T rerpe 72 N.R 6.7 - 6.7 6.5

The infra-red spectra of IX, X and X! do not help in
differentiating between the two isomers since, being
complexes of low symmetry, the bands are more numerous
and overlap considerably such that no peak due to the minor
isomer can be detected.

In every case the high-field ‘H n.m.r. spectrum indicates

2J(H3a-H3s) gem coupling of ca. 1.5-2.0Hz, normally indicative
of the exo form, for BOTH isomers. The smaller coupling ( 2J
< 0.6Hz ) characteristic of the endo isomer is not observed.

In all three spectra the resonances for the anfi protons
( Hla and H3a ) of the major isomer occur at higher
frequency than those of the minor isomer. Although this
indicates that the major isomer is, in all cases, the endo
form, the evidence cannot be considered conclusive,
especially in the light of the observed geminal couplings.
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QEMQE.leinazl:P.h;Qaﬂ‘h_ﬁ; Integration of major and minor

isomer peaks indicates a 20:1 endo:exo ratio at 298K in

deuteroacetone. Owing to the low proportion of the exo

isomer, the signals due to it are very weak and poorly
resolved.

For the major isomer, the similarity between the two

3

trans couplings ( °J and 3J

(H1a-H2s) (Hsa_Hz‘,; 10.6HZ and 10.0HZ

respectively ) results in only six lines ( in the ratio
1:1:2:2:1:1 ) being observed for H2s. The resonances due to
H3s and H3a show not only the 3J couplings with H2s but
also a °J geminal coupling of 1.3Hz. No additional coupling
with H1a is observed, in contrast to the situation in the
four coordinate complex IV. Similar 25 couplings have been
observed for the exo conformation of CpMo(CO)z(allyl)
speciesss.

i o(CO C 3;1_-_2]\_-2711‘)_;_& The signals due to the
exo form are much better resolved here than in IX,
reflecting a relatively lower endo:exo ratio of 5.5:1.
However, the signals due to H2s and H3s in the minor isomer
overlap with the major isomer peaks of H2s and Hta
respectively and cannot be fully analysed. The difference
between the 3Jmh_“2” and the 3Jm3,-nzs) couplings results in
the full eight line resonance for H2s being observed (4.156).
No long-range coupling is observed in the signals of H1a, H3a

or H3s, the only fine structure being due to a geminal

. 2 . . . .
coupling ( °J . ... ) of 15Hz, again indicative of an exo

conformation.
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(Phen)Mo(CO) (NCS)n’~1-Ph-C H): Xl: The spectrum of this

compound shows the highest resolution and is shown, along
with relevant line-narrowed ‘expansions, in Figure 2.7. The
peaks due to the minor isomer are indicated by asterisks.
The chemical shifts and coupling constants are almost
identical to those obtained for X, as is the endo:exo ratio of
5:1. However, some additional fine structure is observed.
Observed in the signal of H3a are not only the splittings
due to coupling with H2s ( 37 = 8.8Hz ) and the geminal H3s
( °J = 1.9Hz ) but also long range coupling to Hia ( A S
0.6Hz ). No similar long-range coupling to H1la is observed in
the signal of H3s. The ‘J(m.-usa) coupling is not resolved in
the signal of H1a, which appears only as a broad doublet (3J
= 10.2Hz ). The geminal coupling for the minor isomer is
also readily measurable on this spectrum and the value of

1.8Hz is not significantly different to that derived for the

major isomer.
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2.5 Prelimi 1 hic studies:

Crystals suitable for x-ray diffraction were obtained
for compounds I, III, IV, V, VI, VIII and XI. Compound II gave
poorly-formed crystals which were found to contain solvent
of crystallisation ( dichloromethane ), which was rapidly
lost. This was shown by the n.m.r. spectrum ( singlet, 5.808
1H ) and the microanalytical results, both techniques
indicating a ratio of one solvent molecule per two compound
ion-pairs. The use of alternative solvents such as acetone
also failed to yield crystals suitable for diffraction work.

The five-coordinate ethoxycarbonyl derivative, VII, is a
liquid at ambient temperature and was not studied, although
techniques for in situ crystal growth from liquid samples
have been pioneered at Edinburgh University79. This could
possibly be the subject of future work.

Crystals of IX are thin plates with very poor optical
properties and high solubility ( notably in epoxy adhesive )
which meant that no suitable crystal could be mounted.

Crystals of X, although well formed, were not of
sufficient size for study, all dimensions being less than
O.1mm.

Interpretation of single crystal oscillation and
Welssenberg photographsa‘J of suitable samples indicated the
following crystal data:-

Compound I: Orthorhombic unit cell with a volume of
approximately 139OA3. From the systematic absences the
space group is either Cmc21, Ama2 ( with an interchange of
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axes ) or Cmem. The first two being eight-fold and the last
sixteen-fold®'. For a unique molecule in each asymmetric

3

unit this would result in densities of 3.28gcm™” and

6.56gcm >

for Z of eight and sixteen respectively. These are
unrealistically high and the complex must therefore possess
at least mirror symmetry. Refinement of 25 high angle
reflections, centred on a CAD4 diffractometer, gave an
accurate unit cell of a = 8.560(4)%, b = 14.940(6)2 and ¢ =
10.926(5)%, Vv = 1397.448°3 Subsequent data collection ( see
Chapter 4 ) and analysis of E statistics indicated a
centrosymmetric space group, therefore it must be the
sixteen-fold Ccmecm. For Z = 4, a reasonable density of
1.64gcm'3 1s calculated. Thus the molecule must possess
four-fold symmetry and be highly disordered. 1t is highly
unlikely that the asymmetry in allyl bonding could be
observed in such a structure, even if solution was possible.
The study of this compound was therefore abandoned at this
point.

Compound JII: A tetragonal, body-centred lattice was

indicated by the photographs, with an approximate volume of

780%°. This gives a density of 1.55gcm-3 for Z 2. Since the
space group must be at least eight-fold, the complex must
again possess four-fold symmetry and be disordered as in L
Further investigation was not, therefore, considered
worthwhile.

Compound IV: The photographs indicated an orthorhombic

cell of volume 1810A3, with the systematic absences
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indicating the space group is either pca21 or Pcam ( an
alternative setting of Pbcm ). Data collection and analysis
of E statistics indicated a non-centrosymmetric space group,
which was therefore assumed to be the four-fold Pca21. A
reasonable density of 1.569'cm'3 is calculated for Z = 4, i.e.
one ion-pair per asymmetric unit.

Compound V: No symmetry was apparent from the
photographs, indicating a triclinic cell with a volume of
approximately 890X’ Thus the space group is either P1 or
PT ( almost certainly the latter ) with two ion-pairs per
cell giving a reasonable density of 1.31gcm ™.

Compound VI: A monoclinic cell was indicated with a
volume of approximately 1160A3. The observed systematic
absence ( hOl, 1 = 2n+1 ) indicates the space group is P2/c,
although the possibility of the most common space group,
P21/c, remains open since the condition OkO, k = 2n is not
observable when mounted about b. This latter space group
is far more likely. Both are however, four-fold and a
reasonable density of 1.67gcm'3 is calculated for Z = 4.

Compound VIII: An unusual diffraction pattern was
observed here, the symmetry of which indicated an
orthorhombic lattice. However, the systematic absences
were not consistent with any space group. The conclusion
that this was the result of a twinned crystal was
supported by the poor optical properties of the crystals
and the difficulty in obtaining one that gave discrete spots.

Compound XI: A monoclinic lattice was indicated with a
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volume of 2200432 Systematic absences uniquely defined the
space group as P21/n ( an alternative setting of P21/c )
giving a calculated density of’ 1.53gcm'3 for Z = 4.

Thus samples of IV, V, VI and Xl were suitable for full
three-dimensional crystallographic study since they shoew no

imposed symmetry which would indicate a disordered

structure.
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2.6 Experimental:-

All manipulations described were carried out under an
atmosphere of dry, oxygen free nitrogen using standard
Schlenk-tube techniquesaz. Solvents were dried and
deoxygenated prior to use by standard methodsea. Hence,
pentane and hexane were distilled over sodium wire,
tetrahydrofuran over sodium-benzophenone and
dichloromethane over calcium hydride. Removal of solvent
under reduced pressure refers to the use of a BUCHI type
rotary evaporator. Commercially available reagents were
used as supplied whilst others were prepared by literature
methods, as indicated.

Infra-red spectra were recorded on a Perkin-Elmer P.E.
598 grating spectrophotometer and were referenced against
the 1603cm™' band of polystyrene. Samples were prepared as
pressed KBr pellets, or dissolved in dichloromethane in NacCl
solution cells ( path length 0.5mm ) or as a liquid film ( KBr
plates ).

Routine n.m.r. spectra were recorded on samples held in
Smm tubes using Brucker WP80SY or WP200SY Fourier
transform spectrometers with internal [ZH] lock. Samples for
the high field study were sealed, under vacumn, with freshly
distilled, thoroughly dried ( 4A molecular sieves) and
degassed deuteroacetone as sole solvent. Spectra were
recorded on a Brucker WH360SY Fourier transform
spectrometer with internal [ZH] lock. Chemical shifts
5 p.p.m.), were referenced with respect to the residual
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solvent protons [ (CHDZ)COCD3 in (CD3)2C0 at 2.063, CHC13 in
CDCl, at 7.255 and CDH in CD. at 7.165 relative to TMS
(tetramethylsilane ) at 0.05 ]. Positive shifts are to high

frequency of TMS. All coupling constants ( J ) are in Hz.

Microanalyses ( C, H and N ) were determined by the

departmental analytical service. Melting points were

recorded, by the author, on a Kofler hot stage microscope.
For the crystallographic studies single crystals with

good optical properties, determined under a polarising

microscope, were either sealed in Lindemann tubes, underxr N2

!

or mounted on the end of a glass fibre, using low
temperature epoxy adhesive. The mounted sample was fixed
to a Stoe or Enraf-Nonius Weissenberg goniometer and
alligned by oscillation photographs taken over a range of
£10°, Subsequent zero- and first 1level Weissenberg
photographs were taken over a range of :110° with a film

translation of 0.5mm per degree of rotation.

General method for the preparation of complexes of the
type [{n3—1-R-C3H‘)PdL2]BF‘ ( R = Me, Ph or Et0OC; L, = COD or

TMEDA ).

43.45 ( 0.5mmol ) in

To a solution of [(n3—1—R-C3H‘)PdCl]2
CH2C12 ( 10ml ) was added AgBF‘ ( 0.19g, "mmol ) and after
stirring for 5mins the chelating ligand ( Lz' immol ) was
also added. After a further 1min the solution was filtered

and the residue of AgCl was washed with CH2c12 ( 2 x 5ml ).
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Addition of EtOEt ( 100ml ) to the combined filtrate and
washings resulted in the precipitation of a white solid.
This was recovered by filtration and further recrystallised
from the appropriate solvents. In this manner were

prepared:-

(n‘—Cyclo—octa-— 1,5-diene)( r|3- 1-methylallyl)palladium(II)

tetrafluoroborate; [{na-1—Me—C3H‘}Pd(n‘—C8H12)]BF‘, I.

From CHZCIZ/EtOEt ( 1:3 solvent diffusion at -30°C )
Yield:- 0.29g (79%) M.Pt. = 168°C (dec.)

Y on.m.r. [ 200MHz, cDCl,, 298K ] &:

1.77(d, 6.3Hz, 3H, CH3), 2.2-2.8(m bxr, 8H, CHZ;COD),
3.60(d, 13.0Hz,1H, H3a), 4.67(d, 6.6Hz, 1H, H3s),
4.87(dt, 6.3,12.6Hz, 1H, H2a), 5.4-5.6(m br, 1H, CH;COD),

5.94(ddd, 13.0,12.6,6.3Hz, 1H, H2s), 6.1-6.3(m br, 3H, CH;COD).

I.R. (KBr disc):- 1950, 1890, 1485, 1453, 1433, 1380, 1298, 1050br,
883, 850, 820, 760, 735, 695, 668, S524cm .

Analysis; Found(Calc):- 42.0(41.9)%C, 5.4(5.5)%H
Unit cell:- Orthorhombic; a = 8.5, b = 14.9, ¢ = 11.08

Conditions:- hkl, h+k = 2n; hOl, 1 = 2n
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4 :
(n"-Cyclo-octa- 1,5—diene)(n3— 1-phenylallyl)palladium(IIl)
tetrafluoroborate methylenechloride solvate;

3_4 _ 4
[{n°-1-Ph C,H,}Pd(n"-C_H )IBF .1/2CHCL, IL

From CHZCIZ/EtOEt ( 1:3 solvent diffusion at -30°C )

Yield:- 0.30g (74%) M.Pt. = 121°C

"W n.m.r. [ 200MHz, (CD,),CO, 193K ] &

2.2-2.8(m br, 8H, CHz;COD), 3.86(d, 13.0Hz, 1H, H3a),

4.4-4.5(m br, 1H, CH;COD), 5.05(d, 7.3Hz1H, H3s),

5.79(d, 12.6Hz, 1H, H1la), 5.80(s, 1H, 1/2CH2C12 solvent),
©6.3-6.4(m br, 3H, CH;COD), 6.94(ddd, 7.3,12.6,13.0Hz, 1H, H2s),
7.4-7.9(m, 5H, Ph).

I.R. (KBr disc):- 3010, 2935, 2890, 1515, 1490, 1462, 1431, 1103,
1050br, 875, 757, 686cm” .

Analysis; Found(Calc):- 46.6(46.8)%C, 4.8(4.9)%H

(n3— 1-Methylallyl)(N,N,N' N -tetramethylethylenediamine)palladium(ll)

3
tetrafluoroborate; [{n"-1-Me C384}Pd(CGB1SN2)]BF‘, III:

From CHZCIZ/EtOEt ( 1:3 solvent diffusion )
Yield:- 0.31g (85%) M.Pt. = 197-199°C

'Wn.m.r. [ 80MHZ, (CDJ)ZCO, 298K ] &:

1.42(d4, 6.1Hz, 3H, CH), 2.79(s, 3H, MeN), 2.82(s, 3H, MeN),
2.89(s, 3H, MeN), 2.96(s, 3H, MeN), 3.0(d, N.R., 1H, H3a),
2.79-2.96(m, 4H, -CHZ—CHZ—), 3.81(m, 2H, H3s and Hla),
5.61(ddd, n.r., H2s).
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I.R. (KBr disc):- 2960, 2875, 2840, 2795, 1460, 1280, 1040br, 955,
800, 770cm '.
Analysis; Found(Calc):- 33.1(33.0)%C, 6.5(6.3)%H, 7.7(7.7)%N

Unit cell:- Tetragonal; a = 9.1, ¢ = 9.43

Conditions:- hkl, h+k+l = 2n.

( n3— 1-Phenylallyl)(N,N,N',N"-tetramethylethylenediamine)palladium(II)

3
t t fl . —_1 - -— . .
etrafluoroborate; [{n-1-Ph C3H‘}Pd(C6H18N2)]BF‘, IV:

From CH2C12/EtOEt ( 1:3 solvent diffusion )
Yield:- 0.34g (80%) M.Pt. = 164°C
" n.n.r. [ 8OMHz, (CD,) €O, 298K ] &:

1.88(s, 3H, MeN), 2.59(s, 3H, MeN), 2.6-2.9(m, 4H, —CHZ—CHé-),

2.87(s, 3H, MeN), 3.06(s, 3H, MeN),
3.36(ddd, 12.3,¢1.0,¢<1.0Hz, 1H, H3a), 4.03(d, 6.7Hz, 1H, H3s),
4.64(d, 11.8Hz, 1H, Hla), 6.35(ddd, 12.3,11.8,6.7Hz, 1H, H2s),

7.25-7.75(m, 5H, Ph).

I.R. (KBr disc):- 3010, 2965, 2910, 1490, 1465, 1285, 1050br, 950,
800, 765cm .

Analysis; Found(Calc):- 42.1(42.2)%C, 5.7(5.9)%H, 6.8(6.6)%N
Unit cell:- Orthorhombic; a = 11.5, b = 15.9, ¢ = 9.9&.

Conditions:- Okl, 1 = 2n; hOl, h = 2n.

b4



(ﬂa- 1-Ethoxycarbonylallyl)(N,N,N,N'-tetramethylethylenediamine)
palladium(Il)tetrafluoroborate;

3
- 1 -— - ) ]
[{n EtOOC C,H ‘}Pd(CGH ; GNZ)]BF GV

From (CH3)2CO/EtOEt ( 1:3 solvent diffusion )

Yield:- 0.35g (83%) M.Pt. = 124-126°C

1H n.m.r. [ 80MHz, (CDa)ZCO, 298K ] &:

1.31(t, 7.1Hz, 3H, CHs(Et)), 2.66(s, 3H, MeN), 2.92(s, 3H, MeN),
2.9-3.2(m, 4H, -CHZ-CHZ—), 3.06(s, 3H, MeN), 3.12(s, 3H, MeN),
3.70(d4, 13.3Hz, 1H, H3a), 3.72(4, 10.3Hz, 1H, H1a),

4.25(q, 7.1Hz, 2H, CHZ(Et)), 4.27(4, 7.5Hz, 1H, H3s),

6.32(ddd, 13.3,10.3,7.5Hz, 1H, H2s).

I.R. (KBr disc):- 2985, 2900, 1704, 1600, 1510, 1465, 1365, 1313,
1280, 1258, 1155, 1040br, 955, 865, 805, 770cm”".

Analysis; Found(Calc):- 34.2(34.1)%C, 6.1(6.0)%H, 6.8(6.6)%N
Unit cell:- Triclimic; 2 =9.4,d ~=15.2, d . = 6.23

010

Conditions:- none.
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Preparation of (Cyclopentadienyl)(n3—1-phenylallyl)palladium(ll);
S_ 3_._ _
(n CSHS)Pd(n 1-Ph Cal{‘), VL

To a solution of [{n3-1-Ph-—C3H‘}PdC1]2‘3

( 0.25g, O0.5mmol )
in THF was added a THF solution of Nanel' ( 5.0ml, 0.2M ).
After stirring for 10mins the solvent was removed in vacuo

and the red residue extracted with hexane ( 20ml ). Cooling

to -30°C deposited red crystals of VL

Yield:- 0.21g (73%) M.Pt. = 50°C

i n.m.r. [ 80MHz, (CD,),CO, 298K ] &:

2.35(dd, 10.6,0.9Hz, 1H, H3a), 3.60(d, 6.1Hz, 1H, H3s),
4.14(d, 10.8Hz, 1H, Hla), 5.55(ddd, 10.8,10.6,6.1Hz, 1H, H2s),
5.56(s, SH, CH), 7.17-7.58(m, SH, Ph).

I.R. (KBr disc):- 3040, 3010, 2910, 2840, 1593, 1480, 1449sh, 1425,
1402, 1330, 1272, 1229, 1174, 1154sh, 1102,
1068, 1043, 1008, 979, 943, 918, 907, 863,
830, 806, 753, 691, 614, 590, 582, 528, 436cm .

Analysis; Found(Calc):- 58.4(58.2)%C, 5.1(4.9)%H.

Unit cell:- monoclinic, d100 = 14.4, b = 5.8, d001 = 13.7%, B = 90°.

Conditions:- hOl, 1 = 2n

Preparation of (Cyclopentadienyl)(na- 1-ethoxycarbonylallyl)
palladium(l); (n°-C_HJPA(n’-1-E£OOC~C,H,), VIL

As above, using [(na-—EtOOC—C:‘H‘}PdCHZ‘S, except:- solvent
removed from extracts and residue distilled under vacuo
(50°C, O.1Torr ) onto a dry-ice/acetone cooled ( -78°C )
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Probe to give a deep red/purple viscous liquid.

Yield:- 0.15g (53%)

'"H n.m.r. [ 8OMHz, cocl,, 298K ] &:

1.26(t, 7.1Hz, 3H, CH_(Et)), 2.49(dd, 11.4,0.9Hz, 1H, H3a),
3.17(d, 9.3Hz, 1H, Hla), 3.74(d, 6.SHz, 1H, H3s),

4.15(q, 7.1Hz, 2H, CH,(Et)), 5.73(s, 5H, Cp),

5.79(ddd, 11.4,9.3,6.5Hz, 1H, H2s).

I.R. (neat):- 3068, 3043, 2968, 2925, 2900, 2867, 1710, 1638sh,
1613, 1477, 1463, 1441, 1388, 1365, 1340, 1306,

1265, 1252, 1217, 1183, 1156, 1096, 1046, 1014,
982, 917, 864, 833, 771, 735cm .

Analysis:- Not performed.

Preparation of (c-1-Ethoxycarbonylallyl)mercurychloride,
(o-1 —EtOOC-C:’H‘)HgCl; VIIIb:

A solution of [(n3—1—I-:tOOC—CaH,.}PdCl]z‘5 ( 0.51g, 1mmol ) in
benzene ( 10ml ) was stirred vigourously with metallic
mercury ( 10g ) for 60mins after which time the colour had
faded. The mixture was filtered and the mercury washed
with benzene ( 2 x 5ml ). The combined filtrate and washing

were evaporated to dryness in vacuo giving a white solid.

Yield:- 0.32g (92%) M.Pt. = 88-90°C

' n.m.r. [ 8OMHZ, Cst' 298K ] &:

1.04(t, 7.1, 3H, CH (EY)),

1.33(dd+sat., 9.0,1.1Hz, JH-Hg 14281z, -Cﬂz-HgCI),

4.08(q, 7.1Hz, 2H, CHz(Et)), 5.48(dt, 15.3,1.1Hz, 1H, EtO0OC-CH=CH-),
6.62(dt, 15.3,9.0Hz, 1H, -CH=CH-CH,-).
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I.R. (KBr disc):- 2910, 2953, 2850, 1702, 1623, 1467, 1446, 1388,
1363, 1318, 1195, 1120cm™'.

Analysis:- Not performed.

Preparation of (ns-Benzene)(n3- 1-ethoxycarbonylallyl)
ruthenium(u)chloride;(ns—csns)(rﬁ— 1-E£00C-C_H,)RuCl, VIII:

A solution of (o-1—EtOOC—C3H4)HgCl ( ViIIb, 0.35g, 1mmol )
in MeOH ( 10ml ) was added ¢to a suspension of
[in°-C HIRuCL,1,% ( 0.25g, 0.5mmol ) in MeOH/H,0 ( 100ml, 10:1 )
and stirred for 16hrs. The mixture was filtered and the
fitrate diluted with HZO ( 200ml ). This mixture was
extracted with CH2C12 ( 5 x 50ml ), the extracts dried
(MgSO4 ) and the solvent removed under reduced pressure.
Recrystallisation of the residue from CH2C12/hexane ( 1:3

solvent diffusion ) yielded orange crystals of VIIL

Yield:- 0.18g (55%) M.Pt. = 210°C (dec.)

'S n.m.r. [ 8OMHZ, (cna)zco, 298K ] &:

1.25(t, 7Hz, 3H, CH3(Et)), 2.32(4, 12Hz, 1H, H3a),
2.37(d, 8Hz, 1H, H3s), 2.87(d, 10Hz, 1H, H1la),

4.21(q, 7Hz, 2H, CHZ(Et)), 5.12(ddd4, 12,10,8Hz, 1H, H2s),
5.60(s, 6H, CGHG).

I.R. (KBr disc):- 3040, 2945, 2905, 2853, 1675, 1487, 1433, 1364,
1300, 1215, 1145, 1047, 916, 868, 849, 805cm” .

Analysis; Found(Calc):- 44.2(44.0)%C, 4.6(4.6)%H.
Unit cell:- Monoclinic? not indexed.
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Conditions:- hkl, h+k = 2n; hkO, h = 2n; 001, 1 = 4n; OO, k = 4n

Preparation of (Cyclopentadienyl)(dicarbonyl)(na-1-pheny1ally1)
molybdenum(ll); CpMo(CO)z(na— 1 —Ph-caﬂ‘): IX.

A suspension of Mo(CO)s ( 1.31g, Smmol ) in MeCN ( 20ml )
was refluxed until it no longer sublimed out of solution
(approx. 2hrs. ). The resulting yellow solution was cooled to
room temperature and cinnamylchoride ( 1.2ml, 7.5mmol )
added. The mixture was refluxed for a further 18hrs to
yield a red solution. Removal of solvent in vacuo and washing
with EtOEt ( 10ml ) gave 1.8g ( 92% ) of crude
Mo(CO),(MeCN) Cl(n’-1-Ph-C H,), IXb. To a suspension of IXb
(0.78g9, 2mmol ) in THF ( 10ml ) was added a freshly prepared
solution of LiCp in THF ( 10ml, 0.2M ) and the mixture
stirred for 16hrs. The volume of solvent was reduced to ca.
5ml under vacuum and the brown solution loaded onto an
alumina column ( 2.5 x 15cm, Brockman Activity Il ). A yellow
band was eluted with pentane. Removal of solvent under
vacuum and recrystallisation from EtOEt/heptane ( 3:1 slow

evaporation ) gave IX.

Yield:- 0.49g (73%)
'H n.m.r. [ 8OMHz, (CD,),CO, 298K ] &:
0.9(d br, 10Hz, 1H, H3a), 2.48(d, 10.4Hz, 1H, H1a),

2.84(4, 7.2Hz, 1H, H3s), 5.13(d4d4d, 10,10.4,7.2Hz, 1H, H2s),
5.32(s, 5H, Cp), 7.1-7.5(m, 5H, Ph).

n . -1
I1.R. (Cl-12C12 Sol .): Yeo 1940, 1862cm .
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Analysis; Found(Calc):- 57.3(57.7)%C, 4.1(4.2)%H.

Preparation of (Bipyridyl)(dicarbonyl)(isothiocyanato)
(1-phenylallyl)molybdenum(il); (Bipy)Mo(CO)z(NCS)(n3-1-Ph-caﬂ‘); X.

To a solution of Mo(bipy)(CO)f's ( 0.36g, 1mmol ) in THF
(20ml) was added cinnamylchloride ( 2ml ) and the mixture
refluxed for 2hrs. The resulting brown precipitate of
(biPY)Mo(CO)z(Cl)(na—1-Ph-C3H‘) was filtered off and washed
with THF ( 10ml ). It was then suspended in (CH3)2CO and
refluxed, with KNCS ( 0.1g, 1mmol ), for 3hrs. The resulting
solution was filtered, added to Hzo ( 200m]l ) and extracted
with CHZCI2 ( 4 x 50ml ). The extracts were dried (MgSO‘ ),
the solvent removed under reduced pressure and the residue

recrystallised from CH2C12/hexane to yield X.

Yield:- 0.37g (78%)

‘B n.m.r. [ 200MHZ, (CD,),CO, 298K ] &:

1.57(d4,8.8,1.98z, 1H, Hia), 3.23(d, 10.9Hz, 1H, H3a),

3.43(ad, 6.6,1.9Hz, 1H, H3s), 4.14(ddd, 6.6,8.8,10.9Hz, 1H, H2s),
6.85-7.25(m, SH, Ph), 7.47-8.90(m, 8H, bipy).

Ny -1
I.R. ( C82C12 sol ): UCN2090, uc01950 and 1865, UCSBZSCB .

Analysis; Found(Calc):- 54.4(54.7)%C, 3.6(3.5)%H, B8.9(8.7)%N.
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Preparation of (Dicarbonyl)(isothiocyanato)(phenanthroline)
(na_ 1-phenylallyl)molybdenum(Il);
(Phen)Mo(C0) (NCS)(n’- 1-Ph-C H,); XI.

As above using Mo(phen)(CO)‘ss.

Yield:- 0.45g (89%).

"H n.m.r. [ 8OMHz, (CD,),C0, 298K ] &:

1.68(dd, 9.0,1.8Hz, 1H, H1a), 3.30(d, 10.2, 1H, H3a),

3.64(dd, 6.7,1.8Hz, 1H, H3s), 4.16(ddd, 6.7,9.0,10.2Hz, 1H, H2s),
71.2-7.5(m, 5H, Ph), 7.8-9.9(m, 8H, phen).

ny  _ -1
I.R. (CHZCl2 Sol): UNC2087' UCO1949 and 1864, UC5845Cm .
Analysis; Found(Calc):- 56.6(56.8)%C, 3.7(3.3)%H, 8.2(8.3)%N.
Unit cell:- Monoclinic a = 17.7, b = 9.5, d___ = 13.1%

001

Conditions:- hOl, h+l = 2n; OkO, k = 2n

51



CHAPTER 3
STRUCTURAL STUDIES OF ALLYL COMPOUNDS

3.1 Preamble:-

The crystal structures of the four suitable compounds,
as synthesised 1in Chapter 2, have been successfully
determined. Compounds with an n3—1—phenylally1 ligand are;
[n’-1-Ph-C H }PATMEDAJBF,, IV ( hereafter PHALPD ),
(n’-1-Ph-C_H,)PdCp, VI ( CPPHAL ), and
(Phen)Mo(CO) (NCS)(n’-1-Ph~C_H,), XI ( MOPHAL ).

Perspective plots, demonstrating the numbering scheme
adopted in each case, are given as Figures 3.1, 3.2 and 3.3
with bond lengths and angles in Tables 3.1, 3.2 and 3.3 ( for
PHALPD, CPPHAL and MOPHAL respectively ). These, together

32 ( hereafter IRPHAL )

with (n’-1-Ph-C H )Ir(PPh ), (H)(CD), 16
complete the series of four-, five-, SiX- and
seven-coordinate examples of complexes bearing this ligand.

A single cation of complex v,
[{n3-1—EtOOC—C3H4}PdTMEDA]BF‘ ( PDETAL ), the four-coordinate
species containing an ethoxycarbonyl- substituted allyl is
shown in Figure 3.4 with a similar numbering scheme to that
of PHALPD. Bond lengths and angles for PDETAL are given 1n
Table 3.4.

The overall geometry of the compounds and the non-allyl
ligands will be discussed under the heading of the
appropriate metal/ligand fragments. The metal-ligand

bonding and intraligand stereochemistry of the
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1-phenylallyls, collating all the available data, and those of
the 1-ethoxycarbonylallyl complex will then be discussed. An
analysis of intramolecular jinterligand and intermolecular

contacts will conclude the discussion.
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Fig. 3.1 The [(n’-1-Ph-C H }PATMEDA]® cation, PHALPD.



Table 3.1a Inter-Atomic distances ( 4 ) for PHALPD

Pd
Pd
Pd
Pd
Pd
Cc(1)
c(1)
C(2)
CR(1)
CR(1)
CR(2)
CR(3)
CR(4)

c(n
C(2)

Table

c(1)
C(1)
C(1)
C(1)
C(2)
C(2)
C(2)
C(3)
C(3)
N(1)

- C(1)
- C(2)
- C(3)
- N(1)
- N(2)
- C(2)
-CR(1)
- C(3)
-CR(2)
-CR(6)
-CR(3)
-CR(4)
-CR(5)

-H(12)
-H(21)

- e e b e = =2 NN NN

-173(3)
.125(4)
-124(5)
.146(3)
.138(3)
.425(5)
.467(5)
.394(6)
.395(6)
.398(6)
.399(6)
.401(6)
.374(7)

1.00(3)
0.81(3)

3.1b Inter-Bond Angles ( * ) for

- Pd - C(2)
- Pd - C(3)
- Pd - N(1)
- Pd - N(2)
- Pd - C(3)
- Pd - N(1)
- Pd - N(2)
- Pd - N(1)
- Pd - N(2)
- Pd - N(2)
- C(1) - C(2)
- C(1) -CR(1)
- C(1) -CRrR(1)
- C(2) - C(1)
- C(2) - C(3)
- C(2) - C(3)
- C(3) - C(2)
-CR(1) -CR(2)
-CR(1) -CR(6)
-CR(1) -CR(6)
-CR(2) -CR(3)
-CR(3) -CR(4)
-CR(4) -CR(S)
- C(1) -H(12)
- C(1) - C(2)
- C(1) -CR(1)
- C(2) -H(21)
- C(2) -H(21)
- C(2) - C(3)

38.

69.

169
104
38.

134.

139.
101
169.

84.
-84(22)
123.
.0(3)
72.
.8(3)
.9(4)

68
123
70

119
70.

119.

122.
118.
121
119.
118.

90.
113.
121.
115.
119.
118.

72(15)
18(15)

.03(13)
.06(13)

29(17)
90(14)
15(15)

.23(15)

18(15)
57(13)

1(3)
44(22)
9(3)
1(3)

6(3)
2(4)

-4(4)

6(4)
9(4)

2(15)
1(15)
4(15)
6(18)
7(19)
6(19)

CR(5) -CR(6) 1.392(6)
N(1) - C(4) 1.492(6)
N(1) - C(6) 1.495(6)
N(1) - C(7) 1.472(5)
N(2) - C(5) 1.508(6)
N(2) - C(8) 1.478(6)
N(2) - C(9) 1.479(6)
C(4) - C(5) 1.501(7)

B - F(1) 1.366(6)
B - F(2) 1.378(5)
B - F(3) 1.380(5)
B - F(4) 1.387(6)
C(3) -H(31) 0.93(3)
C(3) -H(32) 1.01(3)
PHALPD
CR(4) -CR(5) -CR(6)
CR(1) -CR(6) -CR(5)
Pd - N(1) - C(4)
Pd - N(1) - C(6)
Pd - N(1) - C(7)
C(4) - N(1) - c(6)
C(4) - N(1) - C(7)
C(6) - N(1) - C(7)
Pd - N(2) - C(5)
Pd - N(2) - C(8)
Pd - N(2) - C(9)
C(5) - N(2) - C(8)
C(5) - N(2) - C(9)
C(8) - N(2) - C(9)
N(1) - C(4) - C(5)
N(2) - C(5) - C(4)
F(1) - B - F(2)
F(1) - B - F(3)
F(1) - B - F(4)
F(2) - B - F(3)
F(2) - B - F(4)
F(3) - B - F(4)
Pd - C(3) -B(31)
Pd - C(3) -H(32)
C(2) - C(3) -H(31)
C(2) - C(3) -H(32)
H(31) - C(3) -H(32)

121.
120.
103.
113.
112.
108.
11
107
105
108.
115
110.
108.
108.
110.
110.
110.
109
108.
109.
108.
109.

109.
101.
118.
120.
118.

8(4)
1(4)
61(25)
1(3)
19(25)
6(3)

-1(3)
.1(3)
-8(3)

5(3)

.0(3)

2(4)
4(3)
8(4)
2(4)
6(4)
6(4)

-8(4)

9(4)
1(4)
6(4)
3(4)

4(16)
8(15)
7(16)
8(15)
9(22)
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Table

Pd
Pd
Pd
Pd
Pd
Pd
Pa
Pd
Pa
Pd
Pd
Pd
Pd
Cc(1)
C(1)
C(2)

C(1)
C(2)

Table 3.2b Inter-Bond Angles ( ° ) for

c(1)
C(1)
C(1)
c(1)
c(1)
c(1)
c(1)
c(1)
C(1)
C(1)
C(1)
Cc(1)
C(2)
C(2)
C(2)
C(2)
C(2)
C(2)
C(2)
C(2)
C(2)
C(2)
C(2)
C(3)
C(3)
C(3)
C(3)
C(3)
C(3)
C(3)
C(3)

3.2a Inter-Atomic Distances ( & ) for CPPHAL

- C(1)
- C(2)
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Fig.

01-, 02

3.3 A single molecule of

(Phen) (NCS )Mo (CO) 2(n3-1—Ph~C3H‘) ., MOPHAL.



Table 3.3a Inter-Atomic Distances ( A& ) for MOPHAL

Mo - N 2.167(3) c(8) - C(9) 1.433(6)
Mo - N(1) 2.256(3) C(9) -C(10) 1.341(6)
Mo - N(2) 2.236(3) C{10) -C(11) 1.437(5)
Mo - C(1) 2.429(4) c(11) -C(12) 1.408(6)
Mo - C(2) 2.243(4) C(11) -C(15) 1.399(5)
Mo - C(3) 2.311(5) C(12) -C(13) 1.362(6)
Mo -CO(1) 1.972(5) C(13) -C(14) 1.396(6)
Mo -CO(2) 1.943(4) C(1) - C(2) 1.393(6)
N - C 1.128(5) C(1) -CR(1) 1.475(6)
¢c - S§ 1.632(5) C(2) - C(3) 1.398(6)
N(1) - C(4) 1.365(5) CR(1) -CR(2) 1.407(6)
N(1) - C(5) 1.333(5) CR(1) -CR(6) 1.389(6)
N(2) -C(14) 1.325(5) CR(2) -CR(3) 1.386(7)
N(2) -C(15) 1.373(5) CR(3) -CR(4) 1.375(7)
C(4) - C(8) 1.401(5) CR(4) -CR(5) 1.386(7)
C(4) -C(15) 1.431(5) CR(5) -CR(6) 1.384(7)
C(5) - C(6) 1.398(6) co(1) - o(1) 1.149(6)
C(6) - C(7) 1.377(6) co(2) - 0(2) 1.160(5)
C(7) - C(8) 1.412(6)

C(1) -H(12) 0.98(5) C(3) -H(31) 0.89(5)
C(2) -H(21) 0.93(5) C(3) -H(32) 0.91(6)



Table 3.3b Inter-Bond Angles (°) for MOPHAL
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