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ABSTRACT

This thesis Is concerned with the synthesis of en Isocyenide-
functionalized polyaer support end en Investigetion of the aete]

coaplexing properties of the resin produced.

The synthesis of two functionalized aonoaers, p>vlnylbenzylforaealde
end a/p-vinylbenzylphthellalde Is described. Eech of these aonoaers was
In turn copolyaerized In water suspension with styrene end divinylbenzene,
In en etteapt to synthesize suitably functionalized highly crosslinked
aecroporous resins.  The production of low crosslinked alcroporous (or
gel-type) resins by the suspension copolyaerlzetlon of the phthallalde
aonoaer with styrene end divinylbenzene Is also described. These
alcroporous resins were then further chealcally aodifled to yield the

polymer-supported Isocyanide.

The aetel coaplexing properties of the polyaer-supported Isocyanide
were studied. It was shown to extract a variety of noraal oxidation state
aetals froa aqueous tetrahydrofuran and anhydrous aetal salts and
organoaetalllc coaplexes froa tatrahydrofuran or toluene. The structures
of the coaplexed spades are assigned on the basis of eleaental analyses

and Infrared spectra.
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The Imobllizatlon of soluble letal cosplexes on suitably
functionalized organic or inorganic supports offers potential advantages
In catalysis, where rates and selectivity for reactions eay be enhanced,
and eay also be useful in letal separation, for exaeple in affinity
chromatography, and in netal extraction and recovery, where the
functional group shows sooe selectivity in reversibly binding the eetal
complexes.  The advantage of employing polymer supports lies in their
insolubility in either organic or inorganic media, so that separation from
the reaction mixture requires only simple filtration. Many different
functionalities have been generated on simple styrene-divinylbenzene
polymers to carry out these different separations; for example, a
considerable volume of work on polymer-supported catalysts has been
carried out on polystyrene supports having phosphine as the functional
group. Only recently has a small amount of work been reported on the use
of isocyanide-functionalized polymers - a potentially very useful class of
functionalized resins. The isocyanide ligand (R - Ni C) is one of the
most versatile available to the transition metal chemist, forming a
variety of complexes with both medium oxidation state metals and metals in

low oxidation states.

This thesis is concemed with the preparation of isocyanide-
functionalized polystyrene resins and an investigation of their complexing
properties.  After a general introduction (Chapter 1). the synthesis of
the functionalized monomers, and their subsequent polymerization and
further modification is described (Chapter 2), while Chapter 3 deals with
the complexation for various metal complexes and metal salts by these

functionalized polymers.



1. Polymer Supports

L 1. Gencrfll Introduction to oolwer supports

Polyoer Chealstry has, until recently, centred on the synthesis and
evaluation of physical properties of new aaterlal. However the use of
polyaer supports has becoee an area of extensive Interest since the
pioneering work of Merrifleld In 1963".  The tern "supported* (Ascribes
the case of a structurally well-defined lolecule which Is attached by
covalent or lonic bonds to an organic polyeeric or Inorganic oxide
backbone. The ten "iMobllized* 1$ aore frequently used. In place of
"supported”, for polymer supports of biological Importance. In polymer-
supported reactions, the ten "resin* Is usually used to describe polymers
which are crosslinked and are therefore, Insoluble. The most conmon fon

of shorthand notation used to Indicate a polymer support Is shown below:

© # * «

this Implies an organic macromolecular or polymeric support with the most

Important pendant group displayed. The use of the symbol

Implies a support which nay be Inorganic or organic. Any further

Information about the nature of the support will be detailed In the text.

Polymer supports can be used In a variety of different ways, and this

1$ lllustrated with reference to the scheme shown In figure 1 for a
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The Isolation process often Involves more than one of the above operations
to obtain the pure product (C). The Isolation step Is frequently the more
time-consuming part of the synthesis. By using polymers to support one of
the reactant species, the work-up procedure for the Isolation of the
product can be very much simplified, since crosslinked supports are
Insoluble and may be removed from the reaction mixture by filtration.
(Figs. 2 and 3).

The polymer support can be used In several ways:

(1) as a support for a catalyst*” or a biological enzyme

(I as a support for a reagent® * either transferring a functional

group to a soluble substrate, or modifying the latter.

(iil) ~ The polymer may act as a support and also as a protecting group
since the site of attachment Is reversibly blocked on the
substrate molecule. Therefore these groups cannot participate In
the reaction. For example polymer supports have been used as
monoblocking groups in effecting a chemical reaction at one end
only of a completely symmetrical long chain dlacld chloride.”
The unattached end can then undergo further reactions before
cleavage from the support. In the example quoted the only
products isolated were monomethyl ester monoamides in high yields
(around 90%). No diesters (resulting from unreacted starting
material) or dlacld chloride doubly-bound (i.e. both ends) to the

polymer were detected.

(1v)  The polymer support may be used to selectively extract a compound
from the reaction mixture, by reversibly binding to one of the
components.  (This may of course be used to extract either the
desired or undesired products as appropriate). Examples are
metal ion extraction and separations by affinity

chromatography™™.



The nain advantages of polyier supports over their non-supported analogues

(iii)

(iv)

Ease of recovery/work-up procedure; the polyieric reagent or
catalyst can be removed from the reaction mixture by filtration,

decantation or centrifugation.

Reaction yields nay be improved; large excesses of reagents can be
used to enhance the rate of diffusion to a reactive site or
saturate the system and thus push the reaction to completion,

without causing separation problems.

If the polymeric reagent can be easily regenerated by a single
reaction after use, and the reactions in which it is involved
proceed virtually to completion, it may be possible to automate
the process.  This is obviously beneficial in industrial

processes.

The ability to recover and re-use the polymeric species is
particularly important in the case of supported precious metal

catalysts, as these are often expensive.

Hultistep syntheses can be sim plified by having each of the
successive products bound to the polymer. This approach is often
used in the synthesis of peptides, oligo®and polynucleotides and
oligosacchari*'es.  For example, in the original Merrifield
synthe'. ~otected amino acid is bound to a substituted
chlorome® .yl polystyrene®. The protecting group is then removed
and a second (protected) amino-acid is attached to the first. This
process is repeated until the required unit is attached to the

polymer, then a cleavage reaction is performed.
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Sequential cyclooligooierlzation of butadiene, followed by
hydrogenation of the products was carried out by Pittian and
Salth™, using a phosphinated polystyrene resin to which
(PPh3)2N1(C0)2 and (PPhs3)sRhCl had been anchored. The two
catalysts did not Interfere with each other and could be

recovered and recycled.

The physical presence of the polymer may exercise thermodynamic or
kinetic control of substrates attempting to gain access to the
reactive sites In the polymer matrix, giving rise to a different
product distribution relative to the homogeneous reaction. For
example, In the reduction of certain aromatic nitro derivatives by
sodium borohydride, using either a supported or homogeneous nickel
catalyst, It was found that in the supported reactions a greater
proportion of Il was found, a small quantity of IV and no VI,
relative to a distribution of 10% I11, 40% IV and 40% VI In the

homogeneous reactions.
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(viii)

The use of a polyner support aay help to promote Intra- rather
than 1nter-Mlecular reaction and also to prevent diaerlzation.
The reactive nolecules can be 'diluted* by anchoring then at
distances far enough apart to prevent inter-molecular reaction.

In these Instances a highly crosslinked resin is often used to
provide a rigid matrix. For exang>le, polymer supports have been
used to anchor the highly reactive titanocene molecule.
Titanocene is a catalyst in the hydrogenation of various
unsaturated organic compounds and molecular nitrogen, but its
efficiency is considerably reduced because of its tendency to

dimerize.

The titanocene precursor was anchored on a 20V crosslinked polymer
support, and on reduction produced a catalyst whose hydrogenation
efficiency was greater (factor 25 - 120) than the non-attached

species.

The polymer support often confers increased stability on air or
water sensitive reagents. For example, Pittman et al state
that the supported hydroformylation catalyst "could be repeatedly
recycled and even exposed to water without drastic loss of

activity".



(1x)

Crosslinked polymers are insoluble, non-volatile and therefore
non-toxic and odourless.  The supported reagent is also,
therefore, rendered non-toxic and odourless. This is a
particularly beneficial property in the present case since liquid
(monomeric) isocyanides of low molecular weight have very

disagreeable odours and some toxicity.

As with any synthetic method, the use of polymer supports has several

disadvantages also”", which can summarised as follows:

(ii)

(i)

The synthesis will have the additional steps of attachment to and
cleavage from the polymer, (attachment only for catalysts). This

may lead to a decrease in yield of product.

Lower yields may also be caused by polymer-generated steric
hindrance of reactants (the pore size may be too small, and so
hamper diffusion to the reactive site); also the polymer support
may not be compatible with certain types of reagents. Thus
polystyrene, being non-polar (and hydrophobic) is incompatible
with highly polar molecules, i.e. they are not able to diffuse

into the active sites on the support.

Difficulty is experienced in monitoring reactions since the
polymers are Insoluble, therefore making reactions almost
impossible to follow using either ultraviolet spectroscopy or
nuclear magnetic resonance spectroscopy techniques.  Thus, only
infra-red spectroscopy and elemental analyses are commonly
available for the determination of the structure of the supported

species.
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Since reactions rarely go to 100% yield, there Mill be sone
residual functionality from each stage In the synthesis. These
may Interfere with the uses of the final product. Also, a
considerable number of experiments may be necessary to determine
the optimum conditions for the supported reaction, as these
conditions may be quite different from those for the non-supported

reaction.

There may be changes In the mechanism of the reaction when
polymeric rather than low molecular weight reagents are used.
This is found to be the case In bromlInatlons using poly-N-
brofflosuccinimlde™®, where  products were formed which resulted
from brnninatlon other than from the usual benzyllc bromlination
observed with the unsupported species. Thus the new product
distribution pattern may result In poor yields of the desired

product.

If the polymer-supported reagent or catalyst 1$ not regenerable,
It Is generally more expensive to produce than the non-supported
analogue. If the reagent Is regenerable, the degree of
functionalization may be reduced during the regeneration process.
This was observed in the synthesis of a supported carbodlimide,
where the activity of the recovered polymeric species was
generally less than the starting material*®. In the synthesis of
a polymer-supported organotin dihydride reagent, Helnshenker,
Croshy and Wong™ found only 6% of the activity of the supported

reagent could be regenerated from unused resin after storage.

Problems may also arise from reduced activity and leaching of metal™ from

polymer-supported catalysts.



1.2. Organtc Sumiorts

1.2.1, Suswnslon Polwerizatimi

Although several types of organic material have been used as polymer
supports, the most commonly employed system uses styrene/divinylbenzene
based resins, produced by suspension copolymerization. By this method,
the monomers are broken down Into spherical droplets and dispersed (by
mechanical stirring) In an Immiscible liquid, usually water. The
suspension Is maintained by stirring and the use of suspension
stabilizers, for example poly(vinyl alcohol), [881" hydrolysed from
poly(vinyl acetate)]. Although the quantities of reagents used varies
considerably, the monomerwater ratio Is generally about 1:10, and the
weight ratio of stabilizer to monomer Is In the range 1:20 to 1:7.
Stabilizers with an average molecular weight In the range 25,000 > 100,000

are effective and convenient to use experimentally.

The organic phase therefore contains:

(@) the monomers « styrene, divinylbenzene and possibly another
functionalized styrene monomer;

(b) a diluent, or diluent system (If used) ¢ see later;

(c) a free radical Initiator - benzoyl peroxide (1) or

azoblsisobutyronitr 1le (2).

cN CN
-0-0-C CH,C-N=N-CCM,
¢H, ¢H,

& (2)
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The suspension stabilizer is dissolved in the agueous phase. The
polynerization Mixture is stirred (usually at speeds of about 800 rev
Min'~ in a specially designed baffled reactor. The shape of the reactor
and of the stirrer are designed such that an optimu* flow pattern for
maintaining suspension is achieved. One of the problems experienced in
such polymerizations is the aggregation of the polymerizing droplets. The
design of the reactor and stirrer is critical in producing an optimum flow
pattern for maintaining an efficient suspension. Thus the rate of
agitation may be minimized, therefore reducing the energy of particle

collisions and preventing agglomeration.

The polymerization mixture is heated to temperatures of about 60 ¢
80"C, (dependent upon the initiator used) which will produce thermal
fragmentation of the initiator and thus the polymerization proceeds.
After several hours, when the polymerization is complete, (the spherical
liquid monomer droplets having been converted into spherical solid polymer
particles, or beads,) the product can be collected by filtration, and

washed free of stabilizer and other contaminants.

The particle size of the product is influenced by a number of

factors, but the most important are

(a) organic phase to water ratio
(b) rate of agitation

(c) geometry of the reaction vessel
(d)

nature of the suspension stabilizers
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However, In the subsequent work described In this thesis, a figure of
63% actual divinylbenzene was detemlned for the coanerclal divinylbenzene

supplied, and this Is used In all calculations.

The rate at which these monomers are Incorporated Into the growing
polymer chains varies when styrene and commercial divinylbenzene are
copolymerized. Styrene and the ethylstyrenes have a similar reactlvity””,
(see fig.4), but the first double bond In the divinylbenzenes has been
shown to be more reactive than styrene, the para Isomer being the most
reactlve®"" . The remaining double bond In the divinylbenzene has a
reactivity similar to that of styrene® As a result of the somewhat
higher reactivity of divinylbenzene, its Isomers w ill be incorporated into
the growing chains at a faster rate than styrene or the ethylstyrene

isomers.

ri9.4. Calculated eunaa for
convaralon of i

1 Styron* and athylvinylbeniana
2 BDva

3 pDvB

ExparlMDtal polnta

Styrtna o

p.Ethylvinylbenxtnt V
B.Ethylvinylbanuna m

pDVB *

aOvB X



IS
In a suspension copolyierlzation, each droplet of the organic phase
behaves as an Individual bulk polymerization that results In a copolymer

bead.

Each droplet Is coiposed of the monomers, Initiator and diluent (If
used), suspended In aqueous solution. Initiation occurs evenly throughout
the droplets, and the polymer chains grow by addition of monomer units,
and Is Initially composed of straight chains. When a divinylbenzene unit
Is Incorporated Into a chain a pendant double bond Is present which can
then be incorporated In another growing chain to form a crosslink. Since
divinylbenzene has a higher reactivity It will be Incorporated more
rapidly than styrene or the ethylstyrenes and so as the chain length
Increases the proportion of divinylbenzene units Incorporated will

decrease as the monomer Is more rapidly consumed.

Crosslinking of chains will therefore occur more frequently at the
divinylbenzene rich end, and this results Initially In the formation of
nuclei (microgelation), but eventually sufficient intermolecular cross-

linking occurs to cause macrogelation of whole droplets.

The density of crosslinks Is therefore higher in the regions centred
on the points of Initiation l.e. the nuclei or microgels, so that each
polymerizing bead consists of a mass of small, relatively highly
crosslinked areas Interconnected with areas of much lower crosslink
density. This situation holds for all values of overall divinylbenzene
content of comonomer mixtures, but of course the absolute crosslink
densities in both the dense and less dense environments for a given resin,
w ill vary considerably with the total amount of divinylbenzene used. As
the amount of the latter Is Increased, the larger will be the Intranuclear

crosslink density and also the overall size of Individual nuclei.



1.2,2. tel-tvpe resins.

If the suspension polywrization is conducted without the use of
diluent (i.e. any additional solvent) the growing polymer chains are

solvated only by the presence of non-incorporated monomer molecules.

This solvation obviously becomes increasingly diminished as the
monomer units are used up, and eventually disappears, with the result that
the nuclei aggregate as the more extended portions of the polymer chains

slowly collapse together, (fig.5.)

Fig.5. Collapse of nuclei as solvating monomer is consumed in

polymerization. /[« nuclei

This process of collapse is reversible, and the addition of a good
solvent causes resolvation and in some cases considerable swelling of the
resin.  These resins are referred to as "gel-type resins" and generally

the divinylbenzene content is low (10% or less, more commonly 2%).



S«KI Solvent,

Lightly crosslinked Network expanded

Good Solvent.

Fig.6. Effect of a good solvent on crosslinked polyieric networks.

+ m permanent crosslink.

In the dry state, these gel-type resins have little or no porosity,
corresponding only to the distance between the molecular chains. On
addition of a good solvent, the network of chains becomes considerably

more expanded and so porosity is re-established®®.  Scee lightly
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crosslinked gels can absorb well In excess of their own weight of solvent
(up to about 10 tines) and hence this is sonetines referred to as swelling

or gel porosity.

1.2.3.  Hacroporous and nacroreticular resins

The nost important way of preparing resins with enhanced porosity is
by use of inert solvents or diluents in the polymerization mixture. The
diluent used can be either a good solvent for both the comonomers and the
product polymer™2®, or a good solvent only for the monomers, and a
precipitant for the polymer™ . It is usual, when preparing these
macroporous resins, to increase the overall divinylbenzene content of the
comonomer mixture, so that the matrix formed has sufficient mechanical
stability to retain a large volume of solvent. Crosslink ratios of 20%
or greater, are most often used.

As the polymerization proceeds, combination of chains occurs to form
nuclei whose central portion is high in divinylbenzene content, and which
possess outward growing chains with free radical ends. The nuclei will be
swollen even if no diluent is present, since the unreacted monomers act as
solvent. As the proportion of divinylbenzene is increased, the size of
the nuclei is also increased, at the expense of the growing chains and
this gives rise to a product with a compact and rigid structure, having
considerable network entanglement in the nuclei.

However, if a solvating diluent is present (e.g. toluene,
diethylbenzene,) there will be considerably less shrinkage during
polymerization as the chains will be solvated at all times. As a result
the nuclei are less entangled and with increasing dilution the growing
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chains reach greater lengths before temination occurs. The eventual
renoval of the diluent after isolation of the polymer product causes a
sudden collapse of the internuclear chains. (This is in contrast to the
gel-type resins in which the contraction is slow and progressive during the
polymerization). When all the diluent has been removed from a nacroporous
resin and the nuclei have aggregated, significant porosity can still remain
as a result of the much larger extension of the solvated network during

polymerization.

Thus these resins can absorb varying quantities of good solvents
(as with gel-type resins) but can also accept some non-solvents

(methanol, heptane) due to the presence of macropores.

If the polymerization is conducted in the presence of a non-solvating
diluent, this will cause the precipitation of the growing polymer chains,
and the changes which occur are quite complex"'*.  The reaction
temperature, concentration of crosslinking agent and diluent concentration
determine when this polymer phase separation occurs. It is not possible
to realise a perfectly non-solvating system however, as the unreacted

monomers will solvate the growing chains to some extent.

During the phase separation, the growing chains are no longer
extended and tend to aggregate into tangled masses of virtually unswollen
nuclei, leaving a network of large diluent filled voids (pores) within
each suspension droplet. If the resin is sufficiently highly crosslinked
it will have significant rigidity and so retains Us size and shape when
the diluent is removed (fig.7.) Such species are known as macroreticular
resins, and will absorb significant quantities of most solvents, due to
the filling of available pores, but good solvents may penetrate and

solvate the more highly entangled regions also.



A mhighly entangled regions

Fig.7. Macroreticular polymer support showing rigid permanent

macroporous structure.

It is of course possible to use various mixtures of solvating and
non-soivating diluents and to introduce other variation by use of polar
rather than non-polar diluents, to produce a wide range of

porosities"®"!,

1.3. Inoroantc Supports

Inorganic materials, such as silica, alumina, and molecular sieves
have been investigated as nacromolecular supports, of which silica has
been used most frequently*A”. Highly porous silica can be obtained when
prepared under accurately controlled conditions™"®. Various forms of
amorphous silica exist, but all can be considered as polycondensation
products of Si(oH)4, orthosilicic acid. The usual methods of preparation
are by acid precipitation from silicate solutions or by the hydrolysis of
silicon derivatives e.g. silicon halides (SiX") or silicon alkoxides
[Si(oR)a]. Irrespective of the method of preparation, the chemical
properties of these materials are very similar, although the physical
properties may vary. The structure is thought to consist of tetrahedral
s104 units"®.  Generally these supports are obtained from commercial

sources rather than in-house preparations.



Coaparfson of stability and loading characteristics:

(1

an

(1v)

Organic polyaeric supports are subject to considerable degradation
at teaperatures above approxiaately I1SO *C, although Inorganic
«aterfais are stable to teaperatures far In excess of this.

Unfunctionallzed polystyrene polyaers are Inert over a larger pH
range, (but nay be danaged by highly acidic conditions at elevated
teaperatures). Inorganic oxides aay actually dissolve In highly

alkaline or acidic conditions.

Mechanical stability Is dependant upon a number of factors and
w ill vary considerably according to the exact nature of the
material, but In general Inorganic supports are more robust. Gel-
type resins are readily coapressed and are not suitable for high
pressure work, but do have an ability to absorb shock because of

their elastoaeric properties In the swollen state.

Gel-type resins have a high loading capacity, approximately up to
10 nnol g*. The maxlaum loading capacity of macroporous resins
will vary with the nature of their preparation, but is generally
considerably less than that of the gel-type resins as the
entangled macroaolecular chains are not readily available for
functionalization; hence loadings of approximately 3 mmol g'* are
considered high. Silica has the lowest loading capacities of all.
Functionalization Is achieved by modification of surface hydroxy!
groups, and as the average pore diameter of such material Is low
It Is difficult for reagents to gain access to all the surface.
Other problems, such as condensation of additional silica material
In the pores means that loadings of approxiaately 1 mmol g** are a

realistic naximum, values of 0.1 mmol g~ being more connon.



ilij___Functlomlization of Supnorts

There are tMO methods for introducing a functional group onto an
organic support, either by the inclusion of an appropriately
functionalized monomer during the polymerization procedure, or by chemical
modification of a non-functionalized pre>forned polymer. The ready
availability of high quality non>functionaiized supports coupled with the
relative difficulty of copolymerizing a functionalized monomer has led to
the former technique becoming the most popular by far. However
copolymerization techniques have a number of advantages. Generally the
degree of functionalization of the product is more easily controlled, and
the structure of the required group can be accurately determined by
analysis of the monomer before polymerization. A disadvantage in chemical
modification of a pre-formed polymer will be the presence of residual
functionalities from each stage of the modification procedure (assuming
reactions to have less than 100% yields). The scale of these impurities
can range from a point where they can be considered negligible and
contribute little to the final polymer properties, to the point where they

can make the final polymer useless in its application.

In the case of inorganic supports there appear to be examples only of

chemical modification of the preformed materials.
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1.4.1. The preMratlon of functionalized oolaers bv copolvuerlzatfon

A wide variety of vinyl-derivatized nolecules are connercially
available, such as 4>vinylpyridine (1), or N-acryoyl morpholine (2). which
can be copolymerized with styrene and divinylbenzene to produce the

appropriately functionalized polymers.

CH=CH,

CH=CH, |°0=°

? 0. (2)

However it Is often necessary to synthesize a suitable monomer, and
in most cases this will be a styrene derivative because of the ease with

which these monomers homopolymerize or copolymerize with styrene itself.
(i) Monomer Syntheses
If the reaction conditions of the synthesis are mild, It Is possible
to start with the styryl group, or a substituted derivative. The

formation of a Grignard reagent from p-chlorostyrene”" or analogous

reagents provides a versatile route to arange of monomers,(fig s).

Fig.s. Reactions of p“styrylmagnesium halide.



The halostyrenes are relatively expensive and readily polyierize,
therefore a free-radical inhibitor is often added to prevent

polyaerization of the nonoaers during the synthesis.

Much lore extreae conditions can be used if the vinyl group is
protected or introduced at the end of the synthesis. 2-Phenylethylbroaide
is a useful starting aateria! as it enables a wide range of aroaatic
electrophilic substitutions to be carried out and the vinyl group is
easily regenerated by heating with a strong base to eliainate HBr.A

(Fig.9).

CHjCHjBr

sojcl
| hN(CH3)2

P
SOJNICHj),

NaOH/C2 HyOH jKOHICjHsSOH

CACH,

(QJ

H3CHj

Fig.9. Use of 2-Phenylbroaide as a aonoaer precursor.

Another coaaonly used route to styrene derivatives is by the
dehydration of l|-arylcarbinols, a typical exan®le being shown in Fig.10.

the synthesis of p-acetoxystyrene (3).**



CH"OH

OCOCH; (ScOCH]

Fig.10. The synthesis of p-acetoxystyrene.

A very useful monomer is 4-chloromethylstyrene (4) which has recently
become commercially available as a mixture of isomers/* or can be

prepared to yield specifically the para isomer.

iluU — Copolymer Structures

The functionalized monomer can be included In the monomer mix in a
suspension polymerization to produce an appropriately functionalized
polymer.  Control over the loading of the functionality can be achieved by
alteration of the ratio of functionalized monomer : styrene

divinylbenzene although altering the divinylbenzene content will of course



alter the crosslink ratio and therefore change the nature of the polymer

product.

The distribution of the functionality throughout the polymer 1$
dependant upon the reactivity towards polymerization of the monomer
relative to styrene. For example, the reactivity ratios for
p>$tyryidiphenyiphosphine and styrene show the functionalized monomer to
be considerably more re a ctive .It follows therefore that the phosphine
monomer will be more rapidly Incorporated Into the growing chains, but as
Its concentration Is depleted. Isolated segments w ill become more common.
Also It Is clear that It would be difficult to produce a copolymer with
all the phosphine residues significantly Isolated from each other without
resorting to very low loadings. For monomers with reactivity ratios
similar to styrene, the monomers w ill polymerize In a random fashion. The
Inclusion of divinylbenzene will complicate these predictions conceming
functional group distribution. However It Is possible to gain some Idea

of the resin structure In this way.

1.4.2. Chwlcal nodtftMtion of Dr«-forse<l crojillnkw!| Mlvwra

It can be difficult to accurately control the loading of the resin in
such chemical modifications, as not all of the reagent added may gain
access to the active sites, and often large excesses are required to
produce good yields. It Is also difficult to characterize the changes
which have taken place as only limited analytical data (elemental
analysis. Infrared spectroscopy) are commonly available, due to the
Insoluble nature of the support. Further problems arise since not all
reagents can gain access Into the crosslinked network. For example,
aqueous solutions will not readily penetrate polystyrene resins, and also
considerably more forcing conditions may be required than for a monomeric

analogue.



Ore of the most versatile routes for chenlcal modification 1$ via

chlorométhylation of the pre-formed polystyrene.

However chloromethylated polystyrene Is now coMnercially available
and a large number of syntheses use the connerclal material as a starting
point; thus reaction of the polystyrene resin with the highly carcinogenic
chlorotnethyl methyl ether can be avoided."®

A variety of reactions can produce a range of different

functionalized resins. (Fig.11.)

Fig.11. Some examples of further modification of chloromethyl

polystyrene.

The other commonly used method for modifying polystyrene resins is
via lithiation, either directly using n-butyllithium in H.N.N.N-
tetramethylethylene diamine (THEDA) or indirectly by lithiation of an
already halogenated resin. Direct lithiation generally gives rise to a
low-loaded resin (-"25%),@® with substitution in either the meta or para

positions.®"
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The lithlua-halogen exchange route allows higher degrees of
functionalization, and oost Investigations use broninatlon as the first

step.

Early work used ferric chloride as the catalyst for broilnatlon®”,
but thalHc acetate gives cleaner results and better reproduceabillty®”.
Further eodificatlon yields a variety of functionalities, soae of which

are lllustrated In fig. 12.

The generation of the diphenylphosphine group on the polymer support
leads to ene of the most widely used functionalities In the study of
polymer-supported catalysts”'A. The diphenylphosphine unit has also been
generated by the Inclusion of p-styryidiphenylphosphine as comonomer In
styrene/divinylbenzene suspension polymerizations®*®® and so therefore

Its uses on the polymer support are well documented.

Lewis acid

Nt nBuLi

Fig. 12. Sore examples of further modification of lithlated

polystyrene.
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There are a vast nunber of other transformations possible for the
Introduction of functional groups onto pre-formed polystyrene polymers,
though chloronethylated or llthlated polystyrenes are amongst those most

often used.

It Is of course possible to combine the methods described in sections
1.4.1. and 1.4.2 i.e. by Inclusion of a functionalized monomer In the
polymerization mixture, followed by further modification of the

functionalized polystyrene.

1.4.3. Modification of inorganic oxides

Inorganic oxides such as silica have an abundance of hydroxyl groups
at their surface which are accessible for modification. Several methods
are available, but the most commonly used Is the reaction of an
appropriate silane molecule of the type RSIXs (where X Is a readily
hydrolysable group e.g. oR,0®R,C: NH) with the silica support*. The
Si-0-Si linkage formed Is very strong and the S1-C bond formed at the
surface is more hydrolytically and thermally stable than either an S1-0-C
or Si-N-C unit. Since unreacted surface hydroxyl groups ney give rise to
adsorption problems, it 1$ usual to subsequently silylate an already

functionalized support with hexamethyl disllazane.

@ -o« * (CHs)3SINHSi(CHs)s — . 0-0-Si— O

Ay 3



2. Isocvanides .

The Isocyanide ligand Is an extremely versatile one, being able to
complex both normal and low oxidation state metals. It Is
Isoelectronic with carbon monoxide, but the latter does not form stable
complexes with the higher oxidation state metals and also being diatomic,
cannot be anchored to a polymer support. The presence of the R group on

the Isocyanide makes this an Ideal choice.

Isocyanides are also known as "Isonltrlles* and *carbylamlnes"”,
although the latter Is rarely used. *Isonltrlle" Is still often used, but
‘Isocyanlde* Is the name adopted by I.U.P.A.C. and Is used In ' Chemical

Abstracts' Indices.

2.1 Synthesis of Isocvanides

Although Isocyanides have been known for over a century, It Is only
In the last 20-30 years that detailed attention has been paid to these
compounds. When first synthesized, Isocyanides were mistakenly thought to
be cyanides, and further studies were often discontinued due to the
penetrating odour.  However, by 1870, Isocyanides were recognised as
distinct compounds, and were described as ‘isomers of the ordinary
nitriles"; 59

There are several methods of synthesizing the Isocyanide ligand, but
the most commonly used method is the dehydration of the appropriate
formamide. R}\lfIC RNG:

-HO
R-NcC
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This is a general method which can be used for a large number of
isocyanides. Prior to 1965, approximately 40 Isocyanides had been
reported in the chemical literature, but with the publication of an
article by Ugi* detailing the dehydration method, a further 240 were
described. Several dehydrating agents have been used, generally being an
acylating agent and a base, but those most commonly referred to are:

(i) p>tozuenesuiphony: chloride and pyridine*®

(ii) phosgene and triethylamine™*

(iii)  diphosgene and triethylamine”®
Experimental details for all three methods are included in chapter two;
method (i) using p-toluenesulphonyl chloride was the method preferred for

the polymer-supported isocyanide.
L2 Synthesis of metal-isocvanide complexes

Most recent work has concentrated on mixed and homoleptic low valent
mono- and polymetallic complexes of isocyanides, whereas earlier work was
concerned more with complexes in which metals were in their higher
oxidation states. A brief discussion of some of this older work is given
here, as the more recent work is discussed in chapter three in comparing

homogeneous reactions to those occuring on the polymeric support.

A considerable amount of work on low valent metal-isocyanide
complexes arises from the preparation of the latter by substitution of the
carbonyl group in many metal-carbonyl complexes. These complexes
frequently retain one or more carbonyl group, resulting in a mixed ligand
product. Other ligands, such as phosphines are also found in these mixed
compounds, but neither of these will be discussed in detail. The
reactions of alkyl or ary] isocyanides with metal salts in solution are
more closely related to the reactions carried out using the polymer-

supported Isocyanide. The older work .dating around the mid 1950's, is



principally concerned xith the reaction of isocyanides with netal salts.
A considerable aaount of this early work was carried out by Halatesta and
is well documented®“®". A further review by Ugi®® is orientated towards
the organic cheaistry of isocyanides, and two later reviews have been
published on isocyanide-metal complexes®®®®. The field of isocyanide-
metal chemistry has now become considerably expanded and a detailed review
of all areas is not possible here. The work described will therefore be
limited to those metal-isocyanide complexes which have some similarity to

the reactions studied using the polymer-supported isocyanide,
2.2.1  Chromium. Molybdenum and Tungsten.

Isocyanide complexes of the group 11B metals are prepared by two
general methods:
(i) H(CNAng H-Cr,H,Ho;
prepared by the reaction of the metal salt with an aryl isocyanide, either
In the presence of a reducing agent or with valence disproportionation,
e.g. 3 Cr(OAc2 + I18RNC Cr(CHR)g ¢ 2[Cr(CHR)g][OAc]j
The acetate product was not isolated, but the experimental quantities for
the reactants and other products were in close agreement with the proposed
equation 6367 For this reaction, the molybdenum-isocyanide complex is
less stable than the corresponding chromium complex, and for tungsten the
reaction requires the slow addition of WClg to a mixture of Isocyanide,
magnesium powder, in anhydrous alcohol, containing a few drops of acetic
acid.e®
(i1) - M(CO)g((RNC)x

x>|-3 for R«BUNC; others give
mono- and di- substituted products.

Various catalysts have been employed to increase the yield and degree of
substitution in these reactions, for example cobalt chloride.®" In a

recent review, Singleton claims complete substitution of isocyanide, with



yields greeter than 9% for these aetals.”™

2.2.2  Hanoanese and Rheniw

The reaction of anhydrous manganese(ll) iodide with isocyanides has
been reported to yield coeplexes of the type [Hn(CNR)g]! although
generally Matatesta reports that eanganesedl) salts do not show any
tendency to react with isocyanides.Co"iexes of the type Nn(CNR)gXz2
have been prepared by nitric acid oxidation of the corresponding
nanganese{l) coaplex, followed by precipitation with a suitable counter-
ion, (R«Ph, Et, Bu®;, X*PFg', Hh3"). However a recent report details the
reaction of an anhydrous manganese(ll) salt with t-butyl Isocyanide in dry
toluene to yield M (CHBu®), (X-Cl, Br, I, SCR)."* The bidentate ligand

shown below has also been used to coaplex aanganese.

Only a saall nuaber of rheniua-lsocyanide coaplexes have been
reported, although one exaaple of an anion-containing Isocyanide ligand
exists, in [ReCls(CNMe)]~ prepared froa [Re2Cig]*~ with aethyl Isocyanide
In aethanol™ A variety of cluster coapounds are foraed froa the
reaction of KeRelg and excess isocyanide, dependent on the solvent and

reaction conditions used.”



2.2.3 Iron. Rutheniui and Osiiu«

Iron(ll)-Uocyanlde coiplexes of the stolchioietry Fe(CNR)sX2
(R»alkyl or arylj X-Cl, Br, 1) are isolated In two foms, a green/blue
complex, sparingly soluble (In organic sovents), obtained by rapid
precipitation from cold alcoholic or aqueous solutions; and a
brown/yellow, very soluble complex, which Is obtained by refluxing the
former In solvent, or by precipitation from hot solution.* These two

forms were assumed to be cis/trans isomers.

The direct reaction of p-tolyl Isocyanide and Iron(ll) perchlorate,
without solvent, yielded a dark oily tar and a stable, crystalline
product, tFe{CHC7H )g][C104]2, and treating Fe(CNCrHr)4Cl2 with excess
sodium perchlorate In refluxing acetone gave [Fe(CNC7H)sCi]Cio4 as the

product."®
Other FeCl2 (CNR4 complexes have been prepared by the reaction of
hydrated ferrous chloride with a bldentate Isocyanide ligand (also

mentioned In section (b)) In methanol* as shown below:

FeCl2*4H20

c1s-FeCl2(DiNO2 trans-FeCl2 (DiNG:2

orange blue



The reaction of iron carbonyls with isocyanides succeeds with partial
substitution of ligands, to produce Fe(Co)s.,(RNC)n (n-1.2) using
Fe(CO)g; for exaiple Fe(C0)ACNCgH" was produced upon ultraviolet
irradiation of Fe(C0)5 and cyclohexyl isocyanide.**  The reaction of
Fc3(CO)j2 with CN(CH2)NC  {n-2,6) produced exclusively the diner
[Fe(CO)4]2CN(CH2)nNC.  Long reaction tines and forcing conditions
illustrate the fairly inert nature of the netal carbonyl. However,
stepwise substitution products Fe(C0)5.,(CNR)n (n»I-5) have been
successfully obtained with high yields and short reaction tines by use of
catalysts such as cobalt chloride, activated carbon, or netals on netal

oxide or carbon supports.

In the case of rutheniun, Ru(ll) derivatives of the general fomula
RuX2 (CNRj4  (Re«alkyl or aryl; X-Cl, Br, 1) were reported by Malatesta and
Sacco.The dichloride and dibronide conplexes were prepared by boiling
an alcoholic nixture of the netal chloride or bronide and the isocyanide,
but the iodide was prepared by reaction in pure isocyanide. All these
conplexes were found to exist in two forms, presumed to be cis and trans

isomers.

The zerovalent complexes Ru(BUNC)s and Ru2(1-PrNC)9 have also been
reported, as well as several examples of nixed ligand conplexes.

An attempt to produce 0s(8u*NC)5 from [0$(cod)CI2]n with Na/Hg in the
presence of excess isocyanide yielded only the product
[0s(Bu~NC)3(cod)],** although the complex 0s(CNxylyl)g has been prepared
by the Na/Hg reduction of the netal halo-isocyanide. Substitution
reactions on the cluster 113(00)2 isocyanides in high boiling solvents
have given up to tetrasubstitution products for osmium. Preparation of
the chloro-compounds [OsCl2 (CNRl2]x  (x>2), and cis/trans isomers for

0sCI2(CNR)4  (R»Bu”xylyl) were also reported.®®.



2.2.4 Cobalt. Rnodiyi and Irid

Stable cobalt(n)-1socyanlde coaplexes are fonaed froi the reaction
of isocyanides with cobalt halides and thiocyanates. Sacco and Freni®
isolated two types of conplexes fro« these reactions, CoX(CNR2 and
CoX2 (CNR)4  (R*CKs; X>C1, Br, I, SCN), and siailar results were obtained
by Malatesta and Giuffre®" (R-CgHj). However the situation for cobalt(ll)
perchlorate is coaplex. Sacco first investigated the reaction of the
latter with isocyanides which yielded a greenish-blue coaplex
[Co(RNC)s][C104l2. (R-phenyl, p-tolyl, o-tolyl). The reaction of
cobalt(ll) perchlorate was further studied by Sacco and Freni®® who
discovered two fonts for the product, one blue and paramagnetic, the other
red and diamagnetic. Two forms for the product, [Co(PhNC)s][C10412 were
also isolated by two later groups of workers,®* @ but these forms were
discovered to correspond to a hydrated blue form and a yellow anhydrous
fora. A red complex was also isolated and was found to be a diner
[Co2 (RNC)i ()][C104]4, (R-Me, Et,); which is presumably the red complex
obtained by Sacco and Freni.

Isocyanide analogues of Q2 (Co)g were recently prepared independently
by two groups. Stone and co-workers®" synthesized Coz(CNBuY)g, whilst
Yamamoto and Yamazaki®®®® prepared Co (RNOs (R-2,6-xylyl, 4-Br-2,6,-
xylyl, 2,4,6-mesityl) by treating Cm (Co)g with the appropriate isocyanide
at room teaperature. The structure is similar to that described for

Rh2 (CNR)g (see later).

The reaction of hydrated rhodium chloride with isocyanide in
alcoholic solution was investigated by Halatesta and Vallarino.®* A
violet, crystalline product [(p-CICgK4KC}4Rh]CI was found when p-

chlorophenyl isocyanide was used but the addition of precipitating agents
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(perchlorate or hexafluorophosphate) was required In the case of phenyl,
p-tolyl and p-eethoxyphenyl isocyanides. The fact that the reduction of
the metal is due to the isocyanide rather than to the presence of ethanol
in these reactions, is suggested by similar results (i.e. reduction to
Rh(1)), found in the reaction of methyl isocyanide with hydrated rhodium

chloride.®®

Rhodium(l)-isocyanide complexes [Rh(RNC)s]* were also prepared by
the reaction of the dimer [Rh(Co)2Cli2 with isocyanides, (R-p-MeOCgH",
pNeCsHi, p-CiGHi )@ When a reduced amount of isocyanide was used, the
intermediate  Rh(Co)(CNR)2Cl was discovered.®*  The phosphine-isocyanide
rhodium complex Rh(PPhz)2(CNCHs)Cl was obtained from the reaction of
methyl isocyanide with Rh(PPhs)sCl, and is reported to reversibly add
oxygen although the product complex is not isolated.*® However the
analogous complexes, Rhlz (CNR)Xo2 are isolable, (R*CgH%, p~CsHiCH, Bu;
L-PPhs, AsPhs; X-Cl, Br, 1).&"

The complex Rh2(RNC)g has been prepared by the reduction of
Rh(CNR):Cl by Na/Hg;™ having a structure in which the two rhodium atoms
are linked by an isocyanide-bridged metal-metal bond. The carbonyl
derivatives Rhs4(Co)i2-n(P"owy" isocyanide),! (n-1,2,4,) and Rhg(Co)"Q(p-

tolyl isocyanide)” have also been prepared.

For iridium, the reaction of Ira(Co)j2 "ith t-butyl isocyanide
produced a complex Irs(Co)ji(BurNC) whose infrared spectrum did not show
the presence of any bridging carbonyl ligands."® Although several
examples of mixed ligand complexes exist for iridium, (particularly
triphenylphosphine and its derivatives), no examples of homoleptic

iridium-isocyanide complexes have been found.®®



2.2.5 Nickel. PaHadluw and Platinui

AlthQugh Malatesta states that a lively and very exotheraic reaction
takes place between Isocyanides and alcoholic solutions of nickel(ll)
salts, very few nickel(ll)-isocyanide coaplexes have been reported.
Malatesta™ gives foraulae of the type NiCl2(CNR2 to the products of the
reaction  between  anhydrous nickel chloride and isocyanides
(CsHj™NC, CgH'NC), although the products are described as brown powders
that cannot be re-crystallized, and on heating decompose into a black

molten mass; thus these characteristics make such formulation doubtful.

Virtually all the work on nickel-isocyanide complexes centres in the
nickel(O) species. These complexes have been formed both by reduction of
nickel(H) in the presence of isocyanidesssand by the reaction of
isocyanides with nickel tetracarbonyl*®. In the case of aryl isocyanides,
complete substitution of the carbonyl ligands was observed, but with
methyl isocyanide the product was Ni(Co)(CNCHz)s. Other Ni(RNC)sL mixed
ligand complexes have been reported from the reaction of Ni(RNC4 (R«t-

butyl, isopropyl, or cyclohexyl) with (L">phosphine,arsine)

In a review published in 1983, only one homoleptic nickel(ll)-
isocyanide complex Is mentioned. The complex [Ni(CNBu™)*][ o0104)2 was
prepared from nickel perchlorate and t-butyl isocyanide in ethanol*. The
complex is synthesized by dehydration of a precursor complex
[N1(CNBuMa (H20)2(C104)2].  The lack of nlckel(ll)-isocyanide complexes
may be due to the fact that nickel salts are knovm to catalyse isocyanide

polymerization.A

Halatesta™ reports that palladium halides react readily with aryl
isocyanides, yielding products which analyse as PdX2 (CNR)2 R>p-ani$yl,

p-tolyl; X-Cl, Br, 1) no isocyanide derivatives of palladium(ll) salts



with non-coordinating anions could be prepared, both [Pd(CNR)2]** and
[PA(CNR)4 I"* being described as unstable.  This is in contrast to the
results obtained by Hiller and Balch, who isolated [(CHsNC)Pd** as

the hexafluorophosphate salt.

The preparation of a palladiun(l) conplex is described in the

reaction of a palladiua(O) and a palladiua(ll) coaplex, as shown below:*

CfiHeCl
Pd(dbajz  + PdCl (CgHsON2 ¢ 4BUNC ~ --eeseemeeomeemeees
[Pd2Cl2(BUNC)] * 2dba + eCgHON.

dba*dibenzy:idene acetone.

Palladiu»(0)-1socyanide conplexes have been prepared by Halatesta™
by the reduction of (RNCR2Pdlz In strongly alkaline solution (alcoholic
potassium hydroxide), but only if more than 2 moles of isocyanide per mole
of (RNC)2Pdlz are present, (R-phenyl, p-methylphenyl, p-methoxyphenyl).
The later availability of suitable metal(O) conplexes has led to further

work in more recent years and is discussed in chapter three.

The blue-violet complex described as [Pt{(CgHgNC)2Cl2 jx
prepared by Ranberg in 1907, and also isolated later by Malatesta and
Bonati** from the reaction of aqueous potassium tetrachloroplatinate(ll)
and phenyl isocyanide. In a series of similar experiments with other
isocyanide ligands, the authors found that two types of compound resulted:
those which were blue and insoluble in organic solvents (R>phenylp-
tolyl), and also those which were red and soluble in common organic
solvents (R>p-anisyl,cyclohexyl).  The authors describe the products in
the form [PY(CNR)z][PtCls] and state that the difference in the two types

is probably due to the existence in the blue compounds of a strong metal-



metal Interaction which Is not possible when the organic group has a
bigger steric requirement, as with p-anisyl or cyclohexyl Isocyanide. The
salts of these ligands are red, similar to the colour of the [PtCls]*~
lon. All the [Pt(CNR)s][PtCls] compounds prepared by Halatesta and Bonatl
were transformed Into their soluble cis-Pt{(CNR)2Cl2 Isomers (yellow) on
refluxing In chloroform solution, or In some cases on prolonged heating to
110"1SO ~C. In the dry state. The Infrared Isocyanide stretching
frequencies observed for these compounds™* were In the range 2205-2270
ot ”, the frequencies being considerably higher than In the corresponding
free ligand. This Is consistent with other reports for such metal-

Isocyanide complexes, and Is discussed In more detail In chapter three.

2.2.6 Copper. Silver and Gold.

Four products are described for the reaction of copper(l) chloride
with phenyl or p-tolyl Isocyanide when the conditions used are varied.
The products [Cu(CNAr)CI).[CuCI(CNAr)3], [CuCI(CHAr)2] and [CuCI(CNAr)]
can be Interconverted by techniques such as heating In water or
solvent.The product of a similar reaction®®”" in alcoholic solution
was determined to be the tetra-coordinated species,

[Cu(p-CH3CsHs NC)4 ]C104.

Copper-isocyanide complexes which contain a second ligand have also
been described.  The white complex, GH'Cu(CNCHs) was prepared In 5/%
yield from (CHsltCCul4 and CjHjTIAW 4 iimiUr product, Gs«sCu(CNBu")
was obtained from the reaction of OkO, CNBW* and GsHg. A product of
different stoichiometry, GH'Cu(CNBuY)z . was obtained when Indene was used
in place of os!i?, the preparation of Cu(acac)(CNPh)2 has been

described from copper(l) acetylacetonate (acac) and phenyl isocyanide.
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Only a small amount of work detailing the preparation of sllver-
isocyanlde complexes Is found In the literature. Early work on the
alkylation of silver cyanide yields the con’lex AGCNCNR as product, this
being one of the first lIsocyanides to be discovered. This method of

preparation of isocyanides is now rarely used.

Klages and Monkineyer'® describe the preparation of both di- and
tetra-coordinated products from the reaction of silver nitrate with p-
tolyl Isocyanide, in contrast to a similar reaction reported by Sacco,
in which only the Isolation of (p-CHs@H:NC)4AgClOs is listed. Several
more recent examples of silver-isocyanide complexes are mentioned in

chapter three.

The Isolation of gold(lll) and gold(l)-isocyanlde complexes has been
reported by Sacco and Freni.The complexes of the type (RhC)AuCls were
stable when recrystallized, but were reduced to (RNC)AuCI in the presence
of excess isocyanide, (R-p-HeCgHs Ph). A third type of complex Is also
described, [{RNC):Au]Cl was prepared by heating (RNOAUCI3 with excess
isocyanide in ethanol. These latter complexes were not stable in
solution, decomposing to yield (RNC)AuCl. Later work on gold-isocyanide
complexes, as described in chapter three, reports only the isolation of

reduced Au(l) complexes.

A recent example of the formation of a gold( | )-isocyanide complex
by ligand displacement is seen in the addition of phenyl or p-tolyl
isocyanide to cis-[Au(CgFj)2 (OEt2)2]C104. This leads to the isolation of
cis-[Au(CgFg)2 (CNR)2]C104 complexes as white solids which are air and
moisture stable at room temperature. These complexes also undergo

addition reactions with hydrazines."®®



27.7 Zinc. Cadwim and Mercury.

Very few examples of wtal'lsocyanlde coaplexes exist for zinc and
cadaiua. There are several reports of eercuryisocyanide reactions, hut
exaaples of these are discussed in chapter three, and will not be

duplicated here.

Many other exanples of netai«isocyanide conplexes exist, including
aany eixed ligand coaplexes; this being only a brief review to illustrate
the versatility of the isocyanide by detailing soae of the known

reactions.

2.3 Reactions of aetal-isocvanide coaolexes and lioands.

Although the earlier sections have concentrated on the synthesis of
aetaMsocyanide coatexes, an extensive array of literature reports
detail the reactions of aetal-isocyanide coaplexes and also reactions of
the ligand Itself, therefore a brief aention of soae of these reactions is

given here.

2,3.1. Oxidative addition reactions.

Oxidative additions have been perforaed on cations such as [N(CNR):]**
(H>Rh, Ir) using a variety of reagents, for exaaple: proton acids,
halogens, alkyl and aryl halides, HgClz. and SnClz. In aost cases the
products are froa a two electron oxidative addition. For exaaple,
addition of 2 to [Rh(su*NC)"|BFs afforded the octahedral species
[Rh**A(Bu”rC)412]BF”, the iodine atoas occupying trans positions.* ®
Several other exai’)les are also quoted in the review by Singleton and

Oosthuizen.@®
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The reactions proceed via Initial nucleophilic attack at the
isocyanide carbon and although carbon monoxide also undergoes such attack,

stronger nucleophiles and more forcing conditions are required.

2.3.3 Instrtlon reactions

Isocyanides conmonly undergo Insertion reactions Into a variety of
metal-carbon bonds, as well as metal-hydride, metal-oxygen, metal-
nitrogen, metal-sulphur and netal-halogen bonds. Examples of all these

reactions are found in the review by Singleton and Oosthulzen.M

The insertion reaction can be regarded as an alkyl (or aryl, hydride,

oxygen etc) migration as shoan in the general reaction below.

For example, the reaction of Re™ Meg with CNBU" proceeds with concomitant
reduction to give Re™{CHBu")2{CMe"NBu}3 The reaction of
Zr(CH2CHes)4 with CNBu* proceeds without reduction to give
Zr(CH2CMe3)3(CNBLP{C(CH2CHe3)-|(BU.E®
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The reaction of Pt(PPhs)2 (R)X CgHY, X«C1, Br, 1) and aethyl
isocyanide proceeds via initial halide displacement, confirmed by the

isolation of the Intermediate,

PHL2(R)X + ONOH — * [PtL2 (ONCHE)RIX (A)

PHL2 {C(NCHs JRIX

L-PPhs R-CHs  X»Br,l

Carbon monoxide also undergoes insertion reactions but there are two
main differences seen for the reactivity of the latter . Carbon monoxide
does not undergo multiple insertions, which are often seen for
isocyanides, and also carbon monoxide does not insert into metal>hydride
bonds, in contrast to the isocyanide. Isocyanide insertion Into the Pt-H
bond in trans-[PtH(CNCgH4Me>p)L2]C1 (L«PEts, PVePH) gave the product?
trans-PtCI(CH«NCs HiMe-p)L2 .

From the examples quoted it can be seen that the isocyanide is
extremely versatile in both organic and organometaliic reactions.
Although many examples exist of polymer-supported ligands (particularly
for triphenylphosphine and especially in the field of polymer-supported
catalysts), no examples of polymer-supported isocyanides were reported
until very recently. The combination of the advantages of a polymer
support, coupled with the versatility of the isocyanide ligand, should

potentially pave the way for further extensive studies.
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CHAPTER 2: MONOMER SYNTHESIS, POLYMERIZATION
AND FURTHER MODIFICATION



Z.1. Introduction

Although the most comonly e«ployeil oethod of functionalizing polyiaers
is by modificatlon of pre-foried, coMerclally available polystyrene, It
was decided to approach the problei of functionalized polyaers by
polyaerizatlon of suitably functionalized styrene aononers.  There are

several reasons for this choice.

(1) Polymer Laboratories, the collaborating body, have many years
experience In controlling polymerization conditions to yield
styrene-divinylbenzene copolymers of well-defined pore size and
particle size. Their expertise In polymer fabrication was
available to us for the production of functionalized polystyrenes

from functionalized monomers.

(11) As It was hoped to evaluate the functionalized polymers In various
applications In metal complexation (for example In affinity
chromatography, metal extraction/recovery and catalysis) it Is
necessary to control both the crosslink ratio (controls the
mechanical stability of the polymer), and the loading of the
functional group according to Its projected use. For affinity
chromatography, a high crosslink ratio Is required to give the
necessary mechanical stability so that the polymer can be packed
Into a column and used under high pressures. A high loading of the
functionality will also be necessary. Less mechanical stahility Is
necessary for catalytic work and considerably lower loadings are
required.  For metal extraction a high loading would be necessary
and the crosslink ratio could be tailored to the
physical/mechanical needs of the process. It Is often difficult to
control the loading when modifying pre-formed polystyrene”. It was
therefore considered better to produce resins In-house, where

careful control could be kept over these variables.



(11i)
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By including the functionalized nonnaer in the polyMerization lix,
the purity of the functionality can be controlled (by
recrystallization, distillation etc. before use). This is in
contrast to the product froa the aodification of polystyrene where
in a multistage synthesis, some residual functionalities will retain
from each stage in the synthesis. These may create problems,
depending upon the final use of the polymer and the nature of the

residual functionality.

In addition, as analysis techniques are limited, due to the
insoluble nature of the polymer, it is difficult to determine the
extent of functionalization achieved by modification of pre-formed
polystyrene.  Elemental analysis such as C, H, N analysis can
really only be useful in the first step of a multi-step synthesis
as the effect of residua! functionalities will be seen in
subsequent analysis figures but without any indication of the
proportion of "old* and ‘new" functionality if both contain

nitrogen, for example.



2.2. Results and Discussion

fl.)  Monomer Syntheses

The general approach to the synthesis of Isocyanide-functlonallzed
polymers via polymerization of suitably functionalized monomers Is shown In
figure 1.

Although In general free-radicals have failed to polymerize
Isocyanldes”®, some Isocyanides polymerize spontaneously on storage (for
example vinyl Isocyanide)* and most Isocyanides tend to polymerize at
elevated temperatures®. With the additional potential industrial problem
of working with foul smelling and toxic liquids, It was initially decided
to attempt the polymerization of the Isocyanide precursor, the formamide

(11a, 11b) which may be synthesized via two routes.

(a) From D-chlorostvrene f7) ;

Several attempts at the synthesis of p-vinylbenzolc acid (8)
following the literature procedure® gave little or none of the desired
product.  This problem is the result of two factors: (a) the reaction
temperature must be kept below 60 "“C at all times, to prevent
polymerization of the vinyl group and (b) as the carboxylic acid Is not
very soluble in most common organic solvents (e.g. THF, ether,
dichioromethane, ethyl acetate) It is precipitated along with the magnesium
by-products when the excess Grignard reagent Is neutralized.  Only an
extremely small amount, if any, remains In solution and can be extracted
following the literature procedure. A good yield was eventually obtained
by careful extraction of the Insoluble products produced on hydrolysis of
the excess Grignard reagent. ~As poor recovery of product was observed

using the literature method of recrystalHzatlon from 20% ethanol, and as






the product was also difficult to dry, absorbing nore than its own weight
of water, the spectroscopically pure “crude* product was used without

further purification.

Conversion of the acid (6) to the anide (9) following the literature
procedure® (reaction with thionyl chloride followed by reaction with
aimonia in benzene solution) also gave poor yields. N.i.r. studies showed

that the acid chloride intermediate was prepared satisfactorily (figure 2).

U} 0\/) CﬁH,\,‘ - CHsCH,

jooH Al

Subsequent reaction of the acid chloride with dilute aqueous annonla gave
substantial annunts of a second component. The n.m.r. spectrum (figure 3)
of the crude product shows evidence of a compound exhibiting phenyl
resonances, and an additional set of resonances due to a vinyl group. It
was thought that the acid chloride formed then reacted with the amide as it

was produced, to yield an imide.

£h*ch, cm< h,

CH-CH, CH>CH,
CONH, CoclI

It should be noted that the proportions of the two products shown on
the n.m.r. spectrum (i.e. mainly amide (9)) are not truly representative of
the amounts found in the crude product. A considerable amount of insoluble
material remained in the sample prepared for n.m.r. spectroscopy; thus the
yield of amide from this reaction is lower than the spectrum suggests.
This was confirmed by very poor yields (~ 30%) and the presence of a

large amount of insoluble material during recrystallisation.









To suppress iilde fomatlon, the add chloride was added dropwise to
excess anhydrous liquid amnnla, and a considerable Inproveaient In.yield
was observed, (40% — 70%). Although the use of concentrated aqueous
anmonla also suppressed inlde formation, poorer yields were obtained due to
the slight water solubility of the amide (9). Pure amide (9) could be
obtained by recrystallization from aqueous alcohol®, but this was generally
not carried out since the Soxhiet extraction used In the conversion to the
amine (10b) extracts amide (9) and leaves behind the ammonium chloride by-
product. Good yields of amine (10b) can be obtained by this procedure; the
conversion from amide (9) to amine (10b), using lithium aluminium hydride
in ether, can be followed by removing samples from the Soxhiet thimble for

n.m.r. spectroscopy until the spectrum shows no amide present.

The direct reaction of pure p-vinylbenzamide (9) with lithium
aluminium hydride in ether gave poor yields of amine ( 35%). This was due
in part to the low solubility of the amide in ether, as Illustrated by the
improvement in yield found when the technique of Soxhiet extraction was
incorporated into the method, either for pure amide (only), (yield 64%) or

for the amidelammonium chloride mixture (yield 59%).

Somre further reaction of p-vinylbenzylanine was observed, due to sow
reduction of the vinyl group by lithium aluminium hydride. This was
estimated to be approximately 13% of the total product from the n.m.r.
spectrum (figure 4), and Is evident in the appearance of resonances due to
an ethyl group in both the » and n.m.r. spectra (figures 4 and 5).
In order to confirm this, a sample of p-vinylbenzylamine (10b) was
hydrogenated and the distilled product, p-ethylbenzylamine, had » and™*
n.m.r. spectra Identical to that of the ethyl Impurity (figures 6 and 7).
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Due to the hygroscopic nature of the p-vlnylbenzylaalne (10b) and Its
nethiodide derivative, no satisfactory elemental analysis was obtained.
Samples for n.n.r. spectroscopy could however be obtained by
microdlstillation from potassium hydroxide.  The crude amine was
sufficiently pure to be used In the next stage of the synthesis. The
presence of the saturated impurity was not considered to be Important
(although It could be removed by careful recrystallization of the formaalde

(lib)) since It would not be Included In the polymerized product.

The conversion of p-vinylbenzylamine (10b) to the formamide (11b) wes
carried out In good yield (76%) using ethyl formate. The n.m.r. spectrum
of p-vinylbenzylformamide (11b) (figure 6} shows minor resonances at 4.21
ppm (CH2) and 7.96 ppm (CHO) due to the second minor conformation possible
for the formailde group. Due to the restricted rotation about the CN
bond, the formamlde may be present In either cls (I) or trans (Il) forms.

The latter predominates™.

CH,R

I cis E trans
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Ore of the reasons for loss of yield at all stages of the synthesis Is

the polywrizable nature of the vinyl group ¢ causing sow loss In each
step, particularly at elevated teaperature. The overall yield for the
four-stage synthesis of p-vinylbenzylfomanlde from p-chlorostyrene Is

2«).

(fal  From m/p-chloroffiethvistvrene

The alternative route to vinylbenzylforaaalde, via
chloromethylstyrene, yields products with a mixture of tneta and para
Isoners due to the Isomeric mixture In comwrclal chlorowthylstyrene (60V
meta, 40% para). Since this Is unlikely to affect the eventual complexing
properties of the polymer this was considered preferable to the multistage
synthesis of pure p-chloromethylstyrene®™”, In poor yield (~ 50%). The
additional resonances due to the meta Isowr can be clearly seen on the
m/p-aalne (10a) n.m.r. spectrum (figure 9) when compared to that of the
p-anlne (10b) (figure 4). m/p-Vinylbenzylphthallmide (2) was prepared from
m/p-chloromethylstyrene and potassium phthallmide In dry dimethylformamide,
and after recrystallization from chloroform/petroleum ether (85%) was
converted to m/p-vinylbenzylatnine (10a) using hydrazine hydrate In ethanol
(42%). Again, some reduction of the vinyl group was seen, estimated from

n.m.r. (figure 9) to be approximately 19% a slightly higher proportion
than that seen In the synthesis using lithium aluminium hydride to reduce
p-vinylbenzamide (13%). In the case of the hydrazinolysis, the
Intermediate formed was presumed to be the amine salt of the
phthalhydrazide (figure 10), (which Is often Isolated In hydrazinolysis of
phthallmldes)*® and was converted to the amine by treatment with

hydrochloric acid.
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(Zii PolwertHtIMi »nil further «odIfIMtlon of r«»tn» iterlvtd fra.

ll-vtn»ll)«nz>Ifor— toe (11b)

A stall saaple of p-vinylbenzylfornatide (11b) Mas successfully
hompolyterized using benzoyl peroxide as Initiator, and exhibited a strong
carbonyl stretching frequency at 1670 cn"* (figure 11). A sample of the
formailde (11b) was also successfully copolymerized with styrene and
divinylbenzene In toluene solution to produce a polymer with a similar
carbonyl stretching frequency, (figure 12). A sample of this latter
polymer was dehydrated using p-toluenesulphonyl chloride and pyridine (see

later) to yield the supported Isocyanide (6). (figure 13).

Several attempts at suspension copolymerizations Involving p-
vinylbenzylformamide were made, as described In the experimental section.
These polymers exhibited a much weaker Infrared carbonyl stretching band at
1670 cffi** together with a larger band at 1720 cm” (figure 14). The band
at 1720 cm was presumed to be caused by the presence of residual
suspension stabilizer, poly(vinyl alcohol), which was not removed by the
washing procedure. The alcohol Is 88V hydrolysed from poly(vinyl acetate)
and as such would have an Infrared carbonyl stretching frequency around
1720 cn-".

These resins were successfully dehydrated using p-toluenesulphonyl
chloride and pyridine to yield polymers exhibiting an isocyanlde frequency
at 2140 cn' (figure 15) but the Isocyanlde content, determined by
titration with thiocyanic acid (see later for details, also experimental
section) was only In the range 0.05 - 0.10 nmol g~*. In contrast, the
solution polymer produced by copolymerizing p-vinylbenzylformamide (11b)
with styrene and divinylbenzene In toluene solution of dehydrated to yield
a polymer with an Isocyanlde content of 0.3 mmol g**. Based on the
titration figures and the weakness of the 1670 cm* band In the Infrared
spectrum. It was concluded that little or no formamide was actually

Incorporated Into the resin produced. This may be traced to
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solubility; though the p<vlnylbenzylforiianlde (11b) was found to be
virtually Insoluble In water at rooa tetnperature, It Is seven times more
soluble In water at 70 "C than In toluene (representing the organic layer).
Thus, most of the formamide (lib) will remain In the aqueous layer (and
win probably homopolynerlze there). Soe loss of functionalized nxinooer
due to water solubility nay be expected for polar molecules, and such
results have been reported by Greig and Sherrington™*, for 4-vlnylpyridine.
However, In the case of the fomamlde (11b), the proportion of monomer
which resides In the aqueous phase Is so large that suspension

polymerization of that monomer In water Is not a realistic proposition.

Ore puzzling feature Is that the Incorporation of p-vinylbenzyl<
formanide (11b) Is calculated to be 0.3 - 0.6 mmol g, based on the
microanalysis figures for these suspension polymerization products, but the
best conversion to Isocyanide (6) obtained was only 0.12 mmol g~
(determined by titration). Some Incorporation of formamide (11b) would be
expected as some of the monomer will remain In the organic layer. However,
If all, or most of this small amount Is incoporated towards the beginning
of the polymerization, the formamide will then be concentrated In the
highly crosslinked Inaccesible regions of the polymer bead, and will not be
available for dehydration, although It will be detected by ralcroanalysis.
In this case, It Is expected that the Infrared spectrum of the polymer
would exhibit a strong carbonyl stretch at 1670 cm~* but this is not seen.
It is therefore assumed that little or no Incorporation of the formamide

into the suspension polymerization product takes place.

A possible explanation for the high % nitrogen microanalysls figures
for these formamide resins Is that the formamide (11b) Incorporated Into
the resin, but then most of It Is hydrolysed to the amine by the presence
of the water. This polymer product would have a high % nitrogen
fflicroanalysis figure, but only a small amount of Isocyanide could be

produced on dehydration (as only a small amount of formamide would remain
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after hydrolysis). Due to the presence of the poly«er backbone, It is not
possible to distinguish any of the aiine bands in its infrared spectrua,
therefore if conversion to the aaine did take place, this could not be
confiraed. However, in a siailar experiaent using benzyl foraaaide
dissolved in dichloronethane and stirred in water at 70 for 5 hours,
then stirred at rooa teaperature for 48 hours, no hydrolysis was observed.
The n.in.r. and I.R. spectra of the benzyl formamide before and after the

experiaent are identical. (Figures 16 and 17).

It was hoped to produce polyaers having a range of pore sizes in these
suspension copolyaerizations using p-vinylbenzylforaaaide (lib). This is
carried out by varying the type and amount of diluent used (for details see
table 2, experiaental section) although the presence of the functionalized
monomer will also have some effect. It was expected that those polymers
prepared in the presence of heptane, a non-solvating diluent, would have
larger pore sizes than those prepared in the presence of a solvating
diluent (diethylbenzene). The exclusion limits quoted in table 1
(experimental section) are a measure of the actual size of the pores (see
later in discussion), i.e. the bigger the exclusion liait, the larger the
pore size. Since only a small proportion of the functionalized monomer was
present in the organic phase during the polymerization, and this amount may
well vary with time, or may not be evenly distributed throughout the
organic layer, it is very difficult to draw any real conclusions froa the
results obtained when trying to produce resins of definite pore sizes. It
can be seen however, that the presence of the formaaide (11b) and the
variation of the percentage of divinylbenzene and of diluent have a
striking effect on the pore size of the resins produced. This will be
discussed in more detail later, with respect to resins containing a/p-

vinylbenzylphthalimide (3).
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Three low crosslinked gel-type resins were also prepared at Polyeer
Laboratories Ltd. (by the author). These resins were extreaely difficult
to filter and the product was eventually separated by centrifugation. This
problem was most likely caused by a very small particle size for the beads
and perhaps an excessive amount of suspension stabilizer. Calculated on
the weight of monomers used, 10g, the amount of stabilizer recoaended by
Hodge and Sherrington™ would be in the range 0.Sg - 1.Sg, although the
amount used, 5g, was recommended by Polymer Laboratories Ltd. These resins
also exhibited similar infrared spectra to those described earlier, (see
figure 18, for example) and could not be effectively dehydrated. This is
further confirmation of the low level of incorporation of the formamide
(11b) as the low crosslinked resins will swell considerably in good
solvents, thus leaving very little inaccessible matrix in which the

formamide could be locked away to avoid dehydration.

tbl  Polymerization and further modification of resins derived from

m/p-vinvibenzviphthalimide, (2)

Since the amine (10), amide (9) and acid (8) precursors of the
formanide (11) (In the synthesis from p-chlorostyrene) night be expected to
give similar problems due to water solubility, the monomer of the
proceeding step in the alternative synthesis, (from m/p-
chloromethylstyrene), the m/p-phthalimide (2) was examined as a potential
candidate for suspension polymerization. The water solubility of the
monomer (2) was found to be very low; 0.5g/l at 70"C. A
honopolynerization was carried out to confirm that m/p-
vinylbenzylphthalimide (2) was polymerizable, the polymer product having
infrared carbonyl stretching frequencies at 1720(s) cm** and 1775(w) cm~"

(figure 20) as does the monomer (figure 19).












The f/p-phthallnide monoier was also copolymerized with styrene and
divinylbenzene, in toluene solution, to yield an appropriately
functionalized polyier which also had infrared carbonyl stretching
frequencies at 1720(s) and 1775(w) c«"”, (figure 21). The eononier was then
used in suspension polymerizations, with styrene and divinylbenzene.
Copoly(styrene-maleic anhydride) was used as the suspension stabilizer as
it was found to be more easily washed out of the resin after

polymerization.

The resins produced can be described as two types - gel-type or
nacroporous. In the work described here gel-type refers to a resin of low
divinylbenzene content, polymerized in the absence of diluent, in contrast
to macroporous resins of high divinylbenzene content, polymerized with a
diluent present. It is possible to meke resins using a combination of
these factors, i.e. low divinylbenzene content, with a diluent present, or
high divinylbenzene content, without a diluent present. The diluent may
also be of two types - solvating, non-solvating or a mixture of both. Thus
complex systems can be built up by the many combinations of these

variables.
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The production of aacroporous beads is a function of the percentage of
divinylbenzene and the percentage of diluent (the latter calculated as a
weight % of the total anount of nonoaer and diluent), and it is these two
variables which deteraine whether a geUtype or aacroporous resin is
produced. A graph can be drawn of %divinylbenzene against diluent which
will deteraine the so-called aacroporous doaain for a particular resin
i.e. the area on the graph in which the proportions of divinylbenzene and
diluent correspond to a aacroporous resin. The position of the aacroporous
doaain will vary for different diluents, and a large difference is seen
between the doaains of solvating and non-solvating diluents. Figures 22
and 23 show such graphs for a si®)le sytrene/divinylbenzene systea.

Exactly what happens on the border and outside the aacroporous doaain
is not well understood. Guyot™ et a1 state that further work on this area
is necessary, but list the following as coaaon features of the lower
d(wain:

- Very saaii surface area

- no pore voluae

It is presuaed that the resin JCPL9 (referred to in section 2(a) and
table 2 In experiaental section) which was prepared by the suspension
polyaerization of p-vinyibenzyiforaaaide with divinylbenzene, using heptane
as diluent, falls into this category i.e. is outside the aacroporous doaain,

as geir pemeation chroaatography results showed no pores present.

Using Guyot's aethod and his diagraas for styrene/divinylbenzene,
calculations for the two aacroporous phthaliaide resins prepared indicate
both resins should be truly aacroporous as both points fall inside the
appropriate aacroporous doaains. (Points A and B on figures 22 and 23)
Guyot™ states that replaceaent of styrene by chloroaethylstyrene in the

aonoaer aix has little effect on the position of the aacroporous doaain,
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although chloronethylstyrene Is a more reactive monomer. The intention was
to prepare two resins of different pore sizes - the one prepared with
toluene as diluent (i.e. solvating diluent) should have a relatively small
pore size and the other resin, with heptane/diethylbenzene, would be
predominately non-solvating, and so have a large pore size. However both
resins have a similar exclusion limit (" 700, molecular weight of
polysytrene) see figures 24a and 24b indicating a pore size of

approximately SOA There are two possible explanations for this:

(i) The effect of the inclusion of 10% diethylbenzene - added to keep
the phthalimide in solution - may be very significant. Although
the divinylbenzene/diluent combination falls well within the
macroporous domain on the graph for a simple styrene/divinylbenzene
system with heptane as diluent, (point B figure 23) the effect of
the relatively small amount of diethylbenzene may have a
significant effect. A similar effect has been observed™ using
mixtures of solvating and non-solvating diluents in polymerization
mixtures containing 30% styrene, 10% divinylbenzene and 60%
diluent. Heitz™ states that good solvents, such as toluene and
diethylbenzene, proauce resins (for the above reactants) with
exclusion limits of approximately 10,000 (molecular weight of
polystyrene - explanation see later). He found that altering the
diluent composition by addition of a non-solvating diluent which
was more polar than the growing polymer resulted in a steady
increase in pore size, as expected. However, using a non-polar
non-solvent, such as a hydrocarbon (e.g. heptane), the exclusion
lim it decreased drastically, for only a small change in
composition. It is therefore assumed that this is the effect seen
for the phthalimide-styrene-divinylbenzene polymer produced with

heptane/diethylbenzene as diluent.
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(i1) Alternatively, or in addition to the above, the effect of the
functionalized oonooer (phthaliiide (2)) may be responsible for the
movenent of the point on the graph to an area (close to the
boundary, presumably) of small pore size within the macroporous
domain. A considerable amount of further work would therefore be
necessary before resins of a particular pore size could be

produced.

The pore size determinations were carried out at Polymer Laboratories
Ltd., and were the exclusion limits found by g.p.c. (gel permeation
chromatography) analysis of the resins. In this technique, the resin is
pressure packed into a stainless steel (h.p.l.c. type) column, and
polystyrene standards of known molecular weight are injected dovm the
column, in a standard g.p.c./h.p.l.c. set up. The time taken for these
standards to be eluted is measured, the standards which are small enough to
enter the resin pores taking longer to pass through. Those standards which
have molecular size too large to enter the pores are eluted straight
through the colum quickly. A graph of elution volume (corresponding to
time) against the log of the molecular weight of the polystyrene standards
shows a sharp cut-off point at which the standards are too large to enter
the pores (see figures 24a and 24b for example). This is known as the

exclusion limit, and can be correlated to a particular pore diameter.

As a result of these uncertainties, further synthetic and complexation
studies were limited to gel-type resins. Such resins usually have a low
divinylbenzene content, often as low as 1 or 2%. The resins prepared for
this work were generally % crosslinked, although 2% crosslinked samples
have also been prepared. Unless otherwise stated, the resins referred to

in the remainder of this thesis are %bcrosslinked.
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The nitrogen nicroanalysis figures for the resins (3) prepared by
benzoyl peroxide Initiated suspension polymerization of m/p-
vinylbenzylphthalimide, styrene and divinyibenzene, consistently indicate a
level of phthalinide monomer (2) Incorporation which is considerably higher
than the proportion present In the polymerization mix. It is therefore
concluded that the phthalimide monomer is more reactive relative  to
styrene and the ethylstyrenes present. Therefore some proportion of the
styrene and ethylstyrenes may homopolymerize (or not polymerize at all) and
will be washed out of the resin. This is consistent with results found by
Bartholin et al** who state that "the whole ethylvinylbenzene
(ethylstyrene) is not consumed during polymerization". A higher percentage
of phthalimide incorporation is seen for the 2% crosslinked resin,
(relative to 9%) although the same percentage of monomer Is Included In the
monomer mix.  This is consistent with the suggestion that the phthalimide
is more reactive than styrene, since as one reduces the divinylbenzene
content (divinylbenzene is assumed to be the most reactive monomer present)
the next fastest monomer (phthalimide) will tend to be incorporated in a

seemingly greater proportion.

The %% crosslinked polymer-supported phthalimide was converted to the
supported amine by two methods, using either methylamine or hydrazine
hydrate. The latter was preferred, and was used in all subsequent batches,
since although the yield of amine (determined frexn the reaction with picric
acid) was only slightly better, the reaction was easier to perform on a

large scale.
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The concentration of anine functionality In the resin was determined

by the eethod of B.F. 61sln."

dlisopropylethylamlIne

This picrate determination has an error of i 0.15 nmol
determined by a blank experiment using an unfunctionalized
| styrene/divinylbenzene resin. Some colour Is taken up by the resin
regardless of Its amine content, and some very slight residual colour
remains after repeated washings. Duplicate determinations on samples from
the same batch of resin gave values within the error range, so In most
cases duplicate determinations were not carried out. From Table 3
(experimental section, section 5.3.) It 1$ seen that In most cases the
actual amine content by picrate determination Is less than the content
calculated for 100%yield. (This calculation takes Into account the weight
loss experienced by the polymer In the phthallmide (3) to amine (4)

transformation.) In the case of resins JC205 and the first set of analyses
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for JC213, U is necessary to consider the errors involved in the analyses
for these to be less than 100%yields. The error linits are calculated by
considering the error in the licroanalysis {* 0.3% on the actual %N figure
i.e. ~ 0.2 mol g calculated for each individual N figure) and also the
error in the picrate detenaination (found to be ~ 0.2 imol g"* by blank
titration.) It can be seen that the two ranges for the actual picrate
determination and the calculated figure for amine content overlap in all
cases.

An example of the calculations for JC205 is given below:

(1) phthalinide content (from microanalysis):

mol wt phthalimide 263, mol wt amine 133.

wt loss (for Ig) m1.08 (133) m 143.64 ny

1-0.1436g - 0.8564g

1.08 wimo: = 1.26 mnolg”™ expected amine content
0.8564g

Error in microanalysis * 0.2 mol g“*

.. expected amine content m 1.06 » 1.46 mol a-*

Amine content from picrate determination: 1.43 imol g"*

Error in picrate determination ¢ 0.2 mmolg**

Amine content from picrate determination + 1.23 m 1.63 mol o'*

Note the two ranges overlap.
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In the case of the lacroporous 52 crosslinked phthallnide
functionalized resin JC107, two saiples were analysed and gave widely
differing results, calculated as 1.96 and 0.59 mml g'~. The analysis
figures for the aaine derived froi this resin also gave inconsistent
results. The %\ figures for the aaine were: zero, zero; 1.24, 1.17, 191,
1.52.  Two picrate determination were carried out giving results of 0.63
and 0.49 mmol g~" which are Just inside the error limits for the technique
{* 0.15 mnol g~"). However duplicate results were usually much closer, i.e.
1.31 and 1.24 nvoi g'~ for one batch of %% crosslinked polymer supported

amine (4).

Note Hicroanalysis figures are not usually quoted for the amine
resins as any residual phthalimide present will affect the
figure. However these values are included to Illustrate the widely

differing results obtained for this resin.

From these results, it Is evident that this macroporous 52
crosslinked resin does not have a uniform distribution of functionality.
This Is in contrast to results obtained by Greig and Sherrington™*, and by
Grubbs and Sweet*®, who In independent experiments found a uniform
distribution of the required functionality. Grubbs and Sweet modified
preformed polystyrene beads by chlorométhylation and phosphination followed
by reaction with Rh(l) complexes. They found, by microprobe analysis, that
a uniform distribution of rhodium wes achieved when using an excess of the
rhodium complex.  Sherrington and Greig included 4-vinylpyrldine In the
monomer mix with styrene and divinylbenzene, and reacted the resin beads
produced with 1-iodooctadecane. Hicrotomed sections of both % and 36
crosslinked beads (nominal crosslink ratio) showed the charactersistic
pyridinium iodide charge transfer colour across the whole of their surface.
The macroporous 5% crosslinked phthalimide resin (3), JC107, was prepared
in the presence of a mixture of heptane and diethylbenzene (9:1). The

diethylbenzene was necessary to keep the m/p-phthalimide monomer (2) in
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solution, and so perhaps It is some aspect of this non-conpatability of the
nonoaier and diluent which causes the non-unifoni distribution of nonoaer
throughout the polyner beads. This may also have some affect on the
nacroporous domain for the system used, and may therefore also be partly

responsible for the small pore size produced.

The conversion of the polymer-supported phthalimide (3) (figure 25) to
the amine (4) is accontpanied by the decrease or disappearance of the
infrared band at 1720 cm” of the phthalimide (the band at 1775 cm”
disappears), but the bands associated with the amine itself (N-H bending,
CN stretching etc) are not clearly seen as they are all hidden by those of
the polymer backbone, (figure 26). In all the potassium bromide disc
samples made, an infrared band at 3300 cm” is visible and it is this
which hides the amine NH stretching band. It seems most likely that this
is due to moisture absorbed by the potassium bromide during the sample

preparation.

With the conversion of the supported amine (4) to the formamide (5)
using ethyl formate, the appearance of a new strong carbonyl stretching
vibration at 1670 onf” is observed in the infrared spectrum, (figure 27).
This reaction is assumed to go in very good yield, since the major factor
responsible for less than 100% yields in the monomer synthesis involved

loss of a small amount of polymerized material.

Several methods were examined for the dehydration of the supported

formamide (5) to the isocyanide (6):

(a) p-toluenesulphony: chloride and pyridine;
R - NHCHO + CH3CSHASO2CL + 2 CSHHH = =-smmeeeeeeeees >
R- N- C + [CSHSNHJ{CH3C6H4S03] +












(b) diphosgene end triethyleilne;

2R-NHCHO * CICOOCCls  4NEts — »

2RNcC 202 * 4NEts .HCt
(c) phosgene and triethylanine;

RNHCHO + COClz ¢ 2NEt3------------ *

R-NfC * Q@ > 2NEt3"HCL
Of these, the only method which gave consistently good results was method
(a). No conversion to the isocyanlde (b) was observed using diphosgene,
although several variations of method were attempted. The problems
encountered with phosgene were due to the difficulty of delivering an exact
amount of very toxic gas. If too little Is used the reaction does not go
to completion - as evidenced by a strong residual carbonyl absorption due
to the formamide (5) at 1670 cm~", in addition to the isocyanlde absorption
at 2140 cm™ In the infrared spectrum (figure 28a). If an excess of
phosgene is used, the resulting polymer shows neither a formamide carbonyl
stretching frequency, nor an Isocyanlde ON stretching frequency. However,
a very broad band Is seen at 1700*1800 cm” (figure 28b) which may possibly
be assigned to a product arising from further reaction of the isocyanide(s)
with phosgene. A possible equation Is given below, based on the reaction

of Isocyanlde with acetyl chloride.”

0Cl
Il
' CI-C-C-N-R

The product shown may then react with a further molecule of Isocyanlde to

produce oligomers of the type;
0 R
Hl
CHC-C-CNR
A |
cl






however such further reaction may not be possible on a polyner support. A
product of this nature would be expected to have both carbonyl and QN

stretching frequencies in the region of 1700 in the infrared spectrui.

The isocyanide content of the resin was detenined by the titration

method of Arora, von Hinrichs and Ugi."®

RNsC 2HSON

a triazinedithione
An alternative  method of detemining the isocyanide content of resins
involving bromination has recently been reported.This method is found
to be more satisfactory for higher loadings of isocyanide (up to
3 mmal g'*) but for polymers with low degrees of substitution, the method

gave similar results to the thiocyanic acid method.

Using p-toluenesulphonyl chloride and pyridine, conversion of
approximately 0.6 mmo g** (~50% conversion, based on amine content of
resin (4), as the reaction of the amine with ethyl formate is carried out
in good yield). This may be improved to 0.8-1.0 mmol g (61-77%
conversion) by increasing the amount of pyridine present to ensure the
absence of any acid in the dehydration mixture which may catalyse the
polymerization of the isocyanide groupé. It is probable that the reduced
Isocyanide level is caused by the polymerization of the isocyanide group,
as the white formamide resin becomes light yellow-brown after dehydration.
A small amount of aniline was also added to the reagents used in the
dehydration as it is claimed that this helps to suppress polymerization™*.
The presence of a small, broad band at 1690-1730 cm~* in the Infrared
spectrui (figure 29) may Indicate the formation of some polymerized
isocyanide containing a group. From the infrared spectrum there
apears to be little or no unreacted formamide (5) present. A summary of

the synthesis used for the gel-type resins is shown in figure 30.



103



It will be noticed that aicroanalysls, (C,H,N) values are only used to
calculate the level of Incorporation of the phthalinlde nonotner (2) Into
the resin (3) since only the nitrogen figure Is useful, and all subsequent
reaction products contain nitrogen. Each successive step will contain a
proportion of nitrogen belonging to unreacted starting aaterlal (or by-
product); thus, the nitrogen alcroanalysls for each step Is not an accurate

representation of the aaount of new functionality present.

An attempt was nade to produce a soluble homopolviner of
p-vinyibenzyiformanide (11b) by carrying out the homopolymerlzation on a
large scale (10 g) but only a small amount (approximately 0.25 g) of the
resulting polymer was found to be soluble In dichloromethane. It was hoped
that a soluble Isocyanide polymer could be prepared which could then be
used In complexing experiments to produce a truly homogeneous Isocyanide
metal complex for use In catalytic studies. In view of the poor yield of
soluble polymer, It was decided not to pursue this work further. However,
the production of such soluble polymer supported Isocyanide-metal complexes

provides an Interesting area for further work.

3. Polymerizations usino allviformamide

An Investigation was carried out to determine the feasibility of using
allylformamide as a monomer In polymerizations with styrene/divinylbenzene,
acrylic acid and methacryllc acid, leading to the synthesis of a supported
Isocyanide.  Allylformamlide Is easily prepared from allylamine and ethyl

formate In good yield.

CH2-CH-CH2NH2 ~ HCOBPBHIs ----. CHJKIH-CHJNHCHO +  C2H50H
(12) (13)
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Homopolynerlzation and copolyKrfzation of allylfonuaide (13) with acrylic
or methacryllc acid has been reported.Shcherbina et al state that
allylawlne (12) and allylforwuilde (13) will not hoaopolyaerize using
benzoyl peroxide as the free radical Initiator. In the copolymerizations
with acrylic or methacryllc acid, they achieved good yields only for
mixtures with an (Initial) predominance of the acid component. In keeping
with this result, the rate of polymerization Is fast at the start, but
rapidly declines as the acid Is used up. These copolymerizations were

Initiated with azobisisobutyronitrlle (azbn).

Test-tube polymerizations were carried out using azbn or benzoyl
peroxide, with various mixtures of styrene, divinylbenzene and
allylformamide (13). Any allylfformamide which appeared to have been
Incorporated was removed on Soxhlet extraction. A carbonyl stretching
frequency at 1700 cm™ was seen on the Infrared spectrum of the polymer
product (figure 31). but this disappeared after Soxhlet extraction with
dichloromethane (figure 32). Benzoyl peroxide was preferred as the
Initiator, as the reaction with azbn was extremely exothermic and did not
provide better results. It Is therefore assumed that the reactivity of

allylformamlide (13) Is too low for combination.

Copolymers of allylformamide with acrylic acid or methacryllc acid
were then attempted. Some allylformamide appeared to be Incorporated, as
although the microanalysis figure for nitrogen decreases from 3.34 mmol g**
to 2.68 mml g'* after Soxhlet extraction, there Is still some nitrogen
present. It Is difficult to see the carbonyl stretching frequency of the
allylformamide In the methacryllc acid (or acrylic acid) copolymers (figure
33) since It is partially hidden by the carbonyl stretching frequency of
the acid Itself, (figure 34, methacrylic acid only). Attempts to

dehydrate these samples did not yield any Isocyanide.












110



Allyl conpounds are known to be difficult to polyaerize and indeed
some allyl coapounds have been used as inhibitors for other
polyaerizations, for exaapie. allyl alcohol inhibits the polyaerization of
butadiene.In view of the lack of reactivity of allylformaaide (13),

this work was not pursued further.

N.n.r. spectra were recorded on either a JEOL FX-I00 n.a.r
spectroaeter, or a Hitachi Perkin-Elaer R24B n.t.r spectroaeter.

Infrared spectra were recorded on a Pye Unican SP2000 spectrometer.

Ultraviolet spectra were recorded on a Varian QVB 100 spectrometer.

Gas chromatographs were run on a Pye Unicam 104 gas chromatograph.
(For column details see appropriate section).

H.p.l.c and g.p.c data were recorded at Polymer Laboratories on Knauer
equipment: h.p.l.c pump 64, U.V. photometer, differential refractoaeter or
conductivity detector.

Hetal, phosphorus and chlorine analyses were performed by the

Hicroanalytical Laboratory, University of Manchester.



(A) SvnthMis of the «onoiitr. p-yInvibtnzvifornild« (lib)

1.1 Synthesis of D-chlorostvrenef?®

p-Chlorophenylmethylcarbinol was synthesized fro* 1,4-dichlorobenzene
according to the procedure of Leebrick and Ransden;* yield 64% b.p. 110-
120 °C at 3 mm Hg, and was dehydrated by means of the procedure of
Overberger and Saunders,to yield 41% p-chlorostyrene b.p. 52 °C at 2 nm

Hg. Alternatively, the p-chlorostyrene (7) was purchased commercially.

1.2 Synthesis of o-vinvibenoic acid (8)

All glassware was flamed to remove moisture before any reagents were
added.

A 500ml 3-necked flask was maintained under a dry nitrogen atmosphere.
The flask was equipped with a mechanical stirrer, a 500 ml pressure-
equalized dropping funnel containing p-chlorostyrene (7)(40 g,0.27 mol) in
TH (150 ml, dry, distilled off sodium wire and benzophenone), a swan-
necked adaptor holding a thermometer and a double surface condenser with a
calcium chloride drying tube. Magnesium turnings (14 ¢,0.57 mol) were
added to the flask, and ethyl bromide (5 ml) in TH* (25 ml, dry, distilled
off sodium wire and benzophenone) was added to activate the metal. When
the temperature had fallen to below 60 °C the addition of the
p-chlorostyrene in THF began. The rate of addition was such that the
temperature was kept below 60 (A bath of acetone-liquid N was used to
cool the reaction flask if the temperature increased above 60 *C). After
the addition was complete (approx. 1 hour) . the reaction mixture was
heated to 60 ® on an oil bath, for 15-20 minutes, followed by stirring for

a further 60 minutes.
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Dry carbon dioxide was bubbled Into the reaction Mixture for 2 hours,
maintaining the temperature at approx. 40 °C by the use of an
acetone/llquid N0 bath. While still cooling the flask, distilled water was
added until the excess Grignard reagent had all been neutralized -
producing a large amount of gelatinous grey»whlte precipitate. The
precipitate was filtered and treated as follows. The filtrate was worked
up in a similar manner to that described In the literature (see next
paragraph). The precipitate was treated with 2H NaCH and centrifuged. The
supernatant liquid was decanted off and then filtered to remove any
residual precipitate. It was then acidified with dilute H SO to
precipitate the product (4) which was filtered and dried at 30 °C In a
vacuum oven. This procedure was repeated on the precipitate until no

further p-vlnylbenzolc acid wes obtained. Yield 38.Ig.

The "reaction mixture" filtrate was treated with GClz and distilled
water to produce two layers. The organic layer was separated, and the
aqueous layer extracted twice with GbClz2. The combined organic layers
were dried over KeSO» and removal of the solvent gave 0.7 g product (4)

when dry.

The product was spectroscopically pure and was used without further

purification. (Total “"crude" yield 38.8 g, 91%), m.p. 138*140

Modifications of the literature method which were attempted, and were
not found to be beneficial Include (1) addition of dry Ice to the reaction
mixture, rather than pouring the latter onto dry Ice and (11) use of a
saturated NHCI solution to neutralize the excess Grignard while keeping
the reaction mixture basic - In order to attempt to keep the product In

solution.












1.3 Synthesis of Dylrvbers2adde (9)

p-Vinylbenzolc acid (8)(7 g.0.05 mol) was placed In a 100 «1 round
bottoaed flask fitted with a silica gel drying tube. Thlonyl chloride
(freshly distilled, 25 m!, 0.34 lol, -large excess required to thoroughly
wet the acid) was slowly added. The alxture was stirred for 2 days, then
filtered through cellte on a glass sinter to reaove any unreacted acid.
The excess thlonyl chloride was reaoved under reduced pressure. Anhydrous
liquid anionla was condensed Into a 250 n\ round bottoaed flask and the
acid chloride was added dropwlse. After the residual awonia had
evaporated, the crude yield of dried products. p-vinylbenzaalde (9) and
annonluiii chloride was 7.65 g («axIM S.43 g). This alxture was used In
the next stage of the synthesis without further purification. Yield
(assuaing aalde and aaaonlua chloride are lost in equal proportions) 73%.
Midi

N.a.r. (COCls)! figure 37

7.32-7.81(a)Ph

6.73 (d,d)

5.90 (s,br) CON

5.81 (d,d)

534 (d,d) Hy
Acid chloride.

n.a.r. CDCls): figure 2
7.44-8.08(a) Ph

6.75 (d,d)
591 (d,d)
546 (d,d) H
5178 He
Jg™10.7 He

j~gTig H






Amide
I.R. (Nujol muil): figure 38

730 cc ar

866 CH QP p-disubstituted aromatic
923 CH QP monosubstituted vinyl
998 CH QP monosubstituted vinyl
1390 CH scissor vinyl

1420 CN str

1615(s) CC  str vinyl

1630 NH  bend

1667 CO str

2900-3000(br) nujol (C-H str)

3180  NH str sym

3410 N Hstr asyio

1.4 Synthesis of D-vinvibenzvlaminetlObl

M| From p-vinvlbenzamide only.

Lithium aluminium hydride (4.65 g 0.12 mol) was added to a 1 litre
round-bottomed flask containing diethyl ether (dried and distilled off
L1AIH4). p-Vinylbenzamide (13.55 g 0.09 mol) was added slowly via a powder
funnel. The mixture was refluxed gently for 4.5 days. Excess lithium
aluminium hydride was destroyed by careful addition of water. The
precipitate produced was filtered off and washed twice with diethyl ether.
The filtrate was retained, and the organic layer was separated. The aqueous
layer was washed three tines with diethyl ether. The ether washings and
organic layer were comhined and dried over HgSO" Removal of the solvent

yielded 4.3 g (35%) of a viscous yellow oil (10b).






ti<) Frw >it»tare of p-vinvibenMiH. .»h . p)M chlortite

The crude elxture of p-vinylbenzailde (9) and aannlua chloride
(7.65 g; containing 5 g aaide. 0.034 aol) was placed in the thi(r)le of a
Soxhiet apparatus. Lithiun aluiiniua hydride (1.6, 0.042 aol) in diethyl
ether (350 nl, dried and distilled off LiAiH) was placed in the 50 m!
round-bottoa«d flask, and the contents of the thiiri>le were extracted by

refluxing over a period of 2 days.

Excess lithiua aluainiui hydride was destroyed by careful addition of
water.  After filtration, the aqueous layer was separated, washed three
times with ether and the combined organic layers dried over HS0. Removal
of the solvent yielded 2.67 g (59%) of crude p-vinylbenzylamine (10b) as a
viscous yellow oil. A sample for n.m.r. spectroscopy was microdistilled
off potassium hydroxide.

The sane procedure can be applied to the reduction of the pure amide
only. Yield 64%
*ILIUtII.(CoCl3): figure 4
7.09-7.37(m)Ph

Crbfrom ethylimpurity
t)  Crsfrom ethylimpurity

JM«17.5 H
H



n.i.r (COCls); figuri 5
1419 quaternary Con Ph,

1356  CHvinyl

135.2  quaternary Con Ph,
1264  Ph

1256 Ph

127.4  Ph of impurity
126.5 Phof impurity
1129 G+ vinyl

46.0 b of G\

28.3 QG+ ethyl impurity
155 CKs ethyl impurity

Assignments were confirmed by off-resonance spectrum; figure 39

L.R. (liquid film): figure 40
£1'A
77 ccar
825  C-H QP p-dlsubstituted aromatic
910  C-H OCP monosubstituted viny!
995  C-H QCP monosubstituted vinyl
1245 CN str
1332 C-H OCP twist and wag
1410  CH scissor vinyl
1475 CH scissor CrbN=
1595  N-H scissor
1615 C-<C str vinyl
3000(br) CH str vinyl and aromatic
3245 NH str sym
3300 NH str asym
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1.5 Hydrogenation of D-vinvibenzvlanine

p-Vinylbenzylailne (10b)(I g. 0.0075 nI). ethanol (3 al) and platinua
oxide catalyst (0.07 g) were stirred In a5nl flat-bottoaed flask, at
25 ®C under a hydrogen atiosphere. After coipletion of hydrogen uptake
15 hours), the catalyst wes filtered, and the solvent removed from the
filtrate under reduced pressure. The crude product was alcrodlIstiHed from

NeCK to yield pure p>ethylbenzylanlne for spectroscopy.

A n.m.r.fCDCls 1! figure &
7.ie(s) Ph
3.80(s) Gt
2.66(q) Cb

1.44(s,br) Nt
1.25(t) O

n.K.r.tClieljl! figure 7
142.0 quaternary C on Ph
140.2  quaternary Con Ph
1274 Pn
1265 Ph
459 Ot of GbNb
28.2 (b ethyl
155 Gt ethyl

Assignments were confirmed by off-resonance spectrum, figure 41.






1.6 Attwpted synthesis of methiodfcte salt of p-vinvlbenzviciii)e

p-Vinylbenzylanine (0.2 g, 0.0IS nol) was added to diethyl ether
(5 *1, dried over sodium wire), and lodomethane (3 g, 1.3 mi, 0.021 nol)
was added. The mixture was left In an ultrasonic bath for 10 minutes. The
white precipitate which formed almost Immediately became yellow due to the
presence of excess lodomethane. The precipitate was filtered, washed with
diethyl ether and dried under vacuum at room temperature for 48 hours, but

still appeared to be wet.

1.7 Synthesis of o-vinvibenzylforaailde (lib)

This synthesis is based on the method of (10b)

The crude p-vinylbenzylamine (10b) (9.32 g,*.07 nol) was cooled In
Ice In a 100 ml round bottomed flask and ethyl formate (5.2 g,0.07 mol) was
added dropwise with stirring.  After refluxing gently for 2 hours, the
mixture was stirred at room temperature for 24 hours. Ethanol and any
unreacted ethyl formate were removed under vacuum and the residue
crystallized from petroleum ether (40-60 °C)/chloroform to yield s.6 g pure
formamide (lib) (76%)






I.R. (nujol nj11): figure 42
£ni"®
720 CH QP
832 C H QP p*dlsubstituted aromatic
910 C-H QP aonosubstituted vinyl
999 C H QP monosubstituted vinyl
1125 C-H vinyl
1250 CN str *H2CNH>
1398 CN str 0-C-N-
1475 C-H bend
1565 N-H bend
1670(s) C-0 str
H
2865(sh) CH str (|3-0
2900-3000 nujol
3070 CH str aromatic
3300 NH str
(s) Synthesis of th« »iim t i/D-ylnvibtnzylfoniitile (IU)

2,1 Svnthtsls cf i/D-vi'nvibtnzvIDhthillitd» (2)

Potassium phthalimide (32 g, 0.17 mol) wes dissolved at 40 "C in
dimethylformaaide (300 ml, dried and distilled off P.0O).
Chloromethylstyrene (1) (25 g, 0.16 mol) was added and the mixture stirred
at 40 °C for 2 hours, and then stirred overnight at room temperature. The
resulting white precipitate was filtered and washed with diaethylforaaaide
(100 ml). Chloroform was added to the filtrate, which was then mixed with
water (600 ml). The aqueous layer was separated and washed twice with
chloroform, and the combined organic layer was washed twice with 2H sodium
hydroxide. After drying over MgSO\ the solvent was removed under vacuum.
The product was recrystallized from chloroform/petroleum ether (40-60) to

yield 36.8 g (85%) m/p-vinylbenzylphthalimide (2).
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hydrochloric acid ("" »]) for 1 hour. The reaaining solid was filtered
off, and the filtrate made basic by the addition of 50% potassiua
hydroxide. This was extracted (three tiees) with dichloro«ethane and dried

over MySo4.*

Ethanol was removed from the original filtrate under vacuum; the
residual off-white solid was dissolved in sethanol/water (50:50) (300 ml)
and filtered. After addition of dichloromethane, the solution wes treated
with 50% potassium hydroxide (50 ml). The organic layer was separated, and
the aqueous layer washed (twice) with dichloromethane. After drying over
MS 4, this was combined with the dichloromethane fraction above (*).
Removal of the solvent under vacuum gave 2.1 g (42%) m/p-vinylbenjylamine

(10a) as a viscous 0il.

ILR. and n.m.r. are identical to those for p-vinylbenzylamine (sect.
1.4) with additional resonances due to the major meta isomer being clearly
visible on the NHR (Figure 9)

2.3 Synthesis of m/p-vinvibenzvifoniamide(lla)

This was synthesized from m/p-vinylbenzylamine (10a) by the procedure

described in section 2.25.

(C) Polymerization of m/D-vinvibeniviphthalimidm

The solubility of m/p-vinylbenzylphthalimide in water at 70 ®C wes

determined to be <0.5g/1.



3.1 HowoDolymerization

n/p-Vinylb«nzylphthallMTde (2) (0.5 g. 0.002 no!) was dissolved In
toluene (20 nl1) and lalntained under a nitrogen atiosphere. Benzoyl
peroxide (0.1 g) was added and the nixture heated to 70 for & hours.
Reaoval of the solvent under reduced pressure yielded ~0.4 g of polyaer

after drying at 40 in a vacuum oven.

|.R.iKBr disc): figure 20

1775w) C>0
1720(s) C+ 0

3.2 Solution PolwerizatioB of m/D-yinvibenzvIDhthalimide

m/p’ Vinylbenzylphthalimide (2) (0.1 g, 0.0004 mol) was dissolved in
styrene (3 g, 0.03 mol) and commercial divinylbenzene (1 g, 0.005 mol
actual DVB) in 50 ml round-bottomed flask, maintained under nitrogen.
Benzoyl peroxide (0.1 g) was dissolved in the mixture and toluene (10 mi)
was added. The mixture was stirred at 70  for 5 hours and left to cure
overnight; (heated and stirred). The material which resulted was
fragmented and Soxhiet extracted with dicloromethane. The polymer was
dried in a vacuum oven at 40 "C, to yield ~ 3.5 g white powder polymer
product which was shown to contain the phthalimide by its infrared

spectrum.



|.R .tKBr disc): figure 21

1775w) C- 0
1720(s) C w0

3.3 Suspension polverizetion of m/p-vinylbenzylphtbaliiide

The polynerization was carried out under No. in at 1 litre baffled
reactor, equipped with a high shear stirrer operating a 914 r.p.«. The
ask was charged with 500 al of distilled water and after waning to
70 surfactant [1.2 g of copoly(styrene maleic anhydride)] wes added.
The monomer mix was prepared from the appropriate amounts of styrene, m/p-
vinylbenzylphthalimide (2) and divinylbenzene, (see table 1). After the
addition of benzoyl peroxide (0.5 g) and diluent (if used, see table 1),
the monomer mixture was added in one portion to the flask and stirred for S
hours at 70 *C. The product was collected by filtration and washed
successively with water. 30A and 50% methylated spirit/water, 100%
methylated spirit and finally acetone. After Soxhiet extraction with

dichloromethane, the white powder (3) was dried under vacuum.

I.R. (KBr disc): figure 25, for example.

1775(w) C+ 0
1720(s) C- 0



Tabic 1 Polvnier data

Il crasslink

amount phthaHmide(2) ¢ 3.68 7.89 1.84
mol % 13.9 141 140

amount styrene g 8.74 1590 0.26
mol % 83.2 719 5.0

amount divinylbenzene®) ¢ 0.26 2.46 3.35
mol % 1.98 8.83 52.0

diluent none none  toluene

(ia.l)

analysis figures for polymer: C  85.17 8640  86.30
H 6.25 7.00 7.35
N 2.18 1.79 1.60

calculated phthalimide content 1.56 127 114
(mmol ™)
Exclusion limit (mol wt polystyrene) - . 600 700

(a) based on 63% divinylbenzene content of coMercial sample

(b) Diluent used heptane * diethylbenzene (9:1)

(c) Several batches of %% cross-linked resin have been prepared; the
figures quoted are for a typical example.

(d) These are average figures from two sets of analyses which gave differing

results, particularly for nitrogen content.

(Pl PolYwrlattan of li-vliiylotmvifomMId« ,nd »ttcH td d«hvilr»ttoii of
the Doltner oroduct.

4.1  HomoDolvmerization

p-Vinylbenzylformaiide (11b) (0.25 g, 0.002 mol) was dissolved in
toluene (2 ml) and diethylbenzene (2 ml), and maintained under a nitrogen
atmosphere.  Benzoyl peroxide (0.1 g) was added and the mixture heated to
70  for 3 hours. Removal of the solvents under reduced pressure yielded



~0.2 g solid white polyier after drying at 40~ In a vacum oven.

I.R. (KBr disc): figure 11

a-

715 N-H rock

820 C-H O p-disubstituted aroaatic
1241 CH Cb-NH2

1385 C-N o0<-N<

1520 N-H bend

1670(s) C-0 str

2855 CH str (aldehyde)

2920 CH str polyaer backbone (alphatic)
3058 CH str aroaatic

3300 NH str

This reaction was repeated on a 10 g scale in an atte”)t to produce a
soluble hoRopolyner froa the p-vinylbenzylforaiaaide. The polyaer product
was Soxhiet extracted with dichloroaethane for 2 days. The dichloroaethane
was reaoved under reduced pressure to yield only *D.25 g of soluble poly

(p-vinylbenzylforaaaide).

4.2 Solution polviKrization of D-vinvlbenzviforaaaidc 11b

This was carried out in a siailar aanner to that described for the
solution polyaerization of a/p-vinylbenzylphthaliaide, (sect. 3.2), using
the following reagents:
p-vinylbenzylforaaaide (2.5 g, 0.0016 aol)
styrene (21.7 g, 0.21aol)
coaaercial divinylbenzene (0.8 g , 0.004 aol actual OvB)
benzoyl peroxide (1.25 g)
toluene (25 al)
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Drying In a vacuuo oven at 40 °C, yielded 21.8 g product as a white
powder. The product was seen to contain p-vinylbenzylfonuiide froi the

infrared spectrua.

p-vinylbenzyilformaniide content of mononer mix
-1.55x10" moles in 25 g

«0.62 mmol g"*
Analysis (of solution polymerization product):
found:
N 0.96 0.96 Nper 10 g solid « 0.68 nmol g~* formamide content

of resin product.
I.R. (KBr disc): figure 12

A small sample of the above resin was successfully dehydrated using

the following procedure;

Resin,(0.5 g, 0.0003 nol) was swollen in dichloronethane (dried over
aA molecular sieves, 2 ml) and p-toluenesulphonyl chloride (0.3 g. 0.002
mol, freshly recrystallized) was added. Pyridine (10ml, dried and
distilled off KOH) was added and the mixture was stirred overnight. After
filtration and drying (see sect 5.3(i)), the yield of polymer product was
4.7 g. Titration with HIN (as described in sect 5.5, see later) gave a

figure of 0.34 mmol g"* for isocyanide content.



I.R. (KBr disc): figure 13
£1-1
2140 CIN

4.3 Suspension polwerization

The polywrizations with p-vinylbenzylfomuide (lib) were carried out
at Polymer Laboratories Ltd, by the author, using the technique described
in section 3.3. The following differences were used:

A 2 litre baffled reactor was used, containing 1 litre of distilled

water.

(ii) The suspension stabilizer was poly(vinyl alcohol), 88% hydrolysed;
50.

(iii)  The temperature was maintained at 7S~ for 24 hours.
(iiii) In the case of the low crosslinked resins (JCPL20,21,22) the

suspensions were centrifuged to separate the polymer, as some

difficulty was experienced in filtration.






Fiflure M.

Deteralnation of tht txcluslon KaU for polyoor JCPLS.

E lutfit: THE
Flow raU; 0.8 mi/m\n.
Dotector; U.I. + 0.0*

Elution voluM (al)



Figur# <5.
DgUrviMtION ef Um exclvslot KmU for pelywr JCPII.
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Fiflus <?.
DcUnIMtton of the exclusion Halt for polyaer JCPIII.



4.4 Dehydration of oolver-suw>ort>d formMid<

iaj Using p“toluenesulphonvl chloride and Dvr<<Hiw

Small samples (0.5 g) of resins were treated as described In section
5.3(1) (see later). Little or no Isocyanide resulted.
Typically:
For JCPLII, product when titrated with HSOM gave a figure of 0.12 nmol g"*

Isocyanide and a snail I.R. peak, at 2140 cn'™ (KBr).

(bl Uslno diphosoene and tciethvliBIne. nethod (11 - based on the method

of Efraty et al*

Resin JCPLII (0.5 g, naxloun 10% fomanilde « 0.00031 o»l) swollen In
dichloronethane, (21 ml, dried over 4A molecular sieves) and triethylamine
(6 ml, 0.10 nol, dried and distilled off KOH) were refluxed for 30 minutes.
Olphosgene (1 ml, 0.008 mol) In dichloromethane (s ml, dried as above) was
added dropwise. The mixture was refluxed for a further 30 minutes after
the addition was complete. The polymer was filtered, washed successively

with water, absolute ethanol and ether, and dried under vacuum.

Again, only a very small amount of Isocyanide resulted; 0.09 mmo g**

by HSON titration.
| Method (11)
Essentially the sane as In (1) except that the reaction mixture was

refluxed for 3 days.

Titration with HSON gave an Isocyanide content of 0.065 mmol g"~.



I.R. (KBr disc):
21400i'l (v.weak)

Method M iil based on the «ethod of Ugi and Skoma.

Resin (0.5 g, naxinun 10% forRanide,* 0.00031 Rol) swollen In
dichloroRethane.(10 i1, dried over 4A Rolecular sieves) and trlethylailne
(1 ml1,0.017 Rol) were placed In a 100 ml round-bottoned flask, fitted with
a drikold condenser. The flask was cooled In Ice during the dropwlse
addition of diphosgene (1 ni, 0.008 mol) In dichloronethane (10 ml, dried
as above). The contents of the flask were stirred and maintained at 0
for a further 2 hours, and then stirred at rooH temperature for 24 hours.
The polymer was filtered, washed successively with water, absolute ethanol
and finally ether, and dried under vacuum.

No isocyanide was present according to the HSN titration, and no

stretch was seen on the infrared spectrum.

Benzyl formanide was synthesized from benzylanine according to the
method described in section 1.7 (84%).



I.R. (nujol m iy (figure 16)
1300>3500 only shown

1380(s) CH  (H-Q:!l+CHz)

1465(s) C-H  bend

1550w) CN  (-N-CHz-)

1650(s) C-0  str

2800-3100(s)  CH aroMtic + aliphatic * nuJol
3290(b) NH  str

(11) Attempted hydrolysis of benzvl forwaalde

Benzyl formailde (5 g, 0.004 bol) was dissolved in dichloroBethane
(20 ml) and stirred In distilled water (300 ml) for 5 hours at 70 °C. The
Bixture was then stirred at rooB teBperature for a further 48 hours . The
organic layer was separated, and the aqueous layer was extracted three
times with dIchloromethane . The combined organic layer was dried over
HgSO" and the solvent was removed under reduced pressure, to yield a white
solid product.(4.9 g).
N.m.r. (COCls)

As for product In section 4.5(1)

I.R.  (nujol mull)

As for product In section 4.5(1)

(El Svntlwils of th« oolvr-sumrm iMCYintd« (s)

Syntheses described In this section are examples of those perfomed

for the 9% crosslinked resin. SlaHar reactions were carried out for the

Pband 52% crosslinked resins also.



51 Svntimlt of tht Dolwr-tupoorted m Im (4)

Method (\) using hydrazine hydrate

Polymer-supported phthallide (3) (27 g, 0.029 nol phthallnide) wes
suspended In ethanol (400 ml) and hydrazine hydrate (30 ml, 0.62 mol) wes
added. The mixture was refluxed and stirred for 24 hours, then filtered
and washed with water to dissolve the white precipitate which had formed.
The white polymer (4) was then washed successively with ethanol, ether and

dichloromethane, and dried under vacuum.

The amine content was determined according to the method described In
section 5.4. The following variations on the above technique were tested,

but no significant improvement in amine yield was seen:

1
2

(1) Extended reaction time - up to 5 days (In one day intervals).
(2) Addition of dichloromethane to swell the resin.

(3) Reaction flask placed in an ultrasonic bath for 24 hours.
(4)

4) Addition of tetrahydrofuran to swell the resin.
Method fill using methylamine

Polymer-supported phthallmide (3) (2 g, 0.002 mol) was swollen In
dichloromethane (10 ml) and 40V nethylamine solution (¢ ml, 0.1 mol) wes
added.  The mixture was shaken for 24 hours, and the polymer filtered,
washed successively with water, methanol, and dichloromethane and dried

under vacuum.

The amine content was determined according to the method described in

section 5.4.






Table 3 Phthallnide content and corresponding anlne content of resins

phthallnide anine anine type of %
batch no. content content content fron resin crosslink
fron expected picrate
nicro- (nicro- det.n
analysis analysis)
imol g™ nmol g"* mol g*
(a) (b),(k) (c)
Jc83 1.15 1.36 gel-type 9
gel-type 9
JC90 1.27 1.53 1,27 gel-type 9
121 gel-type 9
JC107 1.96 1.28<*) 154 0.63<S> nacroporous  5l0>)
0.59 0.49(9) macroporous  51(1)
JC109 1.39 171 153 gel-type 9
JC134 1.10 1.29 1.04 gel-type 9
JC205 1.08 1.26 143 gel-type 9
Jc213 1.32 1.60 1.66 gel-type 2
156 1.97 gel-type
JC216 114 134 0.77 nacroporous  5IC)

(a) Error in analysis * 0.2 mnol g~ (calculated after each individual
figure).

(b) Error Inl calculation * 0.2 naol g~ as these are calculated fron
figures froa phthallnide nicroanalysis.

(c) Error in picrate detemination * 0.2 nmol g** detemined by blank
detemination on resin with no anlne present.

(d) Sanples fron the sau batch; average value used in further

calculations.
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(e) Synthesis using hydrazine hydrate.
(f) Synthesis using ag. aethylailne.
(g) These two deteiulnatlons «ere performed on different sa*>les froa the
saae batch of resin, but do not correspond exactly to the figures on the
same line.
(h) Heptane/dlethylbenzene diluent systea used In polymerization.
(1) Toluene diluent used In polymerization.
(k) Calculated froa the phthallalde content of the polymer and alowing for

the ««eight loss experienced In the conversion of phthallalde(3) to (4).

5.2 Synthesis of the polveer-suPDort formaalde (11a)
(Based on the method of Vail, Noran, and Hoore.)"

Polymer-supported amine (4) (20g, 0.029mol amine) was suspended in
ethyl formate (170 ml) and refluxed for 24 hours. The white polymer
product (5) was filtered, washed with diethyl ether and then pentane and

dried under vacuum.

I.R. (KBr disc): figure 27
laq 1670(s) an-".

5.3 Svntlmis of the polvier suPDortwi isocvinidmte)

MttiBxi it) usina p-toluentsulahonvl clitor<il« and Dwliltiie

(Based on the method of Hertler and Corey).”

Polymer-supported formamide (5) (7 g, ~0.01 mol formaalde) was $«ollen
In dichloroaethane (70 ml, dried over 4A molecular sieves), followed by the
addition of p-toluenesulphonyl chloride (12.5 g, 0.006 mol, freshly
recrystallized). Pyridine (280 ml, dried and distilled off KOH) and
aniline (2 ml) «ere added and the suspension stirred under nitrogen for 16
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hours.  The light yellow-broMn polyaer (&) was filtered, washed
successively with water, etharwl and dichloroaethane, and dried under
vacuua.

The Isocyanide content was detenalned by the leethod described In
section 5.5.

An Improvenent In Isocyanide yield was observed when the volune of
pyridine used was Increased froa approxiaately 10x weight of resin to 40x,
In ml. The figure quoted, 280 al Is the latter. Early batches of

Isocyanide were synthesized with less pyridine present.

I.R. (K6r disc): figure 29
MG 2400

Method m i using phosgene and trlethvIMtne

Atteiwt (11

Polymer-supported formaalde (5) (3 g, D.004 mol) was swollen In
dichloroaethane (60 al, dried over 4K aolecular sieves) In a 250 al round-
bottomed flask, with an extended side-arm. Triethylaalne (2 ml,
0.0014 mol, dried and distilled off KOH) was added to the flask and the
mixture stirred at room temperature.  Phosgene (1.1 ml, 0.015 mol) was
condensed Into graduated apparatus, and then allowed to wara up and to
bubble through Into the reaction flask. The aixture was then stirred for a
further 2 hours and then nitrogen was piped through the apparatus to force

any unused phosgene Into the sodlua hydroxide trap to destroy It.

i The polymer was filtered, washed successively with water, methanol and
idichloromethane, then dried under reduced pressure. The Isocyanide content

wes determined as described In section 5.5.



Isocyanide content : 0.7 nmol g~
I.R. (KBr disc): figure 28a
e 21« (s)

1670(s) c«-"

Although an excess of phosgene was used a considerable anunt of

unreacted fonaatide was present (from I.R. spectrui).

Phosgene Is a highly toxic gas. Extrene care lust be used when
handling this naterlal. It can be destroyed by reaction with NaOH and Its
presence can be detected using a test filter paper. This filter paper is
prepared by soaking In a 10% solution of diphenylanine and
p-dlaethylaalnobenzaldehyde (1:1) In ethanol; and Is then dried. In the

presence of phosgene, the filte r paper becoKS bright yellow or orange.

Attenot (21

The reaction was repeated as described in attenpt (1), but the aeount

of phosgene was Increased by 4 fold.

LEi. (KBr disc): figure 28b
No stretch
X0 oA 1700-1800c«"

Method m il using diohosaene and trlethvlaaine
The Method used was slillar to that described In section 4.4(b),

method (111). Two attempts were made using (a) approxinately 1 equivalent

diphosgene and (b) a 10 fold excess of diphosgene.
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The actual aiounts of reagents used were as follows:
polyMr-supported foraaiide (5),(0.5 g, 0.0006 owl) dichloroaethane (s m!,
dried over 4X nlecular sieves) triethylailne (0.5 m!, 0.004 lol, dried and
distilled off KON)
Diphosgene (a) 0.1 al. 0.0008 aol
(b) 1.0 ml, 0.0008 mol each In 5 ml dry C+Cl2

I.R. (KBr disc): figure 48
(a) Extremely small V,|(; at 2140cm”
1670(S)c1
(b) No stretch
0 1700-1800cm~*

5.4 The determination of the amine content of the resin (4)

This «&S carried out according to the method of B.F.GlsIn™ except
that the times quoted In the article ««re not adhered to. The actual

procedure used «es as described below:

The polymer-supported amine (4) (0.1 g, accurately weighed) was placed
In a specially designed, very small column, containing a sinter. The resin
was swollen In dichloromethane for 5 minutes, and then the solvent was run
off. The resin was washed twice with 5%(v/v) dllsopropylethylamine In
dichloromethane, each time letting the solution run off the column slowly.
The resin was washed five times with dichloromethane, and then treated with
0.1 M picric acid In dichloromethane.  Excess picric acid solution was
washed off with dichloromethane - washing was continued until no yellow
colour was visible In the solution washed o ff the column. The picrate was
then eluted by treating the resin with the above dllsopropylethylamine
solution and the washings were collected In a 50 ml volumetric flask.

After 5 washings, the dllsopropylethylMIne solution was le ft on the column
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for 24 hours; then washing w«s continued as before. When no further yellow
colour was seen In the diisopropylethylanine washings, the resin was washed
with dlchloronethane until 50 i1 had been collected. The yellow solution
collected was then diluted (2 m! Into 100 m!) with 9% ethanol and Its
absorbance leasured spectrophotOKtrically at 358 m . The ailne content of
the resin can then be calculated as Illustrated In the exaaple below:

(Amine content > picrate concentration of solution washed off column).

For JCIII. (see figure 49).
Absorbance at 358nm>0.899
concrabs

Exi

Ennlar ab$orbtlvity*14,500 mol'* dm

1>ce1r path iength>l an

therefore 0.899 x Igfl* « 1.55x10"* mol per O.I0I0g
14500x1 40

therefore amine content-1.53x10"* mol g"*
*for dilution

(for table of results seepl58 ).
5.5 The_determlnatlon of the isocvanide content oi the resin (s)

The Isocyanide content was determined using a modified version of the
method of Arora, von Hinrichs and Ugl."" The reagents were prepared
according to this reference. The 0.1 H HCl solution was standardized
against a standard 0.1 N borax solution. The 0.1 H triethylamIne solution
was standardized against the 0.1 MHCl solution. The 0.1 N thiocyanic acid
was then standardizsed against the 0.1 H triethylamine. The Isocyanide
reacts with the thiocyanic acid according to the equation shown, and the

excess acid Is back titrated against the standard triethylamine solution.



S3u«quosqv

iMlei 2 ».KKU
1

SMpJde Idnititvi 3&[]]
bmiCtf aiuUe

UriiliiMtp 120

UritliMfe MiiaiaMik i.w 0

liptiw H*/cirtinLh 2’ALu n«
litfvnti*0'itli 1Ay na

be<Hi broud 4W.1* iHi/atn.

(MKi>aiil*l<
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RNsC * 2HSON RN Se
y~m
i triazinedithione.
Procedure:

0.1 g of polyner-supported Isocyanide (s) was swollen In 5nl of 1:1
ethyl acetate/dichloroaethane, followed by addition of 3 al of 0.1 H HSN
In ethyl acetate. After standing for 30 minutes, Indicator (0.2% solution
of methylene blue and neutral red (::1) In methanol) and dimethylformamide

(2 tnl)were added and the excess HSON was back-titrated against the standard

Table 4

Isocyanide and amine content of various batches of resin.

Amine content of resin Isocyanide content of resin

mol g’ » (s Y™ nani g""]-

127 0.48

1.27 0.71%c)

1.21 0.57

1.21 0.56

1.21 0.57

1.21 0.61

1.27 0.84)

143 0.90%M

1.43 i.0si"¥)



(F) Synthesis and polvweriiation of

6.1 Synthesis of allviformaalde

Allylfonunide was prepared fro* allylanine using the Method described
in section 1.7. the following reagents were used:
allylamine (119.7 «1, 91 g, 1.59 mol)
ethyl formate (128.2 ml, 118 g, 1.59 mol)
The crude liquid product was distilled under reduced pressure (55  at

0.3 m Hg) to yield 109.4 g (81%) pure allylformamide.

n.i.r. (COCls): figure 50

8.17(s) ao
7.23(s,br) M
4.93-6.15(m) allyl
3.92(t) 6}

O exchange: figure 51
7.23{s,br) disappears
3.92(t)  becomes (d)

6.2 Polymerization of allviformamide

Several test-tube polymerizations were carried out, attempting to
copolymerize allylformamide with styrene and/or divinylbenzene.or
nethacrylic acid or acrylic acid. (See table 5)

Typically:

The monomers were placed In a test-tube or boiling tube and
the initiator (0.1 9, benzoyl peroxide or azoisobutyronitrile) was added to
the mixture, maintained under nitrogen. Any solvent used was then added.

The test-tube or boiling tube was then immersed in an oil bath at 80  for
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5 hours. If a solvent was used and the polyaer reulned In solution,
diethyl ether was added to precipitate the polymer. The polymer product
was filtered, washed with ethanol and ether and dried under vacuum. If the
polymer had formed as a solid *iump* it was then ground up with a mortar

and pestle before further use.

6.3 Attempted synthesis of the supported isocvanide

After Soxhiet extraction with dichloromethane dehydration of the

formamide to the isocyanide was attempted.

The procedures as described in section 4.4(b) were tried on sample

JC3la.

The procedure as described in section 5.3(i) was tried on samples
JC3la and JCPLI2.
In all attempts no isocyanide was produced
i.e. no present on spectrum

1700 cm™ s till present for JC3la
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3.1 INTRODUCTION

Although the conplexing properties of Mononerlc Isocyanides have been
extensively Investigated In the last 20-30 years, only very recently have
the complexing properties of polyieric analogues been Investigated.
During the course of our work, Arshady et al have reported coiplexatlon®”
using an acrylamide based polymer prepared by suspension copolynerlzation®
(In 1,2-d1chloroethane) of dimethylacrylamide, 3-fonumldopropyl acetate
and bis-acryiamde (the crosslinking agent) based on earlier work by
Arshady and Ugl**'~.  These polymer supports are compatible with a wide

range of solvents, such as water, methanol, dichloromethane and benzene.

n 1,20rs

(CHe)n («2)3

Flo 1. Acrylamide based

polymer support.

This acrylamide based resin was also the basis for a new polymerization
technique In which the copolymerlzation of differentially soluble mongers
Is carried out after being absorbed onto beads of such a resin (referred

to as the prepolymer support.)*
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The resin shown In figure 1 reacts with various transition aetal
salts; RhCls.3tbo, Cu(No3)2.eHo. Ni(No3)2.6Ho, Cu(acac)z as well as
organoaetalllc coaplexes such as No(COY* and Rh(PPhs)3Ci. Coaplexation
was observed In aii cases, with the exception of the nickel salt which
caused polymerization of the Isocyanide groupé. A polymer-supported
Isocyanide-palladiun chloride was found to exhibit catalytic properties In

some hydrogenations”.

An investigation of the reaction of various metal carbonyl complexes
with polymer-supported Isocyanides has also been carried out using a
styrene/divinylbenzene based support.  The catalytic activity of the
supported rhodium carbonyl complex for hydrogenation was also

investigated”.

Silica has also been used as a support for the Isocyanide group, by
condensation of (EtO)sS:(Ctz)sNC with high surface area silica. The
resulting functionalized silica was reacted with the rhodium dimers
[Ph(cod)Cli2 and [Rh(Co)2Cli2 to yield active hydrogenation catalysts (for
the hydrogenation of cyclohexene to cyclohexane), although reduction to
metallic rhodium was thought to be responsible for the catalytic

activity®'»

This chapter describes the co>lexation experiments carried out using
the polymer-supported Isocyanide whose synthesis has been described In

chapter 2.
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3.2 RESULTS A\D OISCUSSIoW
The Isocyanide group has been generated on a polystyrene support by
the nethods described In chapter 2, and resins having 2% and %6 crosslink
ratios have been produced. These polymer resins may be swollen in organic
solvents such as dichloronethane, toluene and tetrahydrofuran, thus
enabling the complexation of low valent neutral organometalllc complexes
from toluene or tetrahydrofuran, and of anhydrous metal chlorides from
tetrahydrofuran.  The polymers retain sufficient swellability In 5%
aqueous tetrahydrofuran such that the complexation of metal salts which

are soluble In this medium may also be studied.

Although 2% crosslinked resins were used In some complexation
studies, the %6 crosslinked resins were predominately used and the results
described In this chapter have been obtained with the latter unless

otherwise stated.

(1) Infrared spectra

As Infrared spectroscopy and analytical data are the only readily
available means of establishing the nature of the supported complex, a
brief discussion of the Infrared spectra of Isocyanide-metal complexes Is

given here.

The Isocyanide CaN stretching band is usually observed In the range
2120 « 2180 cm™ for free monomeric Isocyanides, and the polymer-supported
Isocyanide prepared also falls Into this range, having a sharp Isocyanide

band at 2140 cnm”.  Some examples of monomeric Isocyanides are given

below:

inc £5™ Referer
methyl Isocyanide 2170 8
t"buty! Isocyanide 2131 9
p-to iuenesuzphonylmethy! 1socyanide 2155 10

1,1,3,3-tetramethylbutyl Isocyanide 2126 9
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A change In the infrared lIsocyanide stretching frequency is observed
upon coaplexation, and the position and m Itip U city of the coaplexed band
give soae indication of the structure of the product. In the case of the
supported isocyanide, the band also becomes broader on complexation.
Generally, a decrease In the isocyanide stretching frequency 1$ found when
the ligand is complexed to metals in either low or zerovalent oxidation
states. Cotton and Zingales™* record the values of 2070, 2012 and 1965
cnr respectively for the isocyanide stretching frequency for the
zerovalent chromium complex, (CghshC)gCr, which is considerably lower than
that of the free ligand. (CgHsNC) at 2136 cm'~. (Note that a later
article claims the band at 2070 cm* for the complex is present only in
impure samples.) A value of around 1700 cm is usually observed for
bridging Isocyanides, for example for the platinum complex Pts (CNBu")g the
isocyanide stretching frequencies are recorded at 2155 cm™ (terminal) and
1714 cm™ (bridging)**. The lowering of the isocyanide stretching
frequency is usually taken to indicate a significant amount of back
donation of electrons from the metal into vacant TT* orbitals on the
isocyanide. In such examples, the Isocyanide is acting both as a sigma
donor and a pi acceptor molecule, in a manner similar to that often
exhibited by carbon nx>noxide. However, when the isocyanide is complexed
to a metal in an intermediate or high oxidation state, the position of the
infrared band is moved to higher frequency by as much as 150 cm™. This
increase in stretching frequency can be further quantified, as it is found
that the increasing the oxidation state of the metal directly increases
the isocyanide infrared stretching frequency. This can be seen from the

examples given overleaf:






171
The Isocyanide Is assuieed to be acting principally as a sigaa donor In
these exanples, and on going fro« «etal(l) to netal(ll) the change In
oxidation state causes an Increase in the electrostatic effect, with a
corresponding decrease In the anount of back donation of electrons fro«
the metal to the ligand. This effectively Increases the strength of the
CN bond, resulting in a nove to higher frequency for the isocyanide
infrared stretching band, the Increase being greatest for the higher

oxidation states.

The position of the Isocyanide band is also dependant on the nunder
of isocyanide ligands which are co-ordinated. For a «étal In a fixed
oxidation state, surrounded by a variable number of Isocyanide ligands,
the isocyanide stretching frequency Increases as the number of isocyanide
ligands increases. This Is illustrated by the example given below for
platinun.  However several examples exist where this Is not observed such

as shown for silver, below:

Oxidation state Reference
of metal
Platinum:
[PtCKCNMejjliPFg]
[Pt(CNMe)a J[PFfi)2
Silver:
AgNO3(p-tolyINC)2 2195
AgCro4(p-tolyINC)s 2186(sh)
2177 (s)

2136 ()



1
A difference Is also observed between elkyl and aryl Isocyanides In
similar aetal coaplexes. In general an Increase of around 50 ca* Is

found for the alkyl Isocyanide coaplex 1n coaparlson with the aryl

analogue.
For exaaple:
i(CEs" Reference
(p-tolyINC)gKnl 2090 il
2035(w)
(CHjNOgMnI 2129

(2) Coaplexation of aetal salts froa aoueous tetrahvdrofuran.

Generally, the polyaer-supported isocyanide was swollen In
tetrahydrofuran and an appropriate excess of the aetal salt (usually HNC
approxiaately 2:1) dissolved In an equal voluae of water was added. (The
exact quantities used vary slightly due to the solubility of the salts In
this medlua). The solubility of these coaplexes In the aqueous
tetrahydrofuran aedlua used was conflraed by dissolving the aetal salt In
the appropriate aaount of distilled water (usually 5 al), followed by the
addition of an equal volume of tetrahydrofuran; no precipitation (or
reaction) was observed. Virtually quantitative complexation Is observed
In all cases where aetal coaplexatlon Is found, as conflraed by the
complete (or almost complete) disappearance of the sharp Isocyanide
vibration of the free Isocyanide. This is replaced by a broadened band at
higher frequency for all positive oxidation state aetal coaplexes, except
for one exaaple of Rh(l). The spectra of the Isocyanlde-aetal coaplexes
are reproduced throughout this section, but table 1 suaauirlzes the
results. Analytical data (In aaol g~") for aetal, chlorine and phosphorus
together with values calculated on the basis of proposed complexation
reactions, are given In table 2. Together with a comparison of the
Infrared spectra to those of 'model compounds* (see table 1), the Infrared
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and analytical data allow reasonable deductions to be Bade regarding the

nature of the supported species.

Three general points can be made:

(1) in no case are oiore than two isocyanide groups co-ordinated to a
single metal atoi;

(11)  the tendency towards metal reduction Is diminished on the polymer
compared to homogeneous solution;

(Hi) there Is a large variation In the rates of complexation of the

different metal salts.

As the polymer supported Isocyanide can be considered as R;ENC It
is, as such, an alkyl Isocyanide and so comparisons of the polymer-
supported complexes with those of monomeric Isocyanides w ill be limited to

alkyl compounds (where these exist.)
(See Tables 1 & 2)
(a) Platinumilll. Palladiumfin and Hickelflll.

Compounds of the type [PtX2(RNC)2), (X-Cl. Br, N&. CN. R-alkyl or
aryl), are among the first reported platlnum(ll)-1socyanlde complexes"®”,

although early work was concemed primarily with aryl Isocyanide reactions.

Platinum and palladium complexes of the formula [M(CNCHs)4]™" are
Isolated as the hexafluorophosphate or tetrafluoroborate salts from the
reaction of excess methyl isocyanide with the aqueous solution of the
appropriate salt®. A different product, [(CKsdC)}{Pd2]tPFs]2, can
be obtained by allowing the reaction solution to stand before addition of
the precipitant. The authors suggest that this reduction to Pd(l) occurs
via oxidation and hydrolysis of a methyl Isocyanide ligand as shown In the

reaction scheme overleaf"®.



[(CH3IK)4P]2* * HD > [(CHHOPICIOWHCH o H*
" kO
[(CHjKOjPdj ¢ H* # CO2 # CH3NH2
[(CHMC): Pallo*
[(CH3KC)5PA2]2* & CH3KC

The interaedlete [(CH3NC)3pdC(O)NHCH3]* can also be isolated as the

hexafluorophosphate salt. The preparation of the platlmm diner follows a

ilar course (tetrafluoroborate used as precipitant). Palladium(l)
diners may also be prepared by the reaction of [Pd(CNBu*)2]3 with
Pd(CNBuM)2X2 (X-C1, Br, 1) to yield [Pd(CNBu*)2X]2 for which a dimeric

structure,as shown, has been suggested" 2170 cn™M).

The monomeric, thermally and air stable Pd% (CNR2 was also prepared by
reaction of the appropriate palladium halide with excess t-butyl
isocyanide. This complex had isocyanide infrared bands at higher
frequency (around 2230 cn'®) as expected for a higher oxidation state
metal.

For platinum salts of the type [P{(CNR)s](PtCls], (R* p-tolyl,
p>anisyl or cyclohexyl), the complexes are transformed into their

cis-Pt(CNR)2Cl2) isomers on refluxing in chloroform solution™*.
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For the polymer-supported platinum  complex the analytical
data (table 2) and Infrared spectrum (figure 2, and table 1) are
consistent with the formulation as neutral, monomeric PtCl2(CNR)2. From
the Infrared figures, the "moder complex [NBu'4][PtCls(CNMe)] (2240 cm™)
has the closest agreement with the supported complex (2222 cm**.  However
the analytical figures give very good agreement for a platinum: Isocyanide
ratio of 1:2. It should be noted that there Is often a variation of
around * 10 cm™ In the figures quoted by different authors for the same
complex, as well as differences In figures quoted for the free Isocyanide

ligand. For example:

lioand/comolex

CHINC 2170 8
2158 21
2131 9
BuNC 2143 21
Co(CBH5NC)5(C104)2 2190(m),2220(s) 22
Co(CBHENC)5(C104)2 2184(s),2209(vs),2236(sh,w) 3

Some variation may also be expected since the polymer-supported Isocyanide
Is a "benzyl* Isocyanide rather than a pure alkyl Isocyanide. Due to the
broadness of the bands, the precision of the wavenumber measurements used
In this work Is estimated to be approximately * 5 cm”. Thus, if the
Infrared Isocyanide stretching frequency for the polymer-supported complex
1$ within 20 cm of the appropriate "lodeT compound, reasonably
confident deductions regarding the structure of the supported complex can
be made.



The single Infrared band observed in the spectrua of the polyaer-
supported isocyanide-platinua coaplex (figure 2) suggests a trans
geoaetry, in contrast to the aonoaeric platinua-isocyanide coaplexes of
structure  Pt(CNR)2Cl2 which are coaaonly cis, (R«CHs™*, CgHg™ etc.).
The broadness of the band aay, however, obscure the doublet expected for
cis>geoieetry. In a spectroscopic study of methyl isocyanide coaplexes of
platinua(ll), Goodfellow et al** recorded the infrared spectrua of cis-
[PtCl2(Cl2 (ONCH3)2] with two bands at 2261 and 2253 cm respectively, but
also list two bands for tranS' [P tl2(CNCHs)2], at 2268 and 2248 ca~"
respectively. Two bands are also listed for the corresponding palladium
complexes. The stereochemistry of the polyaer-supported platinua coaplex

is therefore uncertain.

In the case of the supported palladium complex, the infrared
isocyanide stretching band is at 2260 ca‘~ (figure 3) and the analytical
data show a 1:1 palladium:isocyanide ratio. From a comparison with
similar "model* compounds (table 1). it is obvious that reduction to
palladium(l) (2166 cm~") has not taken place. The value for the
isocyanide band for cis-PdCl2(ONCHs)2, at 2280 ca“” is close to that
for the supported complex as is the value® for the complex
[PACl2 (CNp-tolyl)]2, at 2220 ca'”.if about 50 ca~" is added to compensate
for the aryl nature of the isocyanide. Therefore the product from the
reaction of the polyaer-supported isocyanide with sodiua
tetrachloropalladate(Il) seems best formulated as the dimer P i*l2 (CNR) (p-
Cl)2. Oiaers of this type have been isolated from the reaction of
PdClz (HeCK)2 with PdCl2 (CNIl)2, (R m GH or p-MeC5H4).25 4 ,,n t report
of another supported isocyanide-palladiua(ll) coaplex, (using an
acrylamide based support) also has a paliadium:isocyanide ratio of

approximately 1:1.*
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Although Halatesta™ claliis a lively and very exotheralc reaction
takes place between Isocyanides and alcoholic solutions of nlckel(ll)
salts, the products were Undefined and few other nickel(ll) ¢ Isocyanide
complexes have been reported. In a 1983 review, only one such coaplex,
[N1(CNBu?)|][C104]2 Is aentioned.™ This scarcity of coaplexes aay be a
consequence of the high catalytic activity of nickel coapounds for

isocyanide polymerization.

Using our polyaer, attempts to coaplex nlckel(ll) froa aqueous
tetrahydrofuran solutions of NiCl2>Ho or froa anhydrous tetrahydrofuran
solutions of MNiCi2 yielded only unreacted polyaer. Although slallar
reactions (using the acrylaalde based Isocyanide polyaer) have been
reported to lead to the polyaerization of the Isocyanide group, when an
excess of the Isocyanide was used®, no detectable change In the Intensity
of the Isocyanide stretching vibration was observed In our polyaer*
supported reaction, (figure 4). Also, the isocyanlde*speclfic titration
(chapter 2, section 5.5) showed little change between the polyaer before
and after the atteiq)ted complexation of NZ1(ll). (Before:0.90 mnol g'*,
after:0.84 mmol There Is also no infrared evidence for the
formation of the poly(iainoaethylene) product, [R - Nr CC], which would
be expected to show an isocyanide band around 1700 cm”. A study of the
nickel(ll)-catalysed polymerization of isocyanides™ found that an excess
of Isocyanide was necessary for the production of such polymers;
therefore, as our polyaer-supported Isocyanide complexation experiments
were performed with an excess of the metal salt, such polymerization aay

be unlikely.



(b) NICL

Figure 4. I.LR. spectrum of the product from the reaction of nickel
salts with the poi>mer>supported isocyanide.



fb) RhodiuBfim

Cooplexes of the type [RhRNC)a]X (X-BF") >ay be prepared fro« the
reaction of rhodiu«(I1) trichloride with an excess of «ethyl
isocyanide™ though an Intermediate Rh(Ill) complex [Rhis(CNCHs )3] may be
isolated by addition of sodium iodide to the yellow solution formed
initially (hence complexation occurs before reduction). The cation
[Rh(CNR)4]* is easily oxidized, reacting rapidly with iodine In chloroform
to yield the [Rh(CNR)I2]* salt. (R-CHs)".

The polymer-supported complex Is best formulated as RhCls (CNR)2 (Hz0)
from the analytical data ¢ one molecule of water Is included to maintain
octahedral co-ordination, although this cannot be determined directly from
the analytical data. The supported complex has an Infrared Isocyanide
stretching frequency at 2214 cm (figure 5) which is not consistent with
reduction to rhodlum(l), 2197 cm'). Also there Is no evidence of
oxidation products for the isocyanide (see later section (c) ) which may
be expected if reduction of the rhodium had occurred. The "model
compound" Rh(CIICHs)sls has a figure of 2243 c«~" for the Infrared
isocyanide band, and Is closest to the value of 2214 cm” for the
supported complex. As stated before, increasing the number of Isocyanide
ligands tends to increase the infrared stretching frequency of the
isocyanide, therefore the formulation of the complex as unreduced
RhCl3 (CNR)2 (H20) seems reasonable from both the infrared and analytical
data. The infrared band seen for this supported co«plex is similar to the
results obtained by Arshady and Corain®, who suggested a formula o f*
[(NC)2-RhClz(H20)] for the product of the reaction between hydrated
rhodium trichloride and their acrylamide based polymer-supported

isocyanide, (2240 cm” (nujol)).

These results emphasise the differences observed between monomeric
isocyanides in solution and the polymer-supported species, as reduction to
rhodium(l) Is commonly observed for the solution reaction of rhodiu«(lll)






with Bonoaerfc Isocyanides, but no such reduction is observed for the

poiyner*supported species.

fcl CoDperfin. Silverin and Goldfllll
The reaction of sllver(l) salts with aryl and and alkyl isocyanides
is known to give coaplexes of the stoichioaetry [Ag(CNR)2X] and
[Ag(CNIl)aX] (X-C104,No3 ,PFs BFsa.)'"'* 'A'  Th« rexctlon of silver
tetrafluoroborate with p>toluenesulphonylaethyl isocyanide (L) yielded
having an infrared isocyanide stretching frequency of
2230 ca'™. More recently soae coapounds involving very bulky isocyanide
ligands have been reported™ such as the di-coordinate species
[Ag(CNR)2(PFg)] (R-2,4-Bu*2-®-CH3-C6H2. 2,4,6-Bu"3CgH2, 2,6-{CH3)2C5H3.)
and the tri-coordinate species [Ag(CNR)3(PF{;)] (R-2,4,-Bu”2*\'""3~AH2
2,6-(CHs3)2CgHs ). An x-ray crystal structure deteraination of
[Ag(CNCgHz2 Bu™s )2 (PFg)] shows a highly distorted tetrahedral species
resulting froa the co-ordination of a bidentate hexafluorophosphate

ligand.

For our polyaer-supported species, very good agreeaent is found for
experiaental and calculated analysis figures (see table 1) for the silver
hexafluorophosphate-isocyanide coapiex, foraulated as Ag(CNR)}2PFg.  For
the corresponding silver nitrate coaplex the agreeaent is not as good, but
the data is aost consistent with the fornulation of the coaplex as
Ag(CNR:2N 3. The isocyanide bands in the infrared spectra of the two
supported coaplexes are siailar, (figures s and 7), 2220 ca”™ for the
nitrate and 2238 ca** for the hexafluorophosphate, and although these
figures are slightly higher than those of aost of the "aodel* coapounds
quoted (table 1)

1.«. [AgiCBCsHIijICIO, 22152190 Oi'*,
[Ag(CKCjHii)a]C104 2182,2150 d '*,
they are in good agreeaent with the figure for [Ag(CNCHz$o2CgHiCHs )2 |BF4
at 2230 ca"* 0









Although the copper(ll)-fSocyanfde complexes have been prepared, they
are unstable with respect to reduction to copper(l). Stephany and Drenth®
synthesized [Cu(CNR)s (Hz0)2]X2  (R*Bu®, 1,1,3,3-tetramethylbutyl ;
X>Ci04,BF4) but found that the complexes decomposed rapidly to yield the
appropriate copper(l) derivative [Cu(CNR):]X. The infrared spectrum of
the copper(ll) complexes showed an isocyanide band In the region 2230-
2245 cm", moving to 2161 cm on reduction to the copper(l) complex. The
reaction of copper(l) halides with aryl isocyanides yields a series of
CuX(CNR)y complexes 31,34" (R»phenyl,p-tolyl,p-anisyl; X-CI,Br; y*|-4),
where y is dependant on both CR and X.

The infrared spectrum of the supported complex (figure 8) shows a
single absorption at 2180cin~* which is similar to the values obtained for
the other copper(l)-1socyanide "model* compounds (see table 1) which have
isocyanide bands from 2152-2193 cm~*, but inconsistent with the value
2233 cm for the copper(ll)-1socyanlde complex. Note also that the aryl
example quoted, CuCi(CNp-CHsoQgH:)2, which has an infrared isocyanide
absorption at 2141 cm ~ Is also in the same range when approximately

50 cm” Is added to compensate for the aryl nature of the ligand.

It would seem likely therefore that the reaction of the polymer-
supported isocyanide with copper(ll) chloride proceeds with concomitant
metal reduction and complexation. Although the oxidation products of the
isocyanide In homogeneous solution have not generally been well
characterised, the half-cell can probably be regarded as the sequence of

reactions:

(1) 2RNC > 2H0-» 2RNCO i 4H* + 4¢’
() RNOOD > HO -+ R\ * Q2
3) R\ * RNCO-* (RNH)2CO






OVERALL:
(4) 2RKC + 3bbo-»Co2 + (RNHRG o 4H* + 4e”

The Isocyanide is oxidised to isocyanate, followed by hydrolysis and
condensation to yield the symetrical urea. Due to the low loading of
isocyanide on the polyier support (and any possible eobility
restrictions), reaction (3) seeis unlikely to occur on the polyter<

supported species; therefore the nost likely half-cell becoaes:

(5) R+ 2HO— »RHH* + H ¢ QO + 2¢"

In the case of the copper(ll)—* copper(l) reduction, chlorine will be
retained on the polymer both as CuClCNR2 and RNHCI.  The infrared
spectra (Ker discs) recorded always contained a broad absorption above
3100 ca', assumed to be due to moisture absorbed during sample
preparation; thus the presence of [RNHNCI cannot be detected in the
spectrum.  However there is no trace of isocyanate (2250-227S ca"") or
urea (1660 cm~") absorptions in the spectrum. Calculations based on a
reaction equation as indicated below give good agreement with the

experimental analysis figures:

2CUCI2 ¢ 5RNC + 2H20—-- » 2CuC1(CNR)2 ¢ HCI ¢ CO2 ¢ RNH3CI

Analytical figures, (mmol g*):

Metal Chlorine

0.40 0.60 Calculated

0.30 0.54 Found



In the reaction of Cu(Nos)2<sHo with an acrylaaide based polywer*
supported isocyanide, the product exhibits an Infrared isocyanide band at
2195 oi'M as does the product when Cu(acac)z Is used. Although the
Isocyanide content of the resin is quoted (2.6 nmol g'*) and also a figure
for the metal content (1.9%), no other attempt is made by the authors to

determine the nature of the supported complex®.

Complexes of the type (RNC)AUCI have been prepared by the two methods
described below by Bonatl and MInghettl*®, who state that the reaction of
tetrachloroaurlc(lll) acid with excess Isocyanide In hot alcohol gives a
crystalline compound but only In poor yield, according to the following

equation:

[HaoJAUCI] * 2RNC— » RNC)AUC  * 3HCL * RNOO

The authors favour the preparation of the gold(l)1socyanlde complex by

displacement of dimethylsulphide from (CHs)2SAuCl;

(R-alkyl or aryl)

Although earlier work by Sacco and Frenl*" reported the Isolation of gold
(lll)-Isocyanlde complexes, (RNOAUCIz (R*p>methoxyphenyl, p-tolyl), later
work quotes only reduction to gold(l). These reactions were performed
with an excess of isocyanide and yielded complexes of stoichiometry
AuCI(CNR) and [AU(CNR)2jX (X>perchlorate, tetrafluoroborate; R>aryl or
alkyl).
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[Au(CNCy)2)C104 at 2250 ci*A and for [Au(p-CHsCgH: $2CHNC)2]C104 at
2246 cni"™ are very close to the value observed for our polysier-supported
isocyanlde-gold  conplex (2250 (figure 9). Hovtever thesupported
complex has agold: isocyanide ratio of 1:1 from the analyticaldata (which
takes into account the reduction of Au(lll) to Au(l) and the infrared
isocyanide stretching frequency is within 20 cm"™ of the examples quoted

for the same gold:isocyanide ratio:

AUCICNCHGgb) 2265 ant'|

AuCHCHCHj ) 2211 cm-*

Therefore the reaction between the polymer-supported isocyanide and
tetrachloroauric(lll) acid is best represented by reduction, followed by

complexation as AuCI(CNR) as outlined in the equation below:

HAUGK + 2O + 2RNC-—-> AUCICNR) + Q0 ¢ 241 ¢ R\HCI

id) ZIncdlIl. Cadniuiitlll anJ Mercurydll

Although isocyanide complexes of the type (RNC)2ZnX2 were prepared by
Sacco™ (R»p-tolyl and X-chloride, bromide or iodide), the results
obtained for the reaction of zinc chloride with polymer-supported
isocyanide are more in agreement with Halatesta”®, who stated that
isocyanides have a very low affinity for zinc. Though the recovered
polymer from the reaction with zinc chloride exhibits a pink colour,
(previously light yellow-brown), the metal incorporation is negligible
from the analysis (O.0lSmmolg-*, 0.1% zinc) and the infrared spectrum
shows only the isocyanide stretching frequency of the starting polymer

(figure 10a).






:Sr

Flgur> 10. I.R. spectra of the products fro« the reaction of
(a) ZnCl2 and (b) CdCI*



Th« case of cadafua is slailar; Sacco and Freni® prepared (RNC)CdX2
(R»p-tolyl and X-chloride or broaide) but the Infrared spectrua for the
product for the polyaer-supported isocyanide-cadaiua chloride reaction
again showed only the Isocyanide stretching frequency of the starting

aaterial (figure 10b).

The reaction of aercury(ll) salts with isocyanides resulting in the
reduction of the metal was reported as early as 1684. In later work,
Klages and Honkaeyer™ proposed the following equation for the reaction of

excess p-tolyl isocyanide with mercury(ll) chloride:

4HGCI2 # 2AINC # 3HO - 4HGCl + O + (AINH)2CO + 4HCL

A complex of the stoichiometry Hg(CNR)2Cl2 was also reported as a product
from this reaction. This reduction was also observed by Sawai and
Takizawa™ in the reaction between phenyl or t-butyl isocyanide with
aercury(ll) chloride in the presence of water; the products isolated were
mercury(l) chloride and a small amount of the corresponding urea. The
reaction between aercury(ll) chloride and excess t-butyl or 2,6-
dimethylphenyl isocyanide in cold ether"® yielded the complex HgCl2QVR for

which the authors propose the following dimeric structure:



The t-buty] isocyanide-Mercury c<Mplex exhibits an Isocyanide stretching
band at 2245 ca”™ In the Infrared spectrua, whilst the band Is at the
lower frequency of 2218 ca~" for the 26" dlaethylphenyl Isocyanide-wrcury
coMplex, as would be expected due to the differences between the
Isocyanide stretching vibrations observed for alkyl and aryl isocyanides.
Oligomers and low aolecular weight polyaers were produced on heating
aercury(ll) chloride with benzyl, cyclohexyl or 2,6-xylyl isocyanides in
dry tetrahydrofuran®®, the first two isocyanides polymerizing aore
readily. It should be noted also that no aercury(l)-1socyanlde coaplexes

are isolated.

The structure of the polymer-supported isocyanide-aercury complex is
unclear. The analysis shows a mercury content of 0.57 aaol g“” and
chlorine content of 1.12 mmol g~*. Calculations made assuming no

reduction of mercury give the following results:

HgClz + 2 RNC-—--» HgCl2 (CNR)2

Hy content : 0.45 aaol g"*

Cl content : 0.90 nmol g~*

HgCl + RNC v iHgCl2 (CNR)

Hy content : 0.80 nmol g~*

Cl content : 1.60 nnol g~

As the experimentally determined figures fall between these two sets of
figures it 1$ possible that a mixture of the two coaplexes Is present.
Calculations for 0.7 HgCl2(CNR2 and 0.3 HgCl2(CNR) give figures which are
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{n very good agreeaent (Hg : 0.56 meol g'*, Cl : 1.12 hmol g'*) with those
found by analysis.  However, the infrared spectrua for the supported
coaplex (figure 11) shows soae evidence of polyaeriaatlon of the
isocyanide, having a broad absorption band at around 1690 ca*". as well as
a band at around 2350 ca as a shoulder on the coaplexed Isocyanide band
at 2265 ca”. A wesak band at around 1700 ca** is usually found in the
spectra of the polyaer-supported isocyanides, and is presumed to arise
froa a small aaount of polyaerization which occurs in the generation of
the isocyanide group. In the spectrua of the supported aercury coaplex
however, the band is broader and more intense; indicating that further
polymerization of the isocyanide group may have taken place on reaction
with HgCI*. It should be noticed froa the infrared spectrua (figure 11)
that the complexed isocyanide band is relatively less intense than siailar
coaplexed isocyanide bands for other aetal-isocyanide coaplexes (see
figures 2-9 for comparison). If soae of the isocyanide is being
polyaerized by the aercury(ll) chloride substantially less free isocyanide
will remain available for coaplexation. Calculations indicate that if
0.66 nmol g of isocyanide reaain unpolyaerized and react to yield a
coaplex HgCl2(CNR), the mercury content would be 0.56 mmol g** (analysis
figure : 0.57 mmo g*") and the chlorine content would be 1.12 mmo g~
(analysis figure : 1.12 mmol g'M- A reaction of this nature nay

therefore have occurred.

Other possible explanations include the reduction of the mercury(ll)
to mercury(l) with corresponding oxidation of the isocyanide, which occurs
in the reactions of monomeric isocyanides in solution, to yield the
appropriate isocyanate, and subsequently the syometrical urea. The latter
compound may be expected to have a carbonyl stretching frequency in the
vicinity of 1660 cm~" somewhat lower than the band observed in the
spectrum of the polymer-supported product and as stated earlier, is not

likely to occur on a polymer support. The Isocyanate would be expected to



Figure 11. I.R. spectrua of product fro« the reaction of HgCl|j
with the polymer-supported isocyanide.
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exhibit a stretching vibration at 2250-2275 which is considerably
lower than the frequency observed for the broad shoulder on the coaplexed
isocyanide band in the spectrua of the polyaer-supported isocyanide-
aercury coaplex. It should also be noted that no evidence for the
formation of isocyanates as oxidation products is observed in the spectra
of those polyaer-supported isocyanide-aetal coaplexes which have been
found to undergo metal reduction and therefore it is unlikely that this

case should be different.

Sawai, Takizawa and Itaka®” report that HgClz undergoes
transalkylation in the presence of t-butyl isocyanide, to yield Hg(CN).
This, if foraed during the polyaer supported isocyanide reaction, nay
precipitate in the aqueous tetrahydrofuran reaction aediua and therefore
some or all nay remain trapped in the polyaer aatrix and could be detected
by its cyanide stretching vibration in the infrared spectrum. However,
Hg(CNy2 has its cyanide stretching band at 2195 ca“” and therefore does

not account for the shoulder observed at 2350 ca~".

It is possible that a nercury-isocyanide coaplex is first foraed on
the polymer, and that some of the latter then isoaerises to the
corresponding aercury-nitrile complex, which would give rise to a coaplex-
nitrile vibration in the spectrum. Free nitriles have their infrared QN
stretch at around 2250 ca™ and an increase of +100 ca” would seea
feasible for the complexed ON stretch, (as the free isocyanide band is
found to increase by up to 150 ca” on complexation). With the limited
analytical and infrared data available for the polyaer-supported coaplex,
it is therefore difficult to determine which of the following (or which

combination) is the true representation of the results found:
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(1) Polyiaerization of the isocyanide, with coaplexation of r«Rainder

as HgCl2 (CNR)

(if) Complexation of a mixture of HgCINCNR) and HgClz (CNR2

(iii)  Complexation of HgClz with isocyanide, with some isomerization to

Hg-nitrile (retained on polymer).

(iv) Any combination of these.

(31 Rites of cwDleMtlon fnm tumus tetrihydrofurin.

Although kinetic data for homogeneous solution reactions are not
available, complexation by the polymer-supported isocyanide appears to
proceed much more slowly in the case of complexation of normal oxidation
state metal salts from aqueous tetrahydrofuran. Greatly differing rates

of complexation were observed for the following complexes:

HAUCI4, K2PtCl4, AgPFg, RhCI3.xH20,

ranging from 98% complete complexation in two hours for HAUCE, to several

days for complete complexation of RhCls.xHzo0.

It was found that the rate of complexation could be accelerated by use of
ultrasound; in the case of the complexation of RhCls.xHz0, the reaction
time is reduced to 24 hours. These rates were determined from a
quantitative analysis of the infrared spectra of samples removed at regular
time intervals until complete complexation occurred. (See experimental

section for details). The rates were determined for both 9% and 2%
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crosslinked polyner-supported Isocyanide resins, to detenlne the effect
of decreasing the crosslink ratio, thus Increasing the swelling capacity

of the resin. (Rate graphs - figures 12>15).

For the %% crosslinked resin, the rates were found to be in the order
Rh«Pd<Ag<Pt«Au. Although generally the rates were found to be slightly
faster for the 2% crosslinked resin, with the exception of silver, the
rates were very sinllar for both 2 and % crosslinked polyiaers. In the
case of silver, the rate of con’lexatlon was considerably faster for the
2%crosslinked resin, thus the order becoaes:

Rh«Pd<Pt<Ag (Au not used). With the possible exception of silver, the
differing rates of complexation do not appear to be a result of differing
rates of diffusion Into the resins, as the metal salts would be expected
to diffuse much faster Into the considerably more swollen 2% crosslinked
resin. In all cases except silver, only a very slight Increase Is seen
between the % and 2% crosslinked resin, and this may not be significant
since the method of determining the rate of complexation (from the
infrared spectrum) is not very precise. It therefore appears that the
results reflect kinetic differences In the rate of substitution and
therefore may form a basis for metal separation. For example, the polymer
recovered from extraction of an equimolar solution of RhCls.xHzo and
K2PtCls under the usual conditions contained >96% platinum, the remaining
%% being rhodium (although the actual experimental figure Is so low that
considerable error is Involved). Thus the polymer exhibits some

selectivity in the complexation of these metals.



Flgiir# 12.
Graph of the rate of uptake of netal salt by the polyner-supported
Isocyantde (1) Zi cro”slinked resin,

(11)91 crosslinked resin,

for KAPtCIN

1 conversion.



Figure 13.

Graph of the rate of uptake of metals salts by the polymer-supported
Isocyanide (1) Zacrosslinked resin,

(11) 9t crosslinked resin,

for AgPFg and NazpdCI™.

].conversion.



Fgure 14.
Greph of the r«te of uptake of netal salts by the poiy«er>supported
isocyanide (1) 2bcrosslinked resin,

(11) 91 crosslinked resin,

for AgPFg and KgPtCIN.






141 Atte»pteil extraction of letal fro« tlw colvur-iuDiiormi

iiieUi complex

Several attempts were ude to renove the rhodlua and platinua aetal
complexes from the polymer-supported isocyanide by extraction with strong
donor solvents such as diaethylforaaaide, dimethylsulphoxide, pyridine and
piperidine; in some cases the experiments were carried out in an
ultrasonic bath to accelerate the reaction. However, very little success
was found with any of these solvents, although a small amount of the
rhodium complex was removed by dimethylsulphoxide when the reaction flask
was inmersed in an ultrasonic bath for 24 hours. This was confirmed by
the appearance of slight shoulder at 2140 cm™ in the infrared spectrum of
the product corresponding to the NC stretching frequency of free
isocyanide. The amount of rhodium chloride lost was determined by
ultraviolet analysis of the reaction solution, and was found to be
approximately 10% Piperidine was originally thought to show some success
in the removal of the platinum salt from the polymer-supported isocyanide-
platinum complex due to the appearance of a very small band on the
infrared spectrum at 2140 cm*, and also there was a slight hint of colour
in the reaction solution. However when the experiment was conducted in an
ultrasonic bath, to accelerate the reaction, the infrared spectrum of the
product (figure 16) showed the complete disappearance of the complexed
isocyanide band at 2222cm~, no free isocyanide (2140 cm*\) but a band at
approximately 1550 cm** had appeared. This is assumed to be due to the
presence of a metal carbene from the reaction of the metal-isocyanide

complex with the amine, according to the scheme given overleaf.
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When the polyner-supported 1socyenlde«sllver hexafluorophosphate
cooplex was swollen in dichloroaethane and refluxed for 3 days In the
presence of triphenylphosphine, the latter displaced approxiaateiy 60% of
the coMplexed silver as estiaated froa the infrared spectrua (figure 17)
which shows both free and coaplexed isocyanide bands. The reaction
solution was evaporated down to leave a solid whose n.a.r. spectrua is
shown in figure 16. The two peaks at >2.72 and 27.8 are
triphenylphosphine and triphenylphosphine oxide respectively. The peak
centered on 144.3 is the PF" anion (septet, J«710Kz). The peak for the
Ag(PPhs)4™ cation is probably not seen due to its (phosphine) exchange

with the free PPhs.

The Halted success obtained with the atteapted aetal reaoval
reactions indicates that the reaoval of such coaplexes froa the polyaer-
support proceeds at a very auch slower rate than for siailar reactions of
aonoaeric i$ocyanide>aetal coaplexes in solution. For exaaple, the
reaction of [Ag(CNCgH")2]C104 with triphenylphosphine™ is carried out in
6 hours at rooa teaperature to yield up to 61% [Ag(PPhs)4]C104 in contrast
to refluxing for 3 days as required in the case of the polyaer>supported

reaction.

(5) Atteiroted h.c.l.c. separation of iet»| salts using tin wiwer-

sijPDorted isocwnlde.

The polymer-supported isocyanide shows kinetic selectivity in the
extraction of aetal salts froa aqueous tetrahydrofuran under the reaction
conditions previously described. However, this extraction occurs at a
relatively slow rate - generally 1-2 hours pass before any uptake is
observed in the infrared spectrua. Also, the metal complex is bound to
the polyaer-supported isocyanide quite strongly and cannot easily be

removed froa froa the resin. Therefore any u tility of those materials in
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h.p.l.c. separation would need to rely on a weaker and kinetically wore
rapid interaction between the netal salt and the isocyanide group. Since
the interaction between the transition metals and the isocyanide was so
strong, three alkali metal thiocyanates were also investigated. The
isocyanide has less affinity for these cations e« in complexation
experiments similar to those for the transition metal salts, no
complexation was observed for the thiocyanate salts of lithium, sodium or

potassium.

The batch of polymer used for the h.p.l.c. work was prepared
following the usual scheme (figure 1, chapter 2). The isocyanide

functionalized resin was packed into stainless steel columns either

(i) under pressure at 1800 psi in the appropriate eluent or

(ii) packed dry (not under pressure).

The latter technique was used as it was felt that the % crosslinked resin

may be too fragile to withstand packing under pressure.

Approximately 0.025 mol dm” solutions of the metal salts in aqueous
tetrahydrofuran were injected into the column, and a slow flow rate (0.3
ml/min) was employed to prevent a build-up of pressure during operation
(due to the fragility of the resin). An eluent of 10% tetrahydrofuran and
9% distilled water was used at first but injection of each metal solute
individually gave no retention. Therefore the amount of tetrahydrofuran
was increased, to provide maximum swelling of the polymer and to decrease
the polarity of the eluent. The following ratios contain the maximum

proportion of tetrahydrofuran whilst keeping the metal salts in solution.



60% THR/40% MAter for the transition metals
9% THF/10% Mater for the alkali metals

Again no retention mas seen for any of the metal salts tested, (and
therefore no separation was possible). It Is therefore assumed that no
weak Interaction exists for the transition metals, and that the rate of
complexation observed In the laboratory complexation experiments was too
slow to provide a h.p.l.c. separation. In the case of the alkali metals,
It Is assumed that any Interaction between the Isocyanide group and the
metal Is too weak to provide a separation. These results were observed
for columns packed dry and under pressure, and an Investigation of the
polymer material after the h.p.l.c. attempts showed no degradation of the
Isocyanide group. One of the problems encountered In the h.p.l.c. work Is
the solubility of the metal salts In the eluents used. Usually the eluent
would be changed to enhance a separation - however the metal salts are
Insoluble In most common organic solvents and therefore the technique Is
limited to solvents which are miscible with water. The polymer-supported
Isocyanide must be present In a good swelling solvent so that the
functional groups are accessible, and this solvent must be miscible with
water (needed to dissolve the metal salts) and be of low polarity. Thus
the choice Is limited to aqueous tetrahydrofuran. However, no retention

(or separation) Is seen with this eluent system.

(6) Complexation from organic media

These reactions were carried out In a similar way to those using

tetrahydrofuran, but under a dry nitrogen atmosphere, using dry solvents.



ial Cobalt ill). Iron MI) and Kanaanese fill.

Although Sacco and Freni* clalaed that an unstable blue fom of the
methyl isocyanide complex [Co(CNHe)g][Ci04”was Isolated from the reaction
of a large excess of methyl isocyanide with cobalt(ll) perchlorate in
absolute ethanol. Pratt and Silverman were unable to reproduce the
results. These latter authors always obtained the more stable red dimeric
form [Coz (CNMe)jQ][C104]4, though the presence of [Co(CNMe)s][C10412 In
dilute solution at low temperatures was confirmed by the blue coloration
of the solution. However, the authors describe the formation of a blue
solution on dissolving the red dimeric complex [Co2(CNMe)"Q][Cio414 in
water which has a similar ultraviolet spectrum to that of the blue phenyl
isocyanide-cobalt complex [Co(CNPh)g(Ci04)2 |.5H0], and therefore
concluded that the analogous, methyl isocyanide-cobalt complex is present

when the red dimer is dissolved in water.

The reaction of cobalt(ll) halides with isocyanide yields
complexes of stoichiometry CoXe(CNR2 and CoX2 (CNR)s; (X>halogen. R»alkyl
or aryl)*®. Many members of the CoXz(CNRa4 series were found to exhibit
two forms and yS , where the oc form is stable at lower

temperatures and is diamagnetic.

The complex CoCl2(CNBw)s is suggested as an intermediate in the
cobalt-catalysed substitution of carbon monoxide by Isocyanide to yield
M(C0)g-n(RRC),. (H>chromium, molybdenum or tungsten). This was confirmed
by the addition of cobalt chloride hexahydrate to t-butyl isocyanide, in a
1:4 ratio, to yield a blue-black crystalline material thought to be

CoCljiCNBU¥), \®



The analytical data for the blue-coloured polyaer-supported
isocyanide-cobalt conplex obtained by coeplexation of cobalt(ll) chloride
froa anhydrous tetrahydrofuran under a dry nitrogen ataosphere, is aost
consistent with the foraulation of the coaplex as CoCl2(CNR)2. There is
no evidence for reduction to cobalt(l) in the infrared spectnai (figure
19). The band due to the isocyanide stretch is at 2225 ca~". siailar to
those for CoCl2(CHCH3)4,(2227 ca') and CoCl2(CIKHs3)2 (2260 ca-~)8
contrast to the auch lower frequencies of 2195 and 2139 ca"* for the

reduced coaplex [Co(CNCHs)s]C1o4.".

Arshady and co-workers® have reported that cobalt chloride reacted
with an isocyanide-functionalized polyaer support, but no further

experimental details are given.

Isolated 1ron(ll)-isocyanide coaplexes are coaaonly of the
stoichiometry Fe(CHRkX2 (X-CI,Br,l; R-alkyl or aryl). These coaplexes
were isolated in two foras™®, one which wes intensely coloured (green or
blue) and sparingly soluble, the other was brown or yellow and very
soluble in organic solvents. These two foras were assuaed to be cis/trans
isomers. In experiments performed by Mays and Prater® the product was
the trans-isoaer, FeCl2(P'CrioGsH:NC)s. (as a blue precipitate) which was
found to isoaerize rapidly in chloroform solution, giving the cis-isoaer
(orange crystals) on addition of ether to the solution. Treatment of the
coaplex with sodium perchlorate in acetone at room temperature gave
[FeCI(ArNC)s][C104] as the principal product, whereas Bonati and Hinghetti
isolated the latter and [Fe(ArNC)g][Cio4]2. (Ar>p-tolyl), in their study

of isocyanide complexes of iron(I1)*".
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In early work by Malatesta™, the production of unstable coeplexes of
coH>sltlon FeSos(CNR2 and FeClz(CNR2 Is described. These coeplexes,
(R>alkyl or aryl), were crystalline products and were decoiposed in
solvent. Their structures were not investigated further and no aention of

such conplexes could be found In later literature.

The polymer-supported isocyanide-iron(ll) coaplex has an infrared
isocyanide band at 2190ca~" (figure 20) which is in keeping with values

for the isocyanide stretch of other lron(ll)-isocyanlde complexes:

[Fe(p-CH3CJHANC)][C)0,2  2190c.-'

[FeC1(p-CHsGHINC)s][C104] 2216 (W) 2155 (br) c.-'

cis-FeClz (p-CH30CGs HiKC 4 2195, 2160, 2140 c.-’

The value for the polymer-supported coaplex might have been expected to be
up to 50 em* higher to account for the alkyl nature of the isocyanide in
the latter. However, the analytical figures are in good agreement with

the assignment of the formula FeCl2(CNR2 for the supported complex.

A recent preparation of M (CNR) adducts has been described™.
(X«C1,Br,;R«BUNC) by the reaction of anhydrous manganese salts with the
isocyanide in toluene. However no complexation of aanganese(ll) chloride
from anhydrous tetrahydrofuran or ethanol solutions was observed for the

polymer-supported isocyanide (figure 21).
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The diners [Rh(C0)2C1]2 end [Rh(cod)Cl]2> where cod Is 1,5-
cydooctadlene, both react rapidly with the polymer-supported Isocyanide
In toluene to yield supported complexes whose Infrared spectra are shown
In figures 22 and 23. The reaction Is complete In a few hours. In
contrast to 24 hours which Is required for most of the metal complexation
reactions in aqueous tetrahydrofuran. In the case of the [Rh(cod)C1]2
complex, gas chromatographic analysis of the supernatant liquid shows the
loss of approximately one mole of I,5-cyclooctadlene per mole of diner.
This Is consistent with Initial bridge cleavage (of the chlorine bridged
dimer) followed by partial displacement of cod to yield a mixture of
Rh(cod)(CNR)C1 and Rh(CNR)3CL on the polymer support. The reaction of the
dimer with monomeric Isocyanides In solution generally yields salts of the
[RhCCNR)"J* catlon™, although the reaction may be stopped at the
[Rh(CMR)3C1] stage either by use of the appropriate deficiency of
Isocyanide or by use of bulky R groups In the isocyanide llgand™*. In the
case of the former, addition of the appropriate amount of 2,6-
dimethylphenyl isocyanide to [Rh(cod)C1]2 allowed the Isolation of
RhC1(CNR)3, but addition of further Isocyanide yielded [RhICNRJNCI.
However in the case of the bulky Isocyanide 2,4,6-tr1-t-butylphenyl

Isocyanide the product was Rh(CjsKzgNC)sCl only”.

Addition of Isocyanide to [Rh(C0)2C1]2 has been shown to yield a
variety of products. The cationic complexes [Rh(CNR)4)* were commonly
obtained all the originally co-ordinated ligands being replaced
when an excess of Isocyanide was used. Deeming undertook an In situ study
of the reaction of [Rh(Co)2Cli2 with t-butyl Isocyanlde; the reaction wes
shown to yield sequentially c1s-Rh(C0)2(CIA)CI, trans-Rh(CO)(CNR)2C1 and
finally [finCNR)s]CI.



Figur« 22. 1.R. spcctnn of the product fro« the rejctlon of the
polymer-supported Isocyanide »1th [Rh(CO)jCIJ*.



Figure 23.

I.R. spectra of the product from the reaction of the pol*r-supported
Isocyanide with [Rh{cod)C1Jbefore and after hydrogenation reaction.



Atable of Infrared data for these cooplexes Is given below:

cls-RhiCOjgICI  trans-RhiCOLgCI [RhLaJCl

LI -2 LI 2 L w
Jeo c»-' 2101 2101 2009 2011

2033 2033
v 22371 2223 2197 2181 2181 2167
, - «(CHjjjSKOetjj ref 7
Lj- ref 56

The weak carbonyl band at 2100 ci'* in the infrared spectrue of the
polyaer-supported coaplex (figure 24a) indicates the presence of
Rh(C0)2(CNR)C1, although the more intense bands at 2008 and 2197 ca~"
(carbonyl and isocyanide respectively) aay be assigned to Rh(CO)(CNR)2C:.
The latter was confirned by a displacenent reaction with
triphenylphosphine to yield a resin exhibiting only a free isocyanide
stretch (2140 ca’'*) on the infrared spectrua, (see figure 24b) and a solid
yelleM product assigned as Rh(Co)(PPhs)2C: froa the infrared spectrua,
(figure 24c) which shows the carbonyl stretching band at 1975 ca'”

(literature value 1960 ca"*)5"

Thus, both reactions of the polyaer-supported isocyanide with the
rhodiua diaers proceed via bridge cleavage followed by partial ligand

substitution, (cyclooctadiene or carbon aonoxide).
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(c) Zerovalent Plattnui. P<11>diui and Nickel

Alkyl isocyanides react with bis(l,5-cyclooctadiene)platinun to yield
cooplexes of enpirical fomla PtCNR)2. which are actually Pts(CNR)g
triners, (R«it#tethyl, ethyl, t-butyl, cyclohexyl).®® However, the analogous
nickel coaplex reacts with an excess of alkyl or aryl isocyanide ligand to
yield Ni(CNR)4+®", but with a deficiency of isocyanide, the product was the
nickel cluster Nis(CNR)". These two ccwplexes were also the products in
the reaction of (cod)2Ni with bulky isocyanides, such as t-butyl or

isopropyl isocyanide®®, in the ratios indicated:

(cod)2Ni + XRNC—-2 cod + [(4-x)/s]Hia (CNR7 + [(4x-7)/s]HI(CNRys

Vacuue theraolysis of Nis(CNBw)7 at 60  leads to the loss of isocyanide
to yield Nis(CNBu”)g, which has also been obtained by the direct reaction
of (cod)2Ni and the appropriate anount of isocyanide. Red-black insoluble
solids with metal to isocyanide ratios of between 1:1 and 1:1.25 were also
produced in the reaction of non-bulky isocyanides (i.e. RaCH\ C:Hs, Bu*,
GtPh) with (cod)2Hi.  All these nickel-isocyanide complexes exhibit
terminal and bridging (**1600-1700 cm"") isocyanide stretching frequencies

in their infrared spectra; examples are given below:

Complex Terminal Bridging
o A «->
NiiCNCjHii)/ 2075 (vs) 1700 (s)
1600 (s)

N(4 (CNCH(CHz )2)5 2095 (%) 1715-1750 (]



The nickel Isocyanide coi")lexes are extreaely air sensitive; the
complexes NKCNBu*)™ and Nl4(CNR)* react with oxygen to give NC:z(CNR:2
adducts™.  When the complex N102(CNBuM2 was suspended In toluene and
stirred at ambient temperature, oxygen transfer to the isocyanide ligand
occured to yield one mole of t-BuNCO and a brown complex (assumed to be
[NI(RNCO)], polymer). By treating the latter complex with excess tertiary

butyl Isocyanide, NUCNBuM" was regenerated.

heat ARNC
RS (3 ofo)) [y 1 N1(RNC)4
RN

Reaction of (cod)2Ni and (cod)2Pt with the polymer-supported
Isocyanide yields supported complexes of stoichiometry HCNR) and Is
accompanied by quantitative displacement of cyclooctadlene (confirmed by
gas chromatography).  The supported platinum complex exhibits a well-
defined Isocyanide band at 2150 cm~" in its infrared spectrum (figure 25);
however the analogous nickel complex shows only a very broad band centred
at 2205 cm” and a weak absorption at 2140 cm” due to free Isocyanide
(figure 26). Due to unavoidable oxidation during preparation for
spectroscopy, the infrared is most consistent with Ni(RNCO) as the
supported species; long exposure to air results in a colour change from

red-brown to yellow-green.

There would appear to be no reported analogue of the supported

Pt(CNR) species; the broad absorption seen at approximately 1715 em In
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the Infrared spectrum (figure 25) may be slightly more pronounced than
that found In the uncomplexed Isocyanide (present due to polymerization of
the Isocyanide during Its preparation) and so may obscure the presence of
any bridging Isocyanide vibration, or It may be that co-ordinated solvent

(toluene) Is present to maintain co-ordlnatlve saturation.

Complexes of stoichiometry PA(CNR)2 have been prepared by either the
reaction of a solution of (dba)sPd2.(CHCI3) and methyl Isocyanide In
acetonitrile with [(CHsNC)sPd][PFg]l2or alternatively the addition of solid
(dba)sPdz2 .(CHCI3) to a stirred solution containing [(CHsNC):Pd}™* and an
excess of free methyl Isocyanlde® (dba>dlbenzylldene acetone). A
trimeric structure Is suggested. Addition of excess methyl Isocyanide to
solutions of (dba)sPdz2.(CHCIz) In acetonitrile, acetone or dichloromethane
produced a yellow solution which was stable In the absence of air, and
although the exact composition of the species was not determined
(described as (CHsNC)*Pd), addition of lodine yielded (CHsNC)2Pdl2.
Evaporation of the yellow solution produced a dark brown solid with an
Isocyanide band at 2185 cm” In Its |Infrared spectrum. The palladium
complex prepared by the reaction of (cod)2Pd and two equivalents of
t-butyl isocyanide having the composition Pd(CNBu)2 was determined to be
the trimeric species Pds(CNBu")g®@".

The product of the reaction of the polymer supported Isocyanide with
Pd(dba)2 has a stoichiometry of Pd(CNR)2 from the analytical data,
although the infrared spectrum (figure 27) is more difficult to interpret.
There Is a broad absorption around 2197 cm* (with a slight shoulder at
2267 cm*') due to the complexed Isocyanlde, which Is similar to that of
the dark brown solid described earlier, 2185 cm~". There Is also some
evidence of bridging Isocyanide absorption at around 1720 cm™, although
the presence of polymerized isocyanlde In the spectrum of uncomplexed

Isocyanide also has a weak, broad absorption in this region.






7.) Catalysis

The supported rhodfuii(l) complexes prepared by reaction of the dimers
[Rh(C0)2C1)2 and [Rh(cod)C1]2 with the polymer-supported Isocyanide were
Investigated as potential catalysts for the hydrogenation of cyclohexene.
Under the conditions used,(l atm H2.60 ~C) only the latter complex was
found to be active. Although the reaction appears to proceed with no loss
of metal (thodium analyses before and after hydrogenation were Identical)
the following observations Indicate that some or all of the catalysis
proceeds via reduction to the metal. An Induction period of about 100
minutes Is observed, after which catalysis activity Increases with time
(see figure 26); similar results were found for rhodium catalysts anchored
on silica supports"** where induction periods were observed, and
reduction to metal Is assumed. Hetal crystallite formation or reduction of
the metal complex has been observed for both a polymer-supported
[Rh(Co)2Cli2 catalyst anchored via a cyclopentadienyl group on a 20%
crosslinked polystyrene resin®*, and for a similar rhodium complex
anchored on both 8% crosslinked polystyrene and soluble polystyrene

supports®®.

In the case of our polymer-supported rhodium complex, there Is also a
large decrease in the intensity of the infrared ON vibration at 2165 cm*
(figure 23), together with the appearance of a band at 2230 cm™. These
changes are similar to those observed on hydrogenation using a silica-
supported catalyst® and may be due to the hydrogenation of the isocyanide
coupled perhaps with metal catalysed Isomerisation to the nitrile

(expected ON vibration ~ 2250-2300 cm").



uptake» 1

Figure 26.

Graph to show the rite of hydrogenation of cyclohexene to cyclohexane
catalysed by

® -© - 'CHNC— fth(cod)Cl



3.3 BEXPERIMENTAL

(A)Hetal Cowolexation

g.n Coaplexdtion froi aoueous tetrabydrofuran.

Polymer-supported Isocyanlde (0.2 g, 0.21 nunoi isocyanide) was
swollen in tetrabydrofuran (5 ml); and tetrachloroauric add (0.08 g, 2.03
imol) dissolved in distilled water (5 ml) was added to the polymer, and
the mixture was stirred overnight. The polymer was filtered, washed with
water, ethanol, diethyl ether and then dichloromethane, and dried under

vacuum for 24 hours.

This procedure was followed for all other metal salts complexed from
aqueous tetrahydrofuran l.e. KePtCls, N&PdCls. RhCls .xHz20. AgPFg, Aghbs.

CuCl2*2hH"i HgCl2 and for attempted complexation of ZnClz, NiCi2.6kbo.

The above procedure was also carried out for the following : LISCN
KSCN, NeSIN (with reference to h.p.l.c. work, section 5) but showed no
complexation (i.e. no visible change in free NC stretch at 2140 onf” on

the infrared spectra and no appearance of a complexed NC stretch).



1.2 ConiDlexatlon from organic media.

Using a drybag. a siailar procedure was followed for the co”>lexatlon
of anhydrous cobalt chloride and ferrous chloride from dry tetrahydrofuran
only (10 n1), under a nitrogen atmosphere. The polymer product was washed
with dry tetrahydrofuran and dry dichloromethane before drying under

vacuum for 24 hours.

The organometallic coi")lexes were reacted with the polymer-suported
isocyanide also in the drybag, in the same way, in either dry
tetrahydrofuran (for Pd(dba)2) or dry toluene (for Pt(cod)2, Ni(cod)z,
[Rh(C0)2C1]2i and [Rh(cod)C1]2)« At least 10 nl of solvent was used per
0.2 g polymer, but the amount was increased as necessary due to the

relative solubilities of the metal complexes.

The polymer product in each case was washed with either dry
tetrahydrofuran, or dry toluene, followed by dry dichloromethane, before

drying under vacuum for 24 hours.

For a table of analysis results and infrared spectra see discussion m
examples of calculations can be found at the end of the experimental

section.



Table 3 Raw Analytical Data

aetal complex product® %aetai isocvanid«

colour content fit
polver
pale orange 2.8 35 0.56
light brown 79 2.8 0.90
red brown 101 51 1.0
off-white 6.4 - 1.03
off-white 44 11 0.90
off-white 9.7 3.2 0.90
off-white 19 1.9 1.03
pale yellow 115 4.0 1.03
turquoise 2.8 38 1.03
pale yellow 2.6 4.4 1.03

dark brown 57 - 1.03

orange-brown 139 - 1.03
pale orange 5.8 25 1.03
red brown™* 6.3 - 1.03

brown 7.0 3.05 1.03



1.3 mu] CQwlexatlon for r*te defnlfutions.

The procedure described in section (i) was followed for sanples
K2 PtCla

AgPFg and NeePdCle

AgPFg and K2PtCla

HAUCls .30 and K2PtCla.

of (a
b
c

(
(
(
(d

)
)
)
)
The polynereetal eixtures were set up in separate flasks, but ran
concurrently for the pairs listed. The conplexation rate was deternined
for samples of both 2 and %% crosslinked resins for each set (a)-(c) and
9% only for (d), by removal of snail sanples at approximately 1-2 hour
intervals, washing as described in section 1.1, and drying under vacuum for
2-3 hours before running the infrared spectra. Approximately equimolar

ratios of poiymernetar salt were used for these determinations.

Tables 4-7 Comparison of the rate of complexation of metal salts, by
polymer supported isocyanides:

(1)2% crosslinked (sample JC218)

(ii) Qb crosslinked (sample JC211)

Calculations assume the infrared bands correspond to triangles, (by
counting scaled paper squares on the original spectra), i.e. base x height
/2 ®marea.

% conversion » area comolexed band X 100

area conplexed band * area free band



Table 4 KAPECI~ only, with (i) and (11)

polviner  hours

(i) 1.0
It) 10
i) 2.0
N 20
1) 3.0
i) 3.0
i) 375

i) 5.25
ii) 5.25
i) 6.25
ii) 6.25
i) 8.5

(
(
(
(
(
(
(ii) 3.75
(
(
(
(
(
(ii) 8.5

cosBJsxed
(area of band)

75
115
12.0
66.4
41.0
21.0
175
51.0
333
55.0
40.0
30.0
61.9
62.0

See graph, figure 12.

iissijc

(area of band)
60.0
70.6
53.8
68.1
23.0
473
26.0
215
19.7
15.8
12.8
4.1
7.0
5.6

»converston

111
140
182
494
64.1
307
402
703
62.8
777
758
88.0
89.8
9.7
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i AgPFg and Na2PdCls with polywrs (1) and (11).
polvier/iiietal salt hours comolexed free jiconverslon

(area of band) (area of band)

()As 1 383 10.0 79.3
(li)*9 1 11.0 20.0 355
(DPd 1 26.0 28.0 281
(ti)Pd 1 33.8 35.0 491
(1Ag 3 495 5.1 2.7
(ifAg 3 73,8 45.0 62.1
(f)Pd 3 49.4 293 62.8
(iyPd 3 185 116 61.8
(hAg 5.25 78.8 41 95.1
(ihAg 5.25 33.8 7.1 82.6
()Pd 5.25 220 7.9 736
(ipd 5.25 45.0 16.0 738
(1)Ag 7 57.8 0.75 98.6
(ifAg 7 35.0 6.8 83,7
(hPd 7 48.8 127 79.3
(lyPd 7 33.8 35.0 491
(i)Ag 2% 58.8 0.9 9.5
(H)Ag 24 40.0 19 955
(iyPd % 53.8 8.3 86.6
(H)Pd 24 84.8 145 85.4

See graph, figure 13.



Table 6 AoPFg and K2PtCls with polywrs (1) and (11)

Dolvnier/inetal salt hours  comolexed free “conversion

(area of band) (area of band)

(i)*g 1 43.9 15.8 735
(i)Ag 1 75 27.0 217
()Pt 1 113 51.3 181
(Li)Pt 1 5.0 215 154
(DAg 2 475 9.0 84.1
(lyAg 2 14.0 14.9 484
()Pt 2 141 25.0 36.1
(ii)Pt 2 12.0 23.0 34.3
(HAg 4 29.8 3.0 90.9
(i)Ag 4 12.0 11.0 52.2
()Pt 4 123 19.0 39.3
(ii)Pt 4 37.1 225 62.2
()Ag 6 45.0 2.6 945
(fi)Ag 6 28.0 180 60.9
()Pt 5 340 105 76.4
(i1)Pt 6 60.8 21.0 743
()Ag 23 65.3 1.9 97.2
(i)Ag 2 48.0 4.4 91.6
()Pt 23 1414 4.2 971
(Li)Pt 2 138.0 3.8 97.3

See graph, figure 14.



Table 7 KAUCI43|2) and K2’tcl4 with polywer (i1) only.

polYiner/iwtal salt hours  comolexed iESsili  IsanittimM
(i1)Au 1 135.0 3.4 96.8
(ti)Pt 1 3.8 46.9 75
(Lippu 3 1365 05 99.6
(liyPt 3 75 205 26.8
(Li]Au S 1875 0.5 99.8
(i)pt 5 105 230 313

See graph, figure 15.

(1.4)Selective coiDlexation of plattnuM/rhodiui lixture.

The solubility of the two salts together in aqueous tetrahydrofuran
was first determined by disolving K2PtCls (0.01 g) and RhCls .xH20 (0.06 g)
in water (5 ml), followed by the addition of tetrahydrofuran (5 ml). No

precipitation or reaction was observed.

KzPtCls (0.0104 g, 0.0025 mol) and RhCI3.xH20 (0.0062 g, 0.024 mmol)
were dissolved in distilled water (5 ml). This mixture was added to a
reaction flask containing polymer-supported isocyanide (0.0891 g, 0.05
mmol) in tetrahydrofuran (5 ml). The reaction mixture was stirred for 24

hours.  The polymer product wes filtered, washed and dried as in section

().

Analytical Data

Pt content: 2.8% 96.2 mole %of total metal incorporation

Rh content: 0.06% 3.8 mole %of total metal incorporation



I.R. spectruB (KBr disc) figure 29
CoRMexed NC stretch 2222 ca™
Free NC stretch 2140 ca™

(61 Atteapted rewovel/displacewent of aetel co«>lexes.

The folloMing coabinations of polyaer-supported aetal/solvent were
tested,
(iIDolvaer-supDorted rhodiua (froa RhCls .xHz20 coaplexation) with
(a) Diaethylforaaaide
(b) Oimethylsulphoxide - standard technique plus ultrasonic.
(illpoTvaer-suDPQrted olatinua (froa K2PtCls coaplexation) with
(a) Diaethylsulphoxide
(b) Pyridine

(c) Piperidine -standard technique plus ultrasonic.

The following procedure is typical:

(il(al (standard technique)

Polyaer-supported rhodiua coaplex (0.1 g¢,~3 ng Rh, 0.03 mmol) was
suspended in dimethylsulphoxide (5 ml) and stirred for 24 hours. The
polymer product was filtered, (the filtrate was retained) and washed with
water, ethanol, diethyl ether and then dichloromethane, before drying under
vacuum for 4 hours. Infrared spectra of starting material and product were
recorded. In some cases (as indicated above) the flask containing the
reactants was suspended in an ultrasonic bath for 24 hours, instead of

stirred.

Infrared spectrum (figure 30a) shows little difference between
starting material and product. No evidence of free (i.e. uncomplexed)
isocyanide, 2140 cm+ free)

2214 cm* Rh complexed NC).
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For HHb) ultrasonic technique
0.0789 g polyaer-supported rhodiua coaplex used in 5 al
dimethylsulphoxide. (~3 ng Rh froa aetal analysis of starting aaterial)
standard soln: 3.2 ag RhCI3.xH20 made up to 5 al in DHO

(figure 31) ultraviolet spectrua and data.

Filtrate froa reaction : absorbance 0.071 at 417 na.
Standard soln . absorbance 0.692 at 417 na.
Therefore approximately 1/10 of rhodiua removed.

Infrared spectra (figure 30b) shows very slight shoulder at 2140 ca”

Polvmer-suDDorted  solvent  technique infrared spectrum

metal before/after coments
Rh OVF stir ro change(no  free )
Rh DHO stir no change(no free

R MO ultrasonic very slight shoulder

at 2140 ca™-free iur

Pt VO stir no change

Pt Pyridine stir no change

Pt Piperidine  stir shoulder at 2140 ca**
-free

Pt Piperidine ultrasonic  disappearance of
conplexed at

2222 cm"™, no free

at 2140 ca”

POlvaer-suDDorted silver, with triphenylphosphine.

Polyaer-supported silver complex (froa coaplexation with

AgPF5)(0.11 g, max 0.09 nmol Ag) was swollen in dichlorontethane (15 ml)
and triphenylphosphine (0.05 g, 0.2 aaol) was added. The mixture was
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Figure 31.

Attempted removal of RhCI3.xH20 from the polymer-supported
isocyanide using DHSO, (ultrasonic technique).

(a) Std RhClj.xH*O soln. In DMSO, abs: 0.692 at 417nm.

(b) Soln from attempted extraction of rhodium salt,
abs: 0.071 at 417nm.



250
stirred and refluxed for 3 days. The polyner product was filtered, washed
with dichloroaethane, and dried under vacuini for 6 hours. The Infrared
spectruM (figure 17) shows the presence of a considerable proportion of
free Isocyanide, estlnated (as for the rate deterelnatlons) to be
approxiMtely 60% free, 40% cooplexed Isocyanide.

(Cl AtteiBteil h.D.l.c, scMrattons of »tal salts

This work was carried out, by the author, at Polymer Laboratories,
using Knauer h.p.l.c. equipment, with a conductivity detector. Standard
stainless steel columns were used, all with Internal diameter 4.6 nm
Columns were packed dry or at 1800 psi In the eluent shown. Columns were
packed with the polymer-supported Isocyanide, (JC211), % crosslinked, 0.9
mmal g' A

Table 6 Conditions used.

figure le. MM tktj__length of  «luent to semrete
ild lal %TH
(rest HO)

R 0.3 1800 psi/ 15 10 transition
106TH metal cations

} andalkali
3 0.3 dry 5 10° metal cations

% 0.3 dry IS 60 transition
metal cations
k3 0.3 dry 15 90  alkali metal

cations

35 0.3+ 1800 psi/ 15 60 transition

10 6eTH metal cations

Chart speed 300 mm/hr

Approximately 0.025 nol dn~" solutions of the following metal salts
were prepared by accurately weighing the approprate amount of metal salt
and dissolving In the appropriate eluent. The Injection volumes were In

the range 2.5-10 ul. It can be seen from the h.p.l.c. traces
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excess of fsocyanide (rather than an excess of aetal) in a siailar aanner

to that of section (A)(1li). Approxiaately 0.5 g of polywr-supported

isocyanide were used, in 10 ial dry toluene, with an appropriate anount of

complex.

Two standard solutions of cod in toluene were also prepared, corresponding

to the loss of one or both cod's from the aetal complexes, for use in gas

chromatographic determination.

sail« SMBle wlv NC toluant
wt(g) ol wt(g) mmol ml
Pt(cod)2 0.0969 0.24 0.5175 053 10
Ni(cod)2 0.0742 0.27 0.5172 0.53 10
cod 0.572 0.53 - - 10
cod 0.0235 0.22 - - 10

tRh(cod)Ch2 0.0531 0.108 03221 033 10

After filtration of the polymer product, a sample of the filtrate

(for each of the reactions and standards) was analysed

chromatography.

Conditions used:

Column:  SE30, %% on chromosorb W, 19 ft.

temp: 135 °C

samples: Ipl

attenuation: IxIO"

N flow rate : 30 ml/min.

Chart speed: 120 mm/hr.

For cod determinations: figure 36 shows a typical trace.

Chart speed: 600 im/hr

by gas






Peaks cut out and weighed:«

weights of peaks;

standard A; 06172 g ~2 cod
standard B; 0.2337 g ~1 cod
Pt(cod)2/poly NC 0.4590 g cod
Ni(cod)2/poly NC; 0.6163 g 2 cod

[Rh(cod)Cl]2/poly NC, 0.1303 g ~1 cod

iii) Reaction of polver-suoported isocvanide-rhodim carbonvl coaolex with

triohenviphosphine.

Polymer-supported isocyanide-rhodium carbonyl complex (0.4815 g,
~0.29 iMol Rh) was swollen in toluene (35 ml, dried and distilled off
sodium wire) for 30 minutes. Triphenylphosphine (0.1721 g. 0.66 mmol)
was added and the mixture stirred for 6 hours at room temperature. The
polymer product was filtered, washed with dry toluene and dried under
vacuum.  The solvent was removed from the filtrate to yield a yellow solid

which was also dried under vacuum.

I.R.iKBr discs) (figure 24 in discussion).
(a) poly-NC:[Rh(CO)CI}2 complex before reaction
2008(s), 2100(w) on"; ij,, 2197(s) c»"
(b) polymer as in (a), after reaction
2140 M -
(c) yellow solid product from reaction

VIO >980 c»->
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(E) Catalysis

Hydrogenation of cydohexene to cyclohexane.

Polyner-supported [Rh(Co)2Cij2 <nd [Rh(cod)Cij2 were tested In the
following way; however only the Utter acted as a catalyst for the

reaction.

The polyner-supported [Rh(cod)C1]2 conplex (0.12 g 24% Rh) wes
swollen in toluene (2 nl, dry, distilled off sodiun wire) for 5 ninutes,
and cyclohexene (1 nl of 7.3 m solution in toluene) was added. The
solution was rapidly stirred under 1 ata hydrogen at 60 until hydrogen

uptake had ceased.

Conplete conversion was confimed by gas chronatography, under the
following conditions:
column:  SE30, % on chromosorb W19 ft
temp: 50 °C
sanple:  0.5pl
chart speed : 120 mn/hr
N flow rate: 30 nl/iin

No conversion was observed for the supported complex [Rh(C0)2C1)2'
100% conversion was observed for the supported conplex
[Rh(cod)C1]2,

Rh analysis of supported conplex after hydrogenation > 2.4%.















(@) For rereurv;

Prooosed overall reaction (1)

HICI2 * 1.7 OR—0.7 HICI2(QR)2 * 0.3 HCI2QR)

Isocyanide content of polyaer * 1.08 mol

For reaction HCI2 * 2 O\R—>HICI2 (O\R)2

wt gain by polyeer : (0.S)(1.03}(271.5) > 139.8 g
(o wt loss)

Amt Hg present -(0.5)il.03) = 0.45 naol g™
1.1398
. Amt Cl present m 51.031 = 0.90 mmol g™
11398

For reaction HgClz > O\R-vHgCl2 (CNR)
Mt gain by polymer : (1.03)(271.5) = 279.6 mmol g
(not wt loss)

Amt Hg present »1.03 «0.80 mol g™
1.27%

.. Amt Cl present «(1.031( «1.60 mmol g
1

21
.2976
From CI Figures:

x(0.90) ~ (1-)(1.60) - 1.12
0.90 x + 1.60 - 1.60X m 1.12
- 0.7x - -0.48
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Table 10

Isocyanfde content of batches of resin used for the complexation

reactions:
metal complex isocyanide content of resin
mol ¢
RhCls .xHz20 0.56
K2PtCla 0.90
NazPdCla 1.03
AGNOj 1.03
AgPre 0.90
FeClz 1.03
GCl2 1.03
HAUCl .3H 0 0.90
CuClz *2H20 1.03
HgCl2 1.03
[Rh{cod)Clj2 1.03
[Rh(CO)Clj2 1.03
Pt(cod)2 1.03
Ni(cod)2 1.03

Pd(dba)2 1.03
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