CHAPTER TWO

SOLID STATE REACTIONS

2.0 Introduction

The discovery of ferrocene in the 1950s was a gateway to the area of organometallic
chemistry and this event led to the synthesis of numerous organometallic complexes.
Many of these complexes have been widely used as industrial homogeneous catalysts and
also in organic synthesis where they have provided new synthetic routes to inaccessible

compounds

Traditionally, most of these organometallic reactions were carried out in solution. This
might have been due to the ready availability of characterisation techniques, many of
which required solution media at the time. Reactions in the gas phase have also been
described but here the emphasis has not been on synthetic chemistry [1]. The
development of synthetic organometallic chemistry in the solid state as well as reactions

on surfaces, by contrast, has been little mentioned in the literature.

Solid state organic reactions have also been studied for many years and numerous
principles that provide for an understanding of the chemistry associated with this field
have been developed. However, transfer of this knowledge to the field of organometallic

chemistry is hardly known.

There are many reasons for this situation (i) Aristole’s famous philosophy, which says
that “No reaction occurs in the absence of a solvent” [2]. This philosophy had a big
influence in the development of synthetic chemistry and many reactions were performed
in the presence of solvents even if there was no reason to do the reaction in solvent
media; (i) lack of contact between reactants; (iii) the delicate nature of the
organometallic complexes i.e. they easily decompose on heating and react with oxygen
and moisture to give undesirable products and (iv) lack of techniques available to study

reactions in a confined environment.



Although X-ray diffractometers were available in the early studies on organometallic
complexes, the use of this technique was time consuming and it was predominantly used
for structural determination and the emphasis was certainly not on the study of reactions
in the solid state. However the latest developments in diffractometer design as well as the
availability of equipment for thermal analysis (e.g. differential scanning calorimetry,
thermal gravimetric analysis), solid state NMR spectroscopy, optical miscroscopy (for
visualizing the reaction), DRIFTS and other related techiques has in recent years made it

possible to study reactions in the solid state and under inert atmospheres.

2.1 Solid State Reactivity

Reactions between or within solid reactants to yield a solid product are prototypical of
solvent free reactions [3, 4]. From literature reports the concept of chemical reactivity
between solids (and very often within solids) is very difficult to define [5]. Reactions
which occurred in the melt were not considered as genuine solid state reactions. The same
applied to reactions which occurred with crystal degration prior to the reaction. For the
purpose of this thesis, solid state reactions shall refer to all solventless processes leading
from a solid reactant to a solid product. Gas solid reactions will also be regarded as solid

state reactions as they can eventually produce a solid product.

The difference between solid state reactions and solution ones is that solid state reactions
occur within the rigid constraining environment of the crystal lattice (reaction cavity
concept [6]). Solid state reactions therefore provide an extreme case for evaluating the
effect of intermolecular forces on a reaction and their influence on reaction mechanism
and direction [7]. The confined environment of the reactant crystal lattice can control the
kinetic features of a reaction and hence the nature of products. Such reactions are said to
be topochemically controlled and illustrate the topochemical principle proposed by
Cohen and Schmidt in which reactions in the solid state take place with minimum
requirements of energy and atomic or molecular motion requirements [8, 9, 10].
Topochemical control of a reaction to produce a product is analogous to the kinetic

control of a reaction in solution. The product is not necessarily the thermodynamically



most stable product available to the system, but is rather the one dictated by the reaction
pathway available in the encapsulating surroundings of the solid [11]. Thus product
selectivity in the solid state can be different from reactions in solution or gaseous media
since the range of intermediates or transition state structures accessible in a confined
environment are more limited [10, 12]. Regardless of whether or not topochemical
control is evident in a reaction, there is often correlation at the molecular level, between
the lattice of the product and that of the reactant. When this occurs the reaction is then
described as being topotactic. In other instances the growth of the product phase proceeds
in a less orderly manner, producing a product that is amorphous to X-rays. This situation
seems to arise when the product lattice fractures and disrupts the host lattice such that

long range coherence within the crystal lattice is lost [11].

Generally, solid state reactions may have the following advantages over solution phase

reactions:

(1) The atom economic nature of the solid state reactions and the limited

formation of side products [13].

(i)  No solvents are needed in the reaction and hence no waste disposal issues
associated with the solvent need be considered [14]. This is of considerable
importance in the rapidly emerging field of Green Chemistry which has
resulted in major changes in the way synthetic chemists develop processes and
products [15]. Also, products do not require extensive purification to remove

traces of solvent and impurities [2].

(iii))  The constrained environment in a ‘reaction cavity’ can lead to novel chemical
reactions, with product selectivity different from that expected in the liquid
phase [8, 9, 16, 17, 18]. It is expected that the crystalline solid state may affect
the product selectivity of chemical reactions, not only by rate accelerations but
also by slowing down rates of competing processes. Manipulating rates and
selectivities by changing activation energies in the liquid phase can be thought
of as a low resolution approach to controlling chemical reactivity [19]. It is

therefore possible that solid state reactions may occur with both control and



(iv)

(v)
(vi)

(vii)

yields not achievable by any other media, indeed quantitative yields have been
observed with solid state reactions. These reactions are often faster, taking just
a few minutes rather than hours to complete because the reactants are in

intimate contact with each other [2].

Enantioselective reactions are feasible in a chiral cavity [20]. In such reactions
the asymmetry is only determined by its physical origin without any chemical

reagent - the chiral source being the chiral crystal packing [20].
Kinetic trapping of highly reactive intermediates [16, 17, 18].

Crystal engineering using organometallic complexes is possible in the solid

state [21, 22].

Cascade reactions can be carried out quite easily and with high yields [2].

The potential of solid state chemistry for mechanistic studies, solvent free synthesis

and materials applications is now fully recognised [23].



2.2 Literature survey

2.2.1 Solid State Organic Chemistry

Scientific investigations in solid state organic chemistry date back to the early 1800’s but
Schmidt and co-workers have been credited with the field’s revival after their intensive
investigation that led to the formulation of the topochemical principle, providing the ‘first
model’ for the interpretation of chemical reactions in the solid state [24, 25, 26]. One of
the classic reactions that they described was the photodimerisation of ortho-ethoxy-trans-
cinnamic acid by exposure of the molecule to UV radiation, a reaction which depended

on which polymorph was being irradiated (Figure 2.1)
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Figure 2.1: Irradiation of cinnamic acid in the solid state with products dependant on the

polymorph irradiated [27].



This reaction is still under investigation and recently it has been shown that factors other
than topochemical ones may be operative [27]. These other important factors that
influence the course of solid state reactions include the presence of solvates, planar

defects, phase transitions [27], disorder and even crystal morphology [28].

Other reaction types also occur in organic crystals. Closely related to photodimerisation is
photopolymerisation and since the 1980’s many of these types of organic solid state
reactions have been reported. These include thermal or photochemical interconversion
reactions between geometric isomers and conformers with E/Z configurations [5, 29 and
6]. Recently, Knoevenagel condensation and Michael addition reactions have also been
reported to occur in the solid state [30]. The incentive for these reactions is the

quantitative yield and the atom economic nature of the reactions.

To date several hundred solid-state syntheses involving numerous organic reaction types
have been reported [31]. Incentives driving the rapid development are the advantages
associated with “solvent free syntheses” [32], reactions that are atom economic and
sustainable [30]. Other factors include the high yields [12, 33-37] associated with these
reactions as well as the possibility of achieving novel or stereoselective products as a
consequence of the reactions in a constrained crystalline environment [38]. For more

details see the extensive data summarised in the book by Tanaka [23].

2.2.2  Solid State Coordination Chemistry

A large number of coordination compounds undergo either thermal or photochemical
reactions in the solid state [39]. Most of these studies were carried out on cobalt(IIl) and
chromium (IIT) complexes. Some of these reactions have been known since the time of

Werner in the early 1900’s and Le May has written a comprehensive review on solid state



reactions of coordination compounds [39] Since then numerous types of reactions
continue to be reported and these include, ligand exchange reactions, isomerization
reactions [40], redox reactions and reactions of coordinated ligands [10]. The use of
solventless techniques to prepare coordination complexes is beginning to be realised [4].
One example entails the use of mechanochemical procedures (co-grinding or milling of

solid reagents).

2.2.2.1 Cis/trans Isomerisation reactions

Solid state cis-trans isomerisation reactions of four coordinate square planar platinum
complexes PtL,X, (L = neutral donor ligand, X = halide) were reported as early as 1970
[41]. The isomerisation of these complexes is still under investigation. For example, it
has been found that for the complexes Pd(NH;3),X, (X = Cl, Br, I), the solid state
isomerisation also proceeds from the cis to frans isomer (see Figure 2.2) and that the

isomerisation process involves the ‘breaking of Pd-X and Pd-N bonds’[42].
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Figure 2.2: Conversion of cis-Pd(NH3),X, (X = Cl, Br, I) to trans- PA(NH3),X; [42]
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It was found that pure ftrans-Pt(CO)(NH,R)CIl, (e.g. R = CHMePh) also directly
rearranges to the cis isomer under thermal conditions. Fushini er al/ also found that
complexes of the type PtX,(PR3), undergo cis-trans isomerisation in the solid state [43].

The isomerisation reactions were studied using DTA/TGA methods.

The six coordinate chromium and cobalt complexes of the type, [MX,(a-a):]X, (M =
Co(Ill), Cr(Ill); a-a = diammine, X = halide) were reported to undergo solid state
isomerisation reactions [44 - 46]. Originally, the isomerisation of these complexes were
thought to be catalysed by the presence of occluded H,O molecules and to occur in the
melt phase. A so-called “aquation-anation” isomerisation mechanism was proposed to
explain the findings [45, 46]. The isomerisation of the complex trans-[CrBry(Pn),]Br.
H,O (Pn = propylenediamine) in the anhydrous state led to a different mechanistic

proposal [47 - 49].

2.2.2.2 Linkage Isomerisation Reactions

Coordination compounds have also been observed to undergo linkage isomerisation
reactions. This type of isomerism is exhibited by complexes with ambidentate ligands.
An extensively studied solid-state linkage isomerisation reaction involves the nitrito-nitro
linkage isomerisation of Co(Il) amine complexes [50]. An example is
[Co(NH3)sONO]XY «>[Co(NH3)sNO2]XY where XY = Cl,, Bra, I, (NO3), and CI(NOs).
Transition metals other than cobalt have also been studied and much effort has been made

to clarify the mechanism of this solid state isomerisation reaction.

Jorgersen synthesised both nitro (NO;, nitrogen coordination) (Scheme 1) and nitrite
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(ONO, oxygen coordination) cobalt isomers [50]. ONO isomers could be synthesized in
solution reactions as well as by irradiating the corresponding NO; isomers in the solid

state.

A\ solid-state/ solution

[Co(NH;);ONOTX,
hv, Solid-state

—~—

[Co(NH3)sNO,]X,

Scheme 1

A solid state reversible reaction was achieved by employing thermal and photochemical
reaction conditions. Single-crystal to single-crystal studies on the linkage isomerisation
involving NO,-ONO interconversion in complexes of the ‘[ype[Co(NH3)5NOz]2+ has
generated data on the role of heat, pressure, irradiation, cavity size, and other factors on

the reaction [51].

Thermally induced nitro-nitrito(O, O) linkage isomerisation in diamine complexes of
nickel(Il) in the solid state is known [52]. For example, trans-[NiLy(NO,),] (L = N, N
dipropyl 1,2-diaminoethane) transforms slowly to a nitrite (O,0) isomer , cis —
[NiL,(O;N)(NO;) at 298 K. 100 % conversion is achieved within 5 days. The nitro
complex is brown in colour and the nitrite complex is green. Single-crystal to single-
crystal studies revealed that the nitrite complex also show a reversible phase transition
which is associated with thermal motion of the side chains of L with variation of
temperature. The isomerisation reactions have been shown to be intramolecular, with no

exchange of the ligands between different complex cations [53].
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2.2.2.3 Synthesis of coordination compounds by mechanochemical methods

It has been shown that a few coordination compounds can be prepared in the solid state
by grinding or milling together solid reagents [4]. Balema et a/ showed that some cis-
platinum complexes cis-[(PPh3;)PtCl,] and cis-[(PPh;)PtCOs;] can be prepared
mechanochemicallly from solid reactants in the absence of solvents. cis-[(PPh3;)PtCl,]
was obtained in 98 % yield after ball milling of polycrystalline PtCl, and PPhs, while the
mechanically induced solid state reaction of cis-[(PPh3;)PtCl,] with an excess of
anhydrous K,COj; produced cis-[(PPh3;)PtCOs] in 70 % yield [54]. The same group has
investigated, by means of solid state *'P NMR spectroscopy and powder XRD, the
formation of phosphonium salts during the high energy ball-milling of
triphenylphosphine ~ with solid organic bromides [55]. In the case of 2-bromo-2-
phenylacetophenone the solvent-free, mechanically induced, transformation results in the
formation of the thermodynamically favorable C-phosphorylated product, which in
solution is only obtained together with side products [55]. The mechanical preparation of

phosphorus ylides has also been reported [56].

The complex Fe(phen)(H,0);SO4 (Where phen is 1,10-phenanthroline) is reported to be
produced from the solid state reaction of FeSO4.7H,0 and 1,10-phenanthroline at 70 °C
[57]. Solution reaction of the two reagents has often produced [Fe(phen);][SO4]. The
complex [Fe(phen)(H,0);][SO4] resulting from the solid state reaction has been found to
be neutral and is an octahedral Fe(Il) complex with unidentate sulfate ligand. The other
five coordination sites have been observed to be occupied by water and the 1,10-
phenanthroline ligand. This provided yet another facile example in which the solid state
reaction produced new compounds which are not accessible in solution media. Many
other solid state reactions of this type, in which a transition metal salt is reacted with a
ligand are known [58 - 65]. In some cases it was shown that coordination of the ligand
takes place in a stepwise manner with sequential substitution of coordinated water in
hydrated salts. The water molecules in these hydrated salts have also been shown to have

a significant effect on the rates of these reactions [66, 67].

In a related study, grinding of Ni(NOs), with 1,10-phenanthroline resulted in the facile

preparation of [Ni(phen);]” accompanied by a dramatic and rapid colour change [68].
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Addition of the sodium salt of tetrasulfonatocalix[4]arene (tsc) gives two porous 7-
stacked supramolecular arrays [Ni(phen);]o[tsc*].nH,O [68] and the related
[Na(H,O)(phen)][Ni(phen);]4[Ni(phen)s]s[tsc* ][tsc>].nH,O depending on the

stoichiometry of the reaction [68].

A reaction between M,Cl,(NMe;)s (M = Mo or W) and Hhpp (1,3,4,6,7,8-hexahydro-2H-
pyrimido[2,2-a]pyrimidine (8 equiv) at 150 °C has been found to form compounds of
M, (hpp)4Cly (hpp is the anion derived from deprotonation of Hhpp) under solventless
conditions [69]. The reaction however takes place in the melt by elimination of HNMe,
and the products are purified by sublimation followed by recrystallization in appropriate

solvents.

Grinding copper(Il) acetate hydrate with 1,3-di(4-pyridyl)propane (dpp) gives a gradual
colour change of the Cu complex from blue to blue-green over a period of 15 minutes.
The resulting material was shown by solid-state NMR spectroscopy to comprise of a 1D
coordination polymer with water-filled pores. The same host structure,
[{Cu(OAc),}2(pn-dpp)]. could be obtained from solution containing methanol, acetic acid
or ethylene glycol as guest species [70].

Otera and co-workers have shown that the supramolecular self-assembly of a number of
complexes is dramatically accelerated under solvent-free conditions leading to the
formation of two- or three-dimensional structures and even double helicates [71]. For
instance, reaction of [(ethylendiamine)Pt(NOs),] with 4,4’ bipyridine to form molecular
squares takes more than 4 weeks at 100 °C, while the reaction is brought to completion
within 10 minutes at room temperature by mixing the reactants without solvents [71].
Double-helix formation under solvent-free conditions has also been achieved by treating
chiral oligo(bipyridine) copper complexes with [(CH3;CN)Cu]PFs. The progress of the
reaction was monitored by measuring solid-state CD-spectra, which showed that after
grinding for 5 minutes the desired helicate had been obtained. The results showed that
solvent-free complexation can be easily achieved, even with relatively complex systems,

but also reactions are much faster than in solution.
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A dinuclear bridged species [Cuy(dpp)(H,0)(dmso)Cl4].dmso is reported to undergo solid
state polymerisation [72]. Upon removal of water and dmso molecules, the complexes
polymerises in the solid state to a polynuclear complex of the formula [Cu(dpp)Cls],. The
complex [Cuy(dpp)(H20)(dmso)Cl4].dmso is antiferromagnetic, and the resulting polymer
is ferromagnetic. The solid state reaction has therefore been monitored by studying the
magnetic susceptibility data of the starting and product material. TGA as well as XRD
have been used to study the solid state reaction. In a related study, a one dimensional
polymer network, [ {Cu(O,CMe),}.(dpp)], has been prepared by simple grinding of solid
copper (II) acetate dehydrate with dpp in a pestle and mortar [73, 74].

Solid state intercalation of organic compounds into the interlayer spaces of some metal
complexes has been reported [75 to 79]. 4,4’-bipyridine and 1,2-di(4-pyridine)ethylene
molecules has been intercalated into the interlayer of cobalt(Il)-, nickel(II)- and
copper(Il)-montmorillonites by solid-solid reactions at room temperature. The
intercalated molecules of the diimines formed (ML,),-type coordination polymers in the
interlayer spaces of montmorillonites. Tris(8-hydroxyquinoline)aluminum(IIl) complexes
(Algs), a molecule widely studied as an organic light-emitting device, has been found to
form in the interlayer spaces of smectites by solid-solid reactions between Al-smectites
(Al-montmorillonite and Al-synthetic saponite (Sumecton)) and 8-hydroxyquinoline
(8Hq) at room temperature [80]. The intercalation of 8-hydroxyquinoline molecules into
Al-smectites was demonstrated by powder XRD, FTIR, DTA, TG, TG-MS, and chemical
analysis. The coordination of the ligand to the interlayer Al cations was proved by FTIR,
UV-Vis, and photoluminescence spectroscopies. The solid state method of preparation
was found to be better than the conventional ion exchange methods owing to the low

solubility of the coordination polymers.
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2.2.3 Solid state organometallic reactions

The first solid state organometallic reaction was reported in 1966 by Vaska on the
reaction between IrX(CO)(PPh;s), (X = Cl, Br etc) and HY (Y = CI Br etc.) to give
oxidative addition products IrX(H)(Y)(CO)(PPh;), [81]. Other reactions of this nature

were also reported in the 1980s.

Numerous organometallic reactions which occur in the solid state have now been
reported and are notably, isomerisation, solid-gas reactions and reactions at a solid
surface. Recently polymerisation reactions and formation of supramolecular complexes in
the solid state have also been reported. Solid state formation of carbon nanotubes using
organometallic precursors has also received attention [82]. Other reactions which are still
in the early stages of development are migratory/insertion and solid state substitution
reactions. The first comprehensive review on solid state organometallic reactions came
out in 1998 [83], while a micro review related to this topic has also been published more

recently [84]. These reviews indicate that work in this field has been little developed.

2.2.3.1 Surface organometallic synthesis

This type of reaction is dependant on the interaction between organometallic precursor
compounds and inorganic oxides (silica, alumina, magnesia and zeolites) to activate
bonds in organometallic complexes. In the presence of other reactants such as CO, new
organometallic compounds or catalyst precursors can be formed on the surface of

inorganic oxides by thermal or by photolytic irradiation procedures.

By using this methodology, many polymeric chlorocarbonyl metal complexes and their
related clusters have been synthesised in high yields from the corresponding metal
trichlorides supported on a silica surface by reductive carbonylation at atmospheric

pressure [85]. One of the key factors in determining the direction of the reaction was
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found to be the basicity of the support. This could be varied by adding different amounts

of carbonate salts.

In recent applications in catalysis of surface oragonometallic chemistry, Basset ef al have
reported various catalytic applications of well defined surface hydrides supported on
oxides [86 - 87]. The hydrides were prepared by the reaction of an alkyl metal with
hydroxyl groups present on the surface of the oxides. For eample, they found that the
treatment of this surface complex, under hydrogen at 150 °C, led to the formation of a

highly reactive metal hydride and a restructuring of the surface of the oxide

Basset and workers have also reported that it is possible for one to design, construct and
fully characterise, at the surface of oxides, well defined coordination spheres around
zirconium, which may be suitable for olefin polymerization in the absence of additional
cocatalysts (alumoxane or an organo Lewis acid initiator) [88]. They found that the
reactions of zirconium organometallic complexes [(n’-CsMes)Zr(CHz),] and
[(n°-CsHs)Zr(CHs),] with dehydroxylated silica, silica-alumina, and aluminium surfaces
led to the formation of well defined neutral compounds [89] (Scheme 2) and the
complexes could be converted to well defined neutral compounds, which were easily
characterized by in-situ infrared spectroscopy, surface microanalysis, qualitative and
quantitative analysis of evolved gases during surface reactions with the labeled surface
solid state as well as 'H and >C NMR spectroscopy using *C-enriched compounds and

EXAFS.

—Si—O0D + (CsMesZr(CHy)—> ( =—Si O )ZrCsMes(CHz), + CH;D
XM——OH +  CpyZK(CHy); ——= (M——OH) \ZrCpy(CHy)y, + x(CHy)
Where M = Metal and == Si is the silicon bonds.
Scheme 2
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In a related study, the reaction of [Ta(=CH'Bu)(CH,'Bu)s] or [CsMesTa(CH3)4] with a
silica partially dehydroxylated at 700 °C has been reported to give the corresponding
monosiloxy surface complexes [(=SiO)Ta(=CH tBu)(CH,'Bu),] and

[= (S10)Ta(CHj3)3CsMes] by eliminating a 0-bonded ligand as the corresponding alkane
(H-CH; tBu or H-CH3) [89].

The very same authors, have also reported that the reaction of AsPh; with Ni/Al,Os in the
100 to 200 °C range under 6 to 30 bar of hydrogen proceeds by complete hydrogenolysis
of As-Ph bonds, with formation of an NiAs alloy [90]. The mechanism of alloy formation
is complex. It was found that at low coverage of the Ni surface, stepwise hydrogenolysis
of As-Ph bonds led to the formation of a surface organometallic fragments such as

Nig[AsPh,]y [90].

Another example of reaction is the solid surface isomerisation reaction on silica of
[(nS-C5H4R)Re(CO)(L)X2] (X = Br; L = CO, phosphite) [91, 92]. This complex was
found to undergo a solid state photochemical isomerisation reaction in the reverse
direction to that in the solution phase. This reaction indicates the influence of the surface
as a ligand in the overall reaction. It also provided a route for the facile synthesis of cis-

[(n’-CsH4R)Re(CO)(L)Xo].
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2.2.3.2 Reactions between solid particles (and within solids)

Historically it has been assumed that reactions can only occur through the intervention of
solution media (Aristotle’s Principle) to form molecular species [2]. The assumption has
always been that this is the best approach to inducing a reaction. However in the absence
of a solvent a reaction involving the physical mixing of two or more different reagents in
the solid state is possible. This is a procedure commonly used in metallurgical
preparations like ball milling and it entails the use of fine particles to ensure as much
surface-surface interaction as possible [93 - 94]. Traditionally, the solid-solid reactions
have been used primarily for the preparation of alloys or inorganic solids such as
ceramics, and most of these reactions entailed the use of high temperatures. Solid state
synthetic methodology has become more common for organic reactions in the last two
decades [38] and recently has been used in the field of crystal engineering [95 - 96] .
Comparatively, there are less reports on solventless or solid state reactions in the field of
organometallic chemistry. However, in the late 90’s and beginning of the new
millennium, reactions in the field of organometallic chemistry in the absence of solvents,

also began to be realized [83 - 85].

An example of this reaction type is the solid state mechanochemical synthesis of
ferrocene [97]. Historically, ferrocene was prepared by solution methods which often
involved chromatographic separations. It has been found that ferrocene can be formed in
high yields by mechanical loading of iron (II) chloride with solid cyclopentadienides of
either alkaline earth metals or thallium. The yield of the product is dependant on
parameters such as the amount and ratio of the reactants used. The yield of ferrocene
increased with the increase in the amount of cyclopentadienide salt. The increase in the
amplitude of frequency used in the milling process also led to an increase in the

conversion to ferrocene.
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Solid state as well as solution reactions between RhX(PPh;); (X = CI, Br, 1) and
[(n°-CsH4Me)W(CO);X] (X = CI, Br, I) have been reported [98]. Both the solid and
solution reactions led to exchange of CO/PPh; and X/Y between the two reactants. The
solid state reaction gave higher yields of products than achieved from the corresponding
solution reactions. Similar results have been noted for related Re and Mo complexes,
suggesting a very general and facile solid state reaction type. Synthesis of the complex
[(n°-CsH4R)Re(CO).l,] has been achieved by mixing solid [(n’-CsH4R)Re(CO),Br,] and
solid Nal [99].

Preparations of supramolecular compounds complexes in the solid state are known [100].
Pressing solid [Co™(n’-CsHsCOOH)( n°-CsH4COO0)] with KBr to prepare samples for IR
spectroscopy led to a solid state rearrangement with the formation of the supra-molecular
complex [Co"(n’-CsH4COOH)(n’-CsH4CO0)],K Br, which could also be obtained from
solution crystallization [100]. Similar solid-solid supramolecular complexation reactions
have been observed with K[PF¢] and [NH4][PF¢]. Further examples of this kind of
reaction are given in Section 2.3.3. Hybrid organic organometallic complexes have also
been prepared in the solid state [101]. Grinding [Fe(n’-CsH4COOH),] with solid bases B
(B = 1,4 diazabicyclo[2,2,2] octane, 1,4 phenylenediamine) generates quantitatively the
corresponding hydrogen bonded salts [Fe(n’-CsHsCOOH)(1’-CsH4COO)][HB]. Gas-
solid reactions are possible with volatile bases. No intermediate liquid phases have been
observed in these solid state reactions. Sublimation of the complex yielded the starting
material, [Fe(n’-CsH4COOH);]. In these reaction types between molecular solid reagents
to form new molecular solid product, it has been observed that the covalent bonding is
not affected while non-covalent van der Waals or hydrogen bonding interactions are

affected.

Solid state synthesis of organometallic cluster compounds has been reported [102 - 104].
The complexes {MS4[Cu(p-MeOC¢H4)3P]»}.0.5 C¢Hijz (M = Mo, W) are prepared by
heating mixtures of (NH4);MS; (M = Mo, W), Cul and (p-MeOCgHy);P at 90 °C for 12
hours under nitrogen [102]. Owing to the insolubility of CuX in organic solvents and the

difficulty of generating products by reaction with other materials, solid state synthesis is
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the best option for the syntheses of these cluster compounds. Yields of the desired
products are above 45 %. The method is better than the solution method since it does not
need solvent and thus avoids generating undesired products. In a related study, Mo(W)-S
cluster compounds have been synthesized in the solid state at low temperatures [103].
Over forty new Mo(W)-S cluster compounds were produced by this method. Mixed metal
sulphur cluster anion [Cu12M08832]4' has been formed from the solid state reaction of
[NH4][Mo0S,], CuCN and ["BusN]Br [104]. Temperature has been identified as the factor

which influenced the solid state reaction.

Various known examples of organotin clusters and cages have been prepared by solid
state synthesis [105]. The synthetic procedure involved grinding solid organotin reagents
such as n-BuSn(O)OH, n-BuSn(OH),Cl, n-Bu,SnO or (Ph3Sn),O with appropriate solid

protic reagents such as carboxylic acids, phosphonic acid or a sulfonic acid (Scheme 3).

Organotin
Precursor

Protic acids Grinding » Organotin cages and clusters
ambient temperature, solid state

Scheme 3

The yields of the solid state reactions are very high. These complexes have been
traditionally prepared by the use of high boiling point solvents under reflux conditions,
and involved several bond breaking and bond forming processes [106 - 108]. Some of the
products appeared to form in the solid state while in other instances melting prior to

solidification of the product was observed.
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2.2.3.3. Solid-Gas Organometallic reactions

Gas solid reactions were among the first solventless processes to be studied. In 1884
Pellizari reported a study of the reaction of ammonia vapours with dried and pulverized
phenols and carboxylic acids [108 and 109]. A systematic exploration of this field was
only undertaken by Paul and Curtin in a series of elegant studies in the early 1970’s

[110].

One of the earliest reported reactions between an organometallic complex and a gas, was
the reaction of Vaska type complexes with gaseous alkyl halides [81]. Synthesis of
Ni(CO)4 has also been achieved by heating nickel metal and CO under high pressure
[111]. Many metal carbonyl complexes have been prepared by reaction of metal salts and
CO and numerous of these reactions involved reduction of metal in the absence of a

solvent.

Solid-gas reactions between Rh(PPh;3);Cl and CO yielded Rh(PPh3);(CO)CI [112]. TGA
analysis of the complex followed by washing with organic solvents yielded
Rh(PPh;3)>(CO)CI and uncoordinated PPhs. This led to the conclusion that formation of
Rh(PPh3),(CO)CI is via association of CO into Rh(PPh;3);Cl followed by dissociation of
the PPh; ligand. In solution, the reaction gave two isomers; one in which the PPh; ligands
are trans to each other but staggered and the other in which the PPh; ligand are trans but
eclipsed. The solid sate reaction gave only one isomer in which the PPh; ligands are
staggered. A similar carbonylation reaction in the solid state on RuCly(PPh;); gave
cct-RuCly(CO),(PPh;s),. In this case the solid-gas reactions occurred at relatively low
temperature and offered the advantage that structural elements can be preserved in the
transformation from reactant to product. In this way, new structural types including

metastable species, may be detected [113].

Oxidation reactions of the overcrowded distilbene with molecular oxygen was found to
proceed in a single-crystal to single-crystal manner [114]. The green crystals of the

complex reacted with atmospheric oxygen to give a colourless crystal of the complex
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shown in Figure 2.3. The reaction is much faster in the solid state (10 hr) than in solution

(30 hr).

R
R o, R R
R Sb——=Sb Solid
R slb—(l)
R 0—Sb R
R
R R

Figure 2.3: Solid state reaction of distebene in air [114]

In a related reaction, West et al have reported an interesting isomerisation reaction of a
1, 2-dioxadisiletane derivative of the corresponding 1,3-dioxadisiletane isomer in the
crystalline state, the process of which was partially monitored by XRD techniques and
solid state NMR spectroscopy [115].

Supramolecular complexes of organometallic —inorganic species have been prepared by
reacting solid zwitterions, with various acid vapours [116 and 117]. Exposure of solid
zwitterion [Co™ (n°-CsH4COOH)( 1°-CsH4CO0)] to formic acid quantitatively produced
the co-crystal [Co"'(n’-CsHsCOOH)(n’-CsH4COO)][HCOO] without proton transfer
from formic acid to the deprotonated —COO™ group on the zwitterion [116]. Exposure of

the zwitterion to CF;COOH and HBF, quantitatively yielded
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[Co™(n’-CsHiCOOH),[CF3CO0] and [Co"(1’-CsHsCOOH)[BF] respectively. In a

related study, exposure of the solid zwitterion to hydrated volatile acids or bases

quantitatively produced the corresponding salts [118]. All these heterogeneous reactions

are fully reversible (Scheme 4) and the acid or base can be quantitatively removed by

thermal treatment which generates the starting material. These reactions are important as

they can be used to trap environmentally dangerous or poisonous molecules. An added

advantage is that the zwitterion can be regenerated by a mild thermal treatment.

Acid

A|| HCOOH
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"

Scheme 4
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Reactions of Ru3(CO);, with gaseous alkynes to give corresponding tri-nuclear acetylido
or acetylene disubstituted clusters are known [119]. Reactions are carried out over
different oxide supports and the products produced are dependent on the nature of these
oxides as well as the vapour pressure of the alkynes. This work revealed the versatility of
solid-gas reactions for preparative purposes under mild conditions and in the absence of

solvents. This is also an example of a surface mediated organometallic reaction.

The synthesis of Rhy(O,CCF3)4[Rhy(O,CCF3),(CO)4] has been carried out without
solvent by way of the gas phase [120] (Scheme 5).

Rhy(0,CCF3),(s) + Mo(CO)s(g) A» Rh,(0,CCF;),[Rh,(0,CCF;),(CO),],
120-125 °C

Scheme 5

The same technique has been used for studying the complexation of Rh,(O,CCF3)4 with
solid sublimable ligands [121]. The reaction of naphthalene and Rh,(O,CCF3)4 gave a
one dimensional polymer of [Rhy(O,CCF3)4.Ci0Hg]w. The solid state synthetic procedure

offered pure products whereas solvated products were isolated with solution synthesis

techniques [120 - 121].
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2.2.3.4 Solid State Polymerisation reactions

The first synthesis of an organometallic polymer using the technique of solid state
polymerization was reported by Rasburn et.al [122]. The complex investigated was
Ferrrocenophane Fe(n-CsHy),SiMePh. This
stereoregular poly(ferrocenylmethylphenylsilane (Figure 2.4) consisting of alternating
ferrocene and organosilane units. Preparation of this polymer by thermal ring opening or

irradiation with y- radiation polymerization yield an atactic polymer (2b) and tactic

polymer respectively.

y-radiatio
ﬁ -
Fe Sl\
&/ Me
Heat
1

Figure 2.4: Thermal and irradiation induced polymerisation of ferrocenophane in the

solid state [122].

26

complex was

found to produce a



Irradiation (*°Co-y rays) of crystalline bis(but-3-enoato)zinc affords isotactic zinc
poly(but-3-enoate) [123] in a solid state reaction that led to an isotactic oligomer. Solid
state polymerization of alkali and alkaline acrylates and methacrylates as well as
crystalline styryl monomer leads to atactic polymer. It apparently seems that
topochemical effects are responsible for at least the onset of reactivity, while other factors

such as crystal degradation later produce a product that is atactic
2.2.3.5 Solventless Migratory Insertion Reactions:

Migratory insertion reactions occur under solventless conditions [124]. The reaction
between (1°-CsHs)M(CO);Me (M = Mo, W) and PPhs occured below 80 °C and gave 60-
99 % yield of the product (Figure 2.5)

OC7M':"I[//Me 1)];)113 OC7M\"N”I’PPh3
oC” o 2O co
0 Me

Figure 2.5: Solid state migratory/insertion reaction of (n°-CsHs)M(CO);sMe (M = Mo, W)
and PPh; [124].

The rate data has been observed to be consistent with a pseudo first-order process.
Diffusional effects on the rate of reaction have been detected at low temperatures and low

PPh; ratios.
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Similar reactions occurred with other triaryphosphines or phosphites. The reactions occur
in the melt phase in the absence of a solvent. Trace amounts of decarbonylation product
in the solid state have been observed as well. In a related study, a reaction between [(n°-
CsHs)Mo(CO);Me] and P(p-FC¢His); was found to form [(nS—C5H5)Mo(CO)2P(p—
FC¢H4);COMe] [125]. The kinetics of the reaction, which was monitored by DRIFTS,
revealed a pseudo-first order reaction, while the microscopic investigation actually
showed that the reaction occurred in the melt phase below the melting points of the two
reagents. Melting of the phosphine was noted before the reaction could start, this
suggested that the methyl migration/insertion reaction occurs in the melt by the classical
mechanism that occurs in the solution phase. Diffusional effects for this reaction have
been noted as well. The mechanism of the migratory insertion reaction was deduced and

is shown in the Scheme 6 below [125].

L - I<0bs
Mo heat ~ _Mo
007 "«,/\CO oc”7 % COCH,
OC  TCH, oc 1
Solid Melt
Heat _
Mo o Mo
g o oo e
oc 1 oc. 4
Solid Solid
Scheme 6
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2.2.3.6 Solventless Substitution Reactions

Recently, it has been found that the complex Mn(CO)4(PPh3;)Br underwent CO
substitution by triarylphospine ligands at temperatures below the reagents melting point

and decomposition points (scheme 7) to give a trans- product [126].

PPh; Br PPh; Br
%) S . "%
Mn 3 » Mn
7\ €0 7\
0C" ¢o Yo OC™ PR, YcO
Scheme 7

Studies on this reaction revealed first-order kinetics. The kinetic data and DSC studies
showed a well behaved solid state reaction and visual inspection revealed the same.
Microscopic investigation of this reaction revealed that the reaction commenced at 39 °C
when the reagents melted at a temperature far below the melting point and decomposition
temperature of both PPh; and Mn(CO)4(PPh;3)Br. Reaction of Mn(CO)4(PPh3)Br with
P(p-OMePh); showed that the Mn(CO)4(PPh;3)Br melted at 65 °C. Studies of this reaction
revealed that melting of either reactant initiated the reaction with the reaction occurring in
the melt, prior to crystallization. The data is also consistent with the proposal by Kaupp et
al. [3, 30] that many reactions previously thought to be solid state reactions actually
occur in the melt. Solid state substitution reaction between halogenoacetate and metal
halides is known [127], but here the reaction is between a metal halide (inorganic

compound) and a halogenoacetate (organic reagent) molecule.
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Disubstituted pyridine/pyrimidine ferrocenyl complexes have been prepared by
mechanically induced Sukuzi coupling reactions in the solid state [95] (see Scheme 8

below)

Q\B(OH)Q 10-20% PdCl,(dppf) =A\
KF/ALLO, ‘

Fe base, solid state Fe

N
B(OH), (-
@i ( Br—< N or Br ‘) @C[\R

e

Scheme 8

The reaction is much faster, and more selective than the solution synthesis. More
important is the possibility of combining different synthetic steps to produce the complex

in Figure 2.6

Figure 2.6: Disubstituted pyridine-pyrimidine complex [95]
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2.2.4 Solid state/Solventless isomerisation reactions

Isomerisation reactions commonly occur in the solution state. Similar reactions have been
found to occur in the solid state. Three types of isomerisation reactions can occur:
isomerisation at the ligand, isomerisation at the metal centre and linkage isomerisation.
Some examples of solid state isomerisation reactions involving organometallic complexes

are shown below in Figure 2.7 and Schemes 9 - 11.

2.2.4.1 Isomerisation at the ligand

The most studied complexes are the cobaloximes that have been thoroughly investigated
by Ohashi ef al. [128]. Ohashi and his colleagues discovered that the cyanoethyl group in
crystalline  chiral  [(R)-1-cyanoethyl][(S)-ethylbenzylamine]bisdimethylgyoximato)

cobalt-(IIT) was racemized by exposure to X-rays in a diffractometer (Figure 2.7).

O ———=T
O
O
O,
N
Py
OVWWNVI
(©)
AN
Py

O. Illl,,,_
R/ I /O
HO=- |- R HO-- [-Q
C=N\ /N=C C=N\ /N=C
=t T o
N N LTS
O--|-HO O--|-HO
Base Base

Figure 2.7: Racemisation of the CN group of a crystal of cobalt(Il) complex [128]
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Of importance was the observation that the reaction could occur without crystal decay
and this made it possible to study the mechanism of the reaction in a single crystal. Since
then an extensive study on these cobaloxime complexes was carried out and the studies

revealed that
(1) racemisation can be photo-induced [129 and 130]

(i)  packing around the cyanoethyl group was important in determining the degree

of reactivity [131]

(ii1))  Irradiation of racemic mixtures by either X-ray or visible light resulted in

conversion of a racemic complex to a chiral complex [132]

(iv)  Asymmetric synthesis is possible [133]

Another example of this isomerisation reaction is the rearrangement of a diiron carbonyl

species on the conjugate n-ligand [134] shown in Scheme 9.

Q Fe(CO), < > Fe(CO),
‘ Solid

Yy

Fe(CO)3
LFG(CO)g
A B
O Fe(CO), < > Fe(CO),
ho/ A\
KBr
Fe(CO)3

TN £e(CO)s

Scheme 9
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A single crystal of the starting material A converts to a single crystal of B upon heating.
A photolysis (5 min by a 500 W xenon lamp)/ thermal treatment (10 min at 100 °C) cycle
of a KBr pellet containing either isomers has shown a reversible interconversion between
the two isomers in the solid state. This reaction indicated a possible organometallic

photochromism in the solid state.
2.2.4.2 Isomerisation of ligands around the metal centre

Studies have revealed that solution state fluxional behavior is a common phenomenon
and that the energy barrier for rearrangement of ligands around the metal center can be
quite low [135]. In addition, as the number of ligands around the central metal atom
increases, the ease of ligand rearrangement around the metal also increases. Such
behavior has been observed in the solid state for 4-, 5- 6- and 7-coordinate systems and to

date isomerisation reactions have been detected for numerous organometallic complexes.

A range of ‘piano stool’ complexes of the type CpMLs (M = Re, Mo, W) have been

synthesised and found to undergo trans-cis (diag-lat) isomerisation in the solid state [91,

99, 136 - 142] (Scheme 10).

Re Solid _ Re.,
OC/ l \"’///Br Solution OC/ l \ "//Br
Br CO oc Br

trans cis

Scheme 10

The isomerisation reactions of rhenium complexes have been found to be unidirectional

that is, the reaction is from the frans isomer to the cis isomer. It was observed that
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solution and solid state reactions could be different [ 83, 84 , 143], and studies in the solid
state revealed a possible alternative isomerisation pathway to those found in solution. In
the studies of these complexes, it was found that one member of this series , namely, [(n°-
CsHsMe)Re(CO)[P(OPh);]Br, [136, 144] underwent isomerisation in the solid state
without cracking or any serious crystal deterioration. This therefore permitted the
isomerisation process to be followed by X-ray diffraction methods [143]. The studies
suggested a 2-fold rotation mechanism for the frans to cis isomerization reaction. This
mechanism involved a unidirectional anticlockwise movement of CO and only one Br

atom.

However, for trichlorogermyl complexes of Mo and W, bearing a cyclopentadienyl
ligand, isomerisation is from the cis isomer to the frans isomer [138]. Recently, similar
studies carried out on cis-and frans-[(n°-CsHsMe)Mo(CO),(P(O'Pr)3)I] complexes
revealed a bidirectional thermal ligand isomerization reaction. This yielded an
equilibrium mixture of isomers (30:70 cis/trans ratio, 90°C, < 80 min) in the solid state
[139]. In benzene (reflux, 2 hrs) this isomer ratio was found to be 70:30 cis/trans. DSC
and XRD studies have shown that the reaction occurs in the solid state, even though DSC
experiments did not reveal the presence of the cis-trans isomerisation reaction. Solid state
isomerisation reactions on complexes of the type (11’-CsHsR)Mo(CO)(PR’3)I (M = W,
Mo; R = ‘Bu, Me; R’= Ph, OiPr3) revealed a bidirectional thermal solid state reaction
[145] ( Scheme 11)

-

M Solid _ M.
Oc/l N Solid OC/I N
R, CO oc PR3
trans cis
Scheme 11
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Studies investigating the effects of ring substituents, the phosphine ligands as well as the
relationship between the melting points of the isomers have been done [145]. It was noted
that there is no obvious relationship between the melting point and the metal, the ring
substituent or the type of phosphine ligand used. However, the general trend observed
was that isomerisation took place from the lower melting point isomer to the higher
melting point isomer ie. the favoured direction of isomerisation is related to

intermolecular forces in the solid state.

2.5 Conclusion

Solid state organometallic chemistry is beginning to be realised. The work is still in its
infancy and little is known about reactivity patterns of organometallic complexes in the
solid-state. However the many reports on solid state organic and coordination complexes
suggest that the principles that govern these reactions might well be applied to the area of

organometallic chemistry.
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