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Abstract

In this review organometallic chemistry reactions in the melt phase are described. As will be indicated this is a viable approach to make
new and known complexes. Examples from the literature highlighting procedures used to generate melts and results that have been
obtained in this area of synthesis are described. Clearly there will be limitations to the use of the melt phase, and these limitations
are also discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decade new pressures have been exerted on
synthetic chemists to not only consider the specific activity
and selectivity of a reaction under study but to also con-
sider the reagents used, the by-products formed and meth-
ods needed to purify the reaction products. Overall, this is
classified as a green chemistry approach to synthesis and
principles have been enunciated to provide a guideline to
this synthetic approach [1]. Controversy about what consti-
tutes a green approach to synthesis still arises. This relates
to ‘holistic’ issues — how many and which factors need to be
taken into account to determine whether a new process is
greener that an older more conventional synthetic strategy.
For example, ionic liquids are often touted as green
reagents as their vapor pressure is negligible [2] yet environ-
mental disposal of these liquids is a non-trivial issue. Are
they really green solvents? The use of MTBE (methyl
tert-butyl ether) was regarded as an excellent gasoline addi-
tive until it was noted that seepage of MTBE into ground
waters posed a greater hazard than the benefits of cleaner
burning fuels in automobile engines [3]. A greener reagent
that was not green!

Notwithstanding these issues it is clear that factors such
as atom economy and a reconsideration of the use of harm-
ful reagents/intermediates/solvents has to be considered,
where possible, in synthetic strategies. This must then lead
to alternative strategies to bring about the reaction between
two (or more) reagents to create new and known products.

In this review the focus will be on one approach that
could prove useful in this philosophy to synthesis — the sol-
ventless approach. More particularly the review will focus
on one aspect, the possibility of performing reactions in
the melt phase with particular emphasis on reactions that
have been reported in the organometallic chemistry litera-
ture. By avoiding the use of solvents the concentration of
reactants will be at their maximum. In principle this should
lead to faster reactions.

The idea of performing chemical syntheses in the
absence of solvents (termed variously as: solvent-free, sol-
ventless, solid-solid and solid state reactions) is not new

even though chemists have historically performed syntheses
using solvents. Indeed the idea that “No reaction proceeds
without solvent” [4], assigned to Aristotle, has guided
much laboratory synthesis both historically and to the
present day. However, in recent years there has been much
interest generated in academic and industrial laboratories
on solventless chemistry and books and reviews on this
approach in the field of organic chemistry have now
appeared [5-10]. There are even reviews that have been
published in the area of organometallic chemistry focusing
on solventless organometallic synthetic strategies [11,12].
The focus in all these studies has, however, been limited
to solid to solid reactions (and its link to crystal engineer-
ing) [13], although the possibility that many of these reac-
tions may in fact occur in the melt has been recognized (see
below). Herein we focus on melt reactions, a subgroup of
solventless reactions, which may or may not produce solid
products.

1.1. Scope of the review

As with any review the limits of what is to be covered
needs to be delineated.

In this review the focus will be on emphasizing the
importance of the melt phase in organometallic chemistry
reactions. Fig. 1 presents a general schematic representa-
tion and cartoon of the reactions covered in this review.

(i) The issue of melt chemistry is but one specific and
special case of liquid-liquid chemistry. Melt chemis-
try, generally unexplored, is potentially pervasive
since many chemical reagents that are solids at room
temperature may be liquids at higher temperatures.
The discussion to follow will cover reactions in which
at least one of the reactants must be a solid at room
temperature.

(i1) Reagents will be considered to be molecular in nature.
It is recognized that in many solids strong van der
Waals forces may operate to assist in creating stable
solids [14]. Tonic and metallic solids will only be dis-
cussed as appropriate.
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Fig. 1. Schematic representation of the reactions A + B(y/s) — Cs) covered in this paper. The route (a) — (c) — (e) denotes an all solids reaction passing
through an intermediary (eutectic) melt phase, while the route (b) — (d) — (f) denotes a solid—gas reaction, in which diffusion at the solid—gas interface is

important.

(ii1) In reality numerous so-called solid-solid and solid Thus, examples where solid—solid inter-conversions
state reactions involve significant movement of many occur will be discussed where necessary.
molecules simultaneously and this may or may not (iv) Numerous studies of the melt phase have been dis-
manifest itself as a melt. This is nicely shown by the cussed in the organic chemistry literature and exam-
figure from a Paul and Curtin review (Fig. 2) [15]. ples from appropriate studies will be described as
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Fig. 2. Schematic representation of the stages of reaction in the solid state: (a) unreacted crystal; (b) loosening of molecules at the reaction site; (c)
molecular change; (d) solid solution formation; (e) separation or product. (Reproduced from [15] with permission, copyright American Chemical Society.)
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necessary. Indeed to date there are only a limited
number of studies in which organometallic reactions
have been studied in the melt phase.

(v) The area of ‘mechanochemical’ synthesis is well
known in metallurgy [16] and has more recently been
exploited in organic [17] and organometallic [18] syn-
thesis. Reactions involving ball milling, kneading, etc.
could, and often does, involve localized melting at a
particle-particle interface. The review will include
comments on this synthetic approach. Sonochemical
and microwave induced approaches to solventless
chemistry are also mentioned.

(vi) Where possible, links between solid-state and melt
reactions will be indicated. This will entail discussion
of some solventless reactions that currently are
believed to go in the solid state but may have
occurred in a melt phase but were not detected as
such. In this category will be included intramolecular
isomerization reactions and solid-gas reactions.

Finally it should be mentioned that the issue of reactions
associated with the melt phase is a broad topic with input
possible from a wide range of areas. Some recent examples
where melts have been implicated include:

(1) A common approach to the synthesis of carbon
nanotubes involves passing a carbon source (e.g.
methane, toluene, etc.) over a supported metal at high
temperature. Studies have shown that the metal often
(always?) is in the melt when carbon nanotubes are
formed [19]. An interaction thus occurs between a
melt phase and gas molecules.

(2) The process of sintering (coalescence) in heteroge-
neous catalysis has been well studied. The mobility
of metals (e.g. Au) is high at surprisingly low temper-
atures and again the issue of the melt phase needs to
sometimes be considered when rationalizing catalytic
data [20].

(3) The issue of melting can apply to the synthesis of het-
erogeneous catalysts where reagents like Co(NO3),,
used to make Co-supported catalysts, melt at temper-
ature circa 120 °C thus resulting in difficulties of dis-
persing a catalyst on a support.

2. Melt reactions
2.1. Historical

Water was the solvent medium for much chemistry
reported prior to 1900. This solvent plus reactions entailing
no solvents dominated early synthesis approaches in chem-
istry. However, access to cheap, large volume organic sol-
vents, especially in the 19th and 20th centuries, brought
about a transformation in the ability of chemists to tailor
reactions by use of solvent effects. For example, enhanced
solubility of solid reagents in solvents leads to enhanced

mobility of the reagents, and better interaction between
the starting solids, resulting in more rapid reactions. One
of the key issues when using solvents is the reagent diffu-
sion issue; consequently reactions have ‘“become reliant
on solvents” [4]. Indeed this diffusion issue is an important
one and reagent diffusion certainly can create a potential
bottleneck for reactions in viscous solvents.

What about molecular solid—solid interactions that take
place without the intervention of solvents? Intuitively this
appears to be a diffusion limited reaction with only surface
atoms that touch each other interacting! However, as will
be described below, solids can be made to interact with
each other and (i) provide more rapid reactions than
observed in solvents and (ii) provide products different to
those synthesized in conventional solvents. The ability to
achieve inter-solid reactions of molecular materials can be
driven by melt chemistry. In contrast, intermolecular reac-
tions of either ionic or metallic solids in the solid state, at
temperatures lower than their melting temperatures, are
dominated by diffusion of one reactant into another. This
is a well known and studied phenomenon in materials
science.

One of the earliest comprehensive investigations of melt
chemistry appears to be that reported by Rastogi and
coworkers. They addressed fundamental issues associated
with reactions of solids, such as reactant mobility across
an interface [21], and laid down the foundations for under-
standing the kinetics [21] and mechanisms [22] of solid [23]
and eutectic melt reactions [24].

The upsurge of interest in crystal engineering initiated
by Desiraju [13] and others has led to an investigation of
many intra-solid reactions [12]. The possibility of using sol-
vent free procedures to synthesize organic compounds has
been comprehensively detailed by Toda [10], Tanaka [5],
Kaupp et al. [7], Raston and coworkers [6] and others. Ini-
tially much of the solvent free work was described as occur-
ring in the solid state. However, as pointed out by Curtin
and Paul [15], most inter-solid reactions involving molecu-
lar solids can be expected to occur in the melt phase.
Indeed, this has now been recognized and numerous
organic reactions previously described as solid—solid reac-
tions have been shown to be melt reactions [25].

In a similar vein early studies on organometallic com-
plexes carried out in our own laboratories on solid state
isomerization reactions [26], many occurring in the solid
state, influenced our decision to investigate inter-solid reac-
tions. Our studies on inter-solid reactions revealed that
indeed these inter-solid reactions occurred in the melt
phase [26e].

However, to date it is clear that few systematic studies
have been described in the organometallic chemistry litera-
ture (or the general synthetic literature of molecules) on the
use and possible role of the melt phase in synthesis.

A requirement for reactions to occur in the melt is that
the reactant molecular solids do not decompose on being
heated at and beyond their melting temperature. At the
very least the reagents should not decompose in the eutectic
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mixture formed from two or more reagents. Once the melt
has formed there is no guarantee that a chemical reaction
will occur — all that has happened is that the diffusional
constraint on the reaction (molecules reaching each other)
has been lifted. Thereafter, well described factors that influ-
ence the reaction (reagent concentrations, kinetic barriers,
temperature, etc.) determine the reaction rate and pathway.

A complicating issue is that the melt provides a little
understood solvent mixture (typically made up of at least
the two reactants) for the reaction. This ‘solvent mixture’
will impact on both molecular and thermal diffusion issues
related to the formation of products. Thermal diffusion can
be detrimental to a melt reaction. The limited amount of
melt material in a reaction mixture can lead to possible
‘hot spots’ and dissipation of this heat in a melt reaction
is needed. This can be achieved using classical chemical
engineering principles in terms of reactor design taking
effective heat transfer issues into consideration.

2.2. The solid solution and melt phase reactions

A solid solution is a homogeneous and stable solution of
one solid substance in another. The term is often used in
metallurgy to describe an alloy formed from two or more
component materials to give a single phase over a range
of chemical compositions. Some mixtures will readily form
solid solutions over a range of concentrations and are said
to be mutually soluble, while other mixtures (mutually insol-
uble) will not form solid solutions at all. The tendency for
any two substances to form a solid solution is a strong
function of temperature and the chemical properties (intra-
and inter-molecular, crystallographic, etc.) associated with
the two components.

The use of phase diagrams to explain inter-solid interac-
tions is well established in metallurgy and mining [27,28]
and recently Scott and coworkers [25] have elegantly used
binary phase diagrams to explain why many so called
solid—solid reactions in organic chemistry are indeed melt
reactions. Earlier, Rastogi and Bassi [24]laid down the fun-
damental principles governing eutectic formation and crys-
tallization of organic compounds.

A traditional binary phase diagram is shown in Fig. 3
which may be used to illustrate the relationship between
the various factors that affect a simple solventless reaction
involving macroscopic solid reactants as described by the
reaction A, + Bs) — C). The following are discernable
from the figure and are relevant in visualizing the concept
of solids reacting in the absence of a mediating solvent.

e Upon mixing of two reagents at low temperature (<7,
the eutectic temperature) the phase diagram is that of
two discrete solids A and B (i.c. the area below the dot-
ted red line). No reaction is expected between A and B in
this region.

e The easiest way to initiate any reaction between A and B
is to increase intermolecular interactions between the
two reagents (A-B).

1 1 1 1 1
all liquids + product precipitation
T, A,+B,+A-B, + C ot C(s) -
Q
A(s)+ Liquid

) B, + Liquid |
Te_ 777777777777777777777777777777777777 T B Te

4 A + B all solid L

A E, B

Fig. 3. Typical binary phase diagram for the A + B bicomponent eutectic
system. T4 and Tp are the melting temperatures of the pure components;
T. is the eutectic melting point.

e This can be achieved by increasing the temperature of the
system (thermal activation) and generating a partial or
complete melt phase (or solid solution) of the A/B mix-
ture. Similar effects can be achieved by milling and grind-
ing (mechanochemical activation). It is possible that one
reagent may melt before the other. Eventually both A and
B could melt. The temperature at which the reaction
occurs will relate to the composition of the mixture.

e The lowest temperature at which reaction will occur is
the eutectic temperature, 7, (at molar composition E,).

e A reaction can occur above this temperature and with
time the melt phase becomes enriched in C. As satura-
tion occurs, C could start to crystallize out of the melt
(dependent on its melting point relative to the tempera-
ture of the reaction).

e The crystallization of C may retard the rate of reaction
of A and B which then becomes diffusion controlled but
further reaction may be sustained by increasing the reac-
tion temperature. Such systems require a molar excess of
one reactant (often the lower melting reactant) for this
to occur.

2.3. Features of melt reactions

2.3.1. The melt reaction

When solid reagents are heated above the melting point
of both reagents they can form a liquid medium (the melt).
The reagents thus act as co-solvents in the reaction and the
product forms in this ‘solvent’ mixture (the all liquid
regime in Fig. 3).

Three scenarios are then possible. The product can pre-
cipitate out at the reaction temperature, the product can
precipitate out as the melt cools to room temperature or
the product could be a liquid. To date, it appears that most
reactions reported entail product precipitation/solidifica-
tion from the melt and not formation of a room tempera-
ture liquid product.
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As discussed above, many systems form a eutectic melt
that allows for the formation of products from reactions
that are conducted at conditions well below the melting
points of the individual reactants.

2.3.2. Reactions in a localized melt regime

A number of examples are known in which a chemical
reaction occurs in a crystal lattice of a single reactant i.e.
by a solvent free solid to solid transformation. As will be
discussed, this reaction could occur in a localized regime
(a cavity) or it could occur at a reaction front. In the latter
case this could be imagined as a reaction occurring in a
region of localized melting, followed by product
precipitation.

Inter-solid reactions between molecular reactants
involve the reaction between two or more macroscopic sol-
ids. A melt may not be observed and the reaction will
appear to occur only on the surface of the macroscopic
particles. The reaction can be initiated by a variety of strat-
egies as discussed below.

2.3.3. Reactions involving a solid and a liquid

It is possible to mix two reagents together, one solid and
the other liquid, to yield a heterogeneous mixture. At low
temperatures, little if any reaction need occur. However,
at higher temperatures the solid reagent could melt (or even
dissolve in the other reagent) to give a homogeneous mix-
ture. This mixture will then react at an appropriate temper-
ature to give a product which may or may not precipitate
from the melt (liquid) phase. A variant of this is when
two solids are mixed and only one reagent initially melts
on heating. This will provide a fluid phase for the reaction
[29]. An example of this is the rhodium catalyzed hydro-
formylation reaction performed in a PPh; melt phase [30].

2.3.4. Solid-gas reactions

In this reaction type, gas molecules can interact with a
solid (surface reaction or diffusion through channels into
the bulk) to yield a new product. Gas—solid reactions can
bear a close relationship to certain types of solid-solid
reactions. This will occur when the vapor phase reacts with
the solid and reaction occurs at a mobile gas/solid front
[31].

2.4. Dispersants as rate controllers in melt reactions

Addition of a high melting point inert solid to a melt can
be used to control the rate of a solvent-free reaction just as
the rates of some reactions are controlled by solvents. The
role of the nature of the solid dispersant or diluent has been
investigated in solventless reactions [32]. A range of disper-
sants (KBT, A1203, Nast4, NaN02, Si02, N32CO3,
NaC,H;0,, NaNO;, sucrose and TiO,), ground and fil-
tered, to provide a comparable particle size, were investi-
gated in the solventless substitution reaction of
Mn(CO)4(PPh3)Br with PPh; which was monitored by
in situ DRIFTS. The result of the study showed that the

chemical nature of the diluent matrix influenced the rate
of the solventless reaction. Hence, when the reaction was
carried out in sucrose and SiO,, the rate of the reaction
was fastest (1.71 x1072s™" and 2.02x107%s™" respec-
tively), and conversely it was slowest when ionic solids,
KBI', NaQSO4, NaNOz, N3.2CO3, NaC2H302 and NaNO3
were used. When Al,O5 and TiO, were used, the reaction
was slower (8.26 x 1073 s™! for ALO; and 6.81 x 1073 s7!
for TiO,). Therefore, inorganic dispersants that are insolu-
ble in the melt may be appropriately chosen as additives to
control the rate of such reactions.

3. Melt phase chemistry

Melt formation is an often overlooked process on the
route to product formation in many solvent-free reactions
[25]. The activation of solid reactants in the absence of sol-
vents has been achieved via a variety of procedures with the
most common being the mechanochemical and thermo-
chemical techniques.

3.1. Mechanochemical induction

A detailed analysis of the equipment and techniques
used for mechanochemical activation has been presented
by Balaz [33].

The term mechanochemistry was introduced at the
beginning of the 20th century by Ostwald [34] to describe
the process of mechanical action on a chemical reaction.
These types of reactions are important in industry [16]. A
comprehensive review which details examples of the
enhancement of chemical reactions by mechanochemical
activation has recently been published [35].

In general when two solids are ground together, the heat
generated in the grinding process may be sufficient to either
create a melt at the surface or completely melt the solid
reagents. This could arise from the generation of a ‘hot
spot’ (an exotherm) that could lead to a self-sustaining
reaction. Clearly control of this type of reaction can be
problematic and could lead to run away reactions [6,36].

The grinding can be controlled by use of a ball mill. The
role and chemical nature of the balls needs to be considered
in these reactions; contamination of the products by the
ball material is a well known phenomenon.

In ball milling it is assumed that solid surfaces are con-
stantly being brought together where reaction takes place.
Localized melting (eutectic formation?) becomes possible
and once a product is formed it gets eroded from the reac-
tion surface to regenerate fresh reactant molecules. The pos-
sibility of enhanced diffusion of the molecules of one
material into the lattice of another molecular material (as
occurs in many ionic materials), has also been reported [37].

A variant of this approach is kneading, in which a trace
amount of solvent is added to the reagents during or prior
to milling. It is presumed that the solvent is added to pro-
vide better contact between the solids, possibly by dissolv-
ing small amounts of reactants. Kneading is an industrially
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useful process that is mostly applied in the pharmaceutical
industry for tableting powdered products, although it has
also found use in several laboratories for preparative pur-
poses [18].

The versatility of mechanochemistry as a means of initi-
ating chemical reactions is illustrated by the variety of reac-
tions and compounds obtainable via the technique. It is
sometimes a cheaper alternative when compared to tradi-
tional methods of chemical synthesis. It hence finds wide
application in the materials industry for alloying of metals
with ceramics and in the pharmaceutical and chemical
industry for the preparation of powdered compounds and
reagents. Since few organometallic complexes have been
prepared via mechanochemical activation, examples to
illustrate the wide applicability of the procedure, listed
below, will of necessity include coordination compounds.

3.1.1. Mechanochemically initiated reactions

In the mechanochemical preparation of [Ni(Hdmg),]
and [Ni(H,dmg),]JY, (Y =CH;COO, OH, CO;) from
nickel halides and dimethylglyoxime (H,dmg) the authors
isolated the powdered metal complexes in high-purity
without recourse to any solvent processing [38] (Table 1
- 1).

The four coordinate compounds cis-[Pd(NHj3),X,] have
been prepared by a mechanochemical route from
[Pd(NH3),C,04] and HX (X =Br, 1) (Table 1 — 2) [39].
Mechanochemistry has also been used to activate com-
plexes. For example, the simple mechanical treatment of
solid K,PtX¢ (X = Cl, Br) salts under air or argon led to
the formation of paramagnetic platinum (III) complexes
via homolytic cleavage of Pt—X bonds, which are metasta-
ble intermediates often proposed in catalytic reactions. The
reactive species were detected by ESR measurements
(Table 1 — 3) [40].

The use of diluents to control the rate of a solventless
reaction (see above Section 2.4 for details) is illustrated
by the synthesis of some zirconium carboxylate complexes
[32]. The products were obtained from the 1:1 mechano-
chemical reaction of zirconocene dichloride with sodium
aryl carboxylates. In the absence of a diluent, the reaction
occurred instantaneously with a high exotherm. When
however a diluent such as sodium chloride was added,
the rate of the reaction could be slowed down (Table 1 — 4).

The mechanochemical treatment of solid polycrystalline
PtCl, with PPh; for 2 h yielded cis-Pt(PPh3),Cl, in 98%
yield, that further reacted with an excess of anhydrous
K,CO; to produce cis-Pt(PPh3),CO5 in 70% yield (Table
1 —5). The formation of the transition metal complexes ini-
tiated by ball milling has been confirmed by means of solid-
state *'P MAS NMR spectroscopy, PXRD and DTA. The
authors [41] considered the possibility of melt formation as
one of the explanations for the facile nature of the reaction.
It was thought that the melt was formed locally and
momentarily from a fraction of the reactants that were
trapped in the areas where the balls collide with the walls
of the reaction chamber and with one another.

The successful engineering of extended n-stacked
arrays based on charge assisted interactions between p-
sulfonatocalix[4]Jarene anions and 1,10-phenanthroline
Ni cations has been reported by Nichols et al. [42]. The
compound was obtained from the grinding of Ni(NO3), -
6H,0O with 1,10-phenanthroline followed by grinding with
the p-sulfonatocalix[4]arene penta-anion. The product has
a crystal structure composed of large porous arrays of
[Ni(phen)s;]*" cations included within the cavities of the
p-sulfonatocalix[4]arene(4-) anion (Table 1 — 6; Fig. 4).
Thus, mechanochemistry can be a means (in some cases
the only means) to induce intermolecular interactions
between organic ligands and metal salts leading to
stacked and networked structures (see below Section
3.1.2 for more details).

The grinding of thallium salts of tris(pyrazolylborate),
Tp, with Mn(II), Co(II) and Ni(II) salts in an agate mortar
has been reported to yield Mn, Co and Ni tris(pyrazolylb-
orate) metal complexes of the type TpMCI [43] via a substi-
tution type of reaction. The X-ray structure of the Co
compound and the electronic spectra of the coordination
compounds were presented (Table 1 — 7).

3.1.2. Three dimensional (3-D) coordination networks and
compounds by supramolecular self-assembly

The ingenuity of the synthetic chemist has ensured that
solventless techniques are not limited to the preparation of
linear organic and organometallic compounds by the sim-
ple making and breaking of covalent bonds. Complex 3-
D networks can also be made more efficiently in the
absence of solvents by inducing concerted metal-ligand
interactions. Both hydrogen-bonding and supramolecular
self-assembly procedures are responsible for generating
the new materials.

Orita et al. [44] reported that grinding a 1:1 ratio of a
powdered mixture of M(en)(NOs), (en = ethylenediamine)
(M =Pd, Pt), and bidentate 4,4'-bipyridine at room tem-
perature afforded molecular squares (Table 1 — 8) within
10 min. The reaction mixture became gummy on grinding,
clearly indicating melt formation. The authors noted that
in D,O as a solvent the reaction of the platinum complex
took more than 4 weeks at 100 °C to yield 80% of the same
product. Using the same procedure the authors were also
able to prepare other compounds with ligand-metal con-
nectivity, such as 3-D bowl-shaped compounds and com-
pounds with double helicate topology. For example,
increasing the ligand dentation by use of a triazine-based
tridentate ligand afforded a 3-D bowl shaped Pd compound
(Table 1 - 9).

Using a similar approach, and utilizing the H-bonding
ability of bis-amine ligands, Braga et al. [45-47] have
prepared coordination polymers of Ag, Zn and Cu by
co-grinding the ligands 1,4-diaminocyclohexane and 1,4-
diazabicyclooctane with the corresponding metal salts
(Table 1 — 10, 11). The structural features of the com-
pounds have been confirmed by X-ray diffraction and the
materials were characterized by the ability to reversibly
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Table 1
Mechanochemically induced inter-solid reactions
No. Reaction Comments Reference
1 NiX, + Hydmg — [Ni(Hdmg),] [Ni(Hdmg),] was obtained for nickel salts of a [38]
weak acid
NiY, + Hydmg — [Ni(H,dmg),]Y» [Ni(H>dmg),]Y, for salts of a strong acid
X =Cl, NO3; Y = CH;COO, OH, CO;
H,dmg = dimethylglyoxime
2 [Pd(NH3),C,04 ——> “pg™ NMR, IR [39]
X =Br, 1 < ™
X
3 K,PtX, — [PtX3]” + X* ESR [40]
K,PtXs — [PtX5] + X*
4 Zr O)LONa ——— TN WO NMR (32]
~>o' >\© SCXRD
R =H, NO,, NH;
5 PtCl, + PPhy ™™™ ¢js-PtCL[PPhs], 2% ¢is-PtCO; [PPhs), Solid-state *'P MAS [41]
Yields of 98% and 70% were recorded respectively NMR, PXRD, DTA
6 Ni(NOs), - 6H,0 + 1,10-phen — Ni(phen); (NO3), - xH,O + SCXRD [42]
p-sulfonatocalix[4Jarene(5-) — [Ni(phen)s* N p-sulfonatocalix[4]arene(5-).
N = cavity inclusion
Charge assisted n-stacking interactions
7 MCI, + Tp*Tl — Tp*MCl SCXRD, ES, IR [43]
M = Mn, Co, Ni Three complexes each of tris(pyrazolylborate) Co,
Ni and Mn prepared in yields of up to 80%
Tp = tris(pyrazolylborate) moiety
x = H, alkyl, aryl, alkoyl ligands
< : ) 4 \ ( :
@ N \ / N
N N
N N
8 + — l \ NMR [44]
7\ A = = Self-assembly produced the square shaped
NC>—<:/\N complex
— — AN A
| |
N N
@ = (en)Pd(NO3)2; 7 \ / N
(en)PUNO3). @N N
7\ -
N (M)N< 1
N= N
O (b AV
+ 7 l = N \
N s @ 7N !
9 lJ —» °N N= =N N NMR (44]
NN @ @ @ @ Self-assembly produced the bowl shaped complex
A~ N N =N N
UN 3 & \y
AN =
N AN Z \ /
NN N//‘ N
N / \
@ = (en)Pd(NO3), B
(N @N < )
10 AgCH;COO + N-X - Y-N — Ag[N-X - Y-N] [CH;COO] - nH,0 XRD [45]
N-X - Y-N=[N(CH,CH,);N]; [H,NC¢H(NH,] [46]
11 MClLAN-X - Y-N — MCL[N-X-Y-N]- nH,0 XRD [45]
M =Zn, Cu [47]
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Table 1 (continued)
No. Reaction Comments Reference
12° CO,H 1.10min PXRD
P 2 orinding i ! ‘ The product has an empty microporous 3-D [48]
ﬂ + Cu(OAc),-H,0 — -'%-_ network
N
N 2. Heat “ -
1 1
organotin Protic Organotin
13* Precursors ) ! & ! 12 organotin complexes were synthesized by [49]
acids cages & clusters grinding at ambient temperature
eg. n-BuSn(O)OH eg. RCOOH drum, O-capped
n-BuSn(OH),Cl1 R,POOH extended teranuclear
n-Bu,SnO RP(O)(OH), tetranuclear oxo cage
(SnPh;),0 RSO;H supra and discrete molecules
14 2CpTl + FeCl, — Cp,Fe + 2TICI IR, DTA and PXRD [50]
g B(OH): KF/alumina : <\ /:N
15 Fe P Fe N [51]
B(OH) - =" ) [52]
M2 BN B ) \
N
16 FcCHO+H,;NC¢HsX — FcCH=NC4zHsX IR, NMR, DSC, MS [53]
11 ferrocenylimine complexes have been prepared in isolated yields of over
90%
17 FcCHO + RCHZPPh3XN£H FcCH=CHR IR, NMR [54]
R = H, Aryl halides, Ferrocene DSC, MS
CH,COFc
18 NaOH IR, NMR [55]
ArCH=CHCOFc + PhCOMe———— ArCHCH,COPh
©—COMe @—COCH:CHR @—COCH:CHR
19 Fe +RCHO —» Fe + Fe IR, NMR [56]
Q—COMC Q—COCH:CHR @—COMe
% No apparent melting was observed.
/3N
~ N
g’ " /RN
« P ‘gﬁ 2 - r%w\
4 o B % ‘53‘-3 1 -
0-‘.“"_%;. f“' !4 ‘A‘,u’ N l‘J'
\ P 1 o= d -
y b | p ¢ \:[P p N

Fig. 4. Mechanochemically induced infinite m-stacked chain showing the inclusion of [Ni(phen);" cations within the cavity of a p-sulfonatoca-
lix[4]arene(4-) anion, in a C2v symmetric conformation. (Reproduced from [42] with permission, copyright Royal Society of Chemistry).

accommodate varying quantities of other donor ligands
within their coordination spheres.

In a few cases, an intervening melt phase reaction pathway
has been specifically excluded by authors. In such cases, it is
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assumed that the process of grinding induces a mechanical
stress that disrupts the passivating surface layer of product
on the consumed reactants, thereby exposing fresh reagent
for the continuation of the reactions. The first solvent-free
mechanochemical synthesis of a microporous metal-organic
framework complex [Cu(NCsH4COO),] which was recently
reported by James and coworkers [48] falls into this category.
The compound has been obtained quantitatively by grinding
copper acetate and isonicotinic acid together for 10 min
(Table 1 —12). The product has a robust 3-dimensional con-
nectivity. Similarly, the organotin clusters and cages quanti-
tatively synthesized by Chandrasekhar et al. [49] via the
ambient temperature grinding of organotin precursors with
protic acids have been obtained without the observation of
a melt phase. Using this method the authors prepared a vari-
ety of structural forms, including the drum, O-capped cluster
and tetranuclear oxo cages. Discrete as well as polymeric
compounds (Table 1 — 13) were also formed. These reactions
have been monitored by PXRD, and the observance of crys-
talline phases throughout the course of the reaction
prompted the authors’ conclusions.

3.1.3. Ferrocene and ferrocenyl compounds

The solvent-free synthesis of ferrocene by the mechani-
cal milling of iron (II) chloride with (alkaline metals or
thallium) cyclopentadienides (Table 1 — 14) [50], and the
synthesis of various ferrocenyl derivatives has been the
focus of several research initiatives.

It has been shown that the use of KF/alumina as a solid-
phase support for a solventless Suzuki synthesis (Table 1 —
15) offers a convenient and environmentally friendly route
that is a faster, more selective alternative, to the prepara-
tion of disubstituted pyridine/pyrimidine ferrocenyl com-
plexes in solution [51,52]. The solventless mixing of
equimolar quantities of ferrocenylaldehydes and aromatic
amines provided excellent yields of ferrocenylimines via
melt formation (Table 1 — 16) [53].

Ma and coworkers [54-56] have reported on the efficient
solvent-free synthesis of a variety of ferrocenyl compounds.
The Wittig reaction of formylferrocene with ylides yielded
ferrocenylethene derivatives (Table 1 — 17) which were pro-
posed to serve as monomers for ferrocene containing poly-
mers [54]. Michael reaction was used to prepare 1,5-
diketone compounds containing the ferrocene backbone
(Table 1 —18) [55]. The authors also reported on a selective
synthesis of 1-acetyl-1’-enonylferrocenes and 1,1’-dienonyl-
ferrocenes by using a powdered NaOH catalyzed Aldol
condensation of diacetylferrocene with aromatic aldehydes
(Table 1 —19). Several new compounds have thus been iso-
lated and fully characterized using the solventless (melt)
chemistry approaches.

3.2. Thermochemical induction
The initiation and sustenance of chemical reactions due

to a rise in temperature which results from the direct appli-
cation of heating or the conversion of other forms of

energy (mechano-, sono-, photo-, etc.) into thermal energy
is central to the theme of this review. Thermochemical
induction can thus be regarded as the simplest method to
generate a melt from a solid or solids. The energy input
manifests itself in the form of melt formation and/or
vaporization of volatile components, which permits reac-
tion to occur. To date, thermochemical initiation has been
utilized largely by us [11,57] and others [58,59] to study a
variety of solvent-free inter-solid reactions and intra-solid
organometallic transformations (see Tables 2 and 3 for
details).

3.2.1. Inter-solid reactions

An inter-solid reaction involves the interaction of two
(or more) macroscopic solids to produce a solid product.
The application of thermal energy results in the formation
of a eutectic melt beginning at the interface where the two
reactants are in contact. This is highlighted in Fig. 5 by the
reaction (n’°-CsH4Me)Ru(CO),I + PPh; — [(n°-CsH,;Me)-
Ru(CO),PPh;]I. It can be seen that reactants that do not
touch did not form a eutectic melt (Fig. 5(b) and (c)).
Spectroscopic analysis of the melt indicated addition of
PPh; to Ru and formation of the product [(n’-CsHsMe)-
Ru(CO),PPh;]I. When the added energy is sufficient the
reactants melt, and this melt will act as a ‘solvent’ for the
reaction.

3.2.1.1. Ligand exchange reactions. A series of ‘ligand
exchange reactions’ in which ligands are exchanged
between solid organometallic complexes have been
reported. For example, the reaction between RhX(PPh;);
(X =Cl, Br, I) and (n°-CsHsMe)W(CO);X (X = Cl, Br,
I) resulted in the exchange of CO/PPh; and X/Y between
the two reactants with the same product yields and distri-
butions as found for the corresponding solution state reac-
tions (Table 2 — 20) [60]. Similarly, exchange of halogen
ligands have been observed on the heating of a mixture
of piano-stool Mo, W and Re complexes (Table 2 — 21)
[61]. For example, a mixture of (n°-CsH,sMe)W(CO),Br,
and (n°>-CsHsMe)W(CO),I, yielded a mixed halide (n°-
CsH4Me)W(CO),Brl product. Heating the pure mixed
halide product reconverted it back to the pure starting
compounds (very low yield) demonstrating the reversibility
of the exchange reaction (n°-CsHsMe)W(CO),Br, + CsH,.
Me)W(CO),1,5(n°-CsH;Me)W(CO),Brl (Table 2 — 22)
[61]. A facile solvent-free inter-halogen exchange reaction
has been reported with isolation of 81% of the iodo prod-
uct (n°-CsH4Me)Re(CO),I, from its brominated precursor
(n°-CsH4R)Re(CO),Br, by mixing with Nal (Table 2 — 23).
The detection of a melt was not reported, but the reaction
certainly, in retrospect, occurs in the melt phase.

3.2.1.2. Migratory-insertionladdition reactions. The reac-
tion of (n°-CsHs)M(CO)Me (M =Mo, W, x=3;
M = Fe, x = 2) with nucleophilic ligands, L, to give (n°-
CsH5)M(CO),_;L(COMe) represents one of the earliest
reactions reported in organometallic chemistry [62]. Most
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Table 2
Thermochemically induced inter-solid reactions
No Reaction Comments Reference
NMR; IR; DSC [60]
@ @ Both CO/PPh; and X/Y were exchanged between the two
reactants
ocC “yy Ly \"uy
/\ co /\ €O L =PpPhy
oC Y B —
+ wd X;Y =Cl Br, 1
X///,‘ \\\L Y///, h\\\\L
K RE
SR R
Reactants Products
21 Exchange reactions have been recorded, at low yields due to  [61]
% R ; R R==R; Me. 'Bu decomposition of material
oc-Mcq 0C-Mrucg ot o
od X od ¥ M=M; Mo, W,Re
. ) and X=YCLBr1I
Rj R
Y—M., x-M.,
7\ 7\
oc” &g oc” ¢
Reactants Products
2 @ < < [e1]
B gy + —Re ) Br— Re"‘”’/l
r/ CO /o~ ¢\ "CO
oC Br oC 1 ocC 1
lat =25%; diag = 29%
. otos
23 @Me @Me The product was isolated in 81% yield [61]
_+Nal _ R
Br—/ "y [—R¢.,
/ \ "o 7 \ "o
OC Br oC \1
24 @R R NMR, DRIFTS [63]
+L @ Thermomicroscopy [64]
M-, —_ >
oC / \ ”’//CO OC/M-,,,U/
¢ \ "COMe
OC Me oC L
M= Mo, W; L = PR3; P(OR);3
R = H, Me, COMe, CHO
25 X X X . X N NMR, IR, DRIFTS [26e]
OC///IJ/[ S0 0G, I\I/In\L L 0C,, |ﬁ\\\L L OC///,IJ/M\\\L Thermomicroscopy [32]
oc? | ‘CO OC( ‘CO L( (l;o‘co L( ][ \CO
X=Cl, Br, I L,L" =PRj3; P(OR);
26 @R NMR [66]
IR

/Few,‘,//
oC \I L

R=H, Me
L = PR3, P(OR)3

(continued on next page)
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Table 2 (continued)

No Reaction Comments Reference
27 NMR [67]
@\ Me &Me
| Me3;NO CO
Mo2'CO + PPhy ———~ Mo
ANN! A SN
OC Co PhsP 0o
lat and diag
28 a r _ SCXRD [68]
AN ESR
?N/j M, Cl,(NM 4 M‘—N/\—>
+
N emanonen, 2 [T
o )
M =Mo, W a’ \ 4
29 FeSO, - 7TH,0 + 1,10-phen — Fe(phen);SO, - xH,O In situ EDXRD; DSC; TG/DTA; Méssbauer; IR [69]

of the pioneering studies, as expected, were conducted in
solvents and it was from these studies that the mechanism
of these reactions was shown to involve methyl migration,
resulting in the process being referred to as a migratory-
insertion reaction. Recently, a systematic investigation of
similar reactions in the absence of solvents was initiated
[63,64] and it was found that the thermochemically induced
solventless migratory-insertion reaction of similar Mo, W
and Fe piano-stool complexes with a series of solid phos-
phines and phosphites occurred in the melt phase (Table
2 —24) [64]. The kinetics of the melt reaction has been stud-
ied by employing simple techniques such as in situ
DRIFTS. In all the reactions studied the kinetic data fitted
a pseudo-first order reaction model, consistent with melt
phase chemistry.

Heating a mixture of RuCl,(PPhjs), and 2,6-xylylisocya-
nide (XyINC) at 100 °C gave rapid formation of a yellow
complex. A white deposit also formed on the complex that
was identified as the triphenylphosphine ligand. Washing
the solid with diethyl ether left behind a bright yellow solid
of the required product, RuCl;(PPhj3),(XyINC),. Since the
melting point of the isonitrile is ca. 175 °C this suggests
that the reaction occurred in the solid phase or between a
solid and a vapor (xylylisonitrile has a high vapor pressure
at room temperature). Either way, the Ru complex
remained in the solid state throughout the reaction. A sim-
ilar result was obtained with solid 2-OMe-4-ClphenyINC,
showing the generality of the reaction [65]. Reaction
between RuCl,(PPhs), and liquid isonitriles also occurred
without the addition of solvent at room temperature to
slowly (or more rapidly at 50 °C) give the required com-
plexes in ca. 85% yield. Thus very clean reactions are pos-
sible in the absence of an added solvent.

3.2.1.3. Ligand substitution reactions. The solvent-free
reaction between Mn(CO)4(PPh;)Br and PPh; [26e] was
the first organometallic melt reaction monitored by ther-
momicroscopy (Table 2 — 25). The reaction provided sub-
stantive data on the mechanism of the ‘solid-solid’ CO
substitution reaction underpinning the relevance of a eutec-

tic melt in such ‘solid-solid’ reactions. It was realized that
interface melting (which only occurred for reactants in con-
tact with each other) was the key step in the thermally dri-
ven reaction. An example depicting melt formation is
shown in Fig. 5. The observation has since led to many
studies on related systems. While interface melting is
important in the initiation and/or sustenance of melt-phase
solvent-free reactions, reactions where interface melting
occurred and did not lead to the initiation of a reaction
were also found [66].

Solvent-free CO substitution reactions of piano-stool
iron (Table 2 — 26) and molybdenum (Table 2 — 27) com-
plexes by PR; and P(OR); donor ligands were also noted
[66,67] to occur in the melt. In the reaction of (n’-
CsH4R)Fe(CO),I with phosphine ligands (L), ionic prod-
ucts [(n°-CsH4R)Fe(CO),L]' T~ were predominantly iso-
lated. This is in contrast to the CO substitution products
(m°-CsH4R)Fe(CO)(L)I obtained from the same reaction
in benzene as a solvent [66b]. Mechanistic studies have
indicated that the melt phase reaction proceeds via an asso-
ciative 19 electron transition state/intermediate while the
reaction in a solvent occurs via a 17 electron transition
state/intermediate [66a].

Even more complicated structures such as inorganic and
organometallic polymers and oligomers have been
obtained via substitution reactions in the melt phase. In
this respect, Chisholm et al. [68] have reported the synthesis
of the M-M quadruply bonded oligomeric compounds
M,(hpp)4sCl, (M =Mo, W) by the reaction of
M,Cly(NMe,)y, with 8 equiv. of Hhpp (hpp is the anion
derived from deprotonation of 1,3,4,6,7,8-hexahydro-2H-
pyrimido-[1,2-alpyrimidine, Hhpp) (Table 2 — 28) in a sol-
vent-free melt reaction at 150 °C (see Fig. 6 for a crystal
structure of the Mo oligomer). The solvent-free coordina-
tion of the bidentate 1,10-phenanthroline ligand to transi-
tion metal centers has been studied by Nichols et al. [42]
and O’Hare and coworkers [69]. A 1:1 reaction of the
ligand with FeSO, - 7H,O took place rapidly at around
70 °C initially producing an intermediate crystalline phase,
Fe(phen);SO4.5H,0O which cleanly self-assembled to the
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Table 3
Thermochemically induced intra-solid reactions
No Reaction Comments Reference
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24°C —»

S6°C —»

Product

80 *C

M FPh

Fig. 5. The thermochemical reaction of (n>-CsH4Me)Ru(CO),I + PPh; — [(1>-CsH4Me)Ru(CO),PPh;]I as a function of temperature: (a) solid reactants
at r.t., (b) eutectic melting at the solids interface for reactants in contact, (c) melt phase; below the melting point of the pure reagents.

Fig. 6. Oligomeric Mo-Mo quadruple bond containing complex prepared
via melt-phase thermochemical reaction. (Reproduced from [67] with
permission, copyright American Chemical Society.)

octahedral six-coordinate Fe(I) complex Fe(phen)-
(H>0)3S04 (Table 2 — 29) [69]. This has been investigated
by time-resolved in situ EDXRD, DSC, TG/DTA, Moss-
bauer and IR spectroscopy. This was noted to be another
example where the solvent-free technique yielded a product
different from the same reaction conducted in aqueous
solution, that yielded Fe(phen);SOy.

3.2.2. Intra-solid transformations

Intra-solid transformations occur within the molecular
lattice of a single compound, and gives rise to a high chance
of topotactic control of product geometry. The change from
reactant to product may occur without a change in phase as
is observed in single-to-single crystal transformations.

Examples of transformations that have been reported to
occur with the retention of crystallinity include the diag-to-
lat thermal isomerization of (n°-CsHsMe)Re(CO)-
[P(OPh);]Br, [70], the photo-induced coordination-driven
[2+2] self-assembly of dinuclear Zn complexes [71], the rac-
emisation of cobaloximes [72], the thermal dimerisation of

cyclopentadienyl(o-dithiobenzene)cobalt, [73] and the X-
ray-, thermal-, and pressure-induced ONO to NO, linkage
isomerization reaction of a series of cobalt [74] complexes.
Transformations of this type are rare and have provided
information for the interpretation of solid state and sol-
vent-free organometallic reaction mechanisms [70]. A
detailed treatment of single-to-single crystal transforma-
tions falls outside the scope of this review.

However, many intra-solid transformations do involve a
change in phase as reactants convert to products and this is
accompanied by a disruption of the 3-D crystallinity of the
reactant. This could involve a localized cycle of melting/
reaction/resolidification of crystallites in a solid material.
Reactions in which a melt phase was observed are dis-
cussed below.

3.2.2.1. Isomerization reactions. Isomerization reactions
are amongst the most studied solvent-free intra-molecular
transformations of organometallic compounds as evi-
denced by the frequent discussion of the subject in reviews
dealing with solvent-free reactions [11,57,75-78]. Most of
the reactions described have been shown to occur in the
solid state, but future studies may reveal the possibility of
the reaction occurring in a melt phase for related com-
plexes. These types of reactions have potential practical
importance as highlighted by the example given below.

Coordination compounds in which an ambidentate
ligand (e.g., NO;) binds to the metal center through either
the N (nitro form) or O (nitrito form) donor atoms have
been well studied [11]. In a recent study by Fabrizzi and
coworkers [79] of a nickel(II) bis(diamine) complex having
a pink-red nitro isomer and a blue colored nitrito isomer,
the possibility of utilizing the reversible thermally induced
nitro—nitrito interconversion for the design of thermochro-
mic devices for use as visual and prompt monitoring of
temperature changes was studied. The key to the study
was the facile thermochromic interconversion between the
two isomers (Table 3 — 30). The electronic changes and
kinetics of the isomerization reaction were monitored by
ESR and in situ DRIFTS.

One example of a reaction that may occur in the melt
phase has been reported. The kinetics of the solvent-free
tautomerization of the hydrido-alkynyl ruthenium com-
plexes to their vinylidene isomers has been monitored by
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IR spectroscopy (Table 3 — 31) [80]. The rate of disappear-
ance of the y(C=C) vibration at ca. 2000 cm ' with time
was analyzed using the Avrami-Erofeev equation and some
new insight into the mechanism of the transformation,
which was different from that observed in similar solution
studies, has been given by the authors.

3.2.2.2. cis—trans Isomerization reactions. Isomerization
studies on 4- and 6-coordinate inorganic compounds have
been published in the literature and much of the early work
on the study of the solid state reactions of these classical
coordination complexes has been summarized by LeMay
[76].

The four coordinate compounds cis-[Pd(NH3),X5] that
have carlier been prepared by a mechanochemical route
from [Pd(NH;),C,04] and halogens (Table 1 — 2) were sub-
jected to thermochemical isomerization transformation.
The thermally induced cis — trans transformation of the
isolated compounds was monitored at 400 K by high tem-
perature PXRD. The reaction was observed to occur
through cis — trans — f-trans structures. The authors con-
cluded that the cis — trans transformation was not just a
transition between the phases but occurred through the
breaking of Pd-N or Pd-X bonds to finally yield the ther-
modynamic products (Table 3 — 32) [39].

The thermal, unidirectional isomerization of the trans,
trans, trans (ttt) isomer to the thermodynamic cis, cis, trans
(cct) isomer of six coordinate ruthenium complexes,
Ruclz(L)z(PR3)2 (L = CO, RNC) (Table 3 - 33), was
investigated by PXRD and thermomicroscopy techniques
[81]. The solvent-free conversion of the ¢f to the cct is uni-
directional, and no ccc isomer was detected. In formulating
the mechanism of the isomerization reaction it was
assumed that only one pair of ligands (Cl, RNC)
exchanged to bring about the isomerization reaction in
an intramolecular process involving no loss of ligands from
the Ru during the ligand exchange. PXRD and NMR [65]
techniques were used to study the reaction and results
obtained were consistent with first-order kinetics with
E, ~ 219 (+26) kJ mol ! indicating a high-energy process,
consistent with the two ligand movement.

The example of the isomerization reaction above is
indicative of the close relationship between solid state
and melt reactions. When high-temperature studies of ttt-
RuCl,(CO),(PMePh,), single crystals were undertaken,
two competing processes were noted. Either the thermal
energy broke intermolecular bonds (melting), or the added
thermal energy induced an intramolecular process (solid
state isomerization reaction). It was shown that only lim-
ited (i.e. surface or bulk-initiated) isomerization took place
in the solid state before melting ensued. Furthermore, it
was noted that the isomerization reaction continued in
the molten state.

3.2.2.3. Diagonal-lateral isomerization reactions. A range
of piano stool complexes of the type RCpML, (M = Re,
Mo, W) have been synthesized in our laboratories and

shown to undergo solventless diag to lat isomerization
[82-86]. Variation of the Cp ring substituent R, the metal
M and the ligands L, have yielded tens of compounds
and provided a wide range of variables for systematic stud-
ies (Table 3 — 34-36). These studies have involved the use of
several techniques from the more traditional ones like IR,
DSC and NMR to less common ones such as thermomi-
croscopy, in situ DRIFTS and PXRD [11,57] to monitor
the reactions. Important conclusions from the studies
include:

1. In some cases the melt process is the only route for the
synthesis of pure isomers in high yield, and can provide
a very simple alternative to often tedious solution
techniques.

2. Based only on a theoretical analysis of intra- and inter-
molecular properties it is not possible to predict as to
whether a compound will or will not undergo isomeriza-
tion in the melt (or solid) phase.

3. Isomerization reactions in the melt phase may or may
not occur in the same direction as when conducted in
solution.

4. In all the cases thus far studied, the isomerization reac-
tion always goes from the low melting isomer to that
with a higher melting point.

The complexes studied isomerize in either a bidirectional
(i.e. isomerization takes place starting from either isomer)
or unidirectional diag to lat direction. Combined IR,
NMR, powder and single crystal XRD and thermomicros-
copy studies were used to follow the kinetics of the isomer-
ization process. The tungsten complex (n°-CsHsMe)-
W(CO),P(OPr);I (Table 3 — 36) represented a special case
because it was the only one in which a unidirectional /at to
diag transformation occurs in the melt [87]. Fig. 7 shows a
thermomicroscopic study on a single crystal of lat-(n’-
CsH4;Me)W(CO),P(O'Pr);1. The isomerization is charac-
terized by a heterogenecous localized melting process (b).
As the crystal is heated, crystallinity is gradually lost as it
becomes rougher (c), but the overall morphology of the
crystal is retained in forming the product diag-(n’-
CsH4;Me)W(CO),P(O'Pr);I (d) which was confirmed by
IR and NMR analyses. The data has been interpreted as
involving localized melting occurring at defect sites that
permit the reaction to occur in the heterogeneous manner
observed. Fillippou and coworkers [58,59] have prepared
similar complexes via a melt phase isomerization reaction
characterized by a tungsten-germyl moiety [(1°>-CsMes)W-
(CO),L(GeCly), L = CNEt, PMes] (Table 3 — 37).

3.3. Sonochemical induction

The application of sonochemistry procedures to syn-
thetic organometallic chemistry has been promoted
through the works of Suslick [88] and Luche [89]. Suslick
and coworkers have shown that variation of acoustic cav-
itation conditions can be used to produce organometallic
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a b

4
115 °C;10 min

115 °C; 30 min

115 °C; 60 min; then 25 °C

Fig. 7. The thermally induced intramolecular isomerization of lat-to-diag-
(n3-CsH4Me)W(CO),P(O'Pr);1: (a) initial crystal, (b) the beginning of the
heterogeneous melt/solidification process, (c) as the crystal isomerizes it
becomes rougher and (d) loss of crystallinity. The overall morphology of
the crystal is retained even after the isomerization. (Reproduced from [87]
with permission, copyright Elsevier B.V.)

complexes. For example, the ultrasonic irradiation of
Fe(CO)s produced a variety of products inaccessible by
conventional techniques [90]. Ultrasound has also been
found to increase surface disruption leading to increased
activity in the preparation of a CuBr,/alumina catalyst
[91]. This has been attributed to the high velocity convective
currents generated by sonication which leads to reduction in
diffusion layer thickness, thereby enhancing reactions that
are under mass transport control [92]. The direct applica-
tion of sonochemistry to melt processes, to our knowledge,
has not as yet been documented. The advantages of cavita-
tion produced from ultrasonic irradiation of reactions per-
formed in solution should apply to melt reactions. Thus,
improvement of nucleation and growth processes and the
production of localized ‘hot-spots’ that initiate chemical
reactions [90], are conditions that could improve melt reac-
tions normally initiated by others means (grinding or mill-
ing). It therefore seems that the application of ultrasound
to solvent-free reactions in conjunction with or without
other means of initiation will have a beneficial effect on
reactions that pass through a melt phase.

3.4. Induction by microwave irradiation
Microwave assisted synthesis has been widely applied to

the preparation of organic [93] and inorganic compounds
[94]. It has been noted that the wide application of micro-

wave initiation to organometallic chemistry is hampered by
some limitations of the technique [95]. These include real-
time reaction monitoring using standard techniques (IR,
NMR) and the optimization of reaction conditions such
as time and temperature. Available examples of application
of microwave initiation in suitable solvents to organome-
tallic compounds include the rapid synthesis of arene—
metal complexes [96], the substitution reaction of metal
carbonyls [97] and the synthesis of coordination com-
pounds [98].

The application of microwave initiation to solvent-free
organometallic reactions will offer certain unique advanta-
ges. This includes the significant improvements in temper-
ature homogeneity and heating rates, leading to a
significant decrease in reaction time and less degradation
of reactants and final products when compared to classical
heating. This approach could lead to a clean reaction with
higher yields than obtained by conventional heating
techniques.

The microwave technique has also been shown to pro-
vide synergy with solvent-free conditions [99]. This is most
applicable when at least one of the solid reactants in a mix-
ture absorbs microwaves and this process can then be used
to supply the energy required to drive the reaction. Loupy
[100] has recently surveyed the utilization of solvent-free
microwave organic synthesis as an efficient procedure for
green chemistry.

An example of the application of microwave assistance
to the solvent-free synthesis of organometallic compounds
has been performed by Imrie and coworkers [101]. They
prepared ferrocenyl esters in moderate to high yields from
the microwave-promoted solvent-free reactions of ferroce-
noyl fluoride and substituted phenols. The reaction which
combined mechanochemistry and subsequent microwave
irradiation for 1 min resulted in melt formation.

4. Solid—gas reactions

Solid—gas reactions involve the interaction of molecular
solids with gaseous reactants to yield molecular solid prod-
ucts (Fig. 1). The reaction ‘front’ in this case is the solid/gas
interface. This is a mobile phase, controlled by the ability
of the gas to diffuse into the lattice of the solid. Significant
motion of this ‘front’ leading to molecular loosening is nec-
essary for a reaction to occur. This molecular loosening
may or may not manifest itself as physical melting. It is
the recognition of this mobile reaction ‘front’ that relates
chemical interactions between solid and gaseous reactants
with main stream solid—solid melt reactions that occur at
the physical interface between the solids, as already
discussed.

Following are examples of solventless solid—gas reac-
tions, mainly occurring in the solid state, that highlight this
area of chemistry. Reactions between molecular solids and
small gaseous molecules were amongst the first solventless
organometallic reactions to be studied. In the 1960s Vaska
performed a series of reactions involving Ir(CO)CI(PPh;),
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with small two electron donor gaseous molecules [102].
This was followed in the 1970s by a series of elegant studies
involving organic compounds and vapors, such as NHs,
HCI and SO, by Paul and Curtin [103].

In more recent times, several research groups have
focused attention on solid—gas reactions with a view
towards developing carriers, sensors and traps for gases.
The ease of sorption and desorption of the gases is required
for practical application. In particular a compound should
be capable of withstanding repeated cycles of sorption and
desorption under moderately mild conditions. In addition,
since the early days of organometallic chemistry the insta-
bility of many organometallic complexes to atmospheric
exposure has been well recognized. Some of the reactions
are known to involve oxidation and/or ligand substitution
by gaseous molecules (oxygen, moisture) in the atmo-
sphere. Hence, the study and clear understanding of
solid—gas interactions is important in organometallic chem-
istry. It is therefore interesting to note that the first example
of an intermolecular single-to-single crystal chemical reac-
tion with an external reagent was with molecular oxygen
[104].

Recently, Braga et al. [105-107] have shown that the
powdered form of the organometallic zwitterion
[Co™(n°-CsH4,COOH)(n’-CsH4,CO0)] reacts in the solid
state with hydrated vapors of volatile acids (HCI,
CF;CO,H, HBF,) or bases (NH;, NMe;, NH,Me) to

quantitatively produce the corresponding salts of the cat-
ion [Co™(n’-CsH,COOH),]"A~ or anion [Co™(n>-
CsH,COOH),] BH" respectively. This behavior of the
Co compound is due to the zwitterionic nature of the
—COOH group (Table 4 — 38). The heterogeneous reactions
are fully reversible, as the acid or base molecules can be
removed by thermal treatment, regenerating the starting
material as observed from the loss of the cation or anion
in TG experiments. The authors have proposed the com-
pound as a candidate for diverse applications. These
include their use as solid-state sensors, reservoirs, filters
and sieves for detecting or trapping small gaseous
molecules.

Similarly, Albretch et al. [108] have observed that when
colorless crystalline [PtCI(NCN-OH)] is subjected to an
atmosphere containing gaseous SO, (1 atm), a fast reaction
took place affording the corresponding bright orange
adduct [PtCI(NCN-OH)(SO,)]. The reaction was moni-
tored by PXRD, and a completely new powder pattern in
the X-ray diffractogram of the product corresponding to
the known pattern of the pure SO, adduct [PtCI(NCN-
OH)(SO,)] was observed. All peaks originating from
[PtCI(NCN-OH)] were absent. Exposure of a sample of
the adduct to air completely reversed the process of this
selective inclusion of SO, into these arylplatinum structures
which involved successive making and breaking of Pt—-SO,—
Cl interactions (Table 4 — 39). Because the process of SO,

Table 4
Solid-gas reactions
No Reaction Comments Reference
38 o + o 0 0 NMR, XRD, AFM [105]
Hydrated vapors of volatile acids (A) and bases (BH) are [106]
OH (0] OH .
w w reversibly absorbed
A BH 107
colll — Colll = Colll [107]
%/“*OH MOH %TOH
(0] 0 0]
39 NMe, NMe, IR, PXRD [108]
R Pl—X 50, R py < SO, Reaction is fully reversible and easily monitored
~
-S0O, X
NMe, NMe,
Solid-Gas a
40 — " [Rh(CO)(PR3);]"OAr" IR, NMR, XRD, EA [109]
Rh(OAr)(PR3); + CO—
——Rh(OAr)(CO)(PR3),
Solvent
41 R L = diiodine, octa-sulfur; ethylene, benzene; polycyclic [110]

A s PN N

0O (0] T o (0] R T o (0]
0
o oM o
R1|1/—R|h/ t, L--Rh/—th{--L E-Rh/—thf--
b 48 b b S
VY VY VY
R R R R R R

aromatic hydrocarbons and corannulene
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gas absorption/desorption is fully reversible over many
‘on/off’ cycles without any material deterioration, and is
accompanied by a distinct color change the authors have
proposed its application as a ‘molecular switch’ for SO,
sensing.

Other researchers have reported on the importance of
solid—gas reactions as a component of solvent-free chemis-
try. The reaction of CO with aryloxide rhodium (I) com-
plexes, Rh(OAr)(PR3); has been conducted by Osakada
and Ishii [109] with and without a solvent. The products
of the solvent-free methodology were found to be ionic
complexes formulated as [Rh(CO)(PRs);]"OAr~. These
products differ from those obtained in toluene, in which
Vaska-type complexes trans-Rh(OAr)(CO)(PRj3), were
obtained via a carbonylation reaction (Table 4 — 40). It is
interesting to note that the catalyzed melt phase substitu-
tion reaction of (n°-CsH4R)Fe(CO),I with a series of phos-
phines also resulted in the formation of a salt product [(n°-
CsH4R)Fe(CO),PR;]' T, instead of the substitution prod-
uct [(n°-CsH4R)Fe(CO)(PR3)I usually obtained in solution
[66].

Examples in which gas uptake occurred in a melt reac-
tion have been reported. Thus the insertion reaction of
CO into (n°-CsHs)Fe(CO),Me and (n°-CsHs)Mo(CO);Me
has generated the expected insertion product [63].

Sublimation—condensation is a solvent-free technique
that involves the direct vaporization of solid reactants
and subsequent reaction in the vapor phase followed by
the deposition of solid products. The technique was
developed for the coordination of a variety of ligands
to the tetrakis(trifluoroacetate) dirhodium(II) molecule
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[Rh,(O,CCF3)4] by Cotton and coworkers [110] to pre-
pare several compounds unobtainable by conventional
solution techniques (Table 4 — 41). It is possible that
some of these reactions may occur in the melt phase.

5. Monitoring melt reactions

A variety of techniques are available to both study reac-
tions in the melt and to detect the melt phase.

5.1. Thermal analysis

DSC measurements of solid mixtures permits the eval-
uation of eutectic formation. By comparing the melting
points of pure samples and sample mixtures an estimate
can be made as to the temperature to use in a melt reac-
tion. An example of this is shown in Fig. 8. Here the
migratory insertion and the subsequent decarbonylation
(Section  3.2.2.2) reactions [(n’-CsHs)M(CO);Me +
PPh; — (1°-CsHs)M(CO),PPhy(COMe) — (1°-CsHs)M-
(CO),(PPh3)Me + CO] were monitored by DSC. The
curves represent (a) pure PPh; ligand, m.p. =81 °C, (b)
pure molybdenum complex (1°-CsHs)Mo(CO);Me,
m.p. =100 °C (plus peaks relating to secondary reac-
tions), (c¢) 1:1 mixture of ligand and molybdenum com-
plex, eutectic m.p.=64°C (plus peaks relating to
carbonylation/decarbonylation reactions), (d) pure tung-
sten complex (n°-CsHs)W(CO);Me, m.p. =116 °C, and
(e) 1:1 mixture of ligand and tungsten complex, eutectic
m.p. = 68 °C with no product formation. It can be seen
that both metal complexes formed a eutectic mixture with
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Fig. 8. DSC curves of (a) PPhs, (b) (n°-CsHs)Mo(CO);Me, (c) 1:1 mixture of PPh; + (n>-CsHs)Mo(CO);Me, (d) (n°-CsHs)W(CO);Me, (e) 1:1 mixture of
PPh; + (T]S-CSHS)W(CO):;MC. Both metal complexes formed a eutectic mixture with PPh; (at about 15-20 °C lower than the m.p. of PPh;), but only the
Mo complex formed an insertion product which decarbonylated and finally melted at 158 °C.
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the ligand (about 15-20 °C lower than the m.p. of the
ligand). However only the Mo complex formed an inser-
tion product (endotherm at 98 °C) which decarbonylated
(exotherm at 102 °C) and the decarbonylated product
melted at 158 °C (Fig. 8c). This example illustrates that
even though melt formation is required for inter-solid
reactions the mere formation of a melt is insufficient to
result in product formation.

5.2. Thermomicroscopic techniques

The most obvious approach to monitor a reaction is to
follow the reaction as a function of temperature under a
microscope. The progress of the reaction can be captured
by a camera and digitally stored on a computer. An exam-
ple of an experimental set-up to achieve this is shown in
Fig. 9. The apparatus consists of a bifocal Olympus polar-
izing microscope, a heating stage to permit reactions to be
monitored under an inert atmosphere and a camera. Exam-
ples of reactions monitored by this procedure are shown in
Figs. 5 [66] and 7 [87].

5.3. DRIFTS

Diffuse reflectance Fourier transform IR spectroscopy
(DRIFTS) allows a melt reaction to be monitored directly.
Mixed solid samples are placed in the DRIFTS reactor.
Inert gases can be used to ensure no reaction of the solids
or melt with air. The reaction is carried out at a set temper-
ature and the reaction progress monitored as a function of

Optical
microscope
& digital
camera

A = Optimal heating area. ‘

| Heating plate reaction cell.

Fig. 9. Experimental set-up for thermomicroscopic studies. The reactants
(powder or single crystals) are placed in the heating area. Heating is
commenced and the physical changes occurring are monitored with time
using the polarizing optical camera. All data presented in this report are
obtained at (40-60x) magnification.

0.35 2021
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2100 2000 1900 1800 1700 1600
Wavenumber cm’

Fig. 10. In situ DRIFTS study of the kinetics of the migratory-insertion
reaction (1°-CsHs)W(CO);Me + P(p-FCgHy); — (1n>-CsHs)W(CO),P(p-
FCgH,)3(COMe) (60 °C; metal:phosphine ratio 1:10 mol/mol). The rate
of disappearance of the carbonyl peak at 2021 cm™! was monitored over
time. (Reproduced from [64] with permission, copyright American
Chemical Society.)

time. Typically a diluent is added to the solid mixture. The
influence of various diluents on the reaction kinetics has
been discussed (see Section 2.4 above). An example of
data collected from a DRIFTS monitored migratory-
insertion reaction (n°-CsHs)W(CO);Me + P(p-FC¢H,); —
(n5 -CsHs)W(CO),P(p-FCgH,4)3(COMe) in the melt is shown
in Fig. 10. The rate of disappearance of the carbonyl peak
due to the reactant at 2021 cm™! or appearance of the car-
bonyl peaks due to the product (1857, 1629 cm ') were mon-
itored over time. The kinetic data were obtained by fitting the
DRITS data to a pseudo-first order rate equation [64].

5.4. Other techniques

Post-reaction monitoring of products can be performed
by conventional IR and NMR spectroscopic techniques.
Reactions can also be carried out in NMR tubes (at appro-
priate temperatures) or monitored by PXRD (loss of crys-
tallinity with time, temperature).

6. Conclusions and prospects

In this review the role of the melt phase as a possible
reaction phase has been described. Examples from the orga-
nometallic chemistry literature have been given to indicate
studies that have been carried out to date. Attempts have
been made to be comprehensive but some examples (unin-
tentionally) may not have been discussed in this review.

Key issues relating to the use of a melt relate to (i) high
reactant concentrations, (ii) heat and mass diffusion issues
and (iii) the properties of the melt derived from the reac-
tants. This review reveals that very few systematic studies
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have been performed in organometallic chemistry in this
phase. However, the review has revealed the promise asso-
ciated with reactions in the melt phase:

(1) faster reaction kinetics;

(2) reactions with products different to those obtained in
solvents;

(3) control of reaction kinetics via use of solid diluents;

(4) a greener approach to chemistry.

That these reactions have industrial importance is
shown by the hydroformylation studies carried out with
RhCI(PR3);3 as catalyst in a PPh; melt [30]. Clearly, many
more studies need to be performed to evaluate the role of
the diffusion (heat, mass) in the melt and also how the
properties of the melt materials influence the reaction.
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