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ABSTRACT

Mechanochemical synthesis is a rapidly developing, more environmentally
friendly alternative to traditional solution based syntheses. Mechanochemical
methods often result in higher overall yields, minimize undesirable side reactions,
and present cleaner more concise methods for compound preparation. This work
will address the syntheses of three dialkyl 2,2"-bipyridyl-4,4'-dicarboxylate
complexes of palladium(ll) iodide and the kinetics of these reactions, and this
work will address the improved synthesis and purification of 1,3-dimethyl-1H-
benzimidazolium iodide and the synthesis of diiodo-bis(1,3-dimethyl
benzimidazol-2-ylidene) palladium(ll).

The successful synthesis of dialkyl 2,2'-bipyridyl-4,4'-dicarboxylate
complexes of palladium(ll) iodide was carried out under solvent free ball milling
conditions and the kinetic analysis was carried out utilizing *H NMR
spectroscopy. The kinetics of these reactions were analysed by comparison to
several mathematical models. These reactions were found to best fit the
nonlinear form of the Johnson-Mehl-Avrami-Yerofeev-Kolmogrov (JMAYK)
equation. Based on this model, the reactions demonstrated pre-existing
nucleation sites and discernible dimensionality of crystal growth. The IMAYK
model gave coefficients of determination between 0.9702-0.9880, 0.9681-0.9811,
and 0.9739-0.9825 for diiodo di-2-decyl 2,2'-bipyridyl-4,4'-dicarboxyl
palladium(ll), diiodo di-2-hexadecyl 2,2"-bipyridyl-4,4'-dicarboxyl palladium(ll),
and diiodo dihexadecyl 2,2'-bipyridyl-4,4'-dicarboxyl palladium(ll), respectively.

Finally, the mechanochemical synthesis of diiodo-bis(1,3-dimethyl

benzimidazol-2-ylidene) palladium(ll) began to be analyzed under similar ball



il
milling conditions as the bipyridyl complexes. This synthesis began with
synthesis and purification of the ligand precursor, 1,3-dimethyl-1H-
benzimidazolium iodide. It was found that given the correct reaction conditions,

this material could be synthesized both at room temperature without mechanical

energy input and via mechanical ball milling.
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CHAPTER 1: INTRODUCTION

Mechanochemical syntheses, those reactions that are induced by the
input of mechanical energy, are becoming increasingly popular due to the
environmental and cost benefits of these preparations. These benefits are
realized mainly through the decreased or eliminated use of solvents in
mechanochemical reactions; although, decreased reaction times are also
realized for many systems. These benefits have been well reviewed.® A wide
variety of processes and mechanochemical energy sources are implicated under
the heading of mechanochemistry, as evidenced by the breath of a recent
Faraday Discussion on the topic.? Given the wide range of these topics, it is
perhaps no surprise that despite the increasing interest in the field, relatively little
research has been carried out in “molecular” mechanochemistry, the
mechanochemical preparation of discrete molecules and complexes rather than
extended network materials.t 313

Initially, this work will address the syntheses of dialkyl 2,2'-bipyridyl-4,4'-
dicarboxylate complexes of palladium(ll) iodide (1,2, and 3, Figure 1) and the
kinetics of these reactions. Secondly, the improved the synthesis of diiodo-
bis(1,3-dimethyl benzimidazol-2-ylidene) palladium(ll) (4a and 4b, Figure 2),
began with the synthesis and purification of 1,3-dimethyl-1H-benzimidazolium
iodide (5, Figure 3), and. In light of the fact that this work is largely the
culmination of two distinct projects, this material will be treated separately,
initially addressing the bipyridyl complex synthesis and kinetic analysis, before

turning to the carbene complexes.



4a 4b

Figure 2. Compounds 4a and 4b, showing both the cis and trans form of diiodo-
bis(1,3-dimethyl benzimidazol-2-ylidene) palladium(ll), respectively.
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Figure 3. The structure of 1,3-dimethyl-1H-benzimidazolium iodide, 5.



1.1 Bipyridyl complexes

Throughout this work, two types of syntheses will be discussed, traditional
synthesis and mechanochemical synthesis. An illustration outlining a few
differences in these two methodologies is given in Scheme 1. Traditional
chemical reactions are usually carried out under solvent heavy conditions, where
all the reacting species are dissolved then driven to react (Scheme 1, blue
arrows). These reactions are usually driven by the input of external energy,
typically in the form of heat. Often, these reactions have to be carried out under
inert atmosphere. Traditional synthesis also may require specialized a apparatus,
as well as personnel with special training and skills. All too often, these reactions
generate a mixture of unreacted starting materials, by-products, decomposition

products, and desired products which must be further purified.

Scheme 1. The traditional preparation of the complexes (blue arrows) requires
extensive use of solvents because the conversion is not complete, and
purification by column chromatography is required. The mechanochemical
synthesis (green arrows) gives complete conversion in the absence of solvent.



Mechanochemical synthesis is an alternative methodology to traditional
synthesis. Processes from solid-solid phase changes and the formation of co-
crystals to the breaking and forming of new covalent bonds can all be considered
within the realm of mechanochemical synthesis.!% 4 14 The fundamental
difference between mechanochemical synthesis and the traditional syntheses
that will be considered in this work are the reaction conditions themselves. In this
work, reactions are carried out in as little solvent as possible and reactions are
ground or milled in a vibrational ball mill. This solvent-free or solvent-limited
grinding is what will be meant by “mechanochemical synthesis” from this point

forward.

Historically, the use of mechanochemical methods to chemical synthesis
have been somewhat limited.'>16 However, according to Takacs,*
mechanochemistry may have been used as early as the 4" century B.C. to
produce elemental mercury by grinding cinnabar with acetic acid in a copper
vessel. This and similar types of reactions that resulted in the production of
metals, metal oxides, and alloys seem to have been most extensively applied in

the field.!

Some of the modern applications of mechanochemical methods range
from the Baeyer—Villiger oxidations of ketones, as shown in the work by Toda,’
where these types of oxidations demonstrate a much faster reaction rate in the
solid state than in solution, to the production of drug cocrystals for application in

the pharmaceutical industry, as shown in the work by Li.'8 In Li’'s work, it was



asserted that mechanochemical co-crystallization might provide an efficient route
to specifically tailored drug development. Furthermore, co-crystallization by liquid

assisted mechanochemistry was studied by Nemec.®

While the previously mentioned co-crystallization and metal reactions do
not involve organic bond formation, reactions like the Baeyer-Villager oxidation of
ketones in the work by Todal’ demonstrate that such areas of organic synthesis
should not neglect the applications of mechanochemistry. In fact, in the works by
Stolle,'>16 several methodologies where mechanochemistry can be applied to
organic synthesis are discussed. Because many organic materials are not in a
physical phase that would readily lead researchers to consider the mechanical
input of energy to drive reactions; microwave, sonication, and the use of ionic
liquids are somewhat more known to organic chemists, than is vibrational ball
milling. Stolle!> remarks that vibrational ball milling as is utilized in this work is
more woefully “underrepresented in the knowledge of organic chemists” despite

being an applicable methodology.

The formation of carbon-carbon bonds is another synthetic area where
mechanochemistry has been utilized by Kaupp and coworkers?° for Knoevenagel
condensations. In Kaupp’s work, 23 examples were all found to be quantitative,
atom economical, and waste free. Their work exemplifies several of the many

potential advantages of mechanochemistry.

An additional attribute to some mechanochemical methods that makes
them of great interest in many synthetic fields is that mechanochemical methods

can be selective as to the products of the reaction. For example, methods can be



sterically selective to certain products, making only one product or favoring one
isomer of the synthesized product. For example, in the work of Rightmire et al.,*
organometallic complexes of arsenic, antimony, and bismuth were all shown to
demonstrate some symmetric preference based on the reaction method and
conditions. These organometallic systems, which are all found in two
diastereometric forms of C1 and Cs symmetry, demonstrate an increase in the
ratio of C1 to Cs up to 330%, when synthesized mechanochemically rather than

by traditional methods

Mechanochemistry has been applied, albeit limitedly, to the area of
transition metal complex formations.? 34 6-14 The discussion of these transition
metal complexes will be restricted to complexes that require formation of metal-
nitrogen bonds, because this is the type of bond formed in complexes 1, 2, and
3. This area includes the synthesis of coordination polymers and ligand addition
reactions. Furthermore, because this area can be somewhat broad, only specific

examples will be chosen for discussion.

Mechanochemical formation of coordination polymers involves the use of
poly-functional ligand materials and metal centers. Some of these reactions can
form new products that are different from those obtained from the same reactants
in traditional solution chemistry. Examples are shown in the work by Bourne et
al.?2 where one and two-dimensional polymer networks of zinc bromide and
pyrazine were formed. Such materials were shown to exhibit either a 1-D zigzag

chain (Figure 4), or a 2-D square-grid network (Figure 5). In their work, it was



shown that solid state synthesis produced the 2-D grid type network, making this

synthetic method both selective and environmentally friendly.

.
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Figure 4. The structure of the 1-D zigzag form of the coordination polymer of
zinc(Il) bromide and pyrazine from the work by Bourne.??

Br

—————Z

Figure 5. The structure of 2-D grid type form of the coordination polymer of
zinc(I) bromide and pyrazine from the work by Bourne.??



Additionally, pyridine ligands have been used in the work by Trobs et al.?3
In their synthesis, bismuth(lll) nitrate pentahydrate was ground with pyridine
dicarboxylic acid in the presence of potassium hydroxide to form the compound
shown in Figure 6. This material formed not only the nitrogen metal bond but also

an oxygen metal bond as a result of the deprotonation of the carboxylic acid.

Figure 6. The structure of the coordination complex of bismuth(lll) nitrate and
pyridine dicarboxylic acid studied in the work by Trobs.?®

This thesis is a direct extension of the work by Hyatt et al.,?* where he
demonstrated that the formation of bipyridyl metal complexes was possible
mechanochemically. In their study, the platinum compound 6 (Figure 7) was
synthesized mechanochemically for the study of its liquid crystalline properties.
The work this study progresses from there to study palladium iodide bipyridyl
complexes, including the study of their synthesis kinetics, with a comparison

across different ligand precursors.
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Figure 7. The structure of compound 6, the platinum chloride bipyridyl compound
studied in the work by Hyatt et al.?*

1.2 Kinetic models

As with any synthesis, one of the major areas of concern is reaction time.
To that end, this study not only addresses the synthesis of compounds 1, 2, and
3, but also the kinetics of these reactions. This study focused on the time to
conversion and the rate at which these reactions attained conversion, through
generation of a-curves, plotted as a vs time, for the reaction of each synthesized
complex. Conversion fraction, a, or mole abundance of products to compared to
total theoretical moles of product, of the reaction at a given time point is defined
in Equation 1 where M(p) is the moles of synthesized product and M(ty) is

theoretical yield in moles.

_ M®)
M(ty) (1)

The understanding and exploration of the kinetics governing

mechanochemical reactions is vital to maximizing the benefits of these more
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sustainable reaction methods, and trying to understand the processes that drive
these syntheses. The review by Khawam and Flanagan?® presented several

mathematical models that will be applied in this study. These models are shown
in Table 1 and are presented in the same order as found in the work by Khawam

and Flanagan.
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Table 1. Kinetic models in their differential, f(a), and linear integral, g(a), forms.
The generic forms of the IMAYK?2 model, where n is fitted rather than fixed, are

also included.
Model Abbrev. lda g(a) =kt
fla) = T dr
Power Law P2 2a1/2 at/?
P3 3q2/3 all3
P4 4>/t at/t
JMAYK? A2 2(1 - a)[-In(1 [—In(1 — a)]V/?
— )]
A3 3(1 — a)[-In(1 [— In(1 - a)]/3
- a)]2/3
A4 4(1 - a)[-In(1 [—In(1— a)]/*
~ @)/
Prout-Tompkins Bl a(l—a)t/? ln[ a ] iy
(1-a)
Contracting Area  R2 2(1 — a)l/? 1-(1—-a)t/?
Contracting R3 3(1 — a)?/3 1-(1-a)/?
Volume
1-D Diffusion D1 la a?
2
2-D Diffusion D2 B 1 [(A-—a)in(l—-a)]+a
n(1-a)
3-D Diffusion, D3 3(1 — a)?/3 [1-(1- a)1/3]2
Jander 2[1— (1 - a)/3]
Ginstling- D4 3 2 2/3
Brounshtein 2[(1— a)1/3 — 1] l-za-(1-0a
Zero-Order FO 1 a
First-Order F1 1-a —In(1-a)
Second-Order F2 (1 - a)? - 1
(1-a)
- 3 1
Third-Order F3 1-a E[(l — @) —1]
JMAYK? An a=1—e KO" In[—n(1 — a)]
= nin(k)
+ nin(t)

2Johnson-Mehl-Avrami-Yerofeev-Kolmogrov model



12

Traditionally, mechanochemical reaction models have fallen into one of
four classes as outlined by Khawam and Flanagan in their review?®: (1)
nucleation, including power laws (P2-4,Table 1), Johnson-Mehl-Avrami-Yerofeev-
Kolmogrov (JMAYK) (A2-4, and An), and Prout-Tompkins models (B1); (2)
geometrical contraction, including contracting volume and contracting area
models (R2 and R3); (3) diffusion, including one-, two-, and three-dimensional
diffusion models (D1-4), where three-dimensional diffusion models include both
Jander and Ginsling-Brounshtein types, and (4) reaction order models (FO-3),
which follow the typical models observed for solution reactions. Each of these

models will be addressed in more detail later.

These kinetic models have been applied to several solid-state reactions
and transitions. These reactions and transitions include crystal formation,?6-2
recrystallization,?® crystal transition,?® decomposition,° and adsorption.31-3? |t is

in this broad application that the robustness of these models becomes apparent.

These models can be further categorized into accelerating, decelerating,
and sigmoidal models. Accelerating models (power law models) feature slow
initial rates that become more rapid as conversion begins. Conversely,
decelerating models (diffusion, order and contracting geometries) have very rapid
initial rates then slow down as conversion proceeds. The exception to this is the
FO model which is constant. Alternatively, sigmoidal models feature both an
accelerating and decelerating period as in the JIMAYK models and Prout-

Tompkins.
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For the crystal studied in this thesis, nucleation site growth is one type of
product growth that might be expected. A few models fall within this nucleation-
type category. These include power law, JIMAYK, and Prout-Tompkins models.
Crystal lattices have fluctuating local energies from imperfections in the lattice
which may be due to impurities, surface edges, or point defects.3® These
imperfections are often sites for reaction through nucleation of product growth,
since the reaction activation energy is minimized at these points. These imperfect

spots are known as nucleation sites.
1.2.1 Power law models

Some nucleation models assume that nucleation and nuclei, or product,
growth occur in a single step.3* In the power law models, potential nucleation
sites, assuming that all sites have equal probability for growth once the nuclei
form, grow outward and the rate of growth is a far simpler process than site
formation.3*35 When the rate of nucleation is very high, it indicates that all active
sites are rapidly nucleated, resulting in an observed instantaneous rate of

nucleation.

The power law models assume constant nuclei growth without
consideration to growth restrictions. These models are usually applied to the
analysis of the acceleratory period of a reaction curve.?®> Some of these ignored
restrictions include the blocking of adjacent reactive sites by formed product, and
the rate and efficacy of the mixing of reactants. These types of models can be

thought of as having no nucleation growth term, only a nuclei formation term.
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1.2.2 IMAYK models

Unlike the power law models, the IMAYK (A2, A3, and A4, Table 1)
models do not ignore restrictions on nuclei growth. In these models, it is asserted
that in any solid-state, there are certain restrictions on nuclei growth. One such
restriction is ingestion. Ingestion is the elimination of a nucleation site by the
growth of an existing nucleus. Ingested nuclei are referred to as “phantom”
nuclei.?> %8 Another such restriction is coalescence, the loss of reactant/product
interface when reaction zones of two or more growing nuclei merge.® The a-
curves for the IMAYK models are characterized by sigmoidal behavior and have

further implications that will be discussed later.
1.2.3 Prout-Tompkins model

The Prout-Tompkins model is another model of interest. The Prout-
Tompkins model is an autocatalytic model. Autocatalysis occurs when the
generation of products catalyze the generation of further products of the reaction.
This can occur when the reactants are regenerated during a reaction or when the
presence of products lowers the activation energy of reactants. Inevitably, the
reactants will be consumed and the reaction will go into a termination state where
reaction will cease. In solid state kinetics, autocatalysis occurs when nuclei
growth promotes continued reaction due to the formation of imperfections faster
than their consumption. Termination occurs when the reaction begins to spread
into areas where material has reacted already.3* Prout and Tompkins3’ derived
the autocatalysis model (B1, Table 1) for the thermal decomposition of potassium

permanganate which produced considerable crystal cracking during
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decomposition. The reaction rate is related to the number of nuclei and the rate
new nuclei formation. This model predicts a definite change in the observed
reaction rate, as evident by its sigmoidal behavior. This apparent change in rate
would be due to the change in the number of active sites in the material. Early in
the reaction the rate is slow because of the limited number of sites and increases
until reactive material begins to be exhausted and the declining number of

available unreacted molecules begins to dwindle.

1.2.4 Geometrical contraction models

Geometrical contraction, including contracting volume and contracting
area models have been developed (R2-R3, Table 1). These models assume that
reaction takes place on the surface of shaped particles like a contracting cylinder
(R2) and or a contracting sphere (R3). These models address the reaction of
materials at a surface and the resulting transformation of products into reactants.
As the surface size of unreacted material decreases then the resulting number of
exposed active sites decreases. This decrease in active sites results in the

decrease of rate exhibited by these models.

1.2.5 Diffusion models

One of the major differences between homogeneous and heterogeneous
kinetics is the mobility of the material in the reaction. While reactant molecules
are usually readily available to one another in homogeneous “traditional
synthesis” systems, solid-state reactions occur many times between crystal

lattices where movement of any single molecule is limited because of its
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incorporation within the lattice. Alternatively, one reactant could be forced to
permeate into lattices of another. In these lattices motion is restricted and many

times often depend on lattice defects to produce active sites.3®

Diffusion usually plays a role in the rates of reaction between two solids,
most often when reactants are in separate crystal lattices.3°-4° Diffusion takes
place through the material and the shapes that the material diffuses through or
into must be brought into consideration. Thus, several diffusion based models
(D1-4, Table 1) can be brought into consideration. The D1 model simulates
diffusion through a two dimensional flat lattices during reaction. Similarly, the
reacting particles may take a cylindrical shape as in D2 where these patrticles
react around the sides of the materials. Finally, both the D3 and D4 models
model spherical diffusion of materials with the latter doing so at much faster

rates.
1.2.6 Order models

The last models of consideration are those of reaction order models,
which follow the typical models observed for solution reactions. The application
of these reaction models is perhaps surprising given that they were developed to
model more traditional reaction conditions. Nevertheless, the work by Ma and co-
workers,*! which will be discussed later, showed that these models can be
applicable. The order models require the treatment of reactants in the same
manner as that of traditional reactions, where the problems with mass transfer
within the reaction mixture are typically found to not be an issue. These models

suggest that all particles have the same ability to react with any other particle.
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1.2.7 Other models

The JIMAYK models A2-4 presented in Table 1 all fix the Avrami exponent
(n) to set values the importance and implications of the Avrami exponent will be
covered in the discussion. However, the nonlinear version of the JIMAYK (An,
Table 1) model was also considered and fitting of this model has difficulties that
will be discussed later. This model unlike the linear approximations, A2-A4,
exhibits a sigmoidal behavior and allows for some inferences to be drawn by not
fixing n to a more common value as is demonstrated in the work by Khanna.3¢
Additionally, the Finke-Watzky model was also examined,*? as those authors had
demonstrated that the kinetics of many reactions was more accurately modelled.
Both models examine solid-state kinetics in terms of nucleation and growth.
However, while the IMAYK equation results in a single, rate constant (k) for both
steps as shown in Table 1, the Finke-Watzky model gives separate k values for
nucleation (k1) and autocatalytic growth (k2', where k2'=k2[Ao]) as shown in
Equation 2. It is important to note that both of these models were derived for

simple decompositions as shown in Equations 3 and 4.

ey +k}

a=1- el +ieg e k1 +Rp)E 2)
kq
A-B 3)

k>
A+B—-2B (4)
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1.3 Carbene Complexes

In addition to the kinetic studies of compounds 1-3, some time was spent
in the consideration of further areas where mechanochemistry could be applied.
The area of research that was ultimately chosen was that of palladium carbene
formation. Thus, the mechanochemical synthesis of 4a and 4b, (Figure 2)
starting with the ligand precursor, 1-3 dimethyl-2H-benzimidizolium iodide 5
(Figure 3) will be discussed. The interest in this material initially stemmed from its
use as a catalyst for coupling reactions.*3® Some of the reactions which these
materials act as a catalyst for include Suzuki—Miyaura and Ullmann coupling
reactions,** acylation of anilines,*> and acylation of alcohols.*¢ Also, 5 has
properties that make its synthesis a point of significant interest, most notably that

this family of molecules has been shown to be antimicrobial.*’

It was initially believed that that 5 could be synthesized
mechanochemically in light of the fact that similar materials (Scheme 2) had
already been prepared that way in the work by Beillard and colleagues.® Such a
solvent free synthesis would be considered a superior method to the traditional*®
synthesis of 5, as shown in Scheme 3. The traditional synthesis of 5 requires a
large excess of methyl iodide as well as heating the reaction mixture in a
pressure tube. The solvent-free synthesis of 5 had not been demonstrated prior
to this work, nor, had the traditional synthesis been carried out as a “single step”

reaction.
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Figure 13. The aromatic region of the *H NMR spectrum of the early
investigation of the one pot preparation of 4a and 4b.

The preliminary work on what appeared to be stereochemical selective
one-pot synthesis of the cis isomer 4a should be mentioned; although, it was not
fully realized at the conclusion of this work. The potential significance of this
improved synthesis being that the cis isomer is the catalytically active isomer, it is
usually introduced into reactions by isomerization of the trans isomer.*® As such,
direct preparation of the cis isomer will result in less wasted time on the
isomerization from trans to cis conformation.*® Similarly to the ligand synthesis,
during the course of milling, this reaction becomes very hard to analyze in the
aromatic region. However, once higher conversions are attained this region

clears up and can be easily compared to the literature spectra.
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For synthesis of the selected carbene species 4a and 4b as well as ligand
precursors 5, all reactions were carried out in the absence of heat or solvent. It is
also noteworthy that both syntheses are greatly benefited by the addition of
sodium carbonate. This benefit is believed to be a result of neutralizing acetic
acid and HlI in their respective reactions, thus further pushing the reactions to
completion. The addition of sodium carbonate is still considered a green

alternative due to its non-toxicity and availability in living systems.
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CHAPTER 4: CONCLUSIONS

4.1 Bipyridyl complexes

The reaction profiles for the syntheses of complexes 1, 2, and 3 have
been modeled using a variety of systems. While the Finke-Watzky model gave
good fits for the syntheses of 1 and 3, the best modeling was obtained utilizing a
JMAYK model. While this model is empirical, it appears that the reaction is
occurring by a diffusion limited process occurring at a limited number of
nucleation sites on the surface of Pdl2. The synthesis of 3, in comparison to 2,
demonstrated that there was a rate enhancement when the product was in the
liquid-crystalline phase. This work may allow for future rate improvements by
taking advantage of liquid crystalline mechanochemistry.

The JMAYK model gave coefficients of determination between 0.9702-
0.9880, 0.9681-0.9811, and 0.9739-0.9825 for 1, 2, and 3, respectively. Similarly,
the Avrami exponent was found to be 0.8+0.1, 0.38+0.01, and 1.5+0.1 for each of
1, 2, and 3 respectively. This discovery led to some considerations of the
expansion of the Avrami exponent into its subsequent terms. It was determined
that for all three complexes the active sites were pre-existing and that they all
experienced parabolic growth, all culminating in the assertion that the differences
in rate of these reactions can be attributed to the dimensionality of each type of
crystal growth.

4.2 Carbene complexes

It was discovered also that palladium carbenes, as well as their ligand

precursors, can be efficiently synthesized mechanochemically. While there are a

few materialistic considerations to take into account, these methods are simpler
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can use less excess materials, do not require heat and produce the same final
material at an equal or higher overall yield to more traditional approaches. The
simplification of these types of syntheses will serve to push the future of chemical

synthesis by allowing for more sustainable chemical practices.
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Figure Al. DSC trace for 1 over two cycles with initial heating from the as
purified product.
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Figure A2. DSC trace for 2 over two cycles with initial heating from the as
purified product.
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