Synthesisand Analysis of Multipyridyl Ligandsfor Multipoint

Photodimerization

A Major Qualifying Project Report:
Submitted to the Faculty
of
WORCESTER POLYTECHNIC INSTITUTE
In partial fulfillment of the requirements for the
Degree of Bachelor of Science
by
Kevin J. Gagnon

Date: April 24, 2008

Approved:

Professor Venkat R. Thalladi, Advisor

Department of Chemistry and Biochemistry



1. Abstract
2. Scope and Background

2.1 New Asymmetric Multipyridyl Ligands
2.2 Microwave Assisted Organic Synthesis
2.3 Cocrystallization

2.4 Noncovalent Interactions

2.5 Polymorphism

2.6 Template Driven Solid State Synthesis
2.7 Solid Solutions

2.8 Metal Organic Frameworks

2.9 Previous Work

3. Experimental

3.1 Materials

3.2 Conventional Synthesis of Ligands
3.3 Microwave Synthesis of Ligands
3.4 Crystallization

3.5 X-Ray Crystallography

4. Results and Discussion
4.1 Synthesis and Characterization

4.1.1 Infrared Spectra
4.1.2 X-Ray Crystallography

4.1.3 Cocrystallization of Ligands with Resorcii@mplates

5. Conclusions

6. References

11
11

13
14
14

18

18
18
20
21
22

23
23
24
25
30
30

31

12



1. Abstract

Multifunctional and multidentate ligands are ess#rgtarting materials in the design of
metal organic frameworks that can exhibit strudtaad functional diversity. The

ultimate goal of this work is to synthesize chipallydentate pyridyl ligands through
template directed solid state photoreactions. Sipally, this work explored the synthesis
of 1-methyl-2,5-bis[4-pyridyl(ethenyl)]benzene, hAlaro-2,5-bis[4-pyridyl(ethenyl)]

benzene, 1,3,5-tris[4-pyridyl(ethenyl)]benzene, dnldromo-3,5-bis[4-pyridyl(ethenyl)]

benzenel-4 using traditional synthetic methods and microwassisted reactions. The
results from the two methods are compared and dvarsiages of microwave assisted
chemistry are discussed in the context of Heck lmogpeactions. Furthermore, crystal
structural analysis of some of the precursor pyrigyands and their complexation with

templating resorcinol derivatives are discussed.

2. Scope and Background

The goal of this project is to create the foundaftior chiral metal organic frameworks
(MOFs) through the synthesis and characterizatibonnavel multipyridyl ligands.
Specifically, this work focuses on the synthesiglipyridyl ligands that differ from each
other only in functionality, a methyl, a chloro,@bromo group. These three groups have
nearly similar size, and the pyridyl ligands thahtin these groups can be used in the
preparation of supramolecular solid solutions (Bec?.7) for reactions in the solid state.
The work also explores microwave irradiation asa#iernative to traditional synthetic

methods; the advantages of microwaves in the sgatheof asymmetric ligand



intermediates and products are addressed in SezthrThe desirability of these new
ligands and the potential structural insight we gahfrom their solid state structures is
addressed in Section 2.1. This section providesoagrview of new asymmetric
multipyridyl ligands, microwave assisted organic ntéyesis, cocrystallization,
noncovalent interactions, polymorphism, templatevetr solid state synthesis, solid

solutions, MOFs, and previous work relevant todheent research.
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Figure 1. Molecular structures and names of target ligdndsNotice the
asymmetry in the structures of ligarfidand?2.

2.1 New Asymmetric Multipyridyl Ligands

Multipyridyl ligands are desirable starting poirftee many applications. The nitrogen
atom in a pyridyl group can participate in manyfatiént intermolecular interactions that
range from hydrogen bonding with weak and strongpod® to coordination bonding with

a variety of metal ions. The ligands synthesizethis work have appropriate geometries



for cocrystallization with linear templates; thesecrystals can provide favorable
conditions to induce intermolecular photoreactiamsthe solid state. Much work in
coordination chemistry and MOFs is carried out witymmetric aza-ligands the
asymmetric multipyridyl ligands (AMLS) designedthis work provide further advantage
in that they offer dissimilar coordination poin&ss precursors for polydentate ligands,
AMLs are important starting materials in the prepian of porous MOFs that present
unique chiral cages within which enantio- and disstselective syntheses can be carried

out.
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Figure 2. Example of a multipyridyl ligand used in the syrdiseof a discrete
coordination capsule. The pictures are taken freference 1.

2.2 Microwave Assisted Organic Synthesis

Microwave assisted organic synthesis (MAOS) pravidemeans for improving vyield

while simultaneously reducing reaction times fomgarganic synthetic processes. The
ability to reach higher temperatures and presstr@s conventional heating opens the
window to many possibilities including organic rgans in aqueous solutions. The

benefits of MAOS range from reducing reaction tirteesreating environmentally benign



processes. In this work, we are specifically irgezd in the reduction of reaction times
with the Heck coupling reaction. Typical reactionteria for Heck couplings require

heating in a mantle, oil bath, or sand bath at’Tl@or a time of 24-72 hours. It has been
shown that the same Heck coupling reactions cawoigdn the presence of microwave

radiation can be completed within one hour andeata¢ed temperaturés.
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Figure 3. Heck coupling of ethylene with 2-bromo-6-methoxytielene

involved in the synthesis of Naproxen, a nonstexagahti-inflammatory drug.
Microwave irradiation produces an oscillating electfield of various frequencies.
Molecular dipoles are susceptible to this osciligtelectric field and attempt to align
with it; this aligning largely depends on the miwawve frequency. If the frequency is too
high, the molecules can never align, but if theqfiency is too low they can align
perfectly with the oscillations and hence show hange in dielectric loss. In the ideal
case, the frequency is just right (e.g., 2.45 Gidgudency used in microwave ovens) for
the molecules to follow closely the path of ostitla, but do not quite alighThe last
option is favorable for microwave heating becausénduces random collisions and

dipole polarization. All of these effects togethemovide a suitable atmosphere for



localized superheating to occur. Because of thasernal hotspots, there are many
benefits compared to the use of conventional hgatiethods, such as a hot plate or an
oil bath. Classical heating relies on convectiohjol is directly related to the thermal
conductivity of every material between the inittaéat source and the solution being
heated. A typical heat path for a reaction miglurnee conduction through the surface of
a hot plate, through a glass wall, through an athpthrough a second glass wall, and
eventually into the solution. One of the problemthwhis path is that glass has a very
low thermal conductivity K01 W/mK at 20 °C) (for comparison, copper metal has
k 0400 W/mK at 20 °C)Not only does the poor conductivity of the glassgiben the
time taken to transfer heat from source to solytibralso hampers the attainment of
thermal equilibrium between the source and reaatedia. Conversely, because of the
internal hotspots that are formed through microwavadiation, the solution heating
occurs inside out, which results in a more voluraetnd even distribution of temperature

and to a higher overall heating.
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Figure 5. Comparison of heating profiles simulated under ow@ve irradiation
and conventional heating. Notice the global, insideheating in the microwave
field and gradual, outside-in heating in convectiogthods:



Table 1. Loss tangent (tad) values of some solvents at 2.45 GHz and@*

Solvent tan o Solvent tan o
Ethylene glycol 1.350 DMF 0.161
Ethanol 0.941 Water 0.123
DMSO 0.825 Chloroform 0.091
Methanol 0.659 Acetonitrile 0.062
Nitrobenzene 0.589 Acetone 0.054
2-butanol 0.447 Toluene 0.040
Acetic acid 0.174 Hexane 0.020

For this volumetric heating to be possible, micreavausceptible molecules need to be
present in the reaction medium to be affected leydapplied radiation. Polar solvents,
such as ethanol or water, are susceptible to mewewadiation and hence solutions
made from these solvents are rapidly heated inawiave ovens. It has also been shown
that the addition of metals to the solution cardléa rapid overall heating. Molecular
susceptibility to microwave irradiation is dependen the dielectric properties of the
compound, the loss tangent, tan The loss tangent is a measure of the ability of a
molecule to convert electromagnetic energy intothaa a given frequency and
temperature; it is related to the dielectric los§,and a dielectric constant;, which
pertains to the polarizability of a molecule in @ectric field. These are related by the

quotient tard= &"/¢'.2



Figure 4. CEM Discover Labmate (left) is used in the MAO®ared in this
work. The diagram on the right shows the schemaéscription of dipole
polarization in liquid media.

2.3 Cocrystallization

Cocrystallization is the process of crystallizimgptor more different organic compounds
in stoichiometric ratio into one crystal latticeo®@ystals have the advantage that they
have components that are present in a stoichioonettio and organized into a definite
supramolecular structure. The formation of cocigstygpically depends on the ability of
the components to accommodate each other throughgstdirectional noncovalent
interactions, such as hydrogen bonding betweenolytirgroups and nitrogen atoms.
Intermolecular interactions govern crystal packaml influence mutual orientation of
molecules; understanding and controlling crystakpsay is therefore critical to synthetic
solid state photochemistry. Crystal packing candoectly controlled by preparing
cocrystals in which different components are de=sigto be at appropriate separations

and orientations for achieving targeted solid spétetoreactions.



Another benefit of using cocrystals is their direffect on material properties. Cocrystals
have been re-emerging as new forms of drug magewnath designed structures and
improved properties (e.g. solubility). In pharmaesal solid drugs, solubility plays one
of the most important roles in drug delivery; masipugs on the market exhibit low
aqueous solubility and must be administered in drigloses to achieve a physiological
response. Higher doses equal higher costs, grpatletion, and unnecessary waste of
compounds; therefore, it is beneficial to alter thaterial properties of the drug to
improve solubility. In drugs such as carbamazepinkas been shown that the addition
of saccharin as a cocrystal effectively increabesaqueous solubility of the parent drug

(Figure 6).
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Figure 6. Some recentexamples of cocrystals formed form active
pharmaceutical ingredients. (a) carbamazepine:ssicch(b) Mean dissolution
profiles (=3, ~355 mg of co-crystal corresponding to 200 ehgoure drug

used for all sieved fractions) of various sizesarbamazepine:saccharin in SGF
at 37 °C
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2.4 Noncovalent I nter actions

Noncovalent bonding refers to a class of intermdbac interactions that rely on
electrostatic and polarization induced interactibetween atoms instead of the direct
sharing of electron pairs. These can be divided fite types of interactions: ionic
bonds, hydrophobic interactions, hydrogen bonds, dar Waals forces, and dipole-
dipole bonds. In this work we are interested pritpan hydrogen bonding. Hydrogen
bonds are typically denoted as—P{---Y; they can further be classified into strong
(O-H---O, NH---0O), moderate (\H---N), and weak hydrogen bonds-kC--O, GH---N,
C-H--7). This work involves the synthesis and structuaaklysis of multipyridyl
ligands; it therefore allows us to gain better ceal insight into the role of €4---N

hydrogen bonds that are investigated to a lesgenethan GH---O hydrogen bonds.

2.5 Polymor phism

Polymorphism is the ability of a compound to exisimore than one crystal structure.
There are two major types of polymorphism: packargd conformational. Packing
polymorphism refers to molecules that pack in défé mutual arrangements depending
on the conditions in which the crystals are form@dnformational polymorphism refers
to molecules that exist in different conformersvarious crystals. Polymorphs exhibit
different material properties such as solubilitgnsity, and melting point. For this
reason, polymorphs are important in many situatwhere material properties restrict
chemical functionality. Pharmaceutical companiesnspmuch time and effort in the
discovery of polymorphism because different polyphsr of a drug can be patented

separately.

11



Figure 7. (a) The cocrystal of 4-cyanopyridine and 4,4'-biptieexhibits
conformational polymorphisth.(b) The @ and y forms of glycine exhibit
packing polymorphism.

2.6 Template Driven Solid State Synthesis
Template driven solid state organic synthesis é®rcept in which linear templates are
used to aligrvesystems of multiple molecules for solid state pheactions. These small

molecular templates assemble (through hydrogen ibgnar other noncovalent

interactions) chromophores at distances suitableingtuce photo-transformations.
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Reactions in the solid state allow targets to bethmsized that often may not be
approachable through solution mediated synthesisaddition, solid state synthesis is

considered “green” as it does not utilize any hatrablvents.
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Figure 8. Photodimerization in the liquid and solid statasad in templated
solids. Random orientations of molecules in thaitidead to multiple products;
fewer products form in single component solidsthe 7zsystems are in
proximity. Greater control over product stereoclstrgi can be achieved by
selecting appropriate templates as shown at therhot

2.7 Solid Solutions
A solid solution consists of molecular componemtsai non-stoichiometric ratio. The

components in a solid solution are randomly distel even though they adopt a definite

13



overall structure. In general, solid solutions &yemed by components having similar
shapes and sizes; therefore, it is difficult toateesolid solutions of any arbitrary
compound. Solid solutions are often compared tonthee common material that metal
ions form via the same process, alloys. These focgalloys”, as they are sometimes
called, provide a platform for control of matenmbperties without altering the chemical

properties through gradual modification of compdrmratio.

2.8 Metal Organic Frameworks

MOFs are materials made from the coordination ofaimmns or clusters to organic
molecules to form one-, two-, and three-dimensiomeivorks. Often, these MOFs are
porous and used in applications such as gas sepanatirification, and storage, catalysis
and sensors. Chiral MOFs have the additional adgenbf providing molecular level
dissymmetric cages in which entantio- and diass&leative separations and catalytic

transformations can occur.

2.9 Previous Work

The addition of carbon-carbon bonds to a molecnleninimal step reactions can be
achieved by established reactions such as HecklingupVittig reaction, and Suzuki

coupling.
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R—X + R‘—B\ > R—R'

OH base

R = alkenyl, aryl, allyl, alkynyl, benzyl X= halide, triflate R’ = alkyl, alkenyl, aryl, CO,R, OR, SiR,

Figure 9. General transformation for (a) Heck reaction, (bjtdy/reaction, and

(c) Suzuki reaction.
The general transformation of the Heck couplingtiea (Figure 9a) shows that double
bond retention is possible in an easy one stepepsodnother benefit of this reaction is
that it is stereoselective to produteans double bonds. This reaction has been an
attractive approach to the synthesis of multipyrldyands due to its stereoselectivity and
better yields than related reactions (i.e. Wittiglhe disadvantages of this reaction are
that it requires expensive palladium catalystshh@mperatures, and prolonged reaction
times. Many of these problems can be solved thrdlgluse of microwave irradiation as

a heating source for the reaction.

The Heck coupling reaction has been extensivelyoeag in MAOS. In the early 90s,

knowledge was spreading of microwaves benefitssgising organic reactions. Many

15



became interested in pursuing Heck reactions inramiaves due to the decreased
reaction times that were potentially attainablee Téxploration of Heck couplings in
microwaves led to many optimized MAOS processegséhnew methods reduced

reaction times from many hours or days down tchastsas four minutes.

Of all of the weak hydrogen bond varieties;HC--N interactions are studied the least.
Previously, a number of compounds that contain bth donors and N acceptors were
investigated experimentally to determine their rafe crystal structur8. Of these
structures, it has been determined that theél-©N bonds determine structure over the
other interactions present (e.g-KC-7) and that the strength of the interaction is diyec
related to that of the C-H acidity. Our work cownis to show that the —El---N
interactions are the dominating force in contrgllthe solid state structures of the ligands

reported in this work.

Figure 10. Crystal structure of ethynylpyrimidine showingportant G-H---N
interactions’
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Another way that has been used to control crysteking is the use of templates to orient
molecules through hydrogen bonds (e.gHO-N), 7~z acid-base, and other interactions.
Typically the intention of these templates is tlmal chromophores to come into close-
proximity to undergo photochemical reactions. Teatip can be achieved in three
different ways, self-templating, molecular tempigti and supramolecular templating
(Figure 11). Self-templating is evident in pentafio[2-phenyl(ethenyl)]benzene where
the 7—rrinteractions of the Ph and-Ph rings bring the double bond into photoreactive
proximity.® Molecular templating is the concept that one tetgomolecule contains the
necessary code required to bring reactive compoundsppropriate distance and
orientation. Supramolecular templating is a larffgem of molecular templating in that
multiple molecules must assemble to form the nergssode required to bring reactive

centers into photoreactive proximity.

b. —

| &VL %/%

\/g °
Y\ reactants

template

a.

Figure 11. Some examples of known templates and interacti¢ams:Self-
templating phenyl-perfluorophenylzstacking interactions. (b) Molecular
template resorcinol and pyridyl-ended olefins (n213...). (c) Supramolecular
templating of oxalamide derivative of glycine with bis-pyridyl substituted
diacetylené.
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3. Experimental

This section describes the methods and materiad usthe research of this project.
NMR spectra were obtained using a Briicker 400 Mpkcsometer’H-NMR spectra
were reported in ppm relative to proton chemicdt sti TMS. IR spectra were obtained

using a Briicker Vertex 70 spectrometer.

3.1 Materials

All solvents were obtained from Pharmco and usdatowit further purification, with the

exception of triethylamine, which was dried overlecolar sieves before use. 1,3,5-
Tribromobenzene, 2,5-dibromotoluene, 1-chloro-AtFaimobenzene, palladium acetate,
tri-o-tolylphosphine (TOTP), and 4-vinylpyridine veeall obtained from Alfa Aesar and

TCI Chemicals, and used without further purificatio

3.2 Conventional Synthesisof Ligands
1-methyl-2,5-bis[4-pyridyl(ethenyl)]benzene 1, 1-chloro-2,5-bis[4-pyridyl(ethenyl)]
benzene 2, 1,3,5-tris[4-pyridyl(ethenyl)]benzene, and 1-bromo-3,5-bis[4-pyridyl-

(ethenyl)]benzend were all prepared by following the same procedure.

In a pressure vessel, palladium acetate (10.2 dhgjnylpyridine (0.96 mL), tri-o-

tolylphosphine (27.2 mg), 2,5-dibromotoluene (0n6ll), and dry triethylamine (2.2 mL)

18



were added and purged with nitrogen before sealihg.vessel was heated in an oil-bath
to 110 °C for 72 hours. The resulting brown-yellosolid was dissolved in
dichloromethane (200 mL) washed and extracted wister (3x300 mL), dried over
MgSQ,, the resulting clear yellow liquid was evaporatediryness. The yellow powder
was sonicated for 20 min in ether and compolit@d.85 g) was concentratéa vacuo as

a mixture with triethylammonium bromide.

In a pressure vessel, palladium acetate (10.3 dhg)nylpyridine (0.96 mL), tri-o-
tolylphosphine (27.4 mg), 1-chloro-2,5-dibromobamz€1.203 g), and dry triethylamine
(2.22 mL) were added and purged with nitrogen leegmaling. The vessel was heated in
an oil-bath to 110 °C for 72 hours. The resultingvn-yellow solid was dissolved in
dichloromethane (200 mL) washed and extracted wister (3x300 mL), dried over
MgSQ,, the resulting clear yellow liquid was evaporateda brown oil. The brown oill
was sonicated for 20 min in ether and a yellow pawdompound2 (0.93 g) was

concentratedn vacuo as a mixture with triethylammonium bromide.

In a pressure vessel, palladium acetate (10.2 dhg)nylpyridine (2.80 mL), tri-o-
tolylphosphine (20.7 mg), 1,3,5-triboromobenzen®%2g), and dry triethylamine (3.57
mL) were added and purged with nitrogen beforeisgallhe vessel was heated in an
oil-bath to 110 °C for 72 hours. The resulting bmered solid was dissolved in
dichloromethane (200 mL) washed and extracted wister (3x300 mL), dried over

MgSQy, the resulting clear brown liquid was evaporatedityness. The brown powder

19



was sonicated for 20 min in ether and compouhdad4 (1.83 g) were concentrated

vacuo as a mixture with triethylammonium bromide.

3.3 Microwave Synthesis of Ligands

1-methyl-2,5-bis[4-pyridyl(ethenyl)]benzene 1, 1-chloro-2,5-bis[4-pyridyl(ethenyl)]
benzene 2, 1,3,5-tris[4-pyridyl(ethenyl)]benzene3, and 1-bromo-3,5-bis[4-pyridyl
(ethenyl)]benzend were all prepared by the same methods in a CEMdver Labmate

microwave.

In a pressure sealable microwave vial, palladiugtade (10.2 mg), 4-vinylpyridine (0.96
mL), tri-o-tolylphosphine (27.2 mg), 2,5-dibromaiehe (0.61 mL), and dry
triethylamine (2.2 mL) were added and the vial wasled. The vessel was heated in the
microwave to 175 °C at 90 psi for 60 minutes. Tasuiting brown-yellow solid was
dissolved in dichloromethane (200 mL) washed andaeted with water (3x300 mL),
dried over MgSQ the resulting clear yellow liquid was evaporateddryness. The
yellow powder was sonicated for 20 min in ether ammpoundl (1.2 g) was

concentratedn vacuo as a mixture of product with triethylammonium biden

In a pressure sealable microwave vial, palladiugtage (10.3 mg), 4-vinylpyridine (0.96
mL), tri-o-tolylphosphine (27.4 mg), 1-chloro-2,%tbmobenzene (1.203 g), and dry
triethylamine (2.22 mL) were added and the vial sealed. The vessel was heated in the
microwave to 175 °C at 90 psi for 60 minutes. Tasuiting brown-yellow solid was

dissolved in dichloromethane (200 mL) washed andaeted with water (3x300 mL),

20



dried over MgS@ the resulting clear yellow liquid was evaporated brown oil. The
brown oil was sonicated for 20 min in ether andeloyv powder compouna (1.14 g)

was concentrateigh vacuo in as a mixture of product and triethylammoniurarbide.

In a pressure sealable microwave vial, palladiuetae (10.2 mg), 4-vinylpyridine (2.80
mL), tri-o-tolylphosphine (20.7 mg), 1,3,5-tribrotvenzene (2.25 g), and dry
triethylamine (3.57 mL) were added and the vial s@aled. The vessel was heated in the
microwave to 175 °C at 90 psi for 60 minutes. Tleeutting brown-red solid was
dissolved in dichloromethane (200 mL) washed andaeted with water (3x300 mL),
dried over MgSQ the resulting clear brown liquid was evaporateddtyness. The
brown powder was sonicated for 20 min in ether 2add4 (2.1 g) were concentrated

vacuo as a mixture of products with triethylammoniumride.

3.4 Crystallization

Compounds2 and 3 were dissolved in hot solvent (acetone, dichlorivauee, or
nitromethane) and quickly filtered through a cotf@ng to remove triethylammonium
bromide. The solutions were added to 20 mL vials @afowed to slowly evaporate until
crystals were formed. Compoungdsnd4 were isolated as crystals through mechanical

separation. The competition in the mixture8aind4 allowed only4 to crystallize.

Compoundl was dissolved in hot solvent (acetone, dichlordwae¢, or nitromethane)

and quickly filtered through a cotton plug to reraaviethylammonium bromide. The
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solution was added to a 20 mL vial and allowedltavly evaporate. No crystals df

were obtained to date.

3.5 X-Ray Crystallography

Single crystal X-ray data were collected on a BaicKappa APEX Il diffractometer
using MoK, (A = .71073 A) radiation. The crystal structures2adnd4 were studied at
100K and 298K. A single crystal of each compound weunted on goniometer heads
using kapton loops, centered in the X-ray beam,sajlected to data collection imand

@ scan methods. Cell constants were calculated usgfigctions obtained from a
preliminary data collection. The data were integglatising SAINT and corrected for
absorption using empirical methods by the prograhb&ABS. Structure solution was
accomplished with the aid of SHELXS and refinemeas conducted using SHELXL
programs incorporated in the SHEXLTL suite. Aftarismtropic refinement of non-
hydrogen atoms, hydrogen atoms bonded fchgpridized carbon atoms were placed in
idealized positions and allowed to ride on the attmmwhich they are attached. A

summary of the data collection parameters is ginerable 2.
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Table 2. Crystal Data and Structure RefinementZ@nd4

Compound 2 2' 4 4’
Formula C20H15N2Cl C20H15N2dlI C20H15N2Br C20H15N2Br
Formula weight 318.82 318.82 363.27 363.27
T,K 100 100 298 100
Crystal system | monoclinic monoclinic monoclinic monoclinic
Space group P2:/n P2;/c C2/c P2:/n
a A 19.3758 8.0538 11.2103 10.8262
b, A 4.7747 22.4291 13.741 13.6308
c, A 35.5309 8.7333 11.8292 11.691
B, deg. 100.471 96.001 116.138 114.385
Z 8 4 4 4
vV, A3 3232.35 1568.93 1635.83 1571.33
__ Crystal 04x.18x.36 | .08x.27x.6d  .06x.10x.3)  .07x.09x.11
dimensions, mm
Density, g/cri 1.456 1.35 1.471 1.566
Observed 2468 3253 1099 2974
reflections
Independent 3382 3894 1673 3912
reflections
Rint 0.030 0.027 0.027 0.050
Ry 0.072 0.057 0.078 0.087
WR, 0.234 0.237 0.214 0.235

4. Results and Discussion

4.1 Synthesisand Characterization

The optimization of the conditions for MAOS of cooymds1-4 was not achieved due to

time constraints. This however was beneficial him $ynthesis d3, partial reaction of the

1,3,5-tribromobenzene resulted in the collectingahpoundd. The identity and purity

of compoundsl, 2, and4 have been established Hy NMR spectra, IR spectra, single
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crystal x-ray diffraction, and DSC. All products mge attainable through both
conventional heating and microwave heating techesqérfter one reaction via oil bath

of each compound, only MAOS were used.

4.1.1 Infrared Spectra

Due to the extreme similarity of compountiis4, differences in IR spectra are very
minimal. The IR spectra exhibit subtle differenaeshe fingerprint region relating to the

substitution of the central benzene ring.

—3 —4
—1 2
3400 3000 2600 2200 1800 1400 1000 600

Figure 12. IR spectra of compounds4. Note the similarities in all regions.
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4.1.2 X-Ray Crystallography

Despite numerous expeiments, our attempts to gnewertystals ol and3 suitable for X-
ray diffraction analysis were unsuccessful. Large good quality crystals of compounds
2 and 4 have been grown from slow evaporation of acetoft 4, and 4'),

dichloromethane?), and nitromethanet@nd4’).

Figure 13. Crystal structure of compouriibelonging to the space gro&g,/n.
The pair of symmetry related molecules in the ae(tkloro-to-chloro facing)
are surrounded by 4 pairs of symmetry related nubdso(back-to-back facing).

X-ray analysis of a needle shaped crystaP gbbtained from dichloromethane) reveals
that it belongs to the monoclinic space grde®/n with two symmetry independent
molecules in the unit cell. In one of the moleculbe pyridyl rings, ethenyl groups, and

benzene ring are all co-planar. In the other mdéedhe pyridyl rings are twisted out of
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plane. In the crystal structure ®{Figure 13) molecules that amet related by symmetry
are connected to each other by short intermolectét---N interactions. Molecules that
are related by symmetry, however, are primarily assec with each other byrm
stacking or herringbone interactions. Reasonabtytst-H---Cl interactions can be seen

between symmetry related and symmetry independelgaules.

(a)

Figure 14. The structure of compouriti belonging to the space gro&gi/c. (a)
Note that the pyridyl rings are twisted to a greaetent when compared to
those shown in Figure 13. (b) Overall crystal pagkof2' showing the zig-zag
pattern containing alternating dovetailed molecules
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In a separate crystallization experiment, crystdlsompound grew as parallelepipeds
from acetone. Noting the differences in morpholdgym the previous experiment, we
have analyzed the structure of these crystals. riSurgly, these crystals labele?!
belong to the monoclinic space grdepy/c. Unlike in2, there is only one molecule in the
asymmetric unit (Figure 14a), and this molecule wahosevere torsions between
peripheral and central rings (22.4 and 3%.0The overall structure & may be viewed
as close- packing long, flat, and flexible stripgg(ire 14b). At one end of the strip, the
aromatic rings are dovetailed into each other, evhtl the other end they are juxtaposed
making edge-to-edge contacts. This arrangemens leaa two-dimensional zig-zag layer
parallel tobc-plane; further association of these layers aldegtaxis results in a three-

dimensionally close-packed structure.

It is unclear why compound crystallizes as two separate polymorphic strustuteis
wellknown that awkward shaped molecules with highe&t ratio are often difficult to
crystallize. It seems possible that compo@nulies to overcome these problems in one
polymorph by having two symmetry independent mdesuand in the other by a

severely twisted conformation.
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Figure 15. Compound4 belonging to theC2/c space group produces planar 2D
sheets with all the nitrogen atoms participatingCifH---N interactions, much
like a flight pattern of F-117 bombers.

X-ray analysis of compoundl (obtained from nitromethane) reveals that it bgtoto the
monoclinic space grou@2/c at room temperature. The molecules are bisecteal thwo-
fold axis rendering the two pendant pyridyl grogsgsametrically equivalent. The pyridyl
and central rings are all essentially coplanar pack two-dimensionally to form sheets
of unidirectional arrowheads. Within these sheet;h nitrogen atom participates in
C-H---N interactions with hydrogen atormgho to the bromo group of a neighboring
molecule (Figure 15). The inter-sheet stackingrsdpminantly governed by~ and

C-H---Br interactions.
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Figure 16. Crystal structure of compouri belonging to the space gro&g,/n.
Compare with Figure 15 to notice the overall simijain the packing pattern.
Contrast with Figure 15 to notice the differencesaeen the two pyridyl rings
(colored violet and green) and the contortion eftkntral bezene ring.

Having analyzed compountiat room temperature, we decided to cool the saystat
down to 100K and perform X-ray analysis. This coglirevealed that compoundl
adopted the monoclinic space groBg/n at lower temperature; this new structure is
labeled agl'. The change in structure is a result of one ofettenyl groups flipping in
what appears to be a cascading motion alongathgis (Figure 16). The structural
analysis of4 and 4' revealed the disorder around the double bondsoih lsases;
however, in the low temperature there is also desoaround the bromo group due to a
distortion of the central benzene ring. Consideratof these observations led us to
believe that the disorder in the ethenyl groupslyeamic and thugl and 4' can be

considered as conformational polymorphs.

29



4.1.3 Cocrystallization of Ligandswith Resorcinol Templates

Attempted cocrystallizations of compouBdwith resorcinol, 4,6-dichlororesorcinol, 4-
chlororesorcinol, orcinol, and methyl dihydroxybeate all proved to be unsuccessful at
this point in time. We suspect that the difficudtia the crystallization of pure compound
3 by itself (possibly due to a salt impurity) arereditly related to our failed
cocrystallization attempts. Due to the time constsaof this project we have not been

able to attempt cocrystallization with any of ttibey ligands.

5. Conclusions

This work resulted in the synthesis and charaa&arm of multiple poly-aza-ligands. The
microwave assisted synthesis of these compoundsdezhdays of saved time and saved
resources. The conditions for the generic Heckti@adnvolving vinylpyridines and
halogenated benzenes could not be fully optimiaszltd restricted access to a synthetic
microwave oven. We prepared three new structunesigfn our synthesis; two of those
structures exhibit both conformational and packpafymorphism. We intend to pursue
cocrystallization of these asymmetric ligands wiéisorcinol templates, and to photo-
dimerize the ethenyl groups of the ligands to @eahew polydentate chiral ligands, and
prepare chiral MOFs from these ligands through dioation and hydrogen bonding
schemes. We plan to extend our synthetic acconmésits to other larger brominated
compounds such as dibromoporphyrin and subsequergite MOFs of extreme three-

dimensional character and porosity.
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