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Matrix Metalloproteinases (MMPs) are a family of more than 25 structurally-related enzymes
that can degrade a variety of substances including collagen. Basal levels of these enzymes play
an important role in tissue turnover under normal physiological conditions, while excessive
levels of these enzymes may cause or exacerbate many diseases related to tissue loss, including
arthritis, cancer, cardiovascular disease, coma, periodontal disease, stroke etc. For decades,
research teams from both industrial companies and academic institutions have been trying to
develop an effective matrix metalloproteinase inhibitor as a drug to treat MMP-involved
diseases. Our group have been working on MMP inhibitor development for several years and
two families of compounds which possess 1,3-dicarbonyl functionality have been investigated.

These two families are bis-aroyl methanes (BAMs) and chemically-modified curcumins (CMCs).



Up to now, 23 CMCs have been synthesized and the results published, CMC 2.24 [1,7-bis-(4-
hydroxyphenyl)-4-phenylaminocarbonyl-1E,6E-heptadien-3,5-dione] exhibits excellent
inhibitory effect against a series of chosen MMPs. Further indications suggested that
modification on the 4-substituent of CMC 2.24 could increase both the inhibitory effect and
water-solubility. Having this in mind, a 4-hydroxy derivative of CMC 2.24 was synthesized in
addition to the four other CMCs. BAM s are the bis-nonvinylene analogues of CMCs, and eight
new BAM compounds were synthesized and seven of them were tested in vitro as inhibitors
against MMP-9. The synthesis of these five CMCs and eight BAMs as well as the biological

screening of seven BAMSs will be discussed in this work.
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Chapter 1 General Introduction

Matrix Metalloproteinases (MMPs) are a family of more than 25 structure-related, zinc-
dependent proteins which degrade tissue components including collagen and gelatin. The first
member of its kind, namely MMP-1, also termed Collagenase-1, was discovered in 1962 by
Gross et al. It can degrade triple helical collagen fibrils into two fragments, with one
approximately triple the size of the other, under physiological temperature and pH [1]. Since
then, subsequent discoveries of MMPs have enlarged this family to its current size, and research
has shown that this group of proteinases can degrade a variety of constitutes of the extracellular
matrix (ECM). The function of MMPs can be either good or harmful, depending on their
concentration. When the MMP concentration is low, it can participate and assist normal
physiological processes of tissue turnover. However, when MMPs are excessively expressed, the
high level of MMPs can overly degrade connective tissue, causing its destruction, and thus
leading to or exacerbating a series of diseases including arthritis, cancer, cardiovascular disease,
periodontal disease and post-menopausal osteoporosis [2-4]. Therefore, to develop an effective
MMP inhibitor has been a goal for both industrial companies and academic labs for decades

[2,5].

Up to now, the only FDA-approved MMP inhibitor drug available to clinicians for the treatment
of periodontitis and chronic skin disease are a number of formulations of sub-antimicrobial doses
of doxycycline. The development of this drug occured because of the discovery made by Golub
et al. in 1983, that an old family of drugs, namely the tetracyclines (TCs) (Figure 1.1), previously
used for anti-microbial purposes, were found to inhibit mammalian collagenases and several
other MMPs via a non-antimicrobial mechanism [6-9]. With this in mind, besides two FDA-

approved orally available drugs, Periostat® for the treatment of periodontitis and Oracea® for



chronic inflammatory skin disease, several chemically-modified tetracyclines (CMTSs) were
synthesized, without anti-microbial activity but maintaining anti-MMP function. However,
CMTs as well as natural TCs, were found to have the intolerable side-effect of increased level of
photosensitivity at higher doses, which may prevent it from long-term use [10,11]. Thus only

low-dose formulations are used.

Studies had also shown that the enol/p-diketone group of TCs at C-11, C-11a and C-12 positions,
is responsible for the binding to the zinc ion of MMPs in the active site, which is the core of
MMP catalytic function. So other compounds with similar functionality as TCs may display
similar or same inhibitory effects against MMPs. Thermorubin, a natural product isolated from a
thermophilic fungus Thermomycetes in the countryside near Pavia, Italy, which possesses the
same enol/B-diketone group as the TCs do, was tested as an MMP inhibitor (Figure 1.1).
However, the anti-microbial activity of thermorubin limits its long-term therapeutic use for the
risk of building up the drug-resistance of its targets. Bis-aroyl methanes (BAMSs) which share the
same enol/B-diketone functionality were therefore chosen for synthesis by the Johnson Group of
Stony Brook University. Several BAMs were synthesized (unpublished data) and tested as MMP
inhibitors, and the results showed that the inhibitory effect of BAMs are reasonable but not better
than the TCs, but no toxicity was observed after 5 hours of incubation with monocytes. To
improve the biological activity against MMPs, making the compound more water-soluble is the
first part of my research. In the meantime, a bis-vinylene homologue of BAMs, namely
chemically-modified curcumins (CMCs) synthesized and tested by Dr. Yu Zhang and had shown
significant inhibitory activity against MMPs. Among the published 23 synthesized CMCs [12],
one compound CMC 2.24 has the best biological activity. Furthermore, unpublished data showed

that a slight chemical modification may increase the biological activity, as well as to increase the



water-solubility. Therefore, to synthesize modified CMC 2.24 derivatives, to achieve a

compound displaying better inhibition against MMPs and other pro-inflammatory cytokines and
chemokines, with increased water-solubility became the second part of my work.
Figure 1.1 Doxycycline, Thermorubin, bis-aroyl Methanes and Curcumin (Zinc-binding Group

in Red)
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Chapter 2 Literature Review of Matrix Metalloproteinases and Their Inhibitors

A. General Introduction of Matrix Metalloproteinases (MMPS)

Matrix Metalloproteinases (MMPs) are zinc-dependent neutral proteolytic enzymes, originally
discovered in 1962 by Gross et al. [1], when they were studying the metamorphosis of tadpoles.
They discovered that one enzyme, which was later termed MMP-1, was responsible for the
degradation of collagen at physiological pH and temperature. In their study, they found that
MMP-1 cleaved the basi triple-helix collagen unit into two fragments, at approximately one
quarter the distance from the C- terminus. The degradation of collagen ultimately leads to the
loss of the tale in tadpoles. Since then, more and more structurally related proteinases have been
discovered and presently there are 25 different MMPs (23 paralogues have been reported in
human) [2], all of which were found to degrade a number of components of the extracellular
matrix (ECM). In 1968, the inactive form of MMP-1, or its zymogen, Pro-MMP-1, was purified

and isolated from human skin [3].

The activity of the MMPs is highly regulated in a series of stages, including gene expression,
storage, secretion, activation and inhibition [2]. Both MMPs and their endogenous inhibitors,
which are called tissue inhibitors of MMPs (TIMPs) are active forms of MMPs. TIMPs were
discovered in 1975 by Bauer et al. and currently there are four members in this family [4].
MMPs play an important role in tissue remodeling in a variety of physiological and pathological
conditions, ranging from arthritis, cancer, cardiovascular disease, periodontal disease, stroke and
wound healing [5,6]. Though excessively high level of MMPs may exacerbate a disease, it is also
recognized that over-inhibition of MMPs is undesirable and may cause musculoskeletal side-

effects such as aches, cramps, pain and weakness [7,8]. Therefore, the development of an



effective MMP inhibitor has been the goal for both industrial and academic labs for the past

several decades [7,9-12].

B. Classification of MMPs

MMPs can either be classified on the basis of substrate specificity and molecular structure.
According to the references [7,11-13], MMPs can be characterized into five classes:
collagenases, gelatinases, stromelysins, membrane-type MMPs, and others that are not classified.

These are listed in Table 2.1.

Table 2.1 Classification of Matrix Metalloproteinases

(Modified from References [7,11-13])

Group Enzyme MMP Number
Collagenases Fibroblast Collagenase MMP-1
Neutrophil Collagenase MMP-8
Collagenase-3 MMP-13
Collagenase-4, yCol4 MMP-18
Gelatinases Gelatinase A MMP-2
Gelatinase B MMP-9
Stromelysins Stromelysin-1 MMP-3
Stromelysin-2 MMP-10




Stromelysin-3 MMP-11

Matrilysin MMP-7

Matrilysin-2 MMP-26

Membrane-type MMPs MT1-MMP MMP-14
MT2-MMP MMP-15

MT3-MMP MMP-16

MT4-MMP MMP-17

MT5-MMP MMP-24

MT6-MMP MMP-25

Unclassified MMPs Macrophage Metalloelastase MMP-12
RASI-1 MMP-19

Enamelysin MMP-20

CA-MMP MMP-23

Epilysin MMP-28

C. Structure of MMPs
All MMPs share some similar structural features but the exact structure varies from one to

another. Generally speaking, the structure of MMPs can be segregated into six major structural

8




domains, from the N-terminus to the C-terminus: the signal peptide (or the signal domain), the
propeptide domain (or the prodomain), the catalytic domain, the hinge region, the hemopexin-
like domain and the transmembrane domain, illustrated in Figure 2.1. It is reported that MMPs
exhibit around 40% identity in their primary structure, and this includes both the propeptide

domain and the catalytic domain [12,14].
Figure 2.1 General Structural Domains of MMPs

(Modified from References [12,14])

coOo—CC]—{  — —D

Signal Prodomain Catalytic ~ Hinge Hemopexin  Transmembrane

Peptide Domain Region Domain Domain
The N-terminus signal peptide is responsible for secretion and for the cleavage of the peptide
domain. The prodomain which usually consists of approximately 80 amino acids, is responsible
for the enzyme latency [14]. There is a conserved cysteine present in this domain, in the
sequence of Pro-Arg-Cys-Gly-Xxx-Pro-Asp. It was found out that this cysteine binds to the zinc
ion in the catalytic domain, blocking enzyme hydrolysis of its substrates. Therefore, this domain
must be cleaved in order to activate the enzyme [15]. The catalytic region is about 170 amino
acids in size, with two zinc ions, one of which is in the active site and the other is associated as a
zinc finger (structural). The zinc atom used for catalysis is bound by three adjacent histidine
residues, in the sequence motif His-Glu-Xxx-His-Xxx-XxX-Gly-Xxx-Xxx-His [14]. The catalytic
domain is linked to the hemopexin-like domain through the hinge region. This linker likely
fulfills important functional roles, not only acting as a physical spacer. For example, the hinge

region turns out to be important for the stability of the enzyme and the degradation of substrates.



The hemopexin-like domain is composed of four f—sheets and is frequently involved in substrate
recognition/positioning [14]. The transmembrane domain however, is only present in some
certain MMPs, and it may serve as a membrane anchor [14].

Once an MMP is fully activated, the enzyme can perform its proteolytic function to cleave a
peptide bond. The detailed mechanism is illustrated in Figure 2.2 [16]. In the active form there
are three histidine residues that bind the zinc ion, and the forth coordination site is occupied by a
water molecule. The water molecule also hydrogen-bonds to a glutamic acid, which activates the
water molecule. The carbonyl oxygen of an alanine residue also hydrogen bonds to an amide
hydrogen of the peptide (Figure 2.2 a). Once the water attacks the peptide carbonyl in the
substrate, one of its hydrogen atoms will be abstracted by the glutamic acid. The newly
generated oxyanion will then bind to the zinc. Then the amide nitrogen becomes basic and
abstracts a proton from the glutamic acid (Figure 2.2 b). The amide carbon-nitrogen bond then
cleaves and the amine will be ionized by the newly formed carboxylic acid, generating a

carboxyanion and a primary ammonium ion (Figure 2.2 c).
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Figure 2.2 Mechanism of MMP-catalyzed amide bond breaking [16]
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C. Regulation of MMP Activities

The activity of MMPs can be regulated at many levels: MMP gene transcription,
compartmentalization, or inhibition by protein inhibitors. There is also another regulatory
mechanism termed zymogenicity [2]. Before MMPs can perform their physiological effect, they
need to be activated. This usually involves a separate enzyme (which may be an active MMP

molecule) and which cleaves a fragment from the inactive MMP.

1) MMP Expression
Expression of MMPs in normal cells is usually low, even undetectable [11,17]. Most MMP gene
expressions need cytokines and growth factors from external sources [2] in order to operate.
MMP genes are expressed when there are physiological requirements, usually peptide cleavage,
needed or in some cases where tissue destruction is required. In the latter cases, the expression is
usually higher than the homeostatic level. Signaling molecules, for instance, both pro- and anti-
inflammatory cytokines, and many other substances including extracellular matrix proteins,
bacterial virulence factors and enzymes, and also other factors such as cell stress, cell
communication etc. can up- or down-regulate the MMP expression. Based on the gene
expression, MMP can be segregated into two categories: constitutive or homeostatic MMPs, the
level of which remains the same under all physiological conditions, for instance, MMP-1; and
inducible or inductive MMPs, whose level can increase dramatically under certain physiological

or pathological conditions, like MMP-9 [6].

2) MMP Activation
Once MMPs are synthesized, they are stored in inflammatory cell granules. The storage
suppresses their availability, normally MMPs are secreted from cells as inactive forms, namely

pro-MMPs [2]. Pro-MMPs contain the pro-domain (zymogenic domain), which is between 66
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and 91 residues long in those MMPs that have been structurally characterized (Figure 2.2), and
will be cleaved during the activating process [18]. The activation can be completed in two steps.
Firstly, the pro-domain will be cleaved but one thiol group of a cysteine in the pro-domain
backbone will still interact with the zinc ion, which is in the active site. The second step involves
complete cleavage of the pro-domain and the Zn-thiol interaction will be terminated. This
provides physical space for the zinc ion to coordinate other substances, such as water, to exhibit

its catalytic function. This activating mechanism is called the “cysteine switch” [18].

Several methods have been reported so far to break the zinc-cysteine coordination bond, namely:
(a) treating it with ions such as mercury(ll) or silver(l); (b) treatment with conformation
changing agents; (c) cleavage of the zinc-cysteine bond with proteolysis agents, (d) alkylating
the thiol group; (e) conversion of the thiol group to a disulfide; or (f) usage of oxidants (Figure

2.3) [18]. The cleavage of the zomogenic domain will convert MMP to its active form.
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Figure 2.3 Activation of MMPs by cysteine switch mechanism [18].
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3) Endogenous MMP Inhibition
MMP activity can also be regulated by its inhibitors. Tissue inhibitors of matrix
metalloproteinases (TIMPs) are the major endogenous inhibitors in tissue that regulate MMP
activity. There are 4 types of TIMPs, named TIMP-1 to TIMP-4 [6]. TIMPs are a family of

secreted glycoproteins [6], consisting of 184-194 residues and the molecular weight varies from
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21 to 30 kDa. TIMPs have 2 domains, the N-terminal domain and the C-terminal domain which
are connected by 3 disulfide bonds, with 3 cysteine residues being on one each domain [14]. The
specificity and the inhibitory effect of these four TIMPs vary. For TIMPs 1-3, TIMP-1 is more
specific for MMP-9, TIMP-2 is more specific for MMP-2 and TIMP-3 exhibits almost equal
inhibitory effect against both MMP-2 and MMP-9 [19]. Of these the 4 TIMPs, TIMP-3 can
modulate the activity of MMP more effectively than the other TIMPs due to its direct linkage to
the extracellular matrix (ECM) components (this feature distinguishes TIMP-3 from the other 3
TIMPs), although no TIMP-1 or TIMP-3 is found in the interstitial space [14]. TIMP-4 is
detected in high concentration in heart tissue but in low concentration in the kidney [14]. TIMPs
can bind to MMPs in a 1:1 ratio, by forming a noncovalent complex [14]. This 1:1 stoichiometry
suggests that there is a balance between TIMPs and MMPs, disruption of which may lead to a

variety of pathogenic processes.

D. MMPs and Diseases

It was mentioned earlier that the level of MMPs is highly related to diseases. While the basal
level of MMPs are necessary for normal physiological function such as tissue turnover [6,12],
elevated level of MMPs may overly degrade tissue components and thus cause or exacerbate
other diseases [5,8,11,12,20,21]. It is found that the excessively high level of MMPs are linked
with different diseases including but not limited to arthritis, cancer, cardiovascular disease,
inflammatory disease, neural plasticity disease and postmenopausal osteoporosis, all involve
tissue destruction. In this thesis, | will briefly discuss the roles MMPs play in arthritis, cancer,

neural plasticity disruption and inflammatory disease.
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1) MMPs in Arthritis

One MMP in the MMP family, MMP-3 had been found to be the major tissue destroyer in
rheumatoid arthritis (RA) due to its upregulation in contrast to other MMPs, and it is mainly
produced by synoviocytes [22]. Studies have also suggested that excessive levels of MMP-3 in
the serum and synovium correlate well with the RA of patients, as well as being a predictor of
the degree of joint destruction in RA [23-31]. Several other Pro-MMPs such as Pro-MMP-1, Pro-
MMP-8, Pro-MMP-9, etc can also be activated by MMP-3 [32]. These results mentioned above
support the notion that MMP-3 levels might be a promising candidate as a new biological marker

for RA diagnosis [33].

2) MMP in Cancer
The impact of MMP on cancer was first notices in the early nineties [34,35]. To date, much
research data supports the idea that MMPs are involved in many steps of tumor pathology, such

as: tumor growth, tumor protection, apoptosis, angiogenesis, and metastasis.

MMPs have been found to be necessary to tumor cell growth. MMPs can both mediate the
release of cell growth factors [34] and activate those factors that are normally anchored to the
cell surface or attached to the peritumor ECM. Some clinical studies have shown that MMPs 1,
2,7,9,11, 13 and 14 are more highly expressed in tumor cells than in normal cells. It is also

clear that MMPs have a direct effect on cell growth [36].

It is of vital importance for tumor cells to protect themselves against the mammalian immune
system. MMPs have been found to be involved in a series of escape mechanisms that are
developed by tumor cells [9,37,38]. Besides these mechanisms, some MMPs can also protect the

tumor cell by other methods. For example: MMP-9 can disrupt and eventually suppress the rapid
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growth of T-lymphocytes [39] whereas MMP-11 makes the tumor cells less sensitive to human
natural killer cells [40]. Moreover, MMPs can also stimulate the protective and adaptive

responses of their host [41].

The apoptotic effect caused by MMPs in tumor pathology has also gained considerable attention.
MMPs have a broad effect on the apoptosis of both normal cells and cancer cells. On the one
hand, MMP-3 and MMP-7 have been found to induce pro-apoptotic or apoptotic effects on
epithelial cells [42], whereas MMP-1, MMP-9, and MT1-MMP can lead to the apoptosis of
autophagic cells and also breast cancer cells [43]. Moreover, some substances, such as the Fas
ligand, which is bound to the membrane, can be cleaved and released by MMP-7, thus making

tumor cell more resistant to chemotherapeutic agent [44].

Tumor angiogenesis, or new blood vessel formation from pre-existing vasculature, is a key step
in tumor pathology, and it is also associated with tumor metastasis, which then often leads to the
death of the cancer patient. Tumor angiogenesis is completed by using its own angiogenic
phenotype, which can be achieved via a process called the angiogenic switch [45]. This is
regulated by the balance between pro- and anti-angiogenic factors, which are stored in the ECMs
[45]. Therefore, break-down of the ECMs can result in the access to the pro-angiogenic factors,
disruption of the angiogenic switch and initiation of angiogenesis. Due to the proteolytic
property of MMPs, they can degrade ECMs to release angiogenic factors. The high levels of
MMPs in pathological tissues can also cause fibrous protein degradation including collagen and
elastin, which are the major structural components of connective tissue and blood vessel walls.
This will ultimately lead to the proliferation and migration of endothelial cells and the

development of tumor blood-supply capillaries. However, several studies have shown that some
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MMPs can also generate angiostatin that inhibits the proliferation of endothelial cells [46]. These

results increase the complexity of the roles of the MMPs in tumor angiogenesis.

The action of MMPs in the metastatic phase, is to destroy the tissue around the malignant
neoplasm to create space for the proliferating tumor cells and their migration [47]. For example:
MMP-9 has been found to be the main factor in the metastatic phase of lung cancer [48], and

MMP-2 and MMP-14 are involved in in vitro cell migration [49].

3) MMP in Neural Plasticity Disruption

The neurons in the central nerve system play an essential role in controlling human physiological
processes as well as learning. The synaptic connections between neurons ( i. €., neural plasticity)
can be remodeled by factors including MMPs, ECMs and cell adhesion molecules (CAMs). It is
found that the ECM-neuron interaction is critical to the synaptic structure, and the remodeling of
it requires CAMs [13]. The remodeling of the synaptic structure can interfere with the neural
plasticity which can mediate learning and memory [13]. Thus, the degradation of CAMs may
affect human memory and learning. The extracelluar domain of a CAM makes it a target for
MMP. Therefore, MMPs must be strictly regulated for the protection of CAMs. Several studies
have shown that MMP-9 is involved in long-term potentiation, habituation and associative

learning [13].

4) MMPs in Inflammatory Disease
MMPs are found to be involved in many inflammatory diseases including asthma, lung fibrosis,
hepatitis and periodontal disease. During an inflammatory response, leukocytes need to travel

through tissue barriers, and thus, they must be equipped with enzymes that can remodel the ECM
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[50], and the MMPs can be used to accomplish this task. As an example their physiological role

in periodontal disease will be discussed.

Periodontal disease is a typical inflammatory disease. Currently, it is considered that bacterial
dental plaque is the major risk factor that initiates periodontal disease [6]. When bacteria invade
the dental plaque, their metabolites initiate the host-cell immune response, producing and
releasing proinflammatory mediators [51-53], which starts the destruction of surrounding tissues.
Leukocytes and monocyte/macrophages then begin to recruit and amplify the inflammatory
response, resulting in the second stage of periodontal disease. The proinflammatory stimuli
induce cells in the periodontium and resident periodontal ligament to secret MMPs [52,53].
However, several recent studies have shown that the proteolytic activity of MMPs is not just
restricted to the degradation of ECMs, but also affects other non-matrix substrates [6]. This
suggests that MMPs may be involved in both tissue destruction and the anti-inflammatory

process [6].

E. Matrix Metalloproteinase Inhibitors

Due to the broad involvement of MMPs in various physiological processes and diseases, many
studies have focused on the development of MMP inhibitors as a potential drug for
chemotherapy. The vital role of the zinc ion in MMP provides an ideal target for the design of
MMP inhibitors. Based on this, the structure of the MMP inhibitors can be categorized into two
motifs: the zinc-binding group (ZBG), and the backbone, which has a great influence on the
water-solubility, lipid-solubility, binding affinity to the backbone amino acid residues of MMPs.
Since in the Pro-MMPs, zinc ion is bonded to a deprotonated cysteine residue, so the synthesized
ZBG should also possess some degree of acidity in order to perform the inhibitory function. Up

to now, there are several classes of MMP inhibitors published, they are carboxylic-acid-based

19



inhibitors, thiol-based inhibitors, phosphorus-based inhibitors, hydroxamate class, chemically-

modified tetracyclines (CMTs), and chemically-modified curcumins (CMCs).

1) Carboxylic-acid-based Inhibitors

The carboxylic-acid-based inhibitors use COOH as the ZBG. Although they are among the
weakest MMP inhibitors, they are less toxic than other synthesized inhibitors and have good oral
bioactivity. They usually contain bulky, hydrophobic substituents (Figure 2.4). The sulfoamido
group of compound 4 forms two hydrogen bonds with Leu-181 and Ala-182 by using the

sulfonamido oxygen and the NH respectively [16].
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Thiol-based MMP inhibitors utilize SH group as the ZBG. Though a five or six-membered ring

can be formed if the inhibitor uses both its thiol group and carbonyl nearby to chelate the zinc

(Figure 2.5), it only binds to zinc monodentately, so this type of inhibitor has a weaker binding

affinity to zinc than the hydroxamates. Because thiol is easy to ionize, this class of MMP

inhibitor is less potent than the carboxylates [16]. Two compounds from this class have entered

clinical trial and one of them is compound 6, which is a strong MMP-8 and MMP-13, and it is

being developed as an anticancer drug [16].
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Figure 2.5 Structure of thiol-based MMP inhibitors [16]
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3) Phosphorus-based Inhibitors

as the ZBG. Despite the initial excitement of its discovery, these compounds didn’t exhibit
comparable results to those of the hydroxamates [16]. Figure 2.6 shows the structure of some

compounds of this class.
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Figure 2.6 Structure of phosphorus-based MMP inhibitors [16]
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4) Hydroxamate-based MMP Inhibitors

Hydroxamate-based MMP inhibitors are amongst the most widely studied inhibitors currently.
The ZBG of the hydroxamates is the HONHCO functional group, the NH will be deprotonated
and the carbonyl oxygen will bond to the zinc ion. The first generation of hydroxamates usually
had a polypeptide backbone, which makes them metabolically labile (Figure 2.7) [54]. The broad
spectrum of inhibition also causes serious side-effects and therefore the clinical use of

hydroxamates as inhibitors against MMPs was abandoned.
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Figure 2.7 Structure of hydroxamate-based MMP inhibitors [54]
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5) Chemically-modified Tetracyclines

Tetracyclines have long been known as antibiotics, since their discovery by Duggar in 1948 from
the soil organism Strptomyces aureofaciens. However, tetracyclines do have innate anti-MMP
activity. In 1983, Golub et al. reported that chemically-modified tetracyclines (CMTSs) could
both inhibit collagenase activity in a diabetic rat model and regulate several other MMPs by a
non-antimicrobial mechanism in tissue degradation and remodeling [5,6,21,54,55]. Therefore, a
series of more than 30 CMTSs were developed, lacking the dimethylamino group at C-4 position

[20]. Doxycycline and its CMT derivatives CMTs-1, -3, -6, -7, -8 were found to inhibit bone
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resorption in vivo, with CMT-3 as the superior one against purified collagenases from gingiva,
osteoblasts and lung cancer cells [56-58]. Studies have also shown that TCs and CMTs not only
inhibit MMP activity, but also inhibit the activation of MMPs at the proenzyme stage as occurs
in MMP expression [58,59]. This led to the development of two FDA-approved drugs: Oracea®
for chronic inflammatory skin disease and Periostat® for chronic inflammatory oral-bone-
destructive periodontitis. Both of them are orally-administered forms of Doxycycline and are
given at sub-antimicrobial dose levels. However, a significant side-effect of TCs and CMTs is
increased photosensitivity particularly at higher doses, and this has limited their long-term use
[60,61]. The structure of doxycycline and some CMTs are shown in Figure 2.8. The ZBG of this

series of compounds is the 1-ketone-3-enol motif at the C-11, C-11a, C-12 positions.
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Figure 2.8 Structure of tetracycline, doxycycline and chemically-modified tetracyclines (CMTSs)
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6) Chemically-modified Curcumins

Curcumin [1,7-bis-(4-hydroxy-3-methoxyphenyl)-1E,6E-heptadiene-3,5-dione], with its mono-
demethoxy and bis-demethoxy lower homologues, are all natural products found in turmeric.
Turmeric is also known as “curry powder”, and is used as a coloring agent and a therapeutic
medication. Curcumin was first isolated by Vogel et al. in 1815, and its structure was confirmed
by Lampe et al. in 1910 [62]. As a therapeutic reagent, curcumin exhibits a variety of activities
including anti-cancer effect, anti-inflammatory activity, and anti-oxidant activity [63-68].
Curcumin also possesses the enolizable 1,3-diketo functionality similar to the TCs and is known
to inhibit MMPs. Though curcumin is reasonably soluble in organic solvents including
dimethylsufoxide, dimethylformamide, tetrahydrofuran, dichloromethane, and alcohols, it is
extremely insoluble in water or physiological buffer [69], and this leads to poor absorption in
animal models and human studies. Only 51.2ng/mL was found 4h in the serum after 12g of

curcumin was orally administered [70] (Table 2.2).

Table 2.2 Serum concentration of curcumin by oral administration

(Modified from references [70-73])

Species Oral Dosage Concentration in Serum
Rat 1g/kg 0.5ug/mL
Rat 29/kg 1.35pg/mL
Human 29 6.0ng/mL
Human 10g 50.5ng/mL
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Human 129

51.2ng/mL

To improve its water solubility, bioavailability as well as zinc-binding characteristic, research

has indicated by the Johnson group to try to improve both activity and solubility. So far 23

chemically-modified curcumins (CMCs) have been synthesized and this work has been

published [74]. The most potent one of the CMCs is CMC 2.24, which can inhibit a series of

MMPs at low uM level (ICsy value ranges from 2.0£0.4 uM for MMP-12 to 69.8+2.0 uM for

MMP-1) [74].
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Figure 2.9 Structure of Curcumin, Demethoxycurcumin, bis-demethoxycurcumin, General
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O OH
H;CO N N F OCHj;
O O curcumin
HO OH
o OH
N N F OCH;
O O demethoxycurcumin
HO OH
O OH

N N F
O O bis-demethoxycurcumin
HO OH

general structure of
chemically-modified curcumins

CMC 2.24

29



References:

1. Cross, J.; Lapiere, C.M. Collagenolytic activity in amphibian tissues — a tissue culture
assay. Proc. Natl. Acad. Sci. USA, 1962, 48, 1014-1022

2. Tallant, C.; Marrero, A.; Gomis-Ruth, F.X. Matrix metalloproteinases: Fold and function
of their catalytic domains Biochimica et Biophysica Acta 2010, 1803, 20-28

3. Curry, T.E.; Osteen, K.G. The matrix metalloproteinases system: changes, regulations,
and impact throughout the ovarian and uterine reproductive cycle. Endocr. Rev., 2003,
24, 429-465

4. Bauer, E.A.; Stricklin, G.P.; Jeffrey, J.J.; Eisen, A.Z. Collagenase production by human
skin fibroblasts. Biochem. Biophys. Res. Commun., 1975, 64, 232-240

5. Golub, L.M.; Lee, H.M.; Lehrer, G.; Nemiroff, A.; McNamara, T.F.; Kaplan, R.;
Ramamurthy, N.S. Minocycline reduces gingival collagenolytic activity dring diabetes:
Preliminary observations and a proposed new mechanism of action. J. Periodont. Res.,
1983, 18, 516-526

6. Sorsa, T.; Tjaderhane, L.; Konttinen, Y.T.; Lauhrio, A.; Salo, T.; Lee, H.M.; Golub,
L.M.; Brown, D.L.; Mantyla, P. Matrix metalloproteinases: contribution to pathogenesis,
diagnosis and treatment for periodontal inflammation. Ann. Med., 2006, 38, 306-321

7. Dove, A. MMP inhibitors: Glimmers of hope amidst clinical failures. Nature Med., 2002,
8, 95

8. Peterson, J.T.; The importance of estimating the therapeutic index in the development of
matrix metalloproteinase inhibitors. Cardio. Res., 2006, 69, 677-687

9. Coussens, L.M.; Fingleton, B.; Matrisian, L.M. Matrix metalloproteinase inhibitors and

cancer: trials and tribulations. Science, 2002, 295, 2387-2392

30



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Overall, C.M.; Lopez-Otin, C. Strategies for MMP inhibition in cancer: innovations for
the post-trial era. Nature Rev. Cancer, 2002, 2, 657-672

Visse, R.; Nagase, H. Matrix metalloproteinases and tissue inhibitors of
metalloproteinases: structure, function, and biochemistry. Circ Res. 2003; 92: 827—-839.
Whittaker, M.; Floyd, C.D.; Brown, P.; Gearing, A.J.H. Design and therapeutic
application of matrix metalloproteinase inhibitors. Chem. Rev., 1999, 99, 2735-2776
Wright, J.W.; Harding, J.W. Contributions of MatrixMetalloproteinases to Neural
Plasticity, Habituation, Associative Learning and Drug Addiction Neural Plasticity
Volume 2009, 1-12

Aureli, L.; Gioia, M.; Cerbara, I.; Monaco, S.; Fasciglione, G.F.; Marini, S.; Ascenzi, P.;
Topai, A.; Coletta, M. Structural Bases for Substrate and Inhibitor Recognition by Matrix
Metalloproteinases Curr. Med. Chem., 2008, 15, 2192-2222

Bode, W.; Fernandez-Catalan, C.; Tschesche, H.; Grams, F.; Nagase, H.; Maskos, K. Cell
Mol. Life Sci.1999, 55, 639.

Gupta, S.P. Quantitative Structure—Activity Relationship Studies on Zinc-Containing
Metalloproteinase Inhibitors Chem. Rev. 2007, 107, 3042—3087

McCawley, L.J.; Matrisian, L.M. Matrix metalloproteinases:they’re not just for matrix
anymore! Curr. Opin. Cell Biol. 2001; 13:534-40.

Zitka, O.; Kukacka, J.; Krizkova, S.; Huska, D.; Adam, V.; Masarik, M.; Prusa, R.;
Kizek, R. Matrix metalloproteinases Curr. Med. Chem., 2010, 17, 3751-3768

Coussens, L.M.; Werb, Z. Matrix metalloproteinases and the development of cancer.

Chem. Biol., 1996, 3, 895-904

31



20.

21.

22.

23.

24,

25.

26.

Golub, L.M.; Greenwald, R.A.; Ramamurthy, N.S.; McNamara, T.F.; Rifkin, B.R.
Tetracyclines inhibit connective tissue breakdown: New therapeutic implications for an
old family of drugs. Crit. Revs. Oral Biol. Med., 1991, 2, 297-322

Golub, L.M.; Wolff, M.; Roberts, S.; Lee, H.M.; Leung, M.; Payonk, G.S. Treating
periodontal diseases by blocking tissue-destructive enzymes. J. Am. Dent. Assoc., 1994,
125, 163-169

Sabeh, F., Fox, D., and Weiss, S. J. Membrane-type | matrix metalloproteinase-dependent
regulation of rheumatoid arthritis synoviocyte function.J. Immunol. 2010, 184,
6396—6406.

Kobayashi, A., Naito, S., Enomoto, H., Shiomoi, T., Kimura, T., Obata, K., Inoue, K.,
and Okada, Y. Serum levels of matrix metalloproteinase 3 (stromelysin 1) for monitoring
synovitis in rheumatoid arthritis. Arch. Pathol. Lab. Med. 2007, 131, 563—-570.
Ribbens, C., Martin y Porras, M., Franchimont, N., Kaiser, M. J., Jaspar, J. M., Damas,
P., Houssiau, F. A., and Malaise, M. G. Increased matrix metalloproteinase-3 serum
levels in rheumatic diseases: relationship with synovitis and steroid treatment. Ann.
Rheum. Dis. 2002, 61, 161-166.

Taylor, D. J., Cheung, N. T., and Dawes, P. T. Increased serum proMMP-3 in
inflammatory arthritides: a potential indicator of synovial inflammatory monokine
activity. Ann. Rheum. Dis. 1994, 53, 768—772.

Tolboom, T. C., Pieterman, E., van der Laan, W. H., Toes, R. E., Huidekoper, A. L.,
Nelissen, R. G., Breedveld, F. C., and Huizinga, T.W. Invasive properties of fibroblast-
like synoviocytes: correlation with growth characteristics and expression of MMP-1,

MMP-3, and MMP-10.Ann. Rheum. Dis. 2002, 61, 975-980.

32



27.

28.

29.

30.

31.

32.

33.

Yoshihara, Y., Nakamura, H., Obata, K., Yamada, H., Hayakawa, T., Fujikawa, K., and
Okada, Y. Matrix metalloproteinases and tissue inhibitors of metalloproteinases in
synovial fluids from patients with rheumatoid arthritis or osteoarthritis. Ann. Rheum. Dis.
2000, 59, 455-461.

Posthumus, M. D., Limburg, P. C., Westra, J., Cats, H. A., Stewart, R. E., van Leeuwen,
M. A., and van Rijswijk, M. H. Serum levels of matrix metalloproteinase-3 in relation to
the development of radiological damage in patients with early rheumatoid arthritis.
Rheumatology (Oxford) 1999, 38, 1081—-1087.

Ribbens, C., Andre, B., Kaye, O., Kaiser, M. J., Bonnet, V., Jaspar, J. M., de Groote, D.,
Franchimont, N., and Malaise, M. G. Synovial fluid matrix metalloproteinase-3 levels are
increased in inflammatory arthritides whether erosive or not. Rheumatology (Oxford)
2000, 39, 1357-1365.

So, A., Chamot, A. M., Peclat, V., and Gerster, J. C. Serum MMP-3 in rheumatoid
arthritis: correlation with systemic inflammation but not with erosive status.
Rheumatology (Oxford) 1999, 38, 407—410.

Yamanaka, H., Matsuda, Y., Tanaka, M., Sendo, W., Nakajima, H., Taniguchi, A., and
Kamatani, N. Serum matrix metalloproteinase 3 as a predictor of the degree of joint
destruction during the six months after measurement, in patients with early rheumatoid
arthritis. Arthritis Rheum. 2000, 43, 852—858.

Leff, R.L.; Osteoarthritis. Matrix Metalloproteinase inhibition, cartilage loss. Surrogate
markers, and clinical implications. Ann. N.Y. Acad. Sci., 1999, 878, 201-207

Abd-Allah, S. H., Shalaby, S. M., Pasha, H. F., EI-Shal, A. S., and Abou EIl-Saoud, A. M.

Variation of matrix metalloproteinase 1 and 3 haplotypes and their serum levels in

33



34.

35.

36.

37.

38.

39.

40.

patients with rheumatoid arthritis and osteoarthritis. Genet. Test. Mol. Biomarkers 2012,
16, 15-20

McDonnell, S.; Navre, M.; Coffey, R.J.; Matrisian, L.M. Expression and localization of
the matrix metalloproneinase Pump-1(Mmp-7) in human gastric and colon carcinomas.
Mol. Carcinog., 1991, 4(6), 527-533

Pajouh, M.S.; Nagle, R.B.; Breathnach, R.; Finch, J.S.; Brawer, M.K.; Bowden, G.T.
Expression of metalloproteinase genes in human prostate-cancer. J. Cancer Res. Clin.
Oncol., 1991, 117(2), 144-150

Hotary, K. B.; Allen, E. D.; Brooks, P. C.; Datta, N. S.; Long, M. W.; Weiss, S. J.
Membrane type | matrix metalloproteinase usups tumor growth control imposed by the
three-dimensional extracellular matrix. Cell, 2003, 114(1), 33-45

Coussens, L.M.; Tinkle, C.L.; Hanahan, F.; Werb, Z. MMP-9 supplied by bone marrow-
derived cells contributes to skin carcinogenesis. Cell, 2000, 103(3), 481-490

Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature, 2002, 420(6917), 860-867.
Sheu, B.C.; Hsu, S.M.; No, H,N.; Tien, H.C.; Huang, S.C.; Lin, R.B. Anovel role of
metalloproteinase in cancer-mediated immunosuppression. Cancer Res., 2011, 61(1),
237-242

Kataoka, H.; Uchino, H.; lwamura, T.; Seiki, M.; Nabeshima, K.; Koono, M. Enhanced
tumor growth and invasiveness in vivo by a carboxyl-terminal fragment of alpha 1-
proteinase inhibitor generated by matrix metalloproteinases — A possible modulatory role

in natural killer cytotoxicity. Am. J. Pathol., 1999, 154(2), 457-468

34



41. Balbin, M.; Fueyo, A.; Tester, A.M.; Pendas, A.M.; pitiot, A.S.; Astudillo, A.; Overall,
C.M.; Shapiro, S.D.; Lopez-Otin, C. Loss of collagenases-2 concers increased skin tumor
susceptibility to male mice. Nat. Genet., 2003, 35(3), 252-257

42. Witty, J.P.; Lempka, T.;Coffey, R.J.; Matrisian, L.M. Decreased tumor formation in 7,12-
dimethylbenzathracene-treated stromelysin-1 transgenic mice is associated with
alterations in mammary epithelial cell apoptosis. Cancer Res., 1995, 55(7), 1401-1406

43. Augustin, S.; Berard, M.; Kellaf, S.; Peyri, N.; Fauvel-Lafeve, F.; Legrand, CI; He, L.;
Crepin, M. Matrix metalloproteinases are involvedin both type | (Apoptosis) and type Il
(Autophagy) cell death induced by sodium phenylacetate in MDA-MB-231 breast tumour
cells. Anticancer Res., 2009, 29(4), 1335-1343

44. Mitsiades, N.; Yu, W.H.; Poulaki, V.; Tsokos, M.; Stamenkovic, |. Matrix
metalloproteinase-7-mediated cleavage of Fas ligand protests tumor cells from
chemotherapeutic drug cytotoxicity. Cancer Res., 2011, 61(2), 577-581.

45. Folkman, J.; Watson, K.; Ingber, D.; Hanahan, D. “Induction of angiogenesis during the
transition from hyperplasiato neoplasia,” Nature, 1989, 339, 6219, 58-61.

46. Cornelius, L. A.; Nehring, L.C. Harding, E.; Bolanowski, M.; Welgus, H.G.; Kobayashi,
D.K.; Perece, R. A.; Steven, D.; Shapiro, S.D. Matrix metalloproteinases generate
angiostatin: Effects on neovascularization. J. Immunol., 1998, 161(12), 6845-6852

47. Stetlerstevenson, W.G.; Aznavoorian, S.; Liotta, L.A. Tumor-Cell Interactions with the
Extracellular-Matrix Dring Invasion and Metastasis. Annu. Rev. Cell Biol., 1993, 9, 541-

573

35



48.

49,

50.

51.

52.

53.

54.

55.

Maeshima, Y.; Colorado, P.C.; Kalluri, R. Two RGD-independent alpha(v)beta(3)
integrin binding sites on tumstatin regulate distince anti-tumor properties. J. Biol. Chem.,
2000, 275(31), 23745-23750

Giannelli, G.; FalkMarzillier, J.; Schiraldi, O.; StetlerStevenson, W.G.; Quaranta, V.
Induction of cell migration by matrix metalloprotease-2 cleavage of laminin-5. Science,
1977, 277(5323), 225-228

Hu, J.; Van den Steen, P.E.; Sang Q.X.A.; Ghislain Opdenakker, Matrix
metalloproteinase inhibitors as therapy for inflammatory and vascular diseases, Nature
Reviews, 2007, 6, 480-498

Weiss, S.J. Tissue destruction by neutrophils. N. Eng. J. Med. 1989, 320, 365-376.
Ding, Y.; Uitto, V.J.; Haapasalo, M.; Lounatmaa, K.; Konttinen, Y.T.;, Salo, T.
Membrane components of Treponema denticola trigger proteinase release from human
polymorphonuclear leukocytes. J. Dent. Res. 1996, 75, 1986-1993.

Ding, Y.; Haapasalo, M.; Kerosuo, E.; Lounatmaa, K.; Kotiranta, A.; Sorsa, T. Release
and activation of human neutrophil matrix metallo- and serine proteinases during
phagocytosis of Fusobacterium nucleatum, Porphyromonas gingivalis and Treponema
denticola. J Clin Periodontol. 1997, 24, 237-248.

Ryan, M.E.; Ramamurthy, N.S.; Golub, L.M. Matrix metalloproteinases and their
inhibitors in periodontal treatment. Curr. Opin. Periodontol., 1996, 3, 85-96

Sorsa, T.; Mantyla, P.; Ronka, H.; Kallio, G.B.; Lundqvist, C.; Kinane, D.F.; Salo, T.;
Golub, L.M.; Teronen, O.; Tikanoja, S. Scientific basis of a matrix metalloproteinase-8
specific chair-side test for monitoring periodontal and peri-implant health and disease.

Ann. N.Y. Acad. Sci., 1999, 878, 130-140

36



56.

S7.

58.

59.

60.

61.

62.

63.

64.

Golub, L.M.; Lee, H.M.; Ryan, M.E.; Giannobile, W.V.; Payne, J.; Sorsa, T.
Tetracyclines inhibit connective tissue breakdown by multiple non-antimicrobial
mechanisms. Adv. Dent. Res., 1998, 12, 12-26

Gabler, W.L.; Creamer, H.R. Suppression of human neutrophil functions by tetracyclines.
J. Periodontal Res., 1991, 26, 52-58

Dezube, B.J.; Krown, S.E.; Lee, J.Y.; Bauer, K.S.; Aboulafia, D.M. Randomized phase 11
trial of matrix metalloproteinase inhibitor COL-3 in AIDS-related Kaposi’s sarcoma: an
AIDS manlignancy consortium study. J. Clin. Oncol., 2006, 24, 1389-1394

Richards, C.; Pantanowitz, L.; Dezube, B.J. Antimicrobial and non-antimicrobial
tetracyclines in human cancer trials. Pharmacological Research. 2011, 63, 151-156
Sandberg, S.; Glette, J.; Hopen, G.; Solberg, C.O. Doxycycline induced photodamage to
human neutrophils and tryptophan. Photochem. Photobiol., 1984, 39, 43-48

Riaz, M.; Pilpel, N. Effects of ultraviolet light on lecithin monolayers in the presence of
fluorescein dyes and tetracycline drugs. J. Pharm Pharmacol., 1983, 35, 215-218
Lampe, V.; Melobedzka, J.; Kostanecki, St. V. Zur Kenntnis des Curcumins. Berichte.,
1910, 43, 2163

Bachmeier, B.E.; Mohrenz, 1.V.; Mirisola, V.; Schleicher, E.; Romeo, F.; Hohneke, C.;
Jochum, M.; Nerlich, A.G.; Pfeffer, U. Curcumin downregulates the inflammatory
cytokines CXCL 1 and -2 in breast cancer cells via NFKB. Carcinogenesis, 2008, 29,
779-789

Kaur, G.; Tirkey, N.; Bharrhan, S.; Chanana, V.; Rishi, P.; Chopra, K. Inhibition of
oxidative stress and cytokine activity by curcumin in amelioration of endotoxin-induced

experimental hepatotoxicity. Clin. Exp. Immunol., 2006, 145, 313-321

37



65.

66.

67.

68.

69.

70.

71.

Begum, A.N.; Jones, M.R.; Lim, G.P.; Morihara, T.; Kim, P.; Heath, D.D.; Roch, C.L.;
Pruitt, M.A.; Yang, F.; Hudspeth, B.; Hu, S.; Faull, K.F.; Teter, B.; Cole, G.M.;
Frautschy, S.A. Curcumin structure-function, bioavailability, and efficacy in models of
neuroinflammation and Alzheimer’s disease. J. Pharmacol. Exp. Ther. 2008, 326, 196-
208

Banerji, A.; Chakrabarti, J.; Mitra, A.; Chatterjee, A. Effect of curcumin on gelatinase A
(MMP-2) activity in B16F10 melanoma cells. Cancer Lett. 2004, 211, 235-242

Woo, M.S.; Jung, S.H.; Kim, S.Y.; Hyun, J.W.; Ko, K.H.; Kim, W.K.; Kim, H.S.
Curcumin suppresses phorbol ester-induced matrix metalloproteinase-9 expression by
inhibiting the PKC to MAPK signaling pathways in human astroglioma cells. Biochem.
Piophys. Res. Commun., 2005, 335, 1017-1025

Baum L.; Ng, A. Curcumin interaction with copper and iron suggests one possible
mechanism of action in Alzheimer’s disease animal models. J. Alzheimer’s Dis., 2004, 6,
367-377

Aggarwal, B.B.; Kumar, A.; Bharti, A.C. Anticancer potential of curcumin: preclinical
and clinical studies. Anticancer Res., 2003, 23, 363-398

Lao, C.D.; Ruffin, M.T.; Normolle, D.; Heath, D.D.; Murray, S.1.; Bailey, J.M.; Boggs,
M.E.; Crowell, J.; Rock, C.L.; Brenner, D.E. Dose escalation of a curcuminoid
formulation. BMC Complement Altern. Med., 2006, 6, 10

Shoba, G.; Joy, D.; Joseph, T.; Majeed, M.; Rajendran, R.; Srinivas, P.S. Influence of
piperine on the pharmacokinetics of curcumin in animals and human volunteers. Planta.

Med., 1998, 64, 353-356

38



72.

73.

74.

Cheng, A.L.; Hsu, C.H.; Lin, J.K.; Hsu, M.M.; Ho, Y.F.; Shen, T.S.; Ko, J.Y.; Lin, J.T,;
Lin, B.R.; Ming-Shiang, W.; Yu, H.S.; Jee, S.H.; Chen, G.S.; Chen, T.M.; Chen, C.A.;
Lai, M.K.; Pu, Y.S.; Pan, M.H.; Wang, Y.J.; Tsai, C.C.; Hsieh, C.Y. Phase I clinical trial
of curcumin, a chemopreventive agent, in patients with high-risk or pre-malignant
lesions. Anticancer Res., 2001, 21, 2895-2900

Maiti, K.; Mukherjee, K.; Gantait, A; Saha, B.P.; Mukherjee, P.K. Curcumin-phosholipid
complex: Preparation, therapeutic evaluation and pharmacokinetic study in rats. Int. J.
Pharm., 2007, 330, 155-163

Zhang, Y.; Gu, Y.; Lee, H.M.; Hambardjieva, E.; Vrankova, K.; Golub, L.M.; Johnson,
F. Design, Synthesis and Biological Activity of New Polyenolic Inhibitors of Matrix
Metalloproteinases: A Focus on Chemically-Modified Curcumins. Curr. Med. Chem.,

2012, 19, 4348-4358

39



Chapter 3 Synthesis of Bis-aroylmethanes and Chemically-modified Curcumins and

Preliminary Biological Screening of Bis-aroylmethanes against Matrix Metalloproteinase-9

A. Ketone-enol Tautomerization in 1,3-dicarbonyl Compounds

It has long been known that there is an equilibrium between aldehyde/ketone and its
corresponding enol. One of the early investigators into this field was R. A. C. E. Erlenmeyer,
who concluded in 1880 in a statement that was later known as “the Erlenmeyer Rule”, which
states that all alcohols in which the hydroxyl group is attached directly to a double-bonded
carbon atom become aldehydes or ketones. This is true for most simple aldehydes and ketones.
However, compounds with the 1,3-dicarbonyl motif are exceptions to this rule. Compounds with
this functionality tend to favour the enolic form rather than the ketonic one. Three typical
compounds of this kind, namely 2,4-pentanedione, ethyl acetoacetate and diethylmalonate, had
been widely studied and used in organic synthesis. The major reasons for these compounds to
favour the enolic form are: 1. Enolization can bring two separate double-bonds conjugated; 2.
Enolization can help to form an intramolecular hydrogen-bond. Moreover, 1,3-dicarbonyl
compounds have significant lower pKa values than those of other aldehydes/ketones which could
not enolize. This acidic property of 1,3-dicarbonyl compounds is vital in MMP inhibition, since
all previously disclosed MMP inhibitors possesses some degree of acidity. A fundamental idea in
the current research project is to create 1,3-diketo compounds similar to curcumin but which are
more acidic (to achieve better zinc binding). Some of the carbonyl compounds, with their

physical data are listed in Figure 3.1.
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Figure 3.1 pKa and Structure of the Ketonic and Enolic Form of Acetone, 2,4-pentanedione,

Ethyl Acetoacetate and Diethyl Malonate

Name of
Compound

0 OH
et )k )\ 26.5 (in DMSO)
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B. Synthesis of bis-aroyl Methanes

Ketonic Form Enolic Form pKa

Bis-aroylmethanes (BAMSs) are 1,3-dicarbonyl compounds. Its simplest one, bis-benzoylmethane
is the diphenyl homologue of 2,4-pentanedione, which may also be called bis-acetylmethane.
With a pKa value of 8.95 [1], bis-benzoylmethane is also fairly acidic. Since the physiological
pH of serum is roughly 7.35~7.5, a small portion of bis-benzoylmethane and its more acidic

derivative can ionize at this pH, and the ionized species can potentially be an MMP inhibitor.

41



1) General Synthetic Scheme

The general method to synthesize BAMs is outlined in Scheme 3.1 and starts with the
preparation of corresponding methyl benzoates. Heat the benzoic acid in methanol with catalytic
amount of sulfuric acid overnight, leads to the formation of methyl ester. The key reaction for the
synthesis of the BAMs is a Claisen-type condensation. Sodium hydride is used as a base to
deprotonate the a—hydrogen of the acetophenone, the subsequent enolate then attacks the
carbonyl group of the methyl ester, replacing the methoxide by an addition-elimination
mechanism. This is a rapid approach of the method that is used to generate BAMs. However,
some functional groups need protection/deprotection, and the substituent at C-2 position of
BAMs can only be installed after the main BAM framework had been established. This of course
necessitates further steps. The synthetic scheme is shown below and described in the following

section 2, 3, and 4.

Scheme 3.1 General synthesis of BAMs
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2) Synthesis of BAM 1.15, 1.20, 1.22

The syntheses of BAM 1.15 and 1.20 began with the convertion of the 2- or 4-chlorobenzoic acid
to its corresponding methyl ester, which occurred smoothly under reflux condition in methanol
overnight catalyzed by sulfuric acid. The methyl ester then is allowed to react with 4-
chloroacetophenone in a Claisen-type condensation to afford BAM 1.15 (3a) and 1.20 (3f). BAM
1.22 (3h) however, is directly obtained by condensing ethyl picolinate and 2-acetylpyridine. The

syntheses are outlined in Scheme 3.2.
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Scheme 3.2 Synthesis of BAM 1.15, 1.20, 1.22
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3) Synthesis of BAM 1.21

BAM 1.22 (3h)

The synthesis of BAM 1.21 (3g), namely bis-(4-methoxybenzoyl)methane began with the

methylation of 4-hydroxybenzoic acid methyl ester with methyl iodide under basic condition.



The resulting 4-methoxybenzoic acid methyl ester can condense with 4-methoxyacetophenone to

yield the title compound. The synthetic scheme is shown in Scheme 3.3.

Scheme 3.3 Synthesis of BAM 1.21
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4) Synthesis of BAM 1.16, 1.17, 1.18, 1.19

The syntheses of BAMs 1.16~1.19 began with the protection of the hydroxyl group in 4-
hydroxyacetophenone and 4-hydroxybenzoic acid methyl ester, using benzyl chloride in DMF,
catalyzed by potassium iodide. The benzylated acetophenone and benzoic acid methyl ester were
then allowed to condense to form BAM 1.17 (3c). From BAM 1.17 three other BAMs were
prepared. Deprotecting the benzyl group of BAM 1.17 by hydrogenation led to the formation of
BAM 1.16 (3b). BAM 1.18 was obtained by deprotonating BAM 1.17 by NaH to give the
corresponding enolate. The subsequent enolate was then allowed to reacte with phenyl
isocyanate to obtain BAM 1.18 (3d) [2]. Hydrogenation of BAM 1.18 gave BAM 1.19 (3e). The

syntheses of these four BAM compounds are outlined in Scheme 3.4.
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Scheme 3.4 Synthesis of BAMs 1.16, 1.17, 1.18, 1.19

0]
KI, DMF,80%  gno
s
/©)‘\ BnCl, K,CO;
KI, DMF, 95% <
BnO
O O H,, 10% Pd-C O O
BnO OBn
EtOAC OH

BAM 1.17 (3¢) HO

NaH, THF

BAM 1.16 (3b)

NaH, PANCO
THF. 70%
0O o0 0O o0
H,, 10% Pd-C O O
BnO 0~ “NH opn FlOAC HO o© “NH OH
BAM 1.18 (3d) BAM 1.19 (3¢)

C. Preliminary Biological Screening of BAMs against MMP-9

1) Experimental Setup
The initial biological screening of BAMs involves a procedure to measure their 1Cso values. This

is the most elementary of methods. In our experiments, we used a synthetic polypeptide that can
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be cleaved by MMPs. The MMP chosen for our studies was MMP-9, human neutrophil
monomer, purchased from Calbiochem, EMD Biosciences, Inc. (La Jolla, CA), and the
polypeptide substrate was Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH; fluorogenic peptide
substrate IX, purchased from R&D Systems, Inc. (Minneapolis, MN) [3,4]. [Mca is
(Methoxycoumarin-4-yl)acetyl; Dpa is N-3-(2, 4-Dinitrophenyl)-L-2,3-diaminopropionyl]. This
substrate is linked to a fluorescent probe. Once cleaved by an MMP, the fluorescent group will
be released and the fluorescence signal increases dramatically. The fluorescence signal is

measured at the excitation and the emission wavelengths of 320nm and 405nm respectively.

Stock solutions of 1,10-phenanthroline, curcumin and curcumin analogues were prepared in
DMSO at concentrations of 0.1, 0.5, 1, 5, 10, 25 and 50mM (for BAM 1.17,itis 0.1, 0.2, 0.5, 1,
2, 4, 8mM). The substrate and the enzyme were diluted 100 fold with solution containing 1mM
CaCly, 0.2M NaCl and 50mM Tris/HCI (pH=7.6) buffer. 50uL of substrate solution was added
first to the 96-well plate, followed by the addition of different concentrations of DMSO solution
of inhibitor (1uL) and enzyme solution (50uL) to a final reaction volume now containing 1%
DMSO. The fluorescence signal of the solution of the substrate and inhibitors at different
concentration (without MMP-9) was measured as the background. The test solution mixed with
MMP-9 and substrate was set as the peak value. The whole mixture was incubated at 37°C for
2h, and Fluoro Count (Packard Instrument Co., CT) was used to measure the increase in
fluorescence as the substrate was cleaved. The increase in fluorescence of the test solution of
MMP-9, substrate and inhibitor was then compared with the peak value and the background of
its corresponding concentration to calculate the percentage of MMP being inhibited.

Concentration of total inhibition was not measured.
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2) Results and Discussion

Out of the seven BAMs tested, BAM 1.15 and BAM 1.18 showed an ICs value of greater than
100uM. BAM 1.17 had an ICsq value of greater than 20uM, and the inhibitory effect at higher
concentration was not tested due to solubility problem. The inhibitory assays of BAM 1.16,
BAM 1.19, BAM 1.20, BAM 1.21 compared with the reference compound, namely 1,10-

phenathroline, are illustrated below in Figure 3.2a~3.2c.

Figure 3.2a Test 1 in MMP-9 Inhibition Assay
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Figure 3.2b Test 2 in MMP-9 Inhibition Assay
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Figure 3.2c Test 3 in MMP-9 Inhibition Assay
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The structures of the BAMs are summarized in Figure 3.3 and Table 3.1 respectively.

Figure 3.3 Enolic/Ketonic Tautomerism of BAMs

Table 3.1 Structure of BAMs Synthesized

BAM R1 R Rs X Enol
Pencentage

BAM 1.15 4-Cl 4-Cl -H CH 100
BAM 1.16 4-OH 4-OH -H CH 74
BAM 1.17 4-PhCH,0 4-PhCH,0 -H CH 100
BAM 1.18 4-PHCH,0 4-PhCH,0 -CONHPh CH 0
BAM 1.19 4-OH 4-OH -CONHPh CH 0
BAM 1.20 2-Cl 4-Cl -H CH 100
BAM 1.21 4-OCH3; 4-OCHjs -H CH 100
BAM 1.22 -H -H -H N 87
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The 1Cs value of the control compound (1,10-phenathroline) and BAMs 1.16, 1.19, 1.20, 1.21

are summarized in Table 3.2.

Table 3.2 ICs of 1,10-phenathroline and Selected BAMs against MMP-9

1,10-Phen | BAM1.16 | BAM 1.19 | BAM 1.20 | BAM 1.21
Test 1 ICso(uM) 228 68.7 724 5.1 20.9
Test 2 ICs0(uM) 327 59 76.2 5.3 17.9
Test 3 ICs0(uM) 24.4 67.7 72.1 5.1 16.5
Ave. 26.6 65.1 73.6 5.2 18.4
S.D. 5.3 5.3 2.3 0.1 2.2
SEM. 3.1 3.1 1.3 0.1 1.3

From Table 3.1, we can conclude that: when there is no substitution at the C-2 position, BAM

compounds tend to favor the enolic form in the ketone/enol equilibrium. C-2 substituted BAMs

tend to maintain the ketonic form due to allylic strain which overcomes conjugation and

intramolecular hydrogen bonding. For BAM 1.16, the relatively low enolic percentage (74%) is

probably because of the intermolecular hydrogen bonding between the hydroxyl group and the

carbonyl, which may prevent the carbonyl group to receive the hydrogen bonding from the

enolic hydrogen, thus disfavoring the enolic form. In BAM 1.22 however, the 2-pyridyl group

may serve as a strong electron-withdrawing group to diminish the electron density on the
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carbonyl oxygen, and this may prevent the hydrogen bond formation, since oxygen acts as an

electron donor in forming the intramolecular hydrogen bond.

Comparing the 1Cso value, BAM 1.16 is has a lower 1Csq than its C-2 substituted derivative,
BAM 1.19. Also BAM 1.19 which has a C-2 substituent has a higher I1Csq than its non-substituted
analogue BAM 1.16. Thus, C-2 substitution may not be favourable in increasing the inhibitory
effect of the BAM series. Comparing BAM 1.15, 1.16 and 1.21, it seems that the compounds
with electron-donating groups are more potent than the one with electron-withdrawing groups.
The most potent is the unsymmetrical compound. The 2-position of the chlorine substituent on
one phenyl ring decreases the ICsq to lower than Y/ of the bis-4-position-substituted analogue.
Though it is clear that the positioning of chlorine substitute can make a drastic difference on the

inhibitory effect, the exact reason of its effect on inhibition, is still unknown.
D. Synthesis of Chemically-modified Curcumins

1) Project Background and Target Design

Curcumin [1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione], as mentioned
earlier, is another 1,3-dicarbonyl compound and a bis-vinylene homologue of BAMSs. It was
isolated in 1815 by Vogel et al. from the perennial herb that grows in Asia called Curcuma longa
L. Its structure was first illucidated by Lampe et al. in 1910 [5]. Since then, numerous papers
have been published to deal with the chemical method of its synthesis. The first synthesis was
done by Lampe et al. in 1918, which contained an 8-step synthesis starting from vanillin [6].
Almost 2 decades later, Pavolini et al. carried out a one-step synthesis using 2,4-pentanedione,
vanillin and boron oxide (2:1:2) over a free flame for 30 min, with a low yield of 10% [7]. In

1962, Pabon et al. published his work of curcumin synthesis also by using the same reactants as
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those of Pavolini et al [8], but with different stoichiometry [2,4-pentanedione:boron oxide=1:0.7]
(Scheme 3.5). In Pabon’s paper, a deep-coloured boron-complex was formed from 2,4-
pentanedione, vanillin, tri-n-butyl borate and boron oxide under the catalysis of 1-butylamine in
ethyl acetate. The intermediate boron-complex can be decomposed in 0.4N HCI at 60°C to afford
the desired product. In this procedure, boron oxide was used to prevent Knoevenagel
condensation at C-3 position because boron oxide can react with 2,4-pentanedione to inactivate
the C-3 position with regard to condensation. Four equivalents of (n-BuO)3B (tri-n-butyl borate)
is with respect to the amount of 2,4-pentanedione. Although it was found that tri-n-butyl borate
may assist in dissolving the reactants, especially the boron species, the exact role of this
component is still a mystery. Catalytic amount of a mild base like 1-butylamine or piperidine is
also necessary to obtain a satisfactory synthesis. The results of Pabon’s work are summarized in

Table 3.3 [8].

Scheme 3.5 Pabon’s Method to Synthesize Curcumin Analogues [8]

0 0 n-butyl borate 0 0
M 8205 * Ri—CHO v /\)J\/U\/\
Ethyl Acetate R; X R,
a~f

Table 3.3 Yields of Curcumin Analogues Synthesized by Pabon [8]

Compound Ry Yield(%)
A 4-hydroxy-3-methoxyphenyl 73
B 4-dimethylaminophenyl 36
C 3-nitrophenyl 25
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D 4-methoxyphenyl 57

E 2-furyl 8

F phenyl 23

It was found out that a thick paste was formed when 2,4-pentanedione and boron oxide were
heated together. Pabon proposed a structure of this intermediate that indicated that the boron was
chelated by two 2,4-pentanedionate, and this chelated boron ion was bonded to another anion
(Figure 3.4). To confirm the structure of this intermediate, a former member of the Johnson
group, Mr. Maro Kariya heated 2,4-pentanedione and boron oxide in DMF/benzene and a highly
crystalline complex. The structure of this crystallized boron-complex was shown in Figure. In it,
three boron atoms and three oxygen atoms form a 6-membered ring. Two boron atoms are
chelated by 2,4-pentanedionate, whereas the 3 boron atom is covalently bonded to a hydroxyl
group. The hydroxyl group hydrogen is bonded to the oxygen atom of a DMF molecule via a
hydrogen bond (Figure 3.5). It is from the crystal structure we calculated that the ideal

stoichiometry between 2,4-pentanedione and boron oxide is 1:0.75.

54




Figure 3.4 Structure of Boron-complex Proposed by Pabon (left) and Kariya’s work (right)

In Pabon’s work, only unsubstituted 2,4-pentanedione was used, therefore the curcumins

synthesized didn’t have a substituent at C-4 position. In 1980, Matthes et al. reported a synthesis
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of 4-cinnamoyl-substituted curcumin analogues [9], and Ishida et al. published a 4-alkyl-
substituted curcumin [10] whereas Lin et al. reported a synthesis of 4,4-disubstituted curcumin
derivative [11] (Figure 3.6). Since then, a large number of curcumin analogues have been

synthesized as potential agents against tumour cells.

Figure 3.6 Structure of 4-alkyl-substituted, 4,4-disubstituted and 4-cinnamoyl-substituted

Curcumin Derivatives [9,10,11]

O OH

N N F OMe
LT
OMe

MeO

MeO

MeO

O(CH,),CH;
X N ‘ OMe
| O OH
MeO .
HO

It is mentioned earlier that all synthesized MMP inhibitors possess some degree of acidity, which

H,C(H,C),0

MeO

HO

is vital for Zn-binding. Hypothetically, introducing one more EWG between the two carbonyl
groups on the curcumin backbone may stabilize the negative anion, thus making the compound

more acidic. According to Bernabé-Pineda et al [12], curcumin has three acidic hydrogens and
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the pKa values are 8.38, 9.88, and 10.51. Since the physiological pH of serum is between 7.35
and 7.5, meaning only a small portion of curcumin can ionize and bind to the zinc ion at this pH
level, therefore one more EWG can possibly lower the pKa of the compound, thus making it

easier to ionize.

With this in mind, a former member of the Johnson Group, Dr. Yu Zhang published the synthesis
and biological screening results of twenty-three chemically-modified curcumins (CMCs) [13].
These CMCs were synthesized in a short and straight-forward route by a modified Pabon
reaction. In contrast to the 2-substituted BAMs, 4-substituted CMCs exclusively adopt enolic
form, while the 2-substituted BAMs are entirely ketonic. It is because the bis-vinylene group in
the backbone of CMCs provide enough space for the compound to be planar and to enolize. Of
the twenty-three CMCs, four CMCs, namely CMC 2.5, CMC 2.14, CMC 2.23, CMC 2.24
stand out from the other analogues in their inhibitory effect against MMPs in vitro [13]
(structures of curcumin and four CMCs are shown in Figure 3.7). CMC 2.24 is the most potent

compound and shows low-uM ICsq value against a range of MMPs (results summarized in Table

3.4).

Figure 3.7 Structure of Selected CMCs [13]

Curcumin: R;=-OMe, R,=-H

CMC 2.5: Ry=-OMe, R,=-COOMe
CMC 2.14: R;=-H, R,=-COOMe
CMC 2.23: R;=-OMe, R,=-CONHPh
CMC 2.24: R;=-H, R,=-CONHPh
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Table 3.4 ICs, of Selected CMCs against a Series of MMPs [13]

MMPs 1,10- curcumin CMC25 | CMC214 | CMC2.23 | CMC 2.24
phenathroline

MMP-1 42.0+1.1 85.8+1.8 74.0+3.5 76.316.5 68.0+3.2 69.8+2.0
MMP-8 31.3+0.5 6.8+1.0 30.8+1.5 20.0+2.0 2.5+0.3 4.5+0.5
MMP-13 50.0+10.4 3.7+0.3 28.3+4.4 26.7+1.7 3.3+0.3 2.7£0.7
MMP-2 73.8+£1.0 5.0£0.7 25.3+1.3 23.8+£0.9 6.3+0.9 4.8+0.5
MMP-9 45.0+12.6 30.0+2.9 55.0+17.3 43.3+4.4 8.7£0.7 8.0+0.6
MMP-3 77.0+3.2 4.7+0.8 32.5+2.8 28.3+1.0 5.3+0.7 2.9+0.4
MMP-7 193.8+8.8 51.8+2.5 48.8+0.5 57.5+4.6 21.5+1.0 5.0£0.7
MMP-12 29.5+1.3 2.6x0.2 27.8+1.7 5.3+0.3 4.5+0.5 2.0£0.4
MMP-14 43.8+4.2 29.5+3.2 48.5+4.3 40.0+£8.4 41.3+4.9 15.3£3.1

A further study into the pKa and zinc-binding affinity of curcumin, CMC 2.5 and CMC 2.24 was

also done by Zhang et al [14]. It shows that introducing one more EWG at C-4 position of

curcumin can indeed lower the pKa of the compound, just as previously hypothesized. However,

the EWG can both increase and decrease the dissociation constants. Up to now, best results

observed are associated with compounds with 4-phenylaminocarbonyl substituents. The pKa and

dissociation constants of inhibitor-zinc complex are listed in Table 3.5.
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Table 3.5 pKa and Dissociation Constants of Inhibitor-zinc Complex [12,14]

pKa by Bernabé- pKa by Zhang et al. Dissociation Constants of
Pineda et al. Inhibitor-zinc Complex
(uM)
Curcumin 8.38, 9.88, 10.51 8.41,9.94, 11.12 1385 + 89
CMC 25 N/A 6.50, 8.82 1880 + 68
CMC 2.24 N/A 6.98, 8.40, 9.80 765 + 20

Furthermore, unpublished data shows that CMC 2.26 has a slightly better inhibitory profile than

CMC 2.24, while CMC 2.25 is slightly less active than CMC 2.24. Therefore, we designed a

compound, which was later termed CMC 2.34, as the new synthetic target. It is possible that

acetates can be hydrolyzed in the human system, and some prodrugs are acetates of their active

drug form. Therefore the di-acetate of CMC 2.24, which is also called CMC 2.32, and CMC

2.33, the tri-acetate of CMC 2.34, seemed also worth synthesizing (Figure 3.8).
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Figure 3.8 Structure of CMCs 2.24, 2.25, 2.26, 2.32, 2.33, 2.34

CMC224: R,=H, R,=H
CMC225: R;=H, R,=Cl
CMC226: R,=H, R,=OMe
CMC232: R;=Ac, R,=H
CMC233: R;=Ac, R,=OAc
CMC234: R,;=H, R,=OH

2) Synthesis of Curcumin-I11

Curcumin-3 (9a) was not mentioned in Pabon’s work, so as a model to test the repeatability of
the Pabon reaction, the synthesis of curcumin-111 was accrued out by using 2,4-pentanedione,
boron oxide, 4-hydroxybenzaldehyde, trimethyl borate and 1-butylamine and obtained the

desired product in 57% yield (Scheme 3.6).

Scheme 3.6 Synthesis of Curcumin-IIl

O O CHO
M + ByO; + /©/ + B(OMe),
HO

1-butylamine X FNF
EtOAc, 57%
HO OH

Curcumin-I11 (9a)
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3) Synthesis of CMC 2.31

CMC 2.31 (9b), the di-acetate of curcumin-3, was not made by Pabon’s method, but by
acetylation of curcumin-3 [15]. Since both CMC 2.32 and CMC 2.33 share the same backbone of
CMC 2.31, therefore it seemed worthwhile to synthesize this compound as an important
intermediate for the synthesis of other 2 CMCs. The synthesis of CMC 2.31 began with the
acetylation of 4-hydroxybenzaldehyde with acetyl chloride in 96% yield. Then 4-
acetoxybenzaldehyde (4a) was used in the subsequent Pabon Reaction to produce the desired

material (9b) in 49% yield (Scheme 3.7).

Scheme 3.7 Synthesis of CMC 2.31

CHO 0 .y CHO
+ //l\ + NEt 0
HO cl 96% )J\O
4a

o o . CHO
M + B0, + )J\ /O/ + B(OMe);
0
4a

O OH
1-butylamine O O X AN O o)
EtOACc )j\o O)k
49%
CMC 2.31 (9b)
4) Synthesis of CMC 2.32

With CMC 2.31 at hand, CMC 2.32 (9c) was synthesized by the well-established method

according to Zhang et al. used [13]. Pyridine was used to deprotonate the enolic proton, and the
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chelated magnesium species becomes the nucleophile, which is to attack the phenyl isocyanate.

The desired molecule CMC 2.32 (9c) was obtained in 24.5% isolated yield (Scheme 3.8).

Scheme 3.8 Synthesis of CMC 2.32

O OH
0 NSNS 0 N
)J\ )j\ + MgCl, + || + PhNCO
0 0 N
O OH
o) N NS o)
DCM )J\ )K
0 0~ "NH 0
24.5%
CMC 2.32 (9¢)
5) Synthesis of CMC 2.33

CMC 2.33 (9d) was prepared in a way similar to that of CMC 2.32. However, the required
isocyanate was not available commercially and therefore was synthesized de novo. Acetylation
of 4-hydroxybenzoic acid with acetyl anhydride catalyzed by H,SO, was completed in 83%
yield. The acetylated benzoic acid (5a) was then quantitatively converted to its corresponding
acyl chloride (6a), followed by substitution of the chlorine by the azide group using
diphenylphosphoryl azide (DPPA) and triethylamine (TEA) in toluene. The acyl azide (7a) was
then concerted to the isocyanate via a Curtius Rearrangement. The isocyanate (8a) was used
immediately after generation and reacted with CMC 2.31 (9b) as shown in Scheme 3.9 to yield

the title compound.
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Scheme 3.9 Synthesis of CMC 2.33

COOH
Ac,0 COOH pppa TEA, CONs
Pyridine toluene
HO y 100%
AcO AcO

87%
5a 7a
NCO
toluene
heat AcO
8a
0] OH
X N AN NCO
J L, e (2
=
AcO OAC N AcO
0] OH
AcO 0] NH OAcC
65%
OAc
CMC 2.33 (9d)
6) Synthesis of CMC 2.34

The 4-substuent on CMC 2.34 (9e) is 4-hydroxylphenylaminocarbonyl, and therefore the
hydroxyl group must be protected before the isocyanate group can be introduced. This can avoid
the reaction between the hydroxyl group and an isocyanate to produce a carbamate molecule
[16], which in our case would produce a polymer. Since, tri-carbonyl compounds are not stable
in a basic environment, the protective group should not be basic-labile. Thus two groups were
chosen, (a) the benzyl group, which can be removed by hydrogenation, and (b) the 2-tetrahydro-
2H-pyranoxy (THP) group, which can be cleaved in a mild acid solution.
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In order to synthesize CMC 2.34, the benzyl protective group is needed. However, in the
deprotection step, the heptadiene backbone could also be hydrogenated, so the deprotection of
the benzyl group needs to be performed before the Pabon reaction is carried out. The synthetic
scheme is outlined in Scheme 3.10, started with 4-hydroxybenzoic acid methyl ester. The
hydroxyl group of the methyl ester was benzylated under basic condition in excellent yield.
Following the hydrolysis of the ester gave the corresponding carboxylic acid, was easily
converted to the acyl azide in high yield. After refluxing in toluene, the acyl azide was
successfully converted to the isocyanate, which was used immediately in the next step to obtain
the key intermediate 6a. This 3-substituted 2,4-pentanedione was hydrogenated to remove the
benzyl group, and the hydroxyl product was used in a Pabon-style reaction. Unfortunately, due to
the lack of a sufficient amount of 6b and the difficulty in the experimental Pabon reaction, this
method did not give us the desired material. The detailed synthetic approach of this method is

illustrated in Scheme 3.10, requiring seven steps.
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Scheme 3.10 Synthetic Approach towards CMC 2.34 via the Benzyl Group

Protection/Deprotection Method (Method 1)

Method 1:

COOMe COOMe COOH
BnCl, K,CO4
/O/ KT, Acetone /O/ Mﬁ%,
HO reflux, 94% BnO reflux, 95% 810

1d 5b

CON;, NCO acetylacetone
DPPA, TEA toluene NaH, THF
toluene, 96% refTux 55% OVer 2 Steps
BnO BnO

7b 8b

0 0
B,0;, B(OMe);
o NH H,, 10% Pd-C 4- hydroxybenzaldehyde

4% TNBUNHZOAC, nBUNH, ™
EtOAC

) OH

ShP o O
HO ) NH OH
OH

In Method 2, the 2-tetrahydro-2H-pyranoxy (THP) group was chosen to protect the hydroxyl

group. This began by protecting the hydroxyl group of both 4-hydroxybenzoic acid and 4-
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hydroxybenzaldehyde. The THP-protected benzaldehyde was obtained in excellent yield, and
was then used in a Pabon reaction to make the bis-THP ether of curcumin-3. The THP-protected
benzoic acid then was taken through a series of reactions similar to those noted for the benzyl
compound to give the corresponding isocyanate. The isocyanate was then allowed to react with
curcumin-3 bis-THP ether in the presence of MgCl, and pyridine in DCM. *H-NMR of the crude
material showed the presence of a new compound, which was confirmed by the enolic hydrogen
peak as well as one phenolic hydrogen peak, and aliphatic hydrogen peaks in the NMR spectrum.
The crude product was then refluxed in methanol under the catalysis of PPTS to deprotect the
THP group. However, the method was not successful. *H-NMR showed aliphatic hydrogen
peaks, which was an indication of the presence still, of one or more THP groups. This approach

was not further pursued since the third method produced the desired material.
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Scheme 3.11 Synthetic Approach to CMC 2.34 via the tris-THP Group Protection/Deprotection

Variation of Method 2

Method 2:
CHO CHO
O/ 3,4-dihydro-2H-pyran /O/ 2,4-pentanediong
PPTS, DCM, 87% B,0;, B(OMe);
HO THPO EtOAc
4b

o] OH
7T
THPO
of
COOH COCH CONjy
3,4-dihydro-2H-pyran _ DPPA, TE,?
PTSA, Et,0, 62% - foluene, 85%
HO THPO THPO
5c 7c

OTHP

NCO
toluene
reflux /O/
THPO

8c
0] 0

H
AN A\ NCO
O O + J@/ + MgCl, + Pyridine
THPO OTHP  THPO
of

8c

OTHP

OH
CMC2.34
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This method is a variation of the previously described method 2. The 4-O-THP derivative of 4-
hydroxyphenyl isocyanate was allowed to react with curcumin-Il1 in the presence of NaH and
MgCl,, with an acidic workup using ~10% citric acid aqueous solution, *H-NMR of the crude
material showed very small peaks in the aliphatic hydrogen peak region, which indicated that
THP had been almost completely removed by the acid workup. The easy removal of the THP
group in the acid workup without a further reaction in acidic media added tremendous simplicity
in the experimental work, and this high reactivity is probably due to the nitrogen group para to
the THP ring. This para-nitrogen group can serve as a moderate electron donor, which can render
the oxygen atom easy to protonate, a necessary step in the deprotection. In the previous work
however, the THP protective group was not easy to remove because of the electron-withdrawing
group (EWG) para to the THP. The EWG made the oxygen connected to the THP difficult to

protonate. Therefore the THP was resistant to easy acid hydrolysis.
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Scheme 3.12 Synthesis of CMC 2.34 via the mono-THP Group Protection/Deprotection

Variation of Method 3

Method 3:
O OH
NCO
A S
+ + NaH + MgCl,
THPO HO OH
8c Curcumin-3 (9a)

THF, 9%

~10% Citric
Acid

OH
CMC 2.34 (%)

E. Organic Chemistry Experimental Section

All reagents and solvents used in this experimental work were reagent grade and were used as
such, if not otherwise specified. Melting points were taken on a Thomas-Hoover open capillary
melting point apparatus and are uncorrected. *H-NMR spectra were collected on either a Varian
Gemini 300 spectrometer or a Bruker Fourier 300 spectrometer in eigher CDCl; or DMSO-ds.
3C-NMR spectra were coolected on a Bruker Oxford NMR AS400 spectrometer. Chemical
shifts are reported in parts per million (ppm) relative to TMS. IR was taken on Thermo Scientific
IR spectrometer with Smart iTR instrument. Mass spectra were recorded on either a Thermo
Eletron DSQ GC/MS equipped with a solid probe inlet and EI ionization or an Agilent 1100LC
(API-ES)/MSD-VL(m/z=50-1500) using electrospray ionization. Flash chromatography was

carried out on a TELEDYNE ISCO CombiFlash Rf machine using 60A (230-400 mesh) silica
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gel (TSI Chemical Co., Cambridge, MA). The starting material and reagents were the best grade

commercially available from either Acros, Alfa Aesar or Sigma-Aldrich.
General Procedure for the Synthesis of Substituted Benzoic Acid Methyl Esters

Substituted benzoic acid was dissolved in methanol (ImL per Immol of substituted benzoic
acid), and 1mL of concentrated sulfuric acid was added. The methanol solution was to reflux
overnight. The next day, the methanol solution was poured into water (twice the volume of
methanol), the aqueous solution was extracted with DCM. The organic layer was combined and
washed with saturated NaHCO3 solution and brine, dried over Na,SO,4 and evaporate under

vacuo to give the desired material.

4-chlorobenzoic acid methyl ester (1a) [16]: From 4-chlorobenzoic acid (10.96g, 70mmol), 1a
was isolated as a white solid. Yield: 9.98g, 84% . *H-NMR (CDCls, 300MHz): 7.98(d, J=8.4Hz,

2H), 7.42(d, J=8.4Hz, 2H), 3.92(s, 3H)

2-chlorobenzoic acid methyl ester (1b) [18]: From 2-chlorobenzoic acid (15.67g, 100mmol),
1b was isolated as a pale orange liquid. Yield: 15.18g, 89%. *H-NMR (CDCls, 300MHz):

7.82(dd, J=7.8Hz, J=1.2Hz, 1H), 7.47~7.38(m, 2H), 7.34~7.28(m,1H), 3.93(s,3H)

2-chloro-4-nitrobenzoic acid methyl ester (1e) [19]: From 2-chloro-4-nitrobenzoic acid
(10.08g, 50mmol), 1e was isolated as a pale yellow solid. Yield: 10.06g, 93%. ‘*H-NMR (CDCl;,
300MHz): 8.33(d, J=2.1Hz, 1H), 8.17(dd, J=8.7Hz, J=2.1Hz, 1H), 7.98(d, J=8.7Hz, 1H), 3.99(s,

3H)

3,5-dinitrobenzoic acid methyl ester (1f): From 3,5-dinitrobenzoic acid (21.22g, 100mmol), 1f

was isolated as a colourless crystal. Yield: 16.15g, 71%. *H-NMR (CDCls, 300MHz): 9.24(d,
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J=2.1Hz, 1H), 9.18(d, J=2.1Hz, 2H), 4.07(s, 3H), *C-NMR (CDCls;, 300MHz): & 163.0, 148.6,

133.7, 129.5, 122.4, 53.6. MP: 109~110°C.

3-methyl-4-nitrobenzoic acid methyl ester (1g) [20]: From 3-methyl-4-nitrobenzoic acid
(9.41g, 50mmol), 1g was isolated as a pale yellow solid. Yield: 9.64g, 95%. *H-NMR(CDCls,

300MHz): 8.03(m, 1H), 7.98(m, 2H), 3.96(s, 3H), 2.63(s, 3H)

2-methyl-3-nitrobenzoic acid methyl ester (1h): From 2-methyl-3-nitro-benzoic acid (18.12g,
100mmol), 1h was isolated as a solid. Yield: 17.30g, 89%. *H-NMR (CDCls, 300MHz): 7.99(dd,
J=8.4Hz, J=1.5Hz, 1H), 7.85(dd, J=8.4Hz, J=1.5Hz, 1H), 7.39(t, J=8.4Hz, 1H), 3.96(s, 3H),
2.63(s, 3H), BC-NMR (CDCl3, 400MHz): 6 166.8, 133.6, 133.4, 133.0, 126.7, 126.4, 52.6, 16.2.

MP: 61~62°C.

General Procedure for the Synthesis of Benzylated Acetophenone and Benzoic Acid Methyl

Ester

K2CO3 (1.1 eq for mono benzylation and 2.2 eq for dibenzylation) was suspended in an acetone
solution of 4-hydroxybenzoic acid methyl ester or 4-hydroxyacetophenone or 2,4-
dihydroxyacetophenone, then benzyl chloride (1.05 eq for mono benzylation and 2.1 eq for
dibenzylation) was added to the suspension followed by catalytic amount of KI. The acetone
suspension was allowed to reflux overnight and poured into DCM. The organic layer was
washed with water and brine and dried over MgSQO, and the solvent was removed under vacuo to

obtain the desired compound.

4-benzyloxybenzoic acid methyl ester (1d) [21]: From 4-hydroxybenzoic acid methyl ester

(15.21g, 100mmol), 1d was isolated as a white solid. Yield: 22.79g, 94%. *H-NMR (CDCls,
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8, ppm): 7.96 (d, J=9.0Hz, 2H ), 7.46-7.32(m, 5H), 7.00(d, J=9.0Hz, 2H ), 5.12(s, 2H), 3.88(s,

3H)

4-benzyloxyacetophenone (2a) [22]: From 4-hydroxyacetophenone (6.81g, 50mmol), 2a was
isolated as a white solid. Yield: 10.76g, 95%. *H-NMR (CDCls, 300MHz): 7.94 (d, J=9.0Hz, 2H

), 7.46~7.30(m, 5H), 7.01(d, J=9.0Hz, 2H), 5.14(s, 2H), 2.56(s, 3H)

2,4-Dibenzyloxyacetophenone (2b) [23]: From 2,4-dihydroxyacetophenone (9.13g, 60mmol),
2b was isolated as a dark pink crystal. Yield: 18.59g, 93%. *H-NMR (CDCls, &, ppm): 7.84(d,

J=9.0Hz, 1H), 7.46~7.30(m, 10H), 6,62(d, J=9.0Hz, 2H), 5.10(d, J=7.2Hz, 4H), 2.56(s, 3H)
General Procedure for Methylation of Phenols:

K2CO3 (1.2 eq for mono-methylation, 2.4 eq for di-methylation) was suspended in an acetone
solution of the substrate, then iodomethane (1.1 eq for mono-methylation, 2.2 equiv for di-
methylation) was added to the suspension. The acetone suspension was allowed to reflux
overnight and poured into DCM. The organic layer was washed with water and brine and dried

over MgSO, and the solvent was removed under vacuo to obtain the desired compound.

4-methoxybenzoic acid methyl ester (1c) [17]: From 4-hydroxybenzoic acid methyl ester
(7.67g, 50mmol), 1c was isolated as a white solid. Yield: 5.39g, 65%. *H-NMR (CDCls,

300MHz): 8.00 (d, J=9.0Hz, 2H ), 6.92(d, J=9.0Hz, 2H ), 3.86(s, 3H), 3.62(s, 3H)

3-methoxy-4-nitrobenzoic acid methyl ester (1i): From 3-hydroxy-4-nitrobenzoic acid (1.83g,
10mmol), 1i was isolated as a yellow solid. Yield: 1.77g, 85%. *H-NMR (CDCls, 300MHz):

7.84(d, J=8.4Hz, 1H), 7.63(d, J=1.5Hz, 1H), 7.67(dd, J=8.4Hz, J=1.5Hz, 1H), 4.02(s, 3H),
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3.97(s, 3H), *C-NMR (CDCls, 300MHz): 8 170.2, 165.2, 152.4, 134.8, 125.3, 121.3, 114.5,

56.7, 52.8. MP: 91~92°C,

4-methoxybenzaldehyde (4c) [24]: From 4-hydroxybenzaldehyde (4.88g, 40mmol), dark brown
liquid. Yield: 5.22g, 96%. *H-NMR (CDCI3, 300MHz): 9.89(s,1H), 7.85(d, J=8.7Hz, 2H),

7.01(d, J=8.7Hz, 2H), 3.90(s,3H)
General Procedure for the Synthesis of BAMs

NaH (2.2 equiv, 60% mixed with mineral oil) was placed in a 100mL RBF and washed with
hexane. Then 40mL of anhydrous THF was added to the flask and it was cooled down to 0°C.
The corresponding acetophenone (2-acetylpyridine for BAM 1.22) and the corresponding
benzoic acid methyl ester (ethyl picolinate for BAM 1.22) were added sequentially. The reaction
mixture was allowed to warm up to r.t. and stirred overnight. The next day, the reaction was
quenched with 10% citric acid and diluted with water. The aqueous layer was extracted with
ethyl acetate. The combined organic phase was dried over MgSO,4 and evaporated to give a crude

material, which was then recrystallized by acetone to yield the desired compound.

1,3-bis-(4-chlorophenyl)-1,3-propanedione (3a) [25]: From 1a (1.73g, 10mmol) and 4-
chloroacetopheone (1.30mL, 10mmol), 3a was isolated as a pale orange crystal. Yield: 1.60g,
55%. *H-NMR (CDCls, 300MHz, 100% enolic): 16.78(s, 1H), 7.92(d, J=9.0Hz, 4H), 7.46(d,

J=9.0Hz, 4H), 6.78(s, 1H)

1,3-bis-(4-benzyloxyphenyl)-1,3-propanedione (3c) [26]: From 1d (1.13g, 5 mmol) and 2a
(1.21g, 5 mmol), 3c was isolated as a pale yellow solid. Yield: 1.19g, 55%. *H-NMR (CDCls,
300MHz, 100% enolic): 17.12(s, 1H), 7.96 (d, J=9.0Hz, 4H), 7.50~7.30(m, 10H), 7.05(d,
J=9.0Hz, 4H), 5.14(s, 4H)
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1-(2-chlorophenyl)-3-(4-chlorophenyl)-1,3-propanedione (3f): From 1b (1.43mL, 10mmol)
and 4-chloroacetophenone (1.30mL, 10mmol), 3f was isolated as a pale yellow solid. Yield:
1.78g, 61%. ‘H-NMR (CDCls, 300MHz, 100% enolic): 16.30(s, 1H), 7.90(d, J=8.7Hz, 2H),
7.68(dd, J=8.4Hz, J=1.5Hz, 1H), 7.57(d, J=8.7Hz, 4H), 7.39(dd, J=8.4Hz, J=1.5Hz, 1H), 6.71(s,

1H)

1,3-bis-(4-methoxyphenyl)-1,3-propanedione (3g) [27]: From 1c (3.32g, 20mmol) and 4-
methoxyacetophenone (3.00g, 20mmol), 3g was isolated as a yellow crystal. Yield: 3.12g, 55%.
'H-NMR (CDCls, 300MHz, 100% enolic): 17.14(s, 1H), 7.96(d, J=8.7Hz, 4H), 6.97(d, J=8.7Hz,

4H), 6.74(s, 1H), 3.89(s, 6H)

1,3-bis-(2-pyridyl)-1,3-propanedione (3h) [28]: From 2-acetyl pyridine (1.1mL, 10mmol) and
ethyl picolinate (1.4mL, 10mmol), 3h was isolated as a gray solid. Yield: 0.24g, 11%. *H-NMR
(CDCl3, 300MHz, 87% enolic, 13% ketonic): 15.95(s, 1H), 8.75(dq, J=4.5Hz, J=0.9Hz ,2H),
8.16(d, J=9.0Hz, 3H), 7.86(dt, J=7.8Hz, J=1.5Hz ,2H), 7.42(dq, J=4.5Hz, J=0.9Hz ,2H). MP:

105~106°C.
General Procedure of Hydrogenation

The substrate was placed in an rbf. 10% Pd-C was added under nitrogen atmosphere (150mg of
10% Pd-C per 1g of substrate). Minimum amount of ethyl acetate of other appropriate solvent
was added via syringe. Then nitrogen was removed and the reaction was carried out under
hydrogen atmosphere. The reaction progress was monitored by TLC. After completion of the
reaction, the reaction solution was filtered through a pad of Celite. The solvent was removed

under vacuum to yield the desired compound.
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1,3-bis-(4-hydroxyphenyl)-1,3-propanedione (3b) [26, 29]: From 3c (3.73g, 8.54mmol), 3b
was isolated as a yellow crystal. Yield: 0.82g, 37%. *H-NMR (DMSO-ds, 300HMz, 74% enolic,
26% ketonic): 17.59(s, 1H), 10.43(s, 2H), 8.00(d, J=8.7Hz, 4H), 7.06(s, 1H), 6.87(d, J=9.0Hz,

4H). ESI (-ve) MS m/z 255.0 [M-H]’

1,3-bis-(4-hydroxyphenyl)-2-phenylaminocarbonyl-1,3-propanedione (3e): From 3d
(1.0243g, 1.84mmol), 3e was isolated as a white solid. Yield: 74.8mg, 11%. ‘*H-NMR (DMSO-
ds, 300MHz, 100% ketonic): 10.54(s, 2H), 10.29 (s, 1H), 7.78(d, J=9.0Hz, 4H), 7.53(d, J=8.4Hz,
2H), 7.30(t, J=8.4Hz, 2H), 7.05(d, J=8.4Hz, 1H), 6.60(d, J=9.0Hz, 4H), 6.52(s, 1H). MP:

209~211°C. ESI (-ve) MS m/z 374.0[M-H]

3-(4-hydroxyphenylaminocarbonyl)-2,4-pentanedione (6b): From 6a (615mg, 1.86mmol),6b
was isolated as a pale pink solid. Yield: 373mg, 84%. 'H-NMR(DMSO-ds, 300HMz, 77%
enolic, 23% ketonic): 16.41(s,1H), 10.08(s, 1H), 9.26(s, 1H), 7.41(d, J=8.7Hz, 2H), 6.70(d,

J=8.7Hz, 2H), 2.14(s, 6H), mp 148~150°C. ESI (-ve) MS m/z 234.1 [M-H]
General Procedure for the Synthesis of Curcumin Analogues

2,4-pentanedione or 3-substituted 2,4-pentanedione (1 eq) and finely powered boron oxide (0.7
eq) were placed in an rbf and heated to 120°C for 5 min. After the pot had been cooled down to
r.t., an ethyl acetate (ImL per 1mmol of 2,4-pentanedione or 3-substituted 2,4-pentanedione)
solution of trimethyl borate (4 eq) and the corresponding aldehyde (2 eq) was added to the rbf
dropwise. Thereafter, with stirring 3-5 drops of 1-butylamine and 3-5 drops of 1-butylammonium
acetate in DMF solution (0.136g/mL) was added. The precipitate would appear several hours
after the addition of reagents. The reaction mixture was allowed to stir at room temperature for 2

days or longer (1 week is the maximum time). The precipitate was collected by filtration, washed
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with diethyl ether and boiled in methanol for half an hour. The methanol was removed by rotary

evaporation and the solid crude product was purified by crystallization from methanol and DCM.

1,7-bis-(4-hydroxyphenyl)-1E,6E-heptadien-3,5-dione (9a) [30]: From 2,4-pentanedione
(2.2mL, 12mmol) and 4-hydroxybenzaldehyde (2.94g, 24mmol), 9a was isolated as an orange-
red solid. Yield: 2.10g, 57%. *H-NMR (DMSO-dg, 300MHz, 100% enolic): 16.37(s, 1H),
10.06(s, 2H), 7.56(d, J=8.7Hz, 4H), 7.53(d, J=15.9Hz, 2H), 6.81(d, J=8.7Hz, 4H), 6.69(d,

J=15.9Hz, 2H), 6.03(s, 1H). ESI (-ve) MS m/z 307.1 [M-H]

1,7-bis-(4-acetoxyphenyl)-1E,6E-heptadien-3,5-dione (9b) [31]: From 2,4-pentanedione
(2.0mL, 10mmol) and 4a (3.28g, 20mmol), 9b was isolated as a yellow crystal. Yield: 1.95g,
49%. *H-NMR (CDCls, 300MHz, 100% enolic): 15.87(s, 1H), 7.65(d, J=15.6Hz, 2H), 7.58(d,
J=8.4Hz, 4H), 7.14(d, J=8.4Hz, 4H), 6.58(d, J=15.6Hz, 2H), 5.84(s, 1H), 2.32(s, 6H). MP:

178~180°C.

1,7-bis-(4-(tetrahydropyran-2-yl)oxyphenyl)-1E,6E-heptadien-3,5-dione (9f): From 2,4-
pentanedione (1.0mL, 10mmol) and 4b (4.12g, 20mmol), 9g was isolated as an orange solid.
Yield: 1.17g, 25%. *H-NMR (CDCls, 300MHz, 100% enolic): 16.07(s, 1H), 7.62(d, J=15.9Hz,
2H), 7.50(d, J=9Hz, 4H), 7.06(d, J=9Hz, 4H), 6.50(d, J=15.9Hz, 2H), 5.79(s, 1H), 5.48(s, 2H),
3.91~3.84(m, 2H), 3.64~3.60(m, 2H), 2.10~1.86(m, 6H), 1.76~1.56(m, 6H), *C-NMR (CDCl,
300MHz): 6 183.3, 158.7, 140.1, 129.6, 128.5, 122.0, 116.7, 96.1, 62.0, 30.2, 25.1, 18.6; Bc-
NMR (CDCl3, 400MHz): 6 183.3, 125.7, 140.1, 129.6, 128.5, 122.0, 116.7, 101.4, 96.1, 62.0,

30.1, 25.1, 18.6. MP: 154~155°C. ESI (+ve) MS m/z 477.3 [M+H]*
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General Procedure fo the Synthesis of Acyl Azide

The corresponding carboxylic acid was suspended in toluene (ImL per Immol of carboxylic
acid), and TEA (1.1 eq) and DPPA (1 eq) were added sequentially to the suspension and the
suspension became clear solution. The reaction progress was monitored by TLC. After
completion of the reaction, the organic layer was washed 3 times with water. The combined
aqueous layer was extracted one time with toluene, and the combined organic layer was dried

over Na,SQ,, filtered and the solvent was evaporated to give the title compound.

4-acetoxybenzoyl azide (7a): From 5a (3.60g, 20mmol), 7a was isolated as a white solid. Yield:
4.10g, 100%. *H-NMR (CDCls, 300MHz): 8.06(d, J=9Hz, 2H), 7.20(d, J=9Hz, 2H), 2.33(s, 3H).

MP: 73~75°C decompose. IR (ATR): 2169, 2133, 1758, 1677, 1599 cm™

4-benzyloxybenzoyl azide (7b) [32]: From 5b (5.27g, 23.1mmol), 7b was isolated as a white
solid. Yield: 5.62g, 96% yield. *H-NMR (CDCI3, 300MHz): 7.98(d, J=9Hz, 2H), 7.42~7.36(m,
5H), 7.00(d, J=9Hz, 2H), 5.13(s, 2H). MP: 102~104°C decompose. IR (ATR): 2135, 1680, 1598

cm?

4-(tetrahydropyran-2-yl)oxybenzoyl azide (7c): From 5c¢ (3g, 13.5mmol), 7c was isolated as a
pale yellow solid. Yield: 2.85g, 85%. *H-NMR (CDCls, 300MHz): 7.97(d, J=9Hz, 2H), 7.08(d,
J=9Hz, 2H), 5.52(t, J=3Hz, 1H), 3.88~3.78(m, 1H), 3.68~3.58(m, 1H), 2.08~1.82(m, 3H),

1.76~1.64(m, 3H). MP: 76~78°C decompose. IR (ATR): 2947, 2135, 1679, 1601, 1505 cm™
General Procedure of the Synthesis of Isocyanate

Acyl azide was placed in a 50mL rbf, toluene (dried over MgSO,, 2mL per Immol of acyl azide)

was added to dissolve the acyl azide. The toluene solution was heated to reflux for 2h, then
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cooled down to r.t. The solvent was removed by rotary evaporation and the remaining residue

was used without further purification.

General Procedure of the Reaction between 1,3-dicarbonyl Compounds and Isocyanate

Method 1: NaH (60% mixed with mineral oil) was placed in an rbf and washed with hexane.
THF was added to NaH, and the 1,3-dicarbonyl compound was added to the THF suspension of
NaH at 0°C, then the isocyanate (neat or in 2mL THF) was added to the THF suspension. After
TLC showed complete conversion, the reaction was quenched with 9.6% citric acid and
separated. The aqueous layer was extracted with ethyl acetate, and the combined organic layer
was washed with brine and dried with Na,SOy, filtered and solvent was evaporated. The crude

material was recrystallized by proper solvent to yield the desired compound.

Method 2: The 1,3-dicarbonyl compound and MgCl; (1.15 eq) were suspended in dry DCM and
cooled down to -5°C, then pyridine (1.7~2.5 eq) was added to the DCM suspension. After
stirring under -5°C for 45 min, the isocyanate (neat or in 2mL of DCM) was added to the DCM
suspension. The reaction mixture was then allowed to stir overnight. The next day, the reaction
was quenched by 20% citric acid at 0°C and separated. The aqueous layer was extracted with
DCM 3 times, and the combined organic layer was washed with 20% citric acid and brine, dried
over Na,SQO,, and the solvent was evaporated. And the crude residue was recrystallized by proper

solvent to yield the required material.

Method 3: NaH (60% mixed with mineral oil) was placed in an rbf and washed with hexane.
MgCl, and THF were added to NaH, and the 1,3-dicarbonyl compound was added to the THF
suspension at 0°C, then the isocyanate (neat or in 2mL THF) was added to the THF suspension.

After TLC showed complete conversion, the reaction was quenched with 9.6% citric acid and
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separated. The aqueous layer was extracted with ethyl acetate, and the combined organic layer
was washed with brine and dried with Na,SOy, filtered and solvent was evaporated to yield the
solid residue. The residual solid was then purified by flash chromatography to give the purified

compound.

1,3-bis-(4-benzyloxyphenyl)-2-phenylaminocarbonyl-1,3-propanedione (3d): From 3c
(2.94g, 6.75mmol) and phenyl isocyanate (0.74mL, 6.81mmol) by method 1, recrystallized from
DMF/isopropanol, 3d was isolated as a white solid. Yield: 2.61g, 70%. *H-NMR (DMSO-ds,
300MHz, 100% ketonic): 10.32(s, 1H), 7.88 (d, J=9Hz, 4H), 7.55~7.26(m, 14H), 7.15(d, J=9Hz,
4H), 7.06(t, 1H), 6.63(s, 1H), 5.20(s, 4H), *C-NMR (DMSO-dgs, 400MHz): & 190.7, 163.7,
162.6, 138.7, 136.3, 130.6, 128.8, 128.8, 128.5, 128.0, 127.8, 123.6, 118.9, 115.0, 69.6, 64.2.

MP: 171~173°C. ESI (-ve) MS m/z 554.2 [M-H]

3-(4-benzyloxyphenylaminocarbonyl)-2,4-pentanedione (6a): From 2,4-pentanedione (1ImL,
10mmol) and 4-benzyloxyphenylisocyanate (prepared from 7b, 2.53g, 10mmol ) by method 1,
recrystallized from DCM/diethyl ether, 6a was isolated as a pale yellow solid. Yield: 1.61g, 55%
from 7b. *H-NMR (CDCI?, 300MHz, 100% enolic): 18.64, 16.39(s, 1H), 11.92(s, 1H),

7.48~7.30(m, 7H), 6.95(d, J=9Hz, 2H), 5.07(s, 2H), 2.50(s, 6H). ESI (-ve) MS m/z 324.1 [M-H]

3-phenylaminocarbonyl-2,4-pentanedione (6¢) [12, 33]: From 2,4-pentanedione (1mL,
10mmol) and phenyl isocyanate (1.1mL, 10mmol) by method 1, recrystallized from
DCM/diethyl ether, 6¢ was isolated as a white solid. Yield: 1.52g, 69%. *H-NMR (CDCls,
300MHz, 100% enolic): 18.54, 16.41(s, 1H), 12.02(s, 1H), 7.51(d, J=7.5Hz, 2H), 7.35(d,

J=7.5Hz, 2H), 7.15(t, J=7.15Hz, 1H), 2.50(s, 6H). MP: 117~119°C
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1,7-bis-(4-acetoxyphenyl)-4-phenylaminocarbonyl-1E,6E-heptadien-3,5-dione (9¢): From 9b
(1.96g, 5mmol) and phenyl isocyanate (0.55mL, 5mmol) by method 2, recrystallized from
DCM/diethyl ether, 9c was isolated as a yellow solid. Yield: 0.63g, 24.5%. *H-NMR (DMSO-ds,
300MHz, 100% enolic): 17.33(s,1H), 10.68(s,1H), 7.83(d, J=15.6Hz, 2H), 7.73 (d, J=8.7Hz,
2H), 7.68(d, J=9Hz, 4H), 7.37(t, J=7.8Hz, 2H), 7.18(d, J=9Hz, 4H), 7.13(m, 1H), 6.90(d,
J=15.6Hz, 2H), 2.26(s, 6H); *C-NMR (DMSO-ds, 400MHz): & 181.8, 168.9, 164.0, 152.2,
1415, 138.8, 131.9, 129.7, 128.6, 124.1, 122.6, 120.7, 119.9, 118.1, 115.1, 20.8. MP:

183~185°C. ESI (-ve) MS m/z 510.2 [M-H]

1,7-bis-(4-acetoxyphenyl)-4-(4-acetoxyphenylaminocarbonyl)-1E,6E-heptadien-3,5-dione
(9d): From 9b (0.48g, 1.22mmol)and 8a (prepared from 7a) by method 2, recrystallized from
DCM/diethyl ether, 9d was isolated as a yellow solid. Yield: 0.45g, 65%. *H-NMR (DMSO-ds,
300MHz, 100% enolic): 17.36(s, 1H), 10.74(s, 1H), 7.83(d, J=15.6Hz, 2H), 7.74(d, J=9Hz, 2H),
7.70(d, J=8.4Hz, 4H), 7.18(d, J=8.4Hz, 4H), 7.13(d, J=9Hz, 2H), 6.91(d, J=15.6Hz, 2H), 2.26(s,
9H); BC-NMR (DMSO-dg, 400MHz): 6 181.8, 169.4, 168.9, 152.2, 141.6, 131.9, 129.8, 129.6,
124.3,122.6, 122.4, 122.1, 120.9, 120.7, 20.8, 20.8. MP: 176~177°C. ESI (-ve) MS m/z 568.2

[M-H]

1,7-bis-(4-hydroxyphenyl)-4-(4-hydroxylphenylaminocarbonyl)-1E,6E-heptadien-3,5-dione
(9e): From 9a (1.41g, 3.7mmol) and 8c (prepared from 7¢) by method 3, chromatographed from
acetone:heptane 1:2 ~ 3:2, 9e was isolated as a red solid. Yield: 142mg, 9%. *H-NMR (DMSO-
dg, 300MHz, 100% enolic): 17.49(s, 1H), 10.35(s, 1H), 10.15(s, 2H), 9.32(s, 1H), 7.69(d,
J=15.6Hz, 2H), 7.50(d, J=9Hz, 2H), 7.45(d, J=8.9Hz, 4H), 6.80(d, J=8.9Hz, 4H), 6.76(d, J=9Hz,

2H), 6.67(d, J=15.6Hz, 2H); **C-NMR (DMSO-dg, 400MHz): 5 182.0, 164.4, 160.7, 154.4,
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142.7,131.1, 130.9, 125.9, 122.0, 117.6, 116.6, 115.7. MP: decomposed when heated above

120°C. ESI (-ve) MS m/z 442.1 [M-H]
Others:

4-acetoxybenzaldehyde (4a) [34]: 4-hydroxybenzaldehyde (6.1g, 50mmol)was suspended in
DCM (50mL), then TEA (7.7mL, 55mmol) and acetyl chloride (3.9mL, 55mmol) were added to
the suspension sequentially. After TLC showed complete conversion, the organic layer was
washed with water, saturated NaHCO3 solution and brine, dried over Na,SO,, and the solvent
was evaporated in vacuum to give the title compound as a brownish liquid. Yield: 7.88g, 96%.

'H-NMR (CDCls, 300MHz): 10.04(s, 1H), 7.97(d, J=9Hz, 2H), 7.33(d, J=9Hz, 2H), 2.39(s, 3H)

4-(tetrahydropyran-2-yl)oxybenzaldehyde (4b) [35]: 4-hydroxylbenzaldehyde (5.01g,
41mmol) was suspended with PPTS(0.21g, catalyst) in DCM, and 3,4-dihydro-2H-pyran
(10.4mL, 114mmol) was added to the suspension. After TLC showed complete conversion, the
organic layer was washed with brine twice, and dried over Na,SQy, the solvent was then
evaporated to yield a sticky oily residue. The oily material was purified by flash chromatography
to give a pale yellow oil. Yield: 7.36g, 87%. *H-NMR (CDCl;, 300MHz): 9.88(s, 1H), 7.82 (d,
J=9Hz, 2H), 7.14(d, J=9Hz, 2H), 5.53(t, J=3Hz, 1H), 3.88~3.78(m, 1H), 3.68~3.56(m, 1H),

2.08~1.82(m, 3H), 1.80~1.64(m, 3H)

4-acetoxybenzoic acid (5a) [36]: 4-hydroxylbenzoic acid (20.73g, 150mmol) was stirred in
acetic anhydride (50mL), and pyridine (50mL) was added to the suspension. The mixture was
allowed to stir overnight. The next day the mixture was poured into 400mL of H,O, and stirring
continued for 30 min, white crystal appeared. The pH of the aqueous suspension was adjusted to

~ 2 by using concentrated HCI and the white crystal was filtered and washed with H,O and dried
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to yield the title compound as a colourless/white crystal. Yield: 23.51g, 87%. *H-NMR (CDCls,

300MHz): 8.15(d, J=0Hz, 2H), 7.22(d, J=9Hz, 2H), 2.34(s, 3H)

4-benzoyloxybenzoic acid (5b) [37]: 4-benzyloxybenzoic acid methyl ester (1d) (9.69g,
40mmol) and NaOH (2.4g, 60mmol) were refluxed in methanol overnight. After the reaction pot
cooled down to r.t., the white precipitate was filtered and collected, and then poured into 20%
H,SO,. After stirring for 30 min, the white precipitate was filtered and washed and dried to give
the title compound as a white solid. Yield: 8.68g, 95%. *H-NMR (DMSO-ds, 300MHz): 7.88(d,

J=9Hz, 2H), 7.45~7.35(m, 5H), 7.08(d, J=9Hz, 2H), 5.18(s, 2H)

4-(tetrahydropyran-2-yl)oxybenzoic acid (5c¢) [38]: 4-hydroxybenzoic acid (2.76g, 20mmol)
and PTSA (0.17g, catalyst) were suspended in diethyl ether (20mL). 3,4-dihydro-2H-pyran
(2.7mL, 30mmol) was then added to the reaction mixture dropwise. The reaction mixture turned
pink immediately, then precipitate started to form. After stirring overnight, the reaction mixture
was filtered and the precipitate was washed with diethyl ether and dried to yield the product as a
white powder. Yield: 2.76g, 62%. *H-NMR (CDCls, 300MHz): 8.05(d, J=9Hz, 2H), 7.10(d,
J=9Hz, 2H), 5.53(t, J=3Hz, 1H), 3.92~3.78(m, 1H), 3.68~3.56(m, 1H), 2.08~1.82(m, 3H),

1.80~1.64(m, 3H)
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Chapter 4 Conclusion and Future Work

To conclude, in this thesis, 8 different BAMs were synthesized by using the corresponding
benzoic acid methyl ester derivative and the corresponding substituted acetopheone via a
Claisen-type condensation reaction. 7 of the synthesized BAMs were tested. The most potent one
is BAM 1.20 [1-(2-chlorophenyl)-3-(4-chlorophenyl)-1,3-propanedione], with an 1Csy of
5.2+0.1uM against MMP-9 in vitro. In the CMC part, 5 CMCs and a natural product curcumin-3
were synthesized successfully, and the synthesis uttilized a combined strategy of protective

group chemistry, Pabon’s reaction and reaction of 1,3-dicarbonyl compounds with isocyanates.

Though the CMC family has grown to the size of 34 members, it is still an underdeveloped field
with great research potential. CMC 2.24 and the newly synthesized derivatives all share the 4-
substituted-phenylaminocarbonyl group, and there are still a lot of variations to explore
Analogues with 2-substituted-phenyl or 3-substituted-phenyl ring have never been synthesized.
Other analogues which possess heterocyclic ring instead of a phenyl ring have not been reported.
In the BAM series, however, because the 2-chloro substituent on one phenyl ring can greatly
change the inhibitory effect, therefore it is worthwhile to produce other analogues with 2-
substituent (Figure 4.1). The biological work in this thesis is only preliminary, the inhibitors
need to be tested against other MMPs to get an overview, and also necessary to guide the

research into the next stage.
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Figure 4.1 Suggested Future Synthetic Targets

ck 0 0 R

9g: Ar=2-hydroxyphenyl

9h: Ar=3-hydroxyphenyl

9i: Ar=4-dimethylaminophenyl
9j: Ar=2-methylphenyl

ok: Ar=2-furyl
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Appendix 1 Compound Characterization Checklist

Table 5.1 Compound Characterization Checklist

Compound | New | Known | Weight Physical | IR [ *"H-NMR | ®C-NMR | MS
table-entry and state / mp
number percentage range if
yield cryst. Solid
la X X X X
1b X X X X
1c X X X X
1d X X X X
le X X X X
1f X X X X X
19 X X X X
1h X X X X X
i X X X X X
2a X X X X
2b X X X X
3a X X X X
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Compound | New | Known| Weight Physical | IR [ *H-NMR | ®C-NMR | MS
table-entry and state / mp
number percentage range if
yield cryst. Solid
3b X X X X X
3c X X X X
3d X X X X X X
3e X X X X X
3f X X X X
3g X X X X
3h X X X X
4a X X X X
4b X X X X
4c X X X X
5a X X X X
5b X X X X
5C X X X X
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Compound | New | Known| Weight Physical | IR [ *H-NMR | ®C-NMR | MS
table-entry and state / mp
number percentage range if
yield cryst. Solid
6a X X X X X
6b X X X X X
6C X X X X
7a X X X X X
7b X X X X X
7c X X X X X
%9a X X X X X
9b X X X X
9c X X X X X X
ad X X X X X X
%e X X X X X X
of X X X X X X
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Appendix 2 *H-NMR and *C-NMR Spectra of Some Synthesized Compounds

List of 'H-NMR and **C-NMR Spectra

TH-NMR SPECLIUM OF 1 ...t 95
B3C-NMR SPECIIUM OF L ..ot ee et e s s e eee e 95
TH-NIMR SPECEIUM OF L.ttt 96
B3C-NMR SPECHIUM OF LNt s s s en e 96
TH-NMR SPECLIUM OF Li.voveecieeeeeecieeisse st ns st enenees 97
'"H-NMR Spectrum (Expanded from & 8.10~7.55) Of Li ........cocvvvvvrveneeeeeiriisesssseseeneseenes 97
B3C-NMR SPECIIUM OF Li..eoeeeeeeeeeeeeee e e e es e s es et sse e en e eseenes 98
TH-NMR SPECLIUM OF 30.....voveeeieeceeeeseeseeeeeees ettt 98
'H-NMR Spectrum (Expanded from & 8.10~6.40) 0f 3d ..........ccoevvrvereeerieieeesrsreeeeresines 99
B3C-NMR SPECHIUM OF B0t ee et es e s ee e eee s seenes 99
TH-NMR SPECIIUM OF B8 ..ot 100
'H-NMR Spectrum (Expanded from & 7.90~6.50) 0f 3€..........cccovrrrerrerreineeesrsresiesesnens 100
TH-NMR SPECIIUM OF BA.......oveoeeeeeeeseeseeieseseee s 101
TH-NMR SPECLIUM OF BD......ooveoeeeeeeceeee s 101
'H-NMR Spectrum (Expanded from & 10.20~6.45) 0f 6D .........cccovevvveeeeerieeesreeeeeseene 102
TH-NMR SPECIIUM OF 7C oot 102
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TH-NMR SPECLIUM OF OC ...ttt 103

'H-NMR Spectrum (Expanded from & 8.00~6.80) Of 9C.........ovovvevreeerereereereeesrerseeeseennens 103
BC-NMR SPECLUM OF OC .....vvveoeerereieeeieses s seesessses st ess s 104
TH-NMR SPECLIUM OF O0......eoveoceieeeeeessesee s 104
'H-NMR Spectrum (Expanded from & 8.00~6.80) 0f 9 .........c.ovveveeeeereeereereeeereeeseeseeens 105
BC-NMR SPECUM OF O.......vvovieeieieeieseeiesee st 105
TH-NMR SPECIIUM OF € ...o.voveeeeeeeeee ettt 106
'H-NMR Spectrum (Expanded from & 11.00~6.00) 0f 9€..........coovvvvrrrrrrerenesreeeseiesieneens 106
BBC-NMR SPECLUM OF Q8.....oevveoeeeeeeeeses st 107
TH-NMR SPECIIUM OF Of ...ttt 107
'H-NMR Spectrum (Expanded from & 8.10~5.20) 0f O .........ccovvervrvrerreineeesreeeeisieens 108
BC-NMR SPECIUM OF OF ..ot 108
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