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ABSTRACT

EXPEDITIOUS SYNTHESIS OF HYMENIALDISINE AND ITS ANALOGS AND
THEIR EVALUATION AS ADJUVANTS IN CANCER THERAPY.

By

Rahman Shah Zaib Saleem

The dissertation focuses primarily on three aspects of the research carried out during
the PhD. These include the efforts towards synthesis of hymenialdisine and its
analogs and their evaluation for improving chemotherapy; the development of the
methodology to access triazolines and triazoles from oxazol-5(4H)-ones and
synthesis of imidazoline for the study of the interaction of this class of compounds

with the 20s proteasome using photoaffinity labeling studies.

Previous studies have shown that Checkpoint kinase 2 (ChK2) plays an important
role in cell cycle regulation in response to the various DNA damaging agents
including chemotherapeutics. There is evidence that the cellular role of ChK2 can be
utilized to improve the existing chemotherapeutic techniques. Hymenialdisine is a
natural product known to inhibit ChK2. The first part of the dissertation presents the
improved synthesis of the natural product and the synthesis of the new analogs. Two
classes of analogs are presented: First the 2-phenylpyrroloazepinone based
analogs, prepared via single step modification of a common intermediate; and
second, the benzoazepinone analogs that utilize the ring expansion strategy to
achieve the synthesis of key intermediate. This part also presents the kinase profiling

of these compounds.

The second part of the dissertation describes the development of the cycloaddition

reaction of oxazol-5(4H)-ones and azodicarboxylates. Previously, our group has



reported the utility of oxazol-5(4H)-ones in diversity oriented synthesis enabling
access to a wide range of heterocyclic scaffolds. This part presents the research
work done in extending the chemistry to access triazoline and triazole compounds.
The dissertation describes the initial discovery of the reaction and the exploration of
the reaction substrate scope to give 1,2,4-triazoline compounds. The dissertation
also describes the aromatization of these 1,2,4-triazoline compounds to respective

triazole compounds.

The last part of the dissertation focuses on contributions towards the study of
inhibition of 20s proteasome. The 20s proteasome is shown in the literature to
decreases the efficiency of the cancer therapeutics by degrading IkB and thus
allowing NF-kB to translocate into nucleus and transcribe the antiapoptotic genes in
the cancer cells. Our group has prepared the imidazoline compounds as a novel
class of 20s proteasome inhibitor. These compounds are non-competitive inhibitors,
unlike the other clinically relevant inhibitors of the proteasome. This part of the
dissertation presents the synthesis of photoaffinity labeled imidazoline to study the
interaction of these compounds with the proteasome. Lastly, the evaluation of the
new hymenialdisine derivatives for their ability to inhibit 20s proteasome is

presented.



This dissertation is dedicated to all those who struggle to improve their lives by

honest means.
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CHAPTER 1
IMPROVED SYNTHESIS OF MARINE ALKALOID: HYMENIALDISINE AND ITS

INDOLIC ANALOG

1.1. Introduction

Due to their unique structural and biological features, natural products have been used
as drugs, precursors in the synthesis of drugs or templates for discovery of new drug
candidates. It was about 200 years ago that the first pure, pharmacologically active

compound, morphine, was isolated froveom a plant.l This marked the start of an era in

which drugs from plants could be purified and the dose reponse became independent of
the source or age of the material, leading to the isolation of a host of new natural
products. Even today, natural products constitute a major portion of the new chemical

entities (NCE). Over the period of last twenty five and a half years (from Jan 1981 to

Jun 2006) 1010 new chemical entities were approved.2 Out of these NCEs only 163

were biological (containing large peptide or protein, either isolated from an organism/cell
or produced by biotechnologicals means using a surrogate) or vaccines. Among the
remaining 847 NCEs, 310 NCEs were of synthetic origin and 537 were natural products,
their derivatives or mimics (Figure 1.1).

The natural products are even more prominent in the area of the cancer treatment.
During the a time period, 100 NCEs were approved for cancer. Only 19 of these NCEs
were biological or vaccines, while out of remaining 81, 18 were synthetic and 63 were

natural products, their derivatives or mimics (Figure 1.1).
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Figure 1.1. Comparison of all NCEs and NCEs for cancer

Isolation of natural products is generally a long, tedious and expensive process and
often cannot be utilized for the large scale production of these compounds. Hence
natural products keep inspiring synthetic chemists to develop new methodologies and
develop improved routes to access the potentially useful natural products in the

laboratories.

1.1.1. Hymenialsisine

Hymenialdisine (HMD (1)) is a natural product first reported in 1982 by Cimino and co-

Workers.3 They reported the isolation and crystal structure of this yellow compound from

Axinella verrucosa and Acanthella aurantiaca. It contains a fused pyrrolo[2,3-c]azepin-8-

one ring system with glycocyamidine appendage as shown in figure 1.2.



Figure 1.2. Structure of HMD.

Hymenialdisine is shown to inhibit a number of cellular proteins including CDKs,

GSK3B, CK1, ChK2 and ChK1 at low micromolar to nanomolar range.4 These proteins

play an important role in regulating several cellular functions including gene expression,
cellular proliferation, differentiation, membrane transport and apoptosis. The activity of

HMD makes it an ideal lead molecule for the development of new drug candidates that

o .5
can selectivity inhibit one or a selected set of the target proteins.

1.1.2. Oroidin alkaloids

HMD belongs to the group of natural products broadly known as the oroidin alkaloids.
This group includes oroidin, hymenidin, clathrodin, dispacamide,
monobromodispacamide, debromohymenialdisine (DBH), axinohydantoins, hymenin
and stevensine (Figure 1.3). Among these, DBH, Axinohydantoins, Hymenin and
Stevensine share, in common, a fused bicyclic pyrrolo[2,3-c]lazepin-8-one ring system

with HMD.



HoN_ N
Y /
HN
Br

Oroidin (2)
NH»>

N—
sP \KIH

HoN_ N
Y /
HN
Br

Hymenidin (3)

\ NH»>
g
BP \
7
N H

Axinohydantoin (8) Debromoaxinohydantoin (9) Bromoaxinohydantoin (10)

Br

2
N
HN__

Br | Br/|

4
N H N H
H

Hymenin (11) Stevensine (12)

Figure 1.3. Members of Oroidin alkaloids’ family



Debromohymenialdisine (7), a debrominated analog of HMD (Figure 1.3) was first

isolated from the Great Barrier Reef sponge Phakellia sp. in 1980 and the structure was

elucidated with 1H NMR, UV and chemical degradation.6 HMD was later extracted from

the Red Sea sponge Acanthella sp. and the Mediterranean sponge Axinella sp. in 1982,

as well as the from Hymeniacidon sp. in 1983, and was characterized by X-ray

crystallography.3’ ! HMD and DBH are structurally similar compounds, differing only in

the presence of bromine at C2. Axinohydantoins (8-10) (Figure 1.3) contain the same
fused pyrroloazepine ring but instead of the glycocyamidine ring, the pyrroloazepinone

ring is bonded to a hydantoin ring. Hymenin (11) was isolated from an Okinawan

sponge Hymeniacidon sp. in 1984 and characterized by NMR.8 Hymenin contains two

bromine atoms on the pyrrole ring and carries a 2-aminoimidazole ring instead of a
glycocyamidine ring joined to azepinone ring via a single bond. Stevensine (12) was

isolated from Pseudaxinyssa sp. in 1985. It is another natural product, similar to

hymenin, but contains additional unsaturation between C9 and C10 atoms.9

1.2. Biological role of HMD

Meijer and co-workers4 showed that HMD is a potent inhibitor of CDKs, GSK-3p and

CK1 and competes with ATP for binding to these kinases. Their results are summarized

in table 1.1. Ireland and co-workerslo reported that HMD was a very potent inhibitor of
MEK-1 (ICsp= 6nM) and inhibited the growth of human tumor LoVo cells. Chabot-

11 . L .
Fletcher and co-workers™ ™ found that it was a good inhibitor of the nuclear transcription
5



Table 1.1. Kinase inhibition selectivity of HMD

Enzyme ICs50 (M) | Enzyme ICs0 (NM)
CDK1/cyclin B 22 Protein kinase C 0 1100
CDK2/cyclin A 70 Protein kinase C ¢ 6500
CDK2/cyclin E 40 Protein kinase C n 2000
CDK3/cyclin E 100 Protein kinase C ¢ 60,000
CDK4/cyclin D1 600 cAMP-dependent protein kinase | 8000
CDK5/p25 28 cGMP-dependent protein kinase | 1700
CDKG6/cyclin D2 700 GSK3-B 10

Erkl 470 ASK-y (plant GSK-3) 80

Erk2 2000 Eg2 kinase 4000
c-raf >10,000 |CK1 35
MAPKK 1200 CK2 7000
c-Jun amino-terminal kinase | 8500 Insulin receptor tyrosine kinase | 75,000
Protein kinase C a 700 c-src tyrosine kinase 7000
Protein kinase C 31 1200 c-abl tyrosine kinase 4000
Protein kinase C 32 1700 Topoisomerase | (10,000)*
Protein kinase C y 500 Topoisomerase Il a (10,000)*

* no effect at the highest dose tested (in parentheses).




factor NF-kB, while Tepe and co-workers12 demonstrated that it inhibits checkpoint

kinase 2 (ChK2) and checkpoint kinase 1 (ChK1) at IC5q values of 42nM and 1950nM,

respectively.

1.3. Syntheses of HMD

Since the discovery, many research groups have attempted to synthesize this family of

. . 13 .
natural products. Althought there are reports on the practical synthesis™ and multigram

preparation of the DBH14, HMD has been more synthetically challenging for various
reasons including the poor solubility of the bromo-compounds, difficulty in separation of
the regio-isomers upon monobromination, atom-scrambling in the cyclization step15 and
low yield in the steps for synthesizing glyciamidine ring. To date there are only three

reports of the synthesis of HvD. 10

1.3.1. First syntheses of HMD

The first total synthesis of HMD was reported by Tatsuoka and co-workers in 1995.15
They utilized pyrrole-2-carboxylic acid 13 as the starting material. Treatment of pyrrole-
2-carboxylic acid 13 with thionyl chloride in catalytic amounts of DMF in toluene at 600F,

followed by condensation with B-alanine methyl ester gave compound 14. The pyrrole
derivative 14 was then brominated using NBS to give 2-bromopyrrole compound 15.

Compound 15 was hydrolyzed and subjected to cyclization. The reaction afforded 65%



yield. However, 1:1 mixture of 2- and 3-bromoaldisine was obtained. These isomers
were not easily isolable and in order to facilitate the isolation, the pyrrole and amide
nitrogen were protected with SEM groups. This protection and later deprotection added
two extra steps to the whole scheme of the synthesis.

Subsequently, the mixture of isomers was treated with NaH and SEM-CI in DMF
followed by column chromatography affording the isolation of compound 17 in 35%
yield. The Horner-Wadsworth-Emmons reaction of compound 17 with ethyl
diethylphosphonoacetate gave a mixture of a, and B,y-unsaturated esters 18. This

mixture of esters 18 was subsequently deprotonated with KHMDS and reacted with 2-

benzenesuI1‘onyl-3-phenyloxaziridine17 to give the a,p-unsaturated esters 19 as a single

regioisomer. In order to convert the hydroxyl into a good leaving group for the
subsequent reaction, compound 19 was mesylated under basic conditions to yield 20.

In the next step, compound 20 was treated with guanidine. This reaction led to the
formation of glycocyamidine ring and isomerization of the double bond to make
conjugated system of compound 22. The NMR data of the products were compared with
those of the natural products and confirmed the Z-stereochemistry. In the last step,
SEM-groups were removed and the product was purified over silica gel to give the
natural product HMD 1. Though the synthetic route faced some challenges, resulting in
the addition of steps, Annoura and co-workers demonstrated the first successful total

synthesis of the natural product.
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Scheme 1.1. Synthetic scheme for first synthesis of HMD
Reagents and conditions: (a) SOCIly, cat. DMF, toluene, 600C, 1 h, then
H2NCH2CH2COOMe, Et3N, DCM, rt, 3 h, 63%; (b) NBS, THF, rt, 2 h 56%; (c) 10% aq.

NaOH-MeOH (2:1), 1, 5 h, then PPA-P20s, 100°C, 1 h 65%; (d) NaH (2 eq.), SEM-CI



(2 eq.), DMF, rt, 2 h 35%; () (EtO)2POCH2COOEt, NaH, DME, 50°C, 24 h 83%; (f)

KHMDS, THF, -78°C, 2 h 78%: (g) MsCl, EtsN, DCM, 0°C quant.; (h) guanidine, DMF,

50°C, 5 h 42%; (i) 5% ag. HCI-MeOH (1:1), 80°C, 2 h 70%.

1.3.2. Second synthesis of HMD utilizing a common bicyclic pyrrole precursor

Horne and co-worker published the syntheses of hymenin, stevensine, DBH and

1

HMD. ba The authors utilized a common bicyclic pyrrole[2,3-clazepine-8-one ring

system. The key features of their synthesis included:

I- The coupling the azafulvene ring 23 to 2-aminoimidazole 24 (Figure 1.4)

under acidic conditions to form the carbon-carbon bond between the two rings

of the natural products.

ii- The utilization of protodebromination/oxidation strategy to generate the

glycocyamidine ring.

P —

R |

R

/

N H
H

R:

BrorH
23

N
HZN;ﬁJ

24

Figure 1.4. Azafulvene intermediate to be coupled to 2-aminoimidazole
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The synthetic strategy utilized 2,3-dibromo-(trichloroacetyl)pyrrole 25 as the starting
material. The treatment of 2,3-dibromo-(trichloroacetyl)pyrrole 25 with aminodioxolane

gave pyrrole 26 in excellent yield.

Br

/ \ —_— g e
Br N COCC|3 Br / | NH Br /N | NH
H H H

25
26 27
H2N N H2N N
B ] HN_/ APt
Zad Br € Br f
Br | —_— —_—> e
N H Br—« | Br—« |
N H N H
23 H
HZNW;N
HN o
Br
Br—« |
N H
H
29

Scheme 1.2. Synthetic scheme used by Xu and co-workers

Reactions and conditions: (a) Aminodioxolane (b) TsOH, HoO/acetone, reflux, 91%;
(c) MeSO3H, rt, 7d, 80%; (d) 24 MeSO3H, 7d, 65% (e) Bro, TFA, rt, 95% (f) AcOH/H20,
reflux, 72% (g) MeSOg3H, HBr (cat.) 9OOC, sealed tube, 12h, 33% of 1 27% of 7.
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Then the aldehyde was deprotected to give compound 27, which upon treatment with
methanesulfonic acid at room temperature for seven days afforded bicyclic pyrrole 23 in
good yields, without the formation of homodimer (the homodimerization was an issue
when this reaction was carried out without the presence of the two bromine atoms on
the pyrrole ring). In the next step, compound 23 was reacted with 2-amino imidazole 24
to give the natural product hymenin 11. Hymenin 11 was then treated with 1.2 eq of
bromine in trifluoroacetic acid to afford 4’-bromohymenin 28 in 95% yields. Compound
28 was subjected to mild hydrolytic conditions to give 29 in 72% yields as a mixture of
diastereoisomers. Then protodebromination and oxidation of 29 were carried out in the
using methanesulfonic acid and catalytic amounts of HBr to give HMD and DBH in 33%
and 27% vyields respectively.

Alternatively the authors utilized the intermediate 31 to synthesize HMD. This route was
the modification of the pathway utilized in the synthesis of stevensine. Compound 23
was prepared as shown above (Scheme 1.2). The addition of bromine to compound 23
in methanol afforded compound 30 in high yields. Then the reaction of compound 30
with 2-aminoimidazole 24 in methanesulfonic acid led to the formation of compound 31
in 46% vyields. Under the acidic conditions compound 31 gave compound 32 in 47%
yields. In the last step, compound 32 was treated with acetic acid to afford 1 in 65%
yields.

The authors showed two alternate routes for the synthesis of the natural product.
However the competing reactions and the reaction times of multiple days make these

intricate schemes less practical.

12
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Scheme 1.3. Alternate route used by Xu and co-workers

Reactions and conditions: (a) Brp, MeOH, 20 min, rt, 95% (b) 24, MeSO3H, rt, 46%

(c) MeSO3H, 900C, sealed tube, 47% (d) AcOH/H20, reflux, 3d, 65%

1.3.3. Synthesis of HMD through a coupling of bicyclic pyrrole to unprecidented
imidazolone

Varasi and co-workers presented an efficient scheme for the synthesis of the HMD.®

They used the 2-bromoaldisine 16 as their key intermediate. The scheme started with

the commercially available 2,2,2-trichloroacetyl chloride 33. The reaction of 2,2,2-

trichloroacetyl chloride 33 with ethyl 2-aminopropanoic acid hydrochloride gave

compound 34. In order to brominate compound 34, the authors used a set of reaction

. 18 . 19
conditions reported by Feldman and co-workers™ and Domostoj and coworkers™ ™ to

13



achieve regioselective bromination to produce compound 35 in 67% vyield. The
brominated compound 35 was then subjected to basic hydrolysis in the subsequent step
to give compound 36.

For making the 2-bromoaldisine 16 milder Friedel-Crafts-type cyclization conditions
were applied. The two step protocol involved the treatment of the compound 36 with
oxalyl chloride to convert the carboxyl group into an acyl chloride in the first step. In the
second step, the aluminum chloride mediated cyclization produced 2-bromoaldisine 16

without any bromine scrambling in 53% overall yield (Scheme 1.4).

COOEt COOEt
4/—\>\ a \ b \ C
N“>COCCl3 —> ]\ NH @— > ]\ NH @ — ™
33 H H
34 35
COOH O

d
\ Br—/
H H
36 16

Scheme 1.4. Synthesis of aldisine 16

Reactions and conditions: (a) HoPNCH2CH>COOEL.HCI, EtsN, MeCN, rt, 97% (b)
NBS, MeOH/THF 0°C-t, 67% (c) 1N NaOH, rt, 18h, 92% (d) (i) (COCI)2, DMF (Cat.)

DCE, rt (ii) AICI3, 4°A, rt, 53%.
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At this stage, the authors decided to obtain product through intermediate 38. Use of

intermediate 38 to construct glycociamidine ring has been illustrated by Tepe and co-

1 0 21
workers and was based on the report of Prager and coworkers. ~ However the

reaction conditions did not bear the fruit of success and the formation of the product
was not observed. The authors manipulated the reaction conditions by varying the base

and solvent, in vain.

Br

IZN
T

16

Scheme 1.5. Use of phenyl oxazolone 36 for the completion of synthesis

Reactions and conditions: (a) TiClg, py, DCM, -10°C-rt 87% (b) S-Benzyl

isothiouronium, Base, solvent.

This prompted the authors to design an imidazolinone-based glycociamidine ring
precursor 39. Compound 39 underwent condensation in a manner similar to
phenyloxazolone 37. However the compound 40 was sensitive to nucleophiles and
chromatography and could not be purified. Therefore, compound 40 had to be
immediately utilized in the next reaction. Fine tuning of the nitrogen source was required

to displace methylthio-group and for deprotection of benzoyl group on compound 40.
15



Compound 40 was treated with diluted (0.5 N) ammonia solution in dioxane to secure
the displacement of the methylthio group, while leaving the benzoyl- group untouched.
In the subsequent step, the solvent was evaporated and the crude mixture of 41 was
exposed to concentrated (7 N) ammonia solution in methanol for two day. This resulted

in the clean removal of the aforementioned protective group giving HMD (1).

B MeSYN ]
O —
MeS_ a Ph. N_~© b
Br—¢ | + 0 N\):O — g \ —
N T Br—
16 39 ] H |
40
HoN N
HN_ <O
\
Br—¢ |
N H
H
1

Scheme 1.6. Use of imidazolinone 38 to complete the synthesis

Reactions and conditions: (a) TiClg, py, DCM, -10°C-rt (b) 0.5N NH3, dioxane, rt, 2d

(c) 7N NH3, MeOH, rt, 2d 25% overall yield.

The above synthetic strategy provided a good route for the synthesis of HMD; however,

it has some associated issues that were compromising the overall yield of the reaction.

16



For example the isolation of the compound 35 from its 3-bromo isomer via column
chromatography is a tedious task, especially when run at 5 mmol or bigger scale. In
addition, the formation of the 3-bromo isomer significantly compromises the yield of the
reaction. The instability of the compound 39 was another issue and the yield in the last
step was low. Therefore, this step also needed reconsideration.

We were interested in developing a route that would not only address the above issues,
but also give access to diversity oriented synthesis of novel analogs via single step

manipulation of a common intermediate.

1.4. Improved synthetic route for the synthesis of HMD

Due to the ability of HMD and DBH to inhibit ChK2, our group has been interested in the
synthesis of these natural product and their analogs. Our interest made us to devise the
modifications that address the above issues. We analysed a range of different
conditions and were able to improve the selectivity of the bromination considerably.
Also, in order to obtain a diverse range of analogs, the instability of the intermediate 39
and 40 was undesirable and we wanted to obtain a penultimate compound which could
give new analogs via single step manipulation of the last step. We were also interested
in improving the yield of the route and wanted to apply the modification to improve the
synthesis of indolic derivative.

We used commercially available 2,2,2-trichloroacetyl chloride 33, which upon reaction

with B-alanine ethyl ester gave compound 34. Unlike the previously reported

16b o .
procedure, we used DCM as the solvent and observed near quantitative yields of

99% of compound 34.
17



COOEt

[ § N
N COCC|3 —> %NH
33 34

Scheme 1.7. Synthesis of compound 34

Reactions and conditions: (a) HONCH2CH2COOELt.HCI, EtzN, DCM, rt, 99%

In the next step, we had to substitute the H-atom at 2-position of pyrrole ring with Br-
atom. Initially, we carried out the reaction of compound 34 with NBS using the MeOH
and THF as solvents and obtained decent yields. However, the process of purification
was tedious as the 2-bromoisomer (the desired compound 35), did not exhibit good
difference of Rf value from the competing 3-bromoisomer 35 and column
chromatography was a tedious job and often multiple columns were required to afford

purification.

COOEt COOEt COOEt
aorb

NH—> /\
H

35
Scheme 1.8. Bromination of compound 34
Reactions and conditions: (a) NBS, MeOH/THF -78°C-rt, 74% (b) NBS, MeCN -10°C-

rt, 57%.
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Lowering of the temperature in the beginning of the reaction to -78°C led to increased

yield of the desired product, yet we were interested in improving the purification
technique of the reaction.

As the first observation we found that the compound 35 had lower solubility in organic
solvents as compared to compound 35’. After a brief survey of solvents we found that
MeCN was the solvent of choice that would completely dissolve compound 35’ but
compound 35 will be partially dissolved. This provided a method of isolation of the
desired product without column chromatography. The reaction was carried out in the
mixture of MeOH and THF, the solvent was removed and organic residue was dissolved
into MeCN. The isomer 35’, due to better solubility would completely dissolve in the
MeCN while the majority of compound 35 stayed as a precipitate, which was filtered and
washed with MeCN to obtain a first crop of the pure product. The solution was
concentrated allowing precipitation of second crop of product. The process was
repeated one more time to get a third crop of the product. This method eliminated the
need of column chromatography for purification purposes. We further investigated into
the reaction and found that the reaction can be carried out in the acetonitrile, giving
comparable yields.

Although this solved the problem of the isolation of the isomers, we obtained only a

moderate yield. At this stage, a brief survey of the literature revealed 1,3-dibromo-5,5-

. . S 22 . .
dimethylhydantoin to be a useful brominating reagent.  We carried out the bromination

using this reagent and were excited to obtain 95% yield of compound 35.
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34 35

Scheme 1.9. Use of 1,3-dibromo-5,5-dimethylhydantoin for bromination

Reactions and conditions: 1,3-dibromo-5,5-dimethylhydantoin, MeOH/THF -7800-rt,

95%

Consequently compound 35 was hydrolysed (Scheme 1.10). Both LIOH and KOH

worked well giving very good yields of 98%.

COOE COOH
/\\ — /\\
gr L NH gr Ly > NH
H H
35 36

Scheme 1.10. Hydrolysis of compound 35

Reactions and conditions: LIOH or KOH, EtOH, H2O, rt, 18h, 98%

In the next stage the ring closure of the compound 36 was carried out to provide

aldisine 16.

20
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Br

Scheme 1.11. Synthesis of aldisine 16

Reactions and conditions: (i) (COCI)2, DMF (Cat.) DCM, rt, 30 min. (ii) AlCI3, DCM, rt,

18h 40% or P20s5, MeSO3H, 11000, 2h, 76%

In this reaction, we wanted to utilize milder conditions of aluminum chloride mediated
reaction; however, the reaction results were inconsistent with low yield at times and no
product formation at others. Therefore, we studied the scope of solvent and found that
DCM was the solvent of choice giving 40% yield of the aldisin 16, while other solvents
did not show the formation of product. Although the conditions were milder, the yield of

the reaction was not promising. At this stage we checked the reaction condition used by

12, 20 - Sy . .
Tepe and co-workers, and utilized phosphorous pentoxide in methanesulfonic acid

at elevated temperatures. Although the reaction takes place at elevated temperature,

the reaction time was considerably short and the reaction yields were consistant and

higher than the reaction with AICl3.

In the next step we were interested in modifying the route so that we could obtain the

. . . . . 16b -
stable intermediate, unlike the previously reported synthesis. We envisioned that the
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use of a different glycocyamidine precursor, the imidazolone 42 (Figure 1.5) could

eliminate the issue of the instability associated with intermediates 40 and 41.
HN ©
Figure 1.5. Imidazolone 42

Our plan was supported by the literature, which has cited a few examples where this

- .23
molecule has been utilized to carry out Aldol condensation.

We prepared compound 42 from 2-thiohydantoin as shown in scheme 1.12 using methyl

iodide, Huning’s base and catalytic amount of dimethylamino pyridine.

H
S_ N _S_N
H\]T\l/ © H?V/ ©

Scheme 1.12. Synthesis of imidazolone 42

Reactions and conditions: Mel, iProEtN, DMAP (cat.), DCM, rt, 2.5h, 94%

Consequently we carried out the coupling of compound 42 with aldisine 16 in a titanium

(IV) chloride mediated condensationlz’ 20 to yield the compound 43 in very good yield.

Compound 43 was stable and could be purified by column chromatography. Besides

22



titanium (IV) chloride, we also attempted to see the feasibility of boron trifluoride

mediated reaction, however, the reaction led to the recovery of the starting material.

MeSW/N
O —
HN_ ~O
MeSYN \
Br | + = o —>
H HN /= B /7
N H
42
16 H
43

Scheme 1.13. Condensation of aldisine 16 with imidazolone 42

IZ N

Reactions and conditions: TiClg, py, THF, -100C-rt, 82%

In the last step compound 43 was stirred with ammonium hydroxide in a sealed tube

affording 1 in 77% yield.

MGSW‘N HZNV;N
HN_ =0 HN_ ~O
\ \
—_—
Br/| Br/|
N H N H
H H
43 1

Scheme 1.14. Last step in the synthesis of HMD

Reactions and conditions: NH40OH, THF, sealed tube, 11000, 7%
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The total synthesis of the natural product was completed in six linear steps. We were
able to achieve high selectivity of the bromination of the pyrrole ring and obtained the
stable penultimate compound.

COOEt COOEt

@

coccly — U\KNH ﬂ\gNH
33

COOH

- /@\gNH — Brﬂ/\/@ —
Mes
N
HRI/ O
\
Br—
N H
H
43

Scheme 1.15. Synthesis of HMD

ITZ

Reactions and conditions: (a) HoONCH2CH2COOEt.HCI, EtzN, DCM, rt, 99% (b) 1,3-
dibromo-5,5-dimethylhydantoin, MeOH/THF -780C-rt, 95% (c) LiOH or KOH, EtOH,
H,0, rt, 18h, 98% (d) P205, MeSO3H, 110°C, 2h, 76% (e) 42, TiCla, py, THF, -10°C-rt,

82% (f) NH4OH, THF, sealed tube, 110°C, 77%
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As compared to previous synthesis where the last two steps yielded 25% overall

. 16b . . .
yield,” "~ we were also able to increase the yield of the reaction for the last two steps to

63%. The overall synthesis is presented as in scheme 1.15. The compound 43 can be
utilized for the synthesis of novel analogs of the natural product by reaction the
compound with appropriate nucleophiles.
The highlights of the synthetic route include:
1- Lesser number of synthetic steps to achieve the synthesis of the natural product
2- Lack of the use of any protecting group in the synthetic approach.
3- High over all yield of the synthetic route. The comparison of the present

approach to previous syntheses is presented in table 1.2

Table 1.2. Comparison of the synthetic routes use for total synthesis of HMD

Sr. No. No. of steps Overall yield (%)
1 Annoura and co-workers 10 0.15

2 Xu and coworkers 7 10.68*

3 Xu and coworkers-alternate route | 7 9.72*

4 Papeo and coworkers 7 7.92

5 Our work 6 44.23

* Yield of first step not mentioned
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1.5. Utilization of imidazolone 42 in improved synthesis of indolic derivative of

HMD 49

Previously, we have reported the synthesis of indoloazepinone 49 shown in the scheme

1.16.12’ 20 The synthesis utilized commercially available indole-2-carboxylic acid. The

reaction of indole-2-carboxylic acid with B-alanine ethyl ester in the presence of EDCI

and DMAP afforded compound 45.

EtO O._ OH
a
N NH
H
44
45
Ph O 2N N

Scheme 1.16. Synthetic route to indoloazepinone derivative of HMD

Reactions and conditions: (a) HoDNCH2CH>COOELt.HCI, EDCI, DCM, rt, 98% (b)

LIOH, H20 93% (c) P205, MeSO3H 110°C 85% (d) 37, TiCla, py, THF, 0°C-rt 55% (e)

S-Benzyl isothiouronium, LiH, EtOH 28%
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Hydrolysis of the compound 45 followed by P20s5/MeSO3H mediated cyclization

provided the key intermediate indoloaldisine 47. The TiCl4 mediated aldol condensation

of compound 47 with 37 provided the oxazolone derivative 48. In the last step, the
oxazolone derivatives 48 was treated with S-benzylthiourea under basic conditions to
give the indolic derivative of HMD in modest yields.

We were interested in improvement of the synthetic routes because the compound 48
was instable and at the same time the route suffered from low yields in the last two
steps as the combined yield for these two steps was just 15%.

After utilizing compound 42 in the synthesis of HMD, we envisioned that use of this
compound would lead to the stable intermediate in the penultimate step and improve

the overall yield of the reaction. Therefore, indoloaldisine 47 was prepared as reported

previouslylz’ 20 and imidazolone 42 was coupled to indoloaldisine 47 in a titanium (V)

chloride mediated condensation affording the stable compound 50 in 72% yield.

2 =0
o)
) ne

N\
\  NH -
N V. NH
H N

H
47 49

Scheme 1.17. Improved synthesis of indoloazepinone

Reactions and conditions: (a) 42, TiClg, py, THF, -100C-rt, 72% (b) NH40H, THF,

sealed tube, 9OOC, then 10%HCI, 67%
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In the next step compound 50 was heated in sealed tube with ammonium hydroxide and
resulted precipitate which was collected as the HCI salt affording 49 in 67% yield.

This modification lead to the improvement of the yield as now the yield for last two
reactions was 48% as compared to 15% in the previous route. This modification also
gave intermediate 50, which is stable and can be purified by column chromatography,

and provides a handle to carry out SAR by modifying the reagents in the last step.
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1.6. Experimental Section

COOEt

;

7
N\ NH
H

Ethyl 3-(1H-pyrrole-2-carboxamido)propanoate(34):

2,2,2-trichloro-1-(1H-pyrrol-2-yl)-ethanone 33 (1g, 4.7mmol) was dissolved in
dichloromethane (20mL) and B-alanine ethyl ester hydrochloride ( 793mg, 5.18mmol)
and triethyl amine (0.79mL, 5.64mmol) were added to the solution. The reaction mixture
was stirred at room temperature for 36 hours at which time the solvent was removed on
rotary evaporator. The residue, thus obtained, was dissolved in ethyl acetate (100 mL)
and then transferred to a separatory funnel. The organic solution was washed with 5%

HCI (100mL x 2) and then with saturated brine (100mL). The aqueous layers were
discarded and the organic layer was dried over anhydrous NaSO4 (1g) and filtered
over charcoal. The solvent was, then, removed in vacuo yielding product 34 (980mg,
99%). m.p. 60°C; *H NMR (500 MHz, CDCl3) 6.88-6.90 (1H, m), 6.57-6.59 (1H, m),
6.16-6.18 (1H, m) , 4.13 (2H, g, J = 7.0 Hz), 3.66 (2H, g, J = 6.0 Hz), 2.59 (2H, t, J = 6.0
Hz), 1.23 (3H, t, J = 7.0 Hz); ¥C NMR (125 MHz, CDCl3) & 172.7, 161.4, 125.7,
121.8(s), 109.5(s), 109.3(s), 60.7(d), 34.7(d), 34.1(d), 14.1(t); IR (film): 3300, 1732,

1720, 1617, 1570, 1437, 1410, 1199 cm-1: MS (ES) m/z 211.1 [M+H]": HRMS (ESI)

miz caled for C10H15N203 [M+H]" 211.1083, found: 211.1087.
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Ethyl 3-(5-bromo-1H-pyrrole-2-carboxamido)propanoate (35):

Compound 34 (6g , 28.56mmol) was dissolved in a mixture of tetrahydrofuran and
methanol (2:1, 400mL) at -78°C and 1,3-dibromo-5,5-dimethylhydantoin (4g,

14.28mmol) was added to this solution. The reaction mixture was then stirred for 16
hours, during which the temperature of the mixture gradually rose to the room
temperature. Then the solvent was removed using rotary evaporator and the crude

material was purified by column chromatography (silica, 1:1 Ethyl acetate/Hexanes)
affording 35 (7.85g, 95%). m.p. 122°C; 1H NMR (500 MHz, CD30D) 6 6.68 (d, J = 4.0,
2.8 Hz, 1H), 6.11 (dd, J = 4.0, 2.8 Hz, 1H), 4.12 (g, J = 7.0 Hz, 2H), 3.55 (t, J = 7.0 Hz,
2H), 2.59 (t, J = 7.0 Hz, 2H), 1.23 (t, J = 7.0 Hz, 3H); ->C NMR (125 MHz, CD30D) &
171.3, 159.8, 126.0, 117.1, 110.9 (s), 106.9 (s), 59.9 (d), 34.8 (d), 34.0 (d), 14.1 (t); IR

(film): 3340, 1715, 1643, 1559, 1529, 1394, 1374, 1325 Cm-l; MS (ES) m/z 289.0

[M+H]+; HRMS (ESI) m/z calcd for C1gH14N203Br [M+H]+ 289.0188, found: 289.0188.

30



COOH

|

3-(5-bromo-1H-pyrrole-2-carboxamido)propanoic acid (36):
Compound 35 (13g, 4mmol) was dissolved in ethanol (100mL) in a 250mL round bottom

flask. Lithium hydroxide monohydrate (3.77 g, 89.92 mmol) was dissolved in water

(50mL) and added to the reaction mixture at 25°C. The reaction mixture was stirred at

room temperature for 19 hours. The TLC revealed the completion of hydrolysis. At this

stage the solvent was evaporated in vacuo and the resulting carboxylate salt was

dissolved in HoO (100mL). The mixture was acidified with concentrated HCI until pH=1

leading to the precipitation of the desired product. The suspension of the product was

stirred for 15 minutes and then collected by filtration and dried under vacuo affording

compound 36 (11.4g, 97%). m.p. 162-164°C; "H NMR (500MHz, CD30D) & 6.68 (d,

J=3.8Hz, 1H), 6.1 (d, J=3.8H, 1H), 3.55 (t, J=6.9, 2H), 2.58 (t, J=6.9, 2H); °C NMR
(125MHz; CDsOD) & 175.4, 162.6, 128.5, 113.3 (s), 112.4 (s), 104.3, 36.7(d), 34.9(d):

IR (film): 3433, 2533, 1704, 1686, 1653, 1595, 1560: MS (ES) m/z: 261.0[M+H]; HRMS

(ES+) m/z calcd for CgH19N203Br [M+H]+ 260.9875, found: 260.9876.
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2-bromo-6,7-dihydropyrrolo[2,3-c]azepine-4,8(1H,5H)-dione (16):
Methanesulfonic acid (50mL) was warmed to 110°C in a round bottom flask and P2Os

(10.33 g, 72.78mmol) was added to this flask. The reaction mixture was stirred till it

became a clear solution. At this stage 36 (9.5g, 36.39mmol) was added to the reaction

mixture and the reaction mixture was stirred for 2 hours at 110°C. Then the contents of

the flask were cooled to room temperature and neutralized with 10% aqueous NaHCOs3.

Then the product was extracted with EtOAc (200 mL x 4). The EtOAc fractions were

combined and dried over anhydrous NaxSOg4 (2g). The solvent was removed and the

crude material was purified by column chromatography (silica, ethyl acetate) affording

16 (6.79, 76%). m.p. 144-145°C; "H NMR (500MHz, CDCl3) & 6.55 (s, 1H), 3.33-3.34
(M, 2H), 2.68-2.70 (m, 2H): “>C NMR (125MHz, CDCls) 5 193.5, 161.1, 129.7, 124.6,
111.2 (s), 105.0, 43.4 (d), 36.21 (d); IR (film): 3192, 2521, 1650, 1647, 1471, 1458 cm

+ +
MS (ES) m/z: 243.0 [M+H] ; HRMS (ES+) m/z calcd for CgHgN202Br [M+H] 242.9769,

found 242.9773.

32



S_N
7 — 9]
i\

2-(methylthio)-1H-imidazol-4(5H)-one (42):

2-Thiohydantoin (3 g, 25.83 mmol) was dissolved in dichloromethane (20mL) at room
temperature and iodomethane (6.4 mL, 103mmol), DIPEA (9mL, 52mmol) and DMAP
(0.31g, 2.58 mmol) were added to the solution. The resulting mixture was stirred for 2.5
hours at room temperature and then the solvent was removed on rotary evaporator. The

crude material was purified by column chromatography (silica, ethyl acetate) affording

compound 42 (solid, 3.57 g, 94%).m.p. decomposed over 160°C. 1H NMR (500 MHz,

CDsOD) & 6.63 (broad N-H, 1H), 451 (s, 2H), 2.84 (s, 3H): “°C NMR (125 MHz,
CD50D) & 178.3, 172.9, 52.6, 14.3(d); IR (KBr, pellet): 3091, 2915, 1754, 1669, 1511,

1444, 1389, 1330, 1291, 1251, 1230, 1173 cm™*; MS (ES) m/z 131.0 [M+H]"; HRMS

(ESI): m/z calcd for C4H7N20S [M+H]", 131.0279: found, 131.0284.

Br—
N H
H

(2)-2-bromo-4-(2-(methylthio)-4-oxo-1H-imidazol-5(4H)-ylidene)-4,5,6,7-

tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (43):
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Compound 16 (100mg, 0.41mmol) was dissolved in THF (20mL) and compound 42

(106mg, 0.82mmol) was added to the reaction flask. The reaction mixture was cooled to

0°C and 1M solution of TiCl4 in DCM (1.64mL, 1.64mmol) was added to the reaction

mixture in dropwise manner. The reaction mixture was stirred for 30 minutes and
pyridine (0.26mL, 3.29mmol) was added to the reaction mixture dropwise. The reaction

mixture was stirred for an additional 14 hours allowing it to gradually warm to room

temperature. At this point saturated NH4Cl solution (40mL) was added to the reaction

mixture and contents of the flask were transferred to the separatory funnel. Then the

crude product was extracted with ethyl acetate (3 x 50mL). The ethyl acetate fractions

were combined and dried over anhydrous NaSO4 (1g). The solvent was removed and
the crude material was purified by column chromatography (silica, ethyl acetate) to
afford 43 (120 mg, 82%) m.p. decomposes above 2600C; lH NMR (500MHz, DMSO-

dg) & 7.59 (d, J=2.7Hz, 1H), 3.42-3.40 (m, 2H), 3.23-3.20 (m, 2H), 2.58 (s, 3H); -°C

NMR (125MHz, DMSO-dg) 6 170.5, 161.9, 158.9, 134.2, 133.7, 128.7, 124.2, 115.4(s),
104.0, 40.0(d), 29.67(d), 12.11 (t); IR (film): 3275, 2496, 1686, 1653, 1645, 1635, 1595,
1473; MS (ES) m/z: 355.0 [M+H]+; HRMS (ES+) m/z calcd for C12H12N402S [M+H]+

354.9864, found 354.9866.
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(2)-4-(2-amino-4-oxo-1H-imidazol-5(4H)-ylidene)-2-bromo-4,5,6,7-
tetrahydropyrrolo[2,3-c]lazepin-8(1H)-one (1):
Compound 43 (50 mg, 0.141 mmol) was added to THF (5mL) in a sealed tube and

ammonium hydroxide (5 mL) was added to the solution. The resulting mixture was

heated at 90°C for 24 hours and then allowed to cool to room temperature. Then the

reaction mixture was concentrated and crude material was purified by column

chromatography (silica, 1:4 MeOH/DCM) to afford HMD 1 (35.1mg, 77%). m.p.

decomposes above 25000; lH NMR (500MHz, DMSO-dg+ drop of CF3COOH) & 6.5

(d, J=2.5Hz, 1H), 3.24 (Br, 4H): *3C NMR (125MHz, DMSO-dg+ drop of CF3COOH) &
163.5, 162.7, 162.3, 129.0, 128.6, 121.9, 121.2, 111.6(s), 105.5, 39.01 (d), 32.6 (d); IR

. m +
(film): 3404, 3275, 2442, 2253, 1772, 1716, 1701, 1653; MS (ES) ' /5 324.0 [M+H] ;

HRMS (ES+) m/z calcd for C1gH15NOgBr [M+H]Jr 324.0083, found 324.0085.
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(2)-5-(2-(methylthio)-4-oxo0-1H-imidazol-5(4H)-ylidene)-2,3,4,5-
tetrahydroazepino[3,4-bJindol-1(10H)-one (50):
Compound 47 (200mg, 0.5mmol) was dissolved in THF (20mL) and compound 42

(219mg, 0.93mmol) was added to the reaction flask. The resulting reaction mixture was

cooled to 0°C and 1M solution of TiClg in DCM (1.9 mL, 1.9 mmol) was added to the

reaction mixture in dropwise manner. The reaction mixture was stirred for 30 minutes
and then pyridine (0.30mL, 3.7mmol) was added to the reaction mixture over a 15

minutes period. The reaction mixture was stirred for an additional 14 hours allowing the
temperature to gradually rise to room temperature. At this point the saturated NH4Cl

solution (40mL) was added to the reaction mixture and contents of the flask were
transferred to the separatory funnel. Then the crude product was extracted with ethyl

acetate (4 x 40mL). The ethyl acetate fractions were combined and dried over
anhydrous NazSOg4 (1g). The solvent was removed and the crude material was purified
by column chromatography (silica, ethyl acetate) to afford 10 (110 mg, 72%). m.p.
decomposes over 190°C; 1H NMR (500 MHz, DMSO-dg) 6 2.33 (s, 3H), 3.34-3.40 (m,
4H), 7.06 (t, J = 7.2 Hz, 1H), 7.21 (t, J = 7.0 Hz, 1H), 7.41 (d, J = 8.2 Hz, 1H), 8.33 (t, J
= 5.1 Hz, 1H), 11.59 (s, 1H), 12.19 (s, 1H): “°C NMR (128.2 MHz, DMSO-dg) 5 169.7,

164.7, 157.9, 135.9, 135.2, 134.8, 131.7, 125.9, 125.2(s), 123.8(s), 119.2(s), 115.3,
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111.9(s), 38.9(d), 35.6(d), 12.0(t); IR (KBr): 3220, 1700, 1650, 1540, 1480 cm ; MS

ES) M/, 327.1 [M+H]"; HRMS (ES+) m/z calcd for C16H15N402S [M+H]™ 327.0916,

found, 327.0914.

(2)-5-(2-amino-4-oxo-1H-imidazol-5(4H)-ylidene)-2,3,4,5-tetrahydroazepino[3,4-

blindol-1(10H)-one (49): Compound 50 (1g, 3mmol) was dissolved in THF (10mL) and
stirred with ammonium hydroxide (30mL) at 90°C in a sealed tube for 24 hours. The

reaction mixture was allowed to cool to room temperature at which point the precipitate
was filtered from the reaction mixture. The solid was collected and washed in 10% HCI

and filtered a second time. The bright yellow solid was filtered and dried in vacuo (617
mg, 69.2%). m.p. decomposes over 260°C:; 1H NMR (500 MHz, DMSO-dg) 6 12.45 (s,
1H), 10.31 (s, 1H), 9.05 (br, 1H), 8.36 (br, 2H), 7.52-7.57 (m, 2H), 7.31 (t, J = 7.9 Hz,
1H), 7.19 (t, J = 7.9 Hz, 1H), 3.32-3.39 (m, 4H): -°C NMR (128.2 MHz, DMSO-dg) &
165.5, 163.3, 154.5, 137.0, 132.9, 128.9, 125.0, 124.6(s), 122.9, 122.4(s), 121.9(s),

113.6, 112.7(s), 39.2(d), 36.6(d): IR: (KBr) 3209, 1701, 1618, 1529, 1469, 1250 cm
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MS (ES) "/5: 296.1[M+H]"; HRMS (ES+) m/z calcd for C15H13N502 [M+H]" 296.10609,

found 296.1144.
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CHAPTER 2

SYNTHESIS AND KINASE PROFILING OF NOVEL 2-ARYLPYRROLOAZEPINONE

BASED HMD ANALOGS

2.1. Introduction

In the past few centuries, our understanding of diseases has greatly increased. This
understanding has helped us in the finding the cures of these diseases. These cures
have significantly improved the human health and many diseases that were once
considered incurable can now be treated. Therefore the life expectancy has increased
and mortality has been reduced. In agreement, the mortality statistics of the United

States of America show a continuing trend of decrease in the mortality (Table 2.1).

Table 2.1. Mortality rate in usa®

Year 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009

Total
876 | 869 |855 (845 |833 |801 |[799 |777 |760 |759 |741
deaths

a Age-adjusted death rates per 100,000 U.S. standard population, based on the year

2000 standard. source: NVSR Volume 58, Number 19. 73 pp. (PHS) 2010-1120,
Deaths: Preliminary Data for 2009. NVSR Volume 59, Number 04. 69 pp. (PHS) 2011-
1120, Deaths: Preliminary Data for 2008. NVSR Volume 59, Number 02. 72 pp. (PHS)

2011-1120.
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Table 2.2. 15 major causes of mortality in USA

Year 1999 | 2001 | 2003 | 2005 | 2007 | 2009
Heart 30.4 |29.0 |27.9 |26.4 | 251 |24.3
Cancer 229 | 229 |22.8 |23.0 |235 |234
Cerebrovascular 7.0 6.8 6.4 5.8 5.6 5.2
Chronic lower respiratory

5.2 5.1 5.2 5.4 5.4 5.7
diseases
Accidents 40 |4.2 4.5 4.9 5.3 5.0
Alzheimer's diseases 1.9 2.2 2.6 2.9 3.0 3.2
Diabetes mellitus 2.9 3.0 3.0 3.1 3.0 2.8
Influenza and pneumonia 2.9 2.6 2.6 2.5 2.1 2.2
Nephritis, nephrotic syndrome

15 1.6 1.7 1.8 1.9 2.0
and nephrosis
Septicemia 1.3 1.3 1.4 1.4 1.4 15
Intentional self-harm 1.2 1.3 1.3 1.4 15 1.6
Chronic liver disease and

1.1 1.1 1.1 1.1 1.2 1.2
cirrhosis
Essential hypertension and

0.7 0.8 0.9 1.0 1.0 1.0
hypertensive renal disease
Parkinson's disease 0.6 0.7 0.7 0.8 0.8 0.9
Assault 0.7 0.8 0.7 0.8 0.8 0.7
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These statistics may seem pleasing but a look into the major causes of deaths show
that today 15 causes of deaths, as shown in the Table 2.2, account for more than 80%
of the mortality. Among these causes, the deaths due to two diseases, the
cardiovascular disorders and the cancer account for more than 45% of all the deaths.
These statistics points in the direction that cardiovascular diseases and cancer need
more efforts towards the comprehending the underlying causes, the cellular processes,

their mechanistic insights and search for the cure for these diseases.

35.00
m Cardiovascular disorders u Neoplasm

30.00

% age of total deaths

P = N N
o o o o
o o o o
S o S o
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0.00
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Figure 2.1. Comparison of mortality due to cardiovascular disorders vs neoplasm
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Although new diseases keep showing up, owning to the alternations in the genetic
material of humans and their pathogens, the major causes of death need major
attention. When we compare the deaths due to the cardiovascular disorders and the
cancer, we see a trend over the decade as shown in the graph in Figure 2.1. It shows
that the death rate due to cardiovascular diseases is declining gradually, whereas the
death rate due to cancer has been steady. This accounts for not only the discovery of
new types of cancers but also for our lack of understanding of the existing types of the
cancer. If the trend continues in the same directions, very soon cancer will be the major
cause of deaths. This supports the need to improve our understanding of the biological
processes involved in the cancer and develop superior therapies for the treatment of the

cancer.

2.2. Present day treatments and their side effect

Aside from surgery, the present day cancer treatment involves chemotherapy, radiation
therapy or a combination of both. However, these therapies suffer from the severe
primary or secondary side effects on normal tissue. These side effects compromise the
efficiency of the treatment and lead to only few months to a few years of post-treatment

life expectancy.

2.3. Objective of research
Strategies that can help normal tissue withstand the severity of these therapies have the
potential to improve the current therapeutic practices. In order to develop such

strategies, the details of the cellular mechanisms need to be understood (mentioned in
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the subsequent section). The use of DNA damaging agents has been one of the most

. . : . 1
effective therapy and has increased the survival rate of cancer patients.” The

effectiveness of these therapies lies in their ability to induce DNA damage in the cancer
cells. However, the DNA of normal cells is also damaged during these treatments and is
mainly responsible for the harmful side effects. There is a need to develop the
chemotherapeutic agents that can make normal tissues resistant to the DNA damaging
effects. This can be achieved by understanding the differences in the cellular
environment of the cancer cells and the normal cells. If we can develop the chemical
compounds that can exploit these differences and block the cellular pathways of the
normal cells for these side effect, we can develop adjuvant drugs for the cancer therapy.
These adjuvant drugs, when used with the current treatments, will help in improving

these treatments by decreasing the side effects on normal tissue.

2.4. Cellular pathway leading to damage in healthy cells

The DNA damaging agents upon damaging DNA lead to the activation of distinct
responses in the cell in the form of the activation of the proteins that either attempt to
repair the damaged DNA, or if the damage is beyond repair, carry out the apoptosis.

One such protein which functions to selectively destroy the stressed and the abnormal
cells, and is considered an “apoptotic superhero” for its central role in the apoptosis, is
p53.3 More than 50% of the human tumors have mutations in the gene coding for p53.4

As a result, the cancer cells, lack the ability to undergo p53 mediated apoptosis and

continue to grow and divide. However, in normal cells that have normal p53 coding
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gene, p53 triggers the apoptosis while performing its role as the “Guardian of genome”.5

This apoptosis in the normal cells leads to the reduced effectiveness of the in-practice
cancer treatments. Blocking the apoptosis in the normal cells will allow the cells more
time to undergo repair and reduce the side effects of the therapies. Inhibiting p53 can

inhibit the apoptosis in these cells. The preliminary work performed on cells that were

derived from p53 knock-out mice6 showed that p53 was required for the radiation

induced cell death, but not necessary for all forms of apoptosis, supporting the
importance of p53 in mediating the DNA-damage induced apoptosis. In the cancer
therapies where DNA damage is induced by the DNA damaging agents or ionizing
radiations, p53 plays an important role in apoptosis. However, direct inhibition of p53 is
not a desired strategy to avoid the apoptosis in the normal cells as the studies have

shown inconsistent results. In one report, it was shown that thermocytes isolated from

p53 knockout mice showed complete resistance to y-radiation induced Iethality.7

However the concurrent paper8 showed that y-radiation was capable of killing the

proliferating T lymphocytes derived from the same p53 knockout mice.

2.5. Deeper look at the pathway

Among others, DNA damage leads to the activation of two major cellular pathways as

shown in Figure 2.2.9 Double strand breaks activate the ATM-ChK2 pathway while the

replication lesions activate the ATR-ChK1 pathway. There is crosstalk between the two

pathways and certain lesions activate both. In these cases ATM-ChK2 pathway is
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activated transiently while ATR-ChK1 pathway is activated later in a more sustained

Way.lo The expression of ChK1 upon replication damage is consistent with the cell

cycle dependent expression of ChK1 which increases during S-phase and peaks in G,

while ChK2 is expressed throughout the cell cycle and consistent with the broader role

of its response to double strand breaks both during S-phase and independent of

11
replication.

ATR ATM
ChK1 CHK2

Figure 2.2. DNA damage responses

Upon activation, both the ChK1 and ChK2 activate a host of downstream proteins.12

The ionizing radiations, used in chemotherapy, cause the double strand breaks and
hence activate the ATM-ChK2 pathway. This pathway plays important role in p53
mediated apoptosis. The sequence of events that leads to apoptosis by this pathway

can be divided into following series of events:
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1. Group of chromatin events at site of DBS
2. Activation of damage sensors

3. Events of activation of ATM (kinase)

4. Events of ChK2 activation (Effector)

5. Events of cell cycle arrest

6. Events of p53 activation

7. Events leading to apoptosis

2.5.1. Group of chromatin events at DBS site

The DNA double strand break causes the phosphorylation of histone H2AX on serine
139 by DNA-PK and ATM.13 The phosphorylated H2AX (known as y-H2AX) is required
for binding the sensor proteins to the altered chromatin and to keep the ends of the
broken strands in proximity.14 y-H2AX provides the platform for the sensor proteins to

attach at the damage site.

2.5.2. Activation of damage sensors
Once H2AX has been phosphorylated; the next step is the attachment of the sensor
proteins. The BRCT protein complex, which include 53BP1, MDC1, Nbsl and BRCA1,

get attached to the damage site and contribute towards full activation of ATM in part by

providing the scaffold for recruitment of the ATM.15
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2.5.3. Activation of ATM
ATM normally exists as inactive dimer in the cellular environment. Binding of the dimer,

to the altered DNA site, results in a conformational change that leads to

autophosphorylation at serine 1981.16 This autophosphorylation dissociates the dimer

yielding an ATM monomer. The ATM monomer is the active form of the kinase. Once

activated, ATM phosphorylates many proteins,17 starting with BRCT domain sensor

proteins, probably giving a positive feedback of attachment and activation. Downstream,
it activates a number of proteins, including MdmX, p53, E2F1 and ChK2. Many proteins
activated by ATM are also activated by ChK2 as well, probably providing multiple

handles to control the pathway in response to different stimuli.

2.5.4. Activation of ChK2

ATM activates ChK2 by phosphorylating ChK2 at threonine 68.18 ChK2 exists as

monomer in the cellular environment and phosphorylation by ATM results in the

dimerization of ChK2. The ChK2 then undergoes further autophosphorylation of

threonine 383, 387 and serine 516 activating the kinase.19 Once activated, ChK2

signals the activation of a number of proteins involved in the cell cycle control and the
apoptosis. The ChK2 substrates, besides itself, include cdc25A, cdc25C, p53, MdmX,

p53, PML, E2F1 and PP2A.
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2.5.5. Events of cell cycle arrest

Cdc25 phosphatases, upon activation by ChK2, activate cyclin dependent kinases and
lead to the cell cycle arrest. Cell cycle arrest is important, as it gives the damaged cells
the time to repair before completing the cell cycle and passing the defect to the next cell

generation. The Cdc25A controls the progression of cell cycle through G1-S phase and

Cdc25C controls the progression through G2 phase.20

2.5.6. Events of p53 activation and apoptosis

The p53 is a major target of ChK2. Under the normal cellular conditions, the p53 levels
in the cell are kept low with the assistance of Mdm2. Mdm2 binds to p53. This binding
leads to polyubiquitination and then degradation of the p53. Thus Mdm2-p53 interaction

keeps the transportation of p53 across nuclear membrane and transcriptional activity

under check.21 The cellular concentration of Mdm2 is regulated by MdmX. MdmX

actives Mdm2, which in turn leads to the decrease in the p53 levels. ChK2 boosts the

expression of p53 in two ways, directly as well as indirectly. In the direct mode of

activation, the p53 is activated by ChK2 by phosphoraylation at serine 20.22 This

phosphorylation inhibits binding of p53 with Mdm2. This inhibition of their interaction
avoids the polyubiquitination and degradation of p53, thus increasing the cellular
concentration and transcriptional activity of p53. Indirectly ChK2 activates p53 by
phosphorylating MdmX. Phosphorylated MdmX lack the ability to activate Mdm2, which

in turn cannot keep p53 in check.
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2.5.7. Events leading to apoptosis

Once activated, the p53 protein transcriptionally activates a host of proteins that lead to
cell cycle arrest or apoptosis. The cell cycle arrest is carried out by transcriptional
activation of p21, and Gadd45, while the activation of the genes like Bax, Noxa, Puma
and Fas means the cell is directed towards apoptosis. After activating these genes, p53
also has the ability to inactivate itself by activating Mdm2. ChK2 also activates PML and
E2F1 proteins that are involved in apoptosis either via p53 dependent pathways or

independent pathways.

Besides ChK2 also plays role in cell recovery from DSB by activation of PP2A which
leads to its binding with y-H2AX foci. This binding causes the dephosphorylation of y-

H2AX, which is signal for removal of sensor proteins from the damage site.

2.6. Aim of the research
p53 plays central role in apoptosis, however, it has proven to be the one most often
mutated in human cancers, the frequency of these mutations varies from one cancer

type to another (Figure 2.4), however, overall ~50% of the cancer cells have p53

mutations.23 Even in the cancer types in which p53 mutations are rare, p53 functions
o . o . . 24 __ .
are indirectly abolished, whereas it is fully functional in normal cell types.”  This makes

. . 5
the normal cells more susceptible to apoptosis than most of the tumor cells.” Bartek and

co-workers and Halazonetis and coworkers showed in their studies that a significant

. . 25
fraction of cancer types have overexpressed activated ChK2, ~ these tumors may have
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dependency on the activated ChK2 and this activated ChK2 might be required for the

survival and aberrant replication of the cancer cells. Inhibiting ChK2 could potentially

improve the cancer therapies in two ways. In the cancer cells, ChK2 inhibition will check

the higher levels of ChK2 and stop the DNA repair and aberrant replication. In the

normal cells, inhibiting ChK2 will block the p53 mediated apoptosis, giving cells more

time to undergo repair. Therefore ChK2 inhibitors are a good target for the drug

development.
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Figure 2.4. Frequency of p53 mutation rate in different cancer types.
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ChK2 inhibitors will sensitize the cancer cells by interfering with the dependency of the
cancer cells on over-expressed ChK2 and resistance to the apoptosis in the normal

cells by inhibiting p53 mediated apoptosis and allowing the cell time to undergo repairs.

2.7. Proof of the principle

Motoyama and co-workers showed in their studies that the ChKZ_I_ mice appear to be

normal, fertile and more resistant to IR induced apoptosis than the wild type mice

(Figure 2.5)26 suggesting that the inhibition of the ChK2 may not affect the somatic

growth or fertility but can facilitate in blocking the apoptosis upon IR treatment.

100" LD

80"
60

40-

%age survival

20+
ChK2

0 10 20 30
Days after radiation exposure

Figure 2.5. Kaplan—Meier survival curve of age-matched 8-16-week-old ChK2+/+ (n

=23), chk2™" (n = 37) and chk2™ (n = 36) mice after exposure to 8 Gy of X-rays
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The use of the ChK2 inhibiting agents in conjugation with the current cancer therapies

has the potential to enhance the efficiency of these therapies by reducing their

. . -/- .
deleterious effect on the normal tissues of the body. ChK2 = thermocytes were resistant

to DNA-damage induced apoptosis.26a These ChKZ'/' cells were defective for p53

stabilization and for transcriptive role of p53 in response to vy-irradiation. The
introduction of ChK2 gene in these cells led to the restoration of p53 dependent

transcription in response to y-irradiation. Although partial stabilization of p53 was shown

in the ChKZ'/' cells in response to IR; however, these cells were deficient in the

transcriptional activity of p53. This showed that ChK2 plays a pivotal role in the activity

of p53 by regulating its transcriptional activation as well as its stabilization after IR-

induced damage. Inhibition of ChK2 in mouse thymocytes27 and isolated CD4" and
cD8” human Iymphocytes28 also showed a decrease in the apoptosis in response to

IR. These and other studie527'29 indicate that inhibition of ChK2 in normal cells could

increase survival following the IR by selectively reducing p53-mediated cell death.

In addition to the protective affects in normal cells, ChK2 inhibitors have been shown to

. . 30 . 30
potentiate the effects of the cytotoxic drugs. Pommier and co-workers® o

demonstrated that in the human embryonic kidney cells with inactive p53, the inhibition
of ChK2 promotes apoptosis, suggesting that the ChK2 inhibition would make the p53-

defective cancer cells more prone to the apoptosis. In other studies, it was shown that

transfection of MCF-7 cells with ChK2 siRNA31 enhances the effect of paclitaxel.32
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ChK2 inhibition augmented the levels of mitotic catastrophe when used together with

... 33 . . 34 . . . . .
doxorubicin™~ or cisplatin” by releasing mitochondrial pro-apoptotic proteins. Recent

studies also demonstrate that inhibition of the ChK2 without any additional genotoxic

agent may also be advantageous for therapeutic development for tumors possessing

increased levels of activated ChK2.35 Tumor cells in which ChK2 is constitutively

activated have plausibly adapted to ChK2 dependence in order to survive. A recent
. 35b . . . ..

study by Pommier and co-workers showed the antiproliferative activity of ChK2

inhibitor PV1019 and ChK2 siRNA in cancer cell lines that were over-expressed in
ChK2. These findings in the literature solidify the hypothesis that inhibition of ChK2
could be a very useful strategy in cancer therapy as it has potential to enhance

apoptosis in cancer cells and at the same time it is protective of the normal cells.

2.8. Other potential applications of ChK2 inhibitors

The ChK2 pathway is activated in response to genotoxic stresses. Suppression of this

. . L . 36 .
pathway can also be a useful strategy for treating various viral infections.” The studies
. . . . . .37 . .
have shown that various viruses, including Epstein-Barr Virus,  herpes simplex virus
38 . 39 . . 40 . 36¢
1,2, Human cytomegalovirus, =~ Murine gammaherpesvirus 68, = Polyomavirus,
, .41 , 42 , - ,
Adeno-associated virus, ~ simian virus 40,  retro human immunodeficiency virus type

36d, 43

1 (HIV-1) and Hepatitis C virus (HCV), have the ability to activate the DNA

damage response (ATM) pathway and then use the damage responses to promote the
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. . . . : .44 L
survival of the infected cells and facilitate their own viral reproduction. ~ The replication

of HCV RNA was shown to be suppressed in ATM or ChK2 knockdown mice that.36b

Most common strategy in the treatment of the viral infections has been to target the
virus (protein or nucleic acid). However rapid division of the virus leading to the fast rate
of mutations leads to evolution of the stains that develop resistance to the drug
molecules. It would be very novel approach to use the drugs that would inhibit the target

pathways, in the host cell that viruses exploit, as the treatment for viral infections.

2.9. ChK2 inhibitors in literature
In the recent years inhibition of ChK2 has attracted some attention and few ChK2

inhibitors have been reported in the literature. The characterized inhibitors of ChK2

include the indolocarbazole UCN-01 (51)*° G66976(52)*°, EXEL-9844(53)",

b

NSC109555(54)>°°, PV1019(55)°>° VRX0466617(56)°', 2-(quinazolin-2-yl) phenol

(20P) based inhibitors>"C like CCT241533(57)"°, 2-aminopyridine based inhibitors

(2AP) (58)29d, the aryl benzimidazole bases inhibitors (59) and the natural products
49

HMD (1) and DBH (7).

UCN-01(7-hydroxystaurosporine) (51) was reported to be a potent inhibitor of ChK2
(~1OnM)45 in human colon carcinoma HCT116 cells, however it has severe draw backs
including its strong binding with human plasma protein a1-acid glycoprotein and low
bioavailability. >
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Figure 2.6. Known ChK2 inhibitors

60



G066976 (52) unlike UCN-01 did avoid the issue of binding with blood plasma, it was
equally potent in human serum studies in abrogating S- and G2 phase arrest and by cell

viability studies it was shown to be non-toxic as single agent, however it suffers from

being equipotent for ChK2 and ChKl.46

EXEL-9844 (53) is a potent, ATP-competitive inhibitor of ChK1 and ChK2. Its Ki value
for ChK2 is 0.07 nM, while for ChK1 Ki is 2.2 nM. It was shown to potentiate the anti-
tumor activity of gemcitabine in vivo without unacceptable increase in the toxicity. As the
single agent it had very limited activity. The compound is orally available and showed
effects in cellular assays that are also seen with loss of ChK1 alone. The potential

problem of using a ChK1 inhibitor in anti-cancer therapy is that it can sensitize the

. 47,51 e . .
normal cells to genotoxins. Inhibiting ChK1 in normal cells would be undesirable

as it is known that ChKl'/' mice are not viable. >

NSC109555 (54) was a compound from the family of bis(guanylhydrazones). It was

found through screening of library to be another ATP-competitive inhibitor of ChK2. It

inhibited ChK2 with ICsg value of 240nM while for ChK1, its ICsg was greater than

>10000nM. However it failed to show the activity in the cells for some reasons that may

. - ... 29
include off-target activities or poor cell permeability. ¢

PV1019 (55) is successor of NSC 109555.35b It was shown to be a selective

submicromolar inhibitor of ChK2 in vitro with ICgsq of 24-260nM for ChK2 and 15.73uM
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for ChK1. It was also found active in inhibiting ChK2 in cellular assays by inhibiting
autophosphorylation and Cdc25c phosphorylation. It also protected normal mouse
thermocytes against ionizing radiation induced apoptosis and showed synergistic

antiproliferative activity with topotecan, camptothecin, and radiation in human tumor cell

lines. It is 655 times more selective for ChK2 over ChK1, however, the IC5q values

showed 100-fold difference in vitro kinase assay and cellular kinase assay.

VRX0466617 (56) is a more potent ATP competitive inhibitor of ChK2 among the library

of compounds analyzed by Larson and co-workers.27’ 29b It acts by blocking the
autophosphorylation of ChK2. Its Ki for ChK2 is 11nM, while its ICgqg for ChK2 is 120nM

and for ChK1 ICgsg >10000nM. It blocks the ChK2 activity but did not significantly

change the cell cycle distribution or prevents the G2/M arrest in short-term cultures.
Also, it did not show the synergy with a number of cancer agents.

Caldwell and co-workers published a study of the 2-(quinazolin-2-yl)phenol based

inhibitors of ChK235C and showed that CCT241533 (57) was the better inhibitor among

the library of inhibitors that they tested with ICsq value for ChK2 3nM while for ChK1 it

was 190nM. CCT241533 could not potentiate the cytotoxicity of a selection of genotoxic
agents in several cell lines. However, it was shown to potentiate the cytotoxicity of
PARP inhibitors in p53 deficient cell lines by inhibition of ChK2, suggesting that

combination of ChK2 inhibitor and PARP inhibitors could be an avenue for the cancer

therapy.48
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2-Amino pyridine based (2AP)29d compounds were identified through high throughput

screening as inhibitors of ChK2. These compounds also bind in ATP-competitive
manner. Compounds of this library showed activity in cell-based assays by inhibiting
ChK2. The most potent compound (58) as shown in Figure 2.6 has IC5g value of 28nM
for ChK2 and 2.5uM for ChK1.

Arienti and co-workers reported a SAR study carried out at Johnson & Johnson
Pharmaceutical Research and Development Division for ChK2 inhibitors.28 They
identified a series of 2-arylbenzimidazole inhibiters of the kinase. The optimization
process lead to compound that was selective and potent inhibitor (59) of ChK2 shown in
Figure 2.6. ICsq for this compound was 15nM for ChK2 and it demonstrated a dose-
dependent, radioprotective effect on human CD4+ and CD8+ primary cells.

Along with synthetic compounds UCN-01 and 2-arylbenzimidazole, DBH and HMD were
the only natural products at the start of the present work that were known to inhibit
ChK2. These are sponge derived natural products isolated and purified in early
1980s.%°* *3 HMD and DBH are structurally similar compounds, differing only by the

presence of bromine at C2-atom of HMD. These natural products comprise of a

pyrroloazepine ring that is connected to a glycocyamidine ring through a double bond.

DBH is a mild inhibitor of the checkpoint kinases with ICsqg of 725nM for ChK1 183nM
for ChK2.54 On the other hand HMD is more potent inhibitor and has ICsg value of

42nM for ChK2 and 1950nM for ChK1.>* However it suffers from its low selectivity*® >°

and exhibits nano-molar inhibition of GSK-3B (ICsp 10nM), CDKS5 (ICsp 28nM) and MEK-
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1 (ICs0 9nM)56. This lack of the selectivity of the natural product prompted the interest

of our group to synthesize an indolic-derivative (49) of the natural product as shown in

Figure 2.7.54

Figure 2.7. Indolic derivative of HMD (49)

2.10. Synthesis and profiling of indoloazepinone analog 49

54, 57

The synthesis is presented in the figure 1.16. The compound 49 was then

evaluated for its ability to inhibit ChK1, ChK2 and a selected set of kinases. The
comparison of the compound 49 for its inhibitory ability as compared to HMD and DBH

is given in Table 2.3. The indolic derivative exhibited a very potent inhibition of ChK2

activity at the low nanomolar range (IC50=8 nM) and unlike the natural product DBH it

exhibited an increased selectivity for the checkpoint kinases. Compared to HMD, it had
a significant increase in potency for ChK1 and ChK2 inhibition. While for the other

kinases tested, it showed a significant drop in activity.
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Table 2.3. ICgq values for kinase inhibition by Indolic derivative, HMD and DBH

IC50 (M)
Kinase
49 HMD DBH
49b, 58
CK16(h) 1352 35 NA
49b, 58
CK2(h) | >10,000 | 7000 NA
59 59
MEKZ1(h) 89 6 824
9b, 58
PKCa(h) 2539 700 NA
49D, 58
PKCBII(h) | 3381 1200 NA
ChK1 220 1950 725
ChK2 14 42 183

2.11. Efforts towards synthesis of compound 60

We were especially interested in synthesizing molecule 60 and compare the effect of
substituting the bromine atom of the natural product with a phenyl ring. At the same time
we wanted to compare the reactivity of compound 60 with compound 49, which differ in
that the compound 60 has the phenyl ring attached at the 2-position of the pyrrole ring
and can rotate to orient itself better in the binding pocket whereas in compound 49, the
phenyl ring is fused to the pyrrole forming an indole ring and making it a rigid structure

and not allowing the rotation of the phenyl ring.

65



In order to prepare compound 60, we envisioned that we can utilize the Br-atom of HMD
and use phenyl boronic acid to carry out the Suzuki reaction. However, upon reaction of
HMD with phenyl boronic acid using Pd-catalyst under Suzuki reaction conditions with
did not observed the desired product (Scheme 2.1). Instead, we observed the

dehalogenation-protonation or the reactant leading to the formation of DBH as the

product.
Hsz¢N HZN%N
HN_ =0 HN_ =0
\ \
Br— | |
N H H
1

Scheme 2.1. Suzuki reaction of HMD

Reactions and conditions: PhB(OH)2, Pd(PPh3)4, aq. Na2CO3, EtOH, PhMe, 9500,

18h, 98%

Change of solvent to DMF or EtOH did not change the course of the reaction to desired
product. At this stage, we considered making compound 61 and synthesize the desired

product in two steps from compound 61.
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Figure 2.8: Key intermediate in the synthesis of 60

We anticipated carrying out the Suzuki reaction on compound 16 or compound 35 which
were intermediates in the synthesis of HMD. The reaction worked well with the
compound 16 giving decent yields of the product. However, a more efficient route
involved the Suzuki coupling of the compound 35. The reaction conditions enabled two
reactions in one pot with excellent yield. Upon subjecting compound 35 to Suzuki
reaction conditions, it not only underwent the substitution of the Br-atom with phenyl
ring, it also underwent the hydrolysis of the ethyl ester giving compound 62 as shown in

the Scheme 2.2.

Scheme 2.2. Suzuki reaction of compound 35

Reactions and conditions: PhB(OH)2, Pd(PPh3)4, ag. NapCOg3, EtOH, PhMe, 9500,

18h, 98%
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In the next step compound 62 was subjected to intramolecular Friedel-Craft cyclization,

affording the key intermediate 61 in very good yield as shown in Scheme 2.3.

COOH O
H
62 61

Scheme 2.3. Friedel-Craft reaction of compound 62

Reactions and conditions: P20sg, PPA, 1300C, 2h, 75%

In the next reaction, compound 61 was condensed with compound 42 in the titanium
tetrachloride mediated aldol reaction producing compound 63 in very good yield as

shown in the Scheme 2.4.

S
o) — N
Hm/ O
Ph— | \
N H g
H Ph— |
1 N
6 N H
63

Scheme 2.4. Synthesis of compound 63

Reactions and conditions: 42, TiClg, py, THF, OOC-rt, 73%
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Compound 63 was then heated with ammonium hydroxide in sealed tube producing the

desired natural product analog, compound 60 as shown in the Scheme 2.5.

—> N N
HF\T O HRT S
\ . \
Ph— ] Ph— ]
N H N H
63 60

Scheme 2.5. Completion of the synthesis of compound 60

Reactions and conditions: NH4OH, THF, sealed tube, 11000, 24h, 69%

2.12. Kinase profiling of compound 60

Compound 60 was profiled for its kinase activity by Theresa A. Lansdell. It was

subjected to Cishbio HTRF serine/threonine KinEASE assay and showed ICsg value of

27nM for ChK2 and 490nM. The comparison of the ability of the analog 60 to inhibit
ChK1 and ChK2 as compared to the natural products HMD and DBH and the indolo-

analog 49 is presented in Table 2.4. The compound 60, is a very potent inhibitor of

ChK2. for ChK1. The ICsq for this compound for inhibiting ChK2 lies in the statistical

range of compound 49 and HMD and it is better inhibitor than DBH.
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Figure 2.10. Kinase activity of compound 60 (ChK1 on the left, ChK2 in the right)
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In terms of its selectivity for ChK2 over ChK1, compound 60 is slightly better than
compound 49 and it has marked improvement over DBH. However, its selectivity for
ChK2 over ChK1 is still lower than HMD. The compound 60 provides a good lead for
the study of SAR to obtain the candidate with excellent potency and selectivity for

inhibiting ChK2 to radio-protect the healthy cells.

Table 2.4: Comparison of kinase profile of Compound 60 with HMD, DBH and

compound 49

ICs0 Selectivity
Compound (ChK1/ChK2)
ChK1 ChK2
Compound 60 490 27 18.1
Compound 49 220 14 15.7
DBH 725 183 4.0
HMD 1950 42 46.4

2.13. Synthesis of the derivative of compound 60

We were encouraged with the kinase profiling results of the compound 60. In order to
improve selectivity and potency, we were interested in modifying the structure of
compound 60. We wanted to prepare a representative library of the new derivative of
HMD, related to compound 60. A closer look at the crystal structure of DBH in the ATP

binding pocket revealed two potential sites of modifications.
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Figure 2.11. i) Crystal structure of DBH in ATP binding pocket of ChK2 ii) Overlap
of DBH and ADP in the binding pocket of ChK2 (“For interpretation of the
references to color in this and all other figures, the reader is referred to the
electronic version of this dissertation™).
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a- Modification at site A: Figure 2.11i shows that the NH2-group on glycocyamidine

ring was projecting from its cavity into another un-occupied large hydrophilic area
which is involved in the binding interactions with phosphate chain of ATP (Figure
2.11ii) but DBH does not extend into this region. We envisioned that putting
substitution at this amine will lead to extra drug-protein interaction leading to the
increase in the potency and gain in selectivity.

b- Modification at site B: In compound 60, the phenyl ring was un-substituted. We
planned to prepare new derivatives of the natural product with functionalized
aromatic ring. We envisioned that the presence of hetero-atoms attached to the
phenyl ring could potentially lead to new interactions, hence improving the

potency of the molecule.

2.13.1. Modification at site A
With the aim to synthesize representative library of new HMD analogs by modification at
the free amine of the glycocyamidine ring, we planned the synthesis of compound 64-69

shown in Figure 2.12.

We envisioned that we can utilize compound 63, which was used in the synthesis of the
compound 60, as common precursor. The design of the reaction involved the reaction of
the compound 63 with appropriate amine, thus making available the new analogs via a

single step modification of a common intermediate 63 as shown in Scheme 2.6.
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Figure 2.12. Novel analogs of HMD

S H
HN_ =0 HRI¢
\ . |
N 1
H N
63
64-69

Scheme 2.6. Design for the synthesis of new analogs

Reactions and conditions: RNH», THF, heat
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The compound 63 was dissolved in THF and heated in sealed tube with benzyl amine
for compound 64, 4-methoxybenzyl amine for compound 65, cyclohexyl amine for

compound 66, B-alanine ethyl ester hydrochloride for compound 67, n-propyl amine for

Table 2.5: Synthesis of new analogs of HMD

/SYN R’H N
HN_ /=0 HRT O
\ o {
7 ] Y
N N
63
64-69

Reactions and conditions: RNH», THF, 900C, sealed tube 67-80%

R- Product Yield(%)
1 Bn- 64 78
2 4-MeOCgH4CH2- | 65 62
3 Cy- 66 80
4 EtOOCCH2CH2- 67 67
5 nPr- 68 7
6 Me- 69 74

compound 68 and methyl amine hydrochloride for compound 69.
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Pyridine was added to the reaction mixture for the reactions where the amine was only
available as hydrochloride salt. The reactions took place smoothly affording good to

very good yields of the natural product derivative as shown in Table 2.5.

2.13.2. Modification at site B: Attaching different aryl groups at position 5 of the
pyrrole ring

In second category of derivatives, we embarked on the journey of synthesizing new
analogs by replacing the phenyl group with two aromatic rings. The first aromatic ring
was 3,4-dimethoxy phenyl ring to make compound 70 and the other aromatic ring was

4-methoxy phenyl ring to give compound 71.

HoN N
o
HN
\
o a
N H
H
71

Figure 2.13. New analogs of HMD

Previously, we were not able to achieve the Suzuki coupling of HMD, rather the
debromination-protonation lead to the formation of DBH. So we planned to prepare the

2-aryl derivative 72 from aryl aldisine 73 in two steps. We considered that the synthesis
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of aryl aldisine 73 can be achieved by Suzuki reaction of compound 16 as shown in

Scheme 2.7.
H2N N
= @)
HWN/ O
\ — Ar 2 |
Ar—/ | H H
N H
H
73
72
@)
Br— |
p— N H
H
16

Scheme 2.7. Retrosynthetic analysis for the synthesis of new analogs

2.13.2.1. Synthesis of compound 70

The compound 70 was synthesized as shown in the Scheme 2.8. Compound 16
underwent Suzuki coupling with 3,4-dimethoxyphenyl boronic acid 74 using
tetrakis(triphenylphosphine)palladium(0) as catalyst to give azepindione 75. Compound
75 was then subjected to aldol condensation with compound 42 to yield compound 76.
In the last step compound 126 was heated in a sealed tube with ammonium hydroxide

to yield the desired compound 120.
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Scheme 2.8. Synthesis of compound 70

Reactions and conditions: (a) Pd(PPh3)4, NapCO3, EtOH, PhMe, H20, , 950C, 18h,

82% (b) 42, TiClyg, py, THF, OOC-rt, 60% (c) NH40H, THF, sealed tube, 11000, 24h,

52%

2.13.2.2. Synthesis of compound 71

The compound 71 was also synthesized using similar strategy as the one applied for
the synthesis of compound 70. The synthetic strategy is presented in the Scheme 2.9.
The compound 16 was reacted with 4-methoxyphenyl boronic acid 77 using
Tetrakis(triphenylphosphine)palladium(0) as catalyst for Suzuki coupling to vyield
compound 78. Compound 78 was then subjected to aldol condensation with compound
42 to yield compound 79. Heating compound 79 with ammonium hydroxide in a sealed

tube afforded the desired compound 71.
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Scheme 2.9. Synthesis of compound 71

Reactions and conditions: (a) Pd(PPh3)s, NapCO3, EtOH, PhMe, H20, , 9500, 18h,

82% (b) 42, TiCla, py, THF, 0°C-tt, 49% (c) NH4OH, THF, sealed tube, 110°C, 24h,

65%

2.14. Kinase profiling of the derivatives

After synthesizing compound 64-71, these compounds were subjected to kinase
profiling by Theresa A. Lansdell. Cisbio HTRF serine/threonine KinEASE assay was
used to access the inhibitory activity of these compounds for ChK2 and ChK1 and the
results are tabulated in Table 2.6. These results are exciting because previously our
group synthesized (unpublished work) a derivative of indoloazepinone 80 (Figure 2.14)
with dimethylamino-group on the glycocyamidine ring and it was found to be inactive in

inhibiting ChK2.
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80

Figure 2.14: Dimethyl amino analog of indoloazepinone 80

When we compared compound 60 to compounds 64 and 65 containing benzyl and 4-
methoxybenzyl, the placement of the benzyl group did not altered the ICsq value for
ChK2, however the selectivity for ChK2 was increased in comparison to ChK1, this
compound had ICsg values comparable to HMD. 4-Methoxybenzyl group in compound
65, on the other hand eroded the ability of the analog to inhibit both ChK2 and ChK1.
This compound was unable to inhibit ChK1 and its ICsqg value for ChK2 was too high to
consider it a good candidate. When comparing compound 60 with compounds 66-69, all

of which contained aliphatic substituents, the profiling results were also interesting.

The results showed that the presence of the substituent on the N-atom, leads to the
erosion of the ability to inhibit the ChK2 and ChK1. However, this effect was more

pronounced for ChK1 as compared to ChK2 and shows the correlation with the size of

the substituent. In general, smaller substituents exhibited better ICsg values and as the

size of the substituent increases, the ICgg value deteriorated.
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Table 2.6: Kinase profiling of compounds 60, 64-71

R
HN
N
HW\I/ O
\
Ar— |
N H
H
Compound IC50
ChK2 ChK1
No. Ar R
(nM) (nM)
60 Ph H 27 491
64 Ph Bn 38 1843
65 Ph 4-MeOCgH4CH2 | 589 >10000
66 Ph Cy 1526 >10000
67 Ph EtOOCCH2CH2 | 320 >10000
68 Ph CH3CH2CH2 128 NA*
69 Ph CHs3 111 >10000
70 3,4-dimethoxyphenyl | H 123 1637
71 4-methoxyphenyl H 23.7 NT*

* NA= Not Active, NT= Not Tested
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The order of activity of these substituents was: Me> CH2CH2COOEt> Cy. The

compound 69 with methyl substituent was most active in inhibiting ChK2, whereas
compound 66 with cyclohexyl group inhibited ChK2 only in high concentrations.

Compound 66 was unable to inhibit ChK1, whereas compound 67 and 69 exhibit very

high 1Cs0. These results lead to the conclusion that selectivity of HMD analogs for

inhibiting ChK2 can be increased by placing a substituent at the N-atom on
glycocyamidine ring. However, as compound 80 where both the H-atoms were replaced
by the methyl groups, was inactive, so these results also show that this N-atom is
involved in key donaptor interactions and need at least one H-atom to establish these

interactions. As the bulkier groups led to the erosion of the potency of these analogs

and compound 69 gave the best selectivity and good ICsg value for ChK2, it is the best

analog for the future analysis and further profiling.

In the second series of compounds, where the phenyl group was replaced with the 3,4-
dimethoxy phenyl and 4-methoxyphenyl rings, the results were interesting. The
compound 70 was potent inhibitor, however the presence of two methoxy-groups lead
to the decrease in the potency to inhibit ChK2. The presence of these methoxy groups

also lead to the decrease in ability to inhibit ChK1 as compared to compound 60. On the

other hand, presence of p-methoxy group on compound 71 did not change to ICsq value

as compared to compound 60. It will be interesting to see the effect of this substation in

inhibiting ChK1.
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2.15. Experimental Section

HOOC

B

|\
N
H

3-(5-phenyl-1H-pyrrole-2-carboxamido)propanoic acid (62): Compound 35 (213mg,
0.74mmol) was added in a mixture of toluene and ethanol (3:1, 40mL) and phenyl
boronic acid (109mg, 0.89mmol) and tetrakis (triphenylphosphine) palladium (43mg,
5mol%) were added to the reaction mixture. The a solution of sodium carbonate

(235mg, 2.22mmol) in water (3mL) was added to the reaction mixture and the mixture

was heated to 95°C for 18 hours. Then the reaction mixture was cooled down to room

temperature and partitioned between 10% aqueous sodium bicarbonate solution (50mL)
and ethyl acetate (50mL). The organic layer was discarded while the aqueous sodium
bicarbonate layer was acidified with 5% HCI solution and the product was extracted into

ethyl acetate (4 x 40mL). The ethyl acetate fractions were combined and dried over
anhydrous NaS0O4 (500 mg). The solvent was removed and the crude material was
purified by column chromatography (silica, EtOAc) to afford 62 (188mg, 98%). m.p.
172°C; *H NMR (500 MHz, CD30D) & 7.64 (2H, d, J = 7.5Hz), 7.36 (2H, t, J = 7.5Hz),
7.22 (1H, t, J = 7.5Hz), 6.82 (1H, d, J = 4.0Hz), 6.51 (1H, d, J = 4.0 Hz), 3.59 (2H, t, J =

7.0 Hz), 2.61 (2H, t, J = 7.0 Hz); “>C NMR (125 MHz, CD30D) & 175.5, 163.7, 137.2,
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133.4, 130.3, 129.9, 128.1, 125.7, 113.9, 108.1, 36.5, 35.0; IR (film): 3418, 3266, 2923,

1712, 1604, 1567, 1539, 1457, 1435, 1282, 1218, 1198 Cm_l; MS (ES+) m/z

259.1[M+H]+; HRMS (ES+) m/z calcd for C14H15N>03 [M+H]+ 259.1083, found

259.1089.

/ \\  NH

Irz

2-phenyl-6,7-dihydropyrrolo[2,3-c]azepine-4,8(1H,5H)-dione (61):

Polyphosphoric acid (10g) was warmed to 130°C in a round bottom flask and P2Os

(764mg, 5.38mmol) was added to this flask. The reaction mixture was stirred till it

became a clear solution. At this stage 62 (695mg, 2.69mmol) was added to the reaction

mixture and the reaction mixture was stirred for 2 hours at 110°C. Then the reaction

mixture was cooled to room temperature and neutralized with 10% aqueous NaHCO3

and the product was extracted with Ethyl acetate (100mL x 4). The ethyl acetate

fractions were combined and dried over anhydrous Na»SO4 (1g). The solvent was

removed and the crude material was purified by column chromatography (silica, ethyl

acetate) affording 61 (484mg, 75%). m.p. 222°C; 1H NMR (500 MHz, DMSO-dg) & 7.90

(2H, d, J = 7.5 Hz), 7.38 (2H, t, J = 7.5 Hz), 7.28 (1H, t, J = 7.5 Hz), 6.98 (1H, s), 3.48-
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3.50 (2H, m), 2.78-2.80 (2H, m): =°C NMR (125 MHz, DMSO-dg) 5 194.5, 162.1, 135.3,

130.6, 128.9, 128.7, 127.6, 125.4, 124.6, 107.0, 43.7, 36.5; IR (film): 3204, 1644, 1510,

1513, 1467, 1437, 1399, 1363; MS (ES+) m/z: 241.1[M+H]"; HRMS (ES+): m/z calcd

for C14H13N202 [M+H]+ 241.0977, found, 241.0982.

(2)-4-(2-(methylthio)-4-oxo0-1H-imidazol-5(4H)-ylidene)-2-phenyl-4,5,6,7-

tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (63): Compound 61 (449mg, 1.87mmol)
was dissolved in THF (25mL) and compound 42 ( 487mg, 3.74mmol) was added to the
reaction flask. The reaction mixture was cooled to 0°C and 1M solution of TiCl4 in DCM
(7.48mL, 7.48mmol) was added to the reaction mixture in drop-wise manner. The
reaction mixture was stirred for 30 minutes and pyridine (1.19 mL, 14.95 mmol) was

added to the reaction mixture dropwise over 15 min. The reaction mixture was stirred for

an additional 14 hours allowing it to gradually warm to room temperature. At this point

saturated NH4Cl solution (40mL) was added to the reaction mixture and contents of the

flask were transferred to the separatory funnel. Then the crude product was extracted

with ethyl acetate (50mL x 3). The ethyl acetate fractions were combined and dried over
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anhydrous Na»S04(500mg). The solvent was removed and the crude material was

purified by column chromatography (silica, EtOAc) to afford 63 (480mg, 73%). m.p.
decomposed over 250°C; lH NMR (500 MHz, DMSO-dg) & 8.01 (1H, s), 7.82 (2H, d, J
= 7.5 Hz), 7.26 (1H, t, J = 7.5 Hz), 3.44-3.46 (2H, m), 3.27-3.28 (2H, m), 2.65 (3H, s);
13C NMR (125 MHz, DMSO-dg) & 170.6, 162.8, 158.3, 135.4, 134.3, 133.6, 131.3,
128.7, 128.4, 127.1, 125.0, 124.0, 111.8, 39.1, 30.3, 12.1; IR (film): 3184, 3046, 2929,

1691, 1658, 1623, 1605, 1508, 1470, 1436, 1411 cm ; MS (ES+) m/z: 353.1 [M+H] -

HRMS (ES+) m/z calcd. for C1gH17N402S [M+H]Jr 353.1072, found, 353.1082.

(2)-4-(2-amino-4-oxo-1H-imidazol-5(4H)-ylidene)-2-phenyl-4,5,6,7-
tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (60): Compound 63 (115 mg, 0.32 mmol)

was added to THF in a sealed tube and ammonium hydroxide (5mL) was added to the

solution. The resulting mixture was heated at 90°C for 24 hours and then allowed to

cool to room temperature. Then the reaction mixture was concentrated crude material

was purified by column chromatography (silica, MeOH/DCM 1:4) to obtain 60 (321mg,
69%). m.p. decomposed above 250°C; lH NMR (500 MHz, DMSO-dg +CF3COOH) &
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7.89 (2H, d, J = 74 Hz), 7.38 (2H, t, J = 7.4 Hz), 7.27 (1H, t, J = 7.4 Hz), 6.86 (1H, s),
3.29 (4H, br); °C NMR (125 MHz, DMSO-dg +CF3COOH) & 163.7, 163.5, 163.5,

154.6, 135.9, 131.1, 130.2, 128.9, 128.2, 127.8, 125.8, 121.6, 121.0, 107.6, 39.2, 33.2;

IR (film): 2915, 2857, 2444, 1697, 1683, 1650, 1634, 1621, 1607, 1578, 1560, 1542,

1

1509, 1470, 1456 cm —; MS (ES+) m/z: 322.1 [M+H]+; HRMS (ES+) m/z calcd for

C17H16N502 [M+H]+ 322.1310, found 322.1304.

General procedure for preparing compounds 64-69:

Compound 63 (0.5-1mmol) was dissolved in THF (5mL) in a sealed tube. Appropriate
amine (4eq) was added to the solution. In case when amine was available as HCI-salt

(for preparation of compound 67 and 69), pyridine (4eq) was added to the reaction

mixture. The resulting mixture was heated at 90°C for 18 hours and then allowed to cool

to room temperature. Then the reaction mixture was concentrated and crude material
was purified by column chromatography (silica, MeOH/DCM 1:4) to afford the respective

natural product analogs 64-69 (67-80%).
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(2)-4-(2-(benzylamino)-4-oxo-1H-imidazol-5(4H)-ylidene)-2-phenyl-4,5,6,7-

tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (64):

"4 NMR (600MHz, DMSO-dg+drop of CF3COOH) & 7.86 (2H, d, J=7.8Hz), 7.35-7.39
(5H, m), 7.25-7.30 (2H, m), 6.87 (1H, s), 459 (2H, br), 3.31 (4H, br); “°C NMR

(150MHz, DMSO-dg+drop of CF3COOH) &6 163.8, 163.7, 154.0, 136.5, 136.0, 131.1,

130.6, 128.9 (s) , 128.4, 128.1 (s), 127.9 (s), 127.7 (s), 127.6, 125.8 (s), 121.0, 107.7

(s), 46.3 (d), 39.2 (d), 33.2 (d); IR (film): 3077, 2924, 2800, 1690, 1680, 1640, 1489,

1427, 1200, 11360m_1; MS (ES+) m/z: 412.2 [M+H]"; m.p. decomposes above 220-

0 +
222 C HRMS (ES+) calcd for C24H22Ns02 [M+H] 412.1774, found 412.1778.
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(2)-4-(2-((4-methoxybenzyl)amino)-4-oxo-1H-imidazol-5(4H)-ylidene)-2-phenyl-
4,5,6,7-tetrahydropyrrolo[2,3-c]azepin -8(1H)-one (65):

1H NMR (600MHz, DMSO-dg+drop of CF3COOH) 6 7.88 (2H, d, J=7.6), 7.36-7.40 (2H,
m), 7.26-7.32 (3H, m), 6.92-6.96 (2H, m), 6.87 (1H, s), 4.52 (2H, d, J=5.4), 6.87 (1H, s),
3.73 (3H, s), 3.31 (4H, br); 13C NMR (150MHz, DMSO-dg+drop of CF3COOH) 6 163.7,

163.4, 159.2, 153.6, 135.7, 130.9, 130.2, 129.1 (s), 128.6 (s), 128.1, 127.7 (s), 125.6

(s), 121.4, 120.7, 114.4 (s), 107.5 (s), 55.2 (1), 45.6 (d), 39.3 (d), 32.9 (d); IR (film):

2922, 2849, 1696, 1680, 1634, 1516, 1476, 1433, 1203, 1180, 1132 cm'l; MS (ES+)
m/z: 442.2 [M+H]+; m.p. decomposes above 25OOC; HRMS (ES+) calcd for

C25H24N503 [M+H]+ 442.1879, found 442.1880.
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(2)-4-(2-(cyclohexylamino)-4-oxo-1H-imidazol-5(4H)-ylidene)-2-phenyl-4,5,6,7-
tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (66):

'H NMR (500MHz, CD30OD+drop of CF3COOH at 50°C) & 7.75(2H, d, J=7.6Hz),
7.42(2H, t, J=7.6Hz), 7.33(1H, t, J=7.6Hz), 6.89 (1H, s), 3.46 (4H, br), 1.98 (2H, br),
1.80 (2H, br), 1.66 (1H, d, J=12.9), 1.41-1. 47 (4H, m), 1.28(1H, Br); -°C NMR
(125MHz, CD30D +drop of CF3COOH at 500C) 6 166.0 , 164.1, 160.3, 154.0, 138.5,

132.4, 132.1, 130.0, 129.2, 128.3 (s), 126.5 (s), 124.0 (s), 54.4, 40.9 (s), 33.5 (s), 32.0

(s), 26.0 (s), 25.3 (d); IR (film): 2930, 2855, 2800, 1727, 1700, 1676, 1615, 1663, 1516,

1466, 1450, 1205, 1181, 1136 cm_l; MS (ES+) m/z: 404.2 [M+H]+; m.p. decomposes

0 +
above 250 C; HRMS (ES+) calcd for C23H26N502 [M+H] 404.20887, found 404.2088.
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EtO E/V

(2)-ethyl 3-((4-ox0-5-(8-0x0-2-phenyl-5,6,7,8-tetrahydropyrrolo[2,3-c]azepin-4(1H)-
ylidene)-4,5-dihydro-1H-imidazol-2-yl)amino)propanoate (67):

T NMR (500MHz, DMSO-dg+drop of CF3COOH) & 7.88 (2H, d, J=7.6Hz), 7.39 (2H, t,
J=7.6Hz), 7.29 (1H, t, J=7.6Hz), 6.84 (1H, br), 4.08 (2H, q, J=7.1Hz), 3.59 (2H, br), 3.31
(4H, br), 2.67 (2H, m), 1.18 (3H, t, J=7.1Hz); -°C NMR (125MHz, DMSO-dg+drop of
CF3COOH) 6 171.0, 163.6, 163.5, 153.9, 135.8, 131.0, 130.2, 128.8 (s), 128.2, 127.8

(s), 125.7 (s), 121.4, 120.7, 107.3 (s), 60.5 (d), 39.9 (d), 39.8 (d), 33.3 (d), 33.1 (d), 14.1

(t); IR (film): 3222, 2921, 2993, 1728, 1717, 1696, 1686, 1653, 1636, 1617, 1203, 1138

cm_l; MS (ES+) m/z: 422.2 [M+H]+; m.p. 227-229OC; HRMS (ES+) calcd for

C22H24N504 [M+H]+ 422.1828, found 422.1831.
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(2)-4-(4-ox0-2-(propylamino)-1H-imidazol-5(4H)-ylidene)-2-phenyl-4,5,6,7-

tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (68):

'H NMR (600MHz, DMSO-dg+drop of CF3COOH) & 7.88 (2H, d, J=7.57Hz), 7.39 (2H, t,
J=7.69 Hz), 7.25 - 7.31 (1H, t, J=7.69 Hz), 6.86 (1H, d, J=2.20Hz), 3.22 - 3.36 (M, 6H),

1.49 - 1.58 (2H, m), 0.88 (3H, t, J=7.32); *3C NMR (150MHz, DMSO-dg+drop of

CF3COOH) & 163.7, 163.4, 153.6, 135.7, 135.7, 130.9, 129.7, 128.7 (s), 128.0, 127.6
(s), 125.6 (s), 121.4, 120.7, 107.4 (s), 44.5 (d), 39.2 (d), 32.9 (d), 22.3 (d), 10.7 (t); IR

(film): 2920, 1700, 1684, 1635, 1472, 1435, 1385, 1264, 1206, 1132 cm'l; MS (ES+)
m/z: 364.2 [M+H]+; m.p. decomposes above 27OOC; HRMS (ES+) calcd for

C20H22N502 [M+H]+ 364.1774, found 364.1777.
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(2)-4-(2-(methylamino)-4-oxo-1H-imidazol-5(4H)-ylidene)-2-phenyl-4,5,6,7-
tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (69):

1H NMR (500MHz, DMSO-dg+drop of CF3COOH) & 7.89 (2H, d, J=7.78 Hz), 7.37 -
7.41 (2H, 7, J=7.76), 7.22 (1H, 7, J=7.76), 6.85 (1H,s), 3.31 (4H, br), 2.97 (3H, d,
J=4.58); 130 NMR (125MHz, DMSO-dg+drop of CF3COOH) & 163.6, 163.3, 154.3,

135.6, 130.9, 129.7, 128.7 (s), 128.1, 127.6 (s), 125.6 (s), 121.4, 120.8, 107.5 (s), 39.1

(d), 32.8 (d), 29.6 (t); IR (film): 2975, 2920, 1701, 1684, 1635, 1617, 1676, 1559, 1437,

1385, 1265, 1198, 1191, 1128 cm *; MS (ES+) m/z: 336.1 [M+H]"; m.p. 240-242°C;

+
HRMS (ES+) calcd for C18H18N502 [M+H] 336.1461, found 336.1464.

_0 O

2-(3,4-dimethoxyphenyl)-6,7-dihydropyrrolo[2,3-c]azepine-4,8(1H,5H)-dione (75):

Compound 16 (185mg, 0.76mmol) was added in a mixture of toluene and ethanol (3:1,

40 mL) and 3,4-dimethoxyphenyl boronic acid 74 (166mg, 0.91mmol) and tetrakis
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(triphenylphosphine) palladium ( 44mg, 5mmol%) were added to the reaction mixture.

The a solution of sodium carbonate ( 242mg, 2.28mmol) in water (3 mL) was added to

the reaction mixture and the mixture was heated to 95°C for 18 hours. Then the

reaction mixture was allowed to cool to room temperature and partitioned between 10%
agqueous sodium bicarbonate solution (50 mL) and ethyl acetate (50 mL). The organic
layer was discarded while the aqueous sodium bicarbonate layer was acidified with 5%
HCI solution and the product was extracted into ethyl acetate (4 x 40 mL). The
dichloromethane fractions were combined and dried over anhydrous sodium sulfate

(500 mg). The solvent was removed and the crude material was purified by column
chromatography (silica, ethyl acetate) to afford 75 (229mg, 82%). 1H NMR (500MHz,
DMSO-dg) 6 7.57 (1H, d, J=1.95 Hz), 7.41 (1H, dd, J=8.42, 2.08 Hz), 6.94 (2H, dd,
J=5.62, 2.69 Hz), 3.84 (3H, s), 3.76 (3H, s), 3.38 - 3.40 (2H, m), 2.72 - 2.74 (2H, m);
13C NMR (125MHz, DMSO-dg) & 194.36, 162.3, 148.8, 148.4, 135.7, 128.3, 124.7,
123.5, 117.9 (s), 112.0 (s), 109.2 (s), 106.2 (s), 55.7 (t), 55.5 (t), 43.7 (d), 36.6 (d); IR
(film): 2923, 2849, 1653, 1644, 1636, 1491, 1468, 1256 cm ~: MS (ES+) m/z: 301.1
[M+H]+; m.p. decomposes above 18000; HRMS (ES+) calcd for C16H17N204 [M+H]+

301.1188, found 301.1192.
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(2)-2-(3,4-dimethoxyphenyl)-4-(2-(methylthio)-4-oxo-1H-imidazol-5(4H)-ylidene)-
4,5,6,7-tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (76):

Compound 75 (185mg, 0.62mmol) was dissolved in THF (20 mL) and compound 42
(160mg, 1.23mmol) was added to the reaction flask. The reaction mixture was cooled to

0°C and 1M solution of TiCl4 in DCM (2.46mL, 2.46mmol) was added to the reaction

mixture in drop-wise manner. The reaction mixture was stirred for 30 minutes and then
pyridine (0.39mL, 4.92mmol) was added to the reaction mixture in drop-wise manner

over 15 minutes. The reaction mixture was stirred for an additional 14 hours allowing it

to gradually warm to room temperature. At this point saturated NH4Cl solution (40mL)

was added to the reaction mixture and contents of the flask were transferred to the

separatory funnel. Then the crude product was extracted with ethyl acetate (50mL x 3).

The ethyl acetate fractions were combined and dried over anhydrous NapSOg4 (1g). The

solvent was removed and the crude material was purified by column chromatography

(silica, ethyl acetate) to afford 76 (152mg, 60%). lH NMR (500MHz, DMSO-dg) & 7.99

(1H, d, J=2.93 Hz), 7.51 (1H, d, J=1.95 Hz), 7.33 (1H, dd, J=8.30, 1.95 Hz), 6.98 (1H, d,

J=8.55 Hz), 3.77 (3H, s), 3.83 (3H, s), 3.43 - 3.45 (2H, m), 3.26 - 3.28 (2H, m), 2.66 (3H,
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s): 3¢ NMR (125MHz, DMSO-dg) & 170.6, 162.9, 158.1, 148.8, 148.1, 135.5, 134.6,

133.4, 127.8, 124.1, 124.0, 117.2 (s), 112.0 (s), 111.0 (s), 108.8 (s), 55.5 (1), 55.4 (1),

39.2 (d), 30.2 (d), 12.3 (1); IR (film): 2921, 2860, 1686, 1678, 1653, 1636, 1507, 1487,

1

1456, 1437, 1385, 1248, 1184, 1136 cm ; MS (ES+) m/z: 413.2 [M+H]": m.p.

0 +
decomposes above 250 C; HRMS (ES+) calcd for CooH21N404S [M+H] 413.1284,

found 413.1293.

(2)-4-(2-amino-4-oxo-1H-imidazol-5(4H)-ylidene)-2-(3,4-dimethoxyphenyl)-4,5,6,7-

tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (70):

Compound 76 (105mg, 0.25mmol) was added to THF (5mL) in a sealed tube and

ammonium hydroxide (5mL) was added to the solution. The resulting mixture was

heated at 90°C for 18 hours and then allowed to cool down to room temperature. Then

the reaction mixture was concentrated and crude material was purified by column

chromatography (silica, MeOH/DCM 1:4) affording 70 (50mg, 52%). lH NMR (600MHz,

DMSO-dg+drop of CF3COOH) & 7.57 (1H, d, J=2.20 Hz), 7.41 (1H, dd, J=8.30, 1.95
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Hz), 6.96 (1H, d, J=8.55 Hz), 6.77 (1H, d, J=2.44 Hz), 3.84 (3H, s), 3.77 (3H, s), 3.31
(4H, br): 3 NMR (150MHz, DMSO-dg+drop of CF3COOH) & 163.5, 163.2, 154.4,

149.1, 148.7, 136.0, 130.4, 127.4, 123.9, 121.4, 120.6, 118.2 (s), 112.4 (s), 109.7 (s),

106.4 (s), 55.8 (1), 55.7 (t), 39.2 (d), 32.9 (d); IR (film): 2921, 2851, 1701, 1684, 1653,

1558, 1489, 1473, 1456, 1258, 1204, 1181 cm ~; MS (ES+) m/z: 382.2 [M+H]": m.p.

0 +
decomposes above 250 C; HRMS (ES+) calcd for C19Ho0Ns5O4 [M+H] 382.1515,

found 382.1526.

2-(4-methoxyphenyl)-6,7-dihydropyrrolo[2,3-c]azepine-4,8(1H,5H)-dione (78):

Compound 16 (243mg, 1mmol) was added in a mixture of toluene and ethanol (3:1, 40
mL) and 4-methoxyphenyl boronic acid 77 (182mg, 1.2mmol) and tetrakis
(triphenylphosphine) palladium (58mg, 5mmol%) were added to the reaction mixture.

Then a solution of sodium carbonate (318mg, 3mmol) in water (3mL) was added to the

reaction mixture and the mixture was heated to 95°C for 18 hours. Then the reaction
mixture was allowed to cool to room temperature and partitioned between 10% aqueous
sodium bicarbonate solution (50 mL) and ethyl acetate (50mL). The organic layer was

discarded while the aqueous sodium bicarbonate layer was acidified with 5% HCI

solution and the product was extracted into ethyl acetate (40mL x 4). The ethyl acetate
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fractions were combined and dried over anhydrous sodium sulfate (500mg). The solvent

was removed and the crude material was purified by column chromatography (silica,

ethyl acetate) to afford 78 (189mg, 82%). 1H NMR (500MHz, DMSO-dg) & 7.83 (2H, d,
J=8.55 Hz), 6.94 (2H, d, J=8.79 Hz), 6.86 (1H, d, J=2.44 Hz), 3.77 (3H, s), 3.35 - 3.38
(2H, m), 2.70 - 2.72 (2H, m); *3C NMR (125MHz) (DMSO-dg) & 194.5, 162.1, 158.9,
135.4, 128.3, 126.8 (s), 124.6, 123.3, 114.1 (s), 105.9 (s), 55.2 (t), 43.7 (d), 36.5 (d); IR
(film): 3212, 3135, 2897, 1653, 1636, 1456, 1256 cm —; MS (ES+) m/z: 271.1 [M+H],
m.p. decomposes above 255-256°C; HRMS (ES+) calcd for C1sH15N203 [M+H]+

271.1083, found 271.1085.

S
N
HP\I/O
\
o 7
N H
H

(2)-2-(4-methoxyphenyl)-4-(2-(methylthio)-4-oxo0-1H-imidazol-5(4H)-ylidene)-

4,5,6,7-tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (79):

Compound 78 (410mg, 1.52mmol) was dissolved in THF (20mL) and compound 42

(783mg, 3.03mmol) was added to the reaction flask. The reaction mixture was cooled to

0°C and 1M solution of TiCls in DCM (6mL, 6mmol) was added to the reaction mixture

in drop-wise manner. The reaction mixture was stirred for 30 minutes and pyridine

(0.97mL, 12.1mmol) was added to the reaction mixture drop-wise manner over 15
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minutes. The reaction mixture was stirred for an additional 14 hours allowing it to

gradually warm to room temperature. At this point saturated NH4ClI solution (40mL) was

added to the reaction mixture and contents of the flask were transferred to the

separatory funnel. Then the crude product was extracted with ethyl acetate (50mL x 3).

The ethyl acetate fractions were combined and dried over anhydrous NaSO4 (500mg).

The solvent was removed and the crude material was purified by column

chromatography (silica, ethyl acetate) to afford 79 (285mg, 49%). 1H NMR (500MHz,
DMSO-dg) & 7.90 (1H, s), 7.76 (2H, d, J=8.30 Hz,), 6.95 (2H, d, J=8.30 Hz), 3.77 (3H,

s), 3.42 - 3.45 (2H, m), 3.25-3.27 (2H, m), 2.4 (3H, s): ~°C NMR (125MHz: DMSO-dg) &

170.6, 162.8, 158.6, 135.5, 134.4, 133.5, 131.5, 127.8, 126.4 (s), 124.0, 123.9, 114.2

(s), 110.7 (s), 55.1 (t), 39.2 (d), 30.3 (d), 12.2 (1); IR (film): 2980, 2910, 1676, 1632,

1

1588, 1478, 1456, 1435, 1252, 1179 cm ~: MS (ES+) m/z: 383.1[M+H]"; m.p.

0 +
decomposes above 240 C; HRMS (ES+) calcd for C1gH19N403S [M+H] 383.1178;

found 383.1185

(2)-4-(2-amino-4-oxo-1H-imidazol-5(4H)-ylidene)-2-(4-methoxyphenyl)-4,5,6,7-

tetrahydropyrrolo[2,3-c]azepin-8(1H)-one (71):
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Compound 79 (75mg, 0.2mmol) was added to THF (5mL) in a sealed tube and

ammonium hydroxide (5mL) was added to the solution. The resulting mixture was

heated at 90°C for 18 hours and then allowed to cool to room temperature. Then the

reaction mixture was concentrated and crude material was purified by column

chromatography (silica, MeOH/DCM 1:4) affording 71 (69mg, 65%). lH NMR (500MHz,
DMSO-dg+drop of CF3COOH) & 7.84 (2H, d, J=8.54 Hz), 6.96 (2H, d, J=8.54 Hz), 6.76

(1H, s), 3.77 (3H, s), 3.29 (4H, br); ->C NMR (125MHz, DMSO-dg+drop of CF3COOH) &

163.7, 163.6s, 154.7, 136.1, 130.6, 127.8, 127.4 (s), 126.9, 123.9, 121.7, 120.9, 114.5

(s), 106.6 (s), 55.6 (t), 39.6 (d), 33.2 (d); IR (film): 2995, 2935, 1696, 1684, 1653, 1636,

1617, 1559, 1539, 1491, 1456, 1437, 1385, 1260, 1206, 1138 cm'l; MS (ES+) m/z:
352.1 [M+H]+; m.p. decomposes above 25000; HRMS (ES+) calcd for C1gH18N503

+
[M+H] 352.1410, found 352.1412.

The structure of compound 64 was also verified by taking x-ray single crystal analysis

by Dr. Richard Staples
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Figure 2.15. Single crystal stucture of compound 64
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CHAPTER 3

SYNTHESIS AND KINASE PROFILING OF NOVEL BENZOAZEPINONE BASED

ANALOGS OF HMD

3.1. Introduction
Exploration of the structure activity relationship (SAR) is an essential undertaking in
the field of drug discovery. SAR enables the optimization of the structure for activity

of the lead molecule towards attaining the desired potency and selectivity for a

. 1
particular target protein.” Natural products, HMD and DBH, have been the structures

of the interest for many research groups who have prepared different analogs of the

2 .
natural products™ and have shown that small changes in the structure can make the

analogs more potent for certain CDKs or GSKSBg, ChKl4 or ChK25.

We have shown the synthesis of the indoloazepinone and 2-arylpyrroloazepinone
derivatives of the natural product in the previous chapters along with the kinase
profiling of these derivatives. A glance at these molecules (Figure 3.1) reveals one
common feature among others. These derivatives have pyrrolic or indolic nitrogen
atom. The study of the H-bond interaction in the crystal structure of ChK2 and DBH
reveals that this N-atom is present inside the binding pocket of the protein and is
projected towards the peptide chain. However, unlike the other N-atoms in the
molecules, which are involved in the donaptor interaction with different residues in
the binding pocket, this N-atom does not seem to have any polar residue in its
vicinity to establish any interaction. This raises the question on the importance of

having a hetero-atom at this site.
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Figure 3.1. HMD and its analogs
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Figure 3.2: Crystal structure of DBH in ATP binding pocket of ChK2

Previously we synthesized compound 81. In compound 81 the indolic N-atom was

protected with a methyl group. This compound lacked the ability to inhibit ChK2.

Figure 3.3: N-methylated indoloazepinone derivative of HMD

In order to establish the importance of this N-atom and to comprehend the loss of the
activity of compound 81, we were interested in synthesizing another class of HMD

analogs. We wanted to replace the pyrrole ring in these molecules with the phenyl
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ring and prepare the benzoazepinone compound 83. In these molecules instead of
protecting the N-atom, we replaced the pyrrole ring with the phenyl ring. The kinase
profiling of this class of compounds will address the loss of the activity of compound

81, and importance of the N-atom.

HoN
N
HRF O
\
: |
% H
83

Figure 3.4: Proposal for the new analog

On the route to achieve the synthesis of benzoazepinone analogs, we attempted the

synthesis of the following molecules with different substitutions on the phenyl ring.

HszjN HoN
HN_ /=0 iYL =0
\
N /o \
C /N | H |
H ~0 H
84 85

Figure 3.5: Benzoazepinone analogs of HMD
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3.2. Efforts towards synthesis of new analogs of the natural products

3.2.1. Efforts towards synthesis of compound 84

In order to synthesize compound 84, we envisioned to use the same synthetic
approach that we used for the synthesis of HMD and considered to use compound
86 as the key intermediate. Compound 86 could be prepared by intramolecular
Friedal-Craft reaction of compound 87, which can be prepared from commercially

available compound 88 as shown in scheme 3.1.

HZNYN
HN_ ~O X O
H
N \ — ®—<\ —1
N H
86

84

H HoN

N NI p— H2N
7
87

COOH
88

Scheme 3.1. Retrosynthetic analysis for compound 84

The synthesis started with the oxidative condensation of compound 88 with
benzaldehyde giving compound 89. Compound 89 was hydrolyzed and condensed
with B-alanine ethyl ester in presence of EDCI to yield compound 91. Basic

hydrolysis of compound 91 afforded the compound 87.
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Scheme 3.2. Synthesis of compound 87

Reactions and conditions: (a) PhCHO, TsOH, PhMe, 18h, 1100C, 13% (b) KOH,
MeOH, H20, reflux, 14h, 96% (c) HoNCH>CH2>CO2Et.HCI, EDCI, DMAP, DCM, OOC-

rt, 81% (d) LiOH, EtOH, H20, rt, 14h, 91%

In the next step compound 87 was heated with phosphorous pentoxide under acidic
conditions or treated with aluminum chloride but conversion to compound 86 was not

observed.

O

§ x
LD e ¥
J " "

HOOC 87 86

Scheme 3.3. Intramolecular Friedel-Craft reaction of compound 87

Reactions and conditions: P20s, MeSO3H or P2Osg, PPA or AICI3, DCM, reflux
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The aromatic ring in focus was part of the benzimidazole ring system. The phenyl
ring was thought to be lacking the electron richness sufficient enough to carry out
this reaction. We were attempting to carry out the Friedel-Craft reaction ortho to an

electron withdrawing group, and we were trying to make a seven-membered ring

with potentially 6-atoms bearing the spz-character. This made us to think that

Friedel-Craft reaction was not be the best strategy for these molecules and we opted

to use an alternate strategy.

We envisioned that the compound 86 can be prepared by Claisen condensation of
compound 92, which can be prepared by reaction of B-alanine ethyl ester with
compound 93. The compound 93 could be prepared from commercially available

compound 94.

o}
H Meo|g)c H
— />_©
H N/>_© Et00C ™~ N
86

92
O

H
p— />—© p—
94

93

Scheme 3.4. Retrosynthetic analysis of alternate approach to compound 86

In this scheme, the synthesis of compound 93 started with the oxidative
condensation of the compound 94 with benzaldehyde giving compound 95. The

compound 95 was oxidized to dicarboxylic acid 96. The dicarboxylic acid 96 was
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converted to the anhydride 97 using thionyl chloride. Then the anhydride ring of the
compound 97 was opened with methanol giving half ester 93 as shown in Scheme

3.5.

Scheme 3.5. Synthesis of compound 93

Reactions and conditions: (a) PhCHO, Na2S»0s, xylene, 14OOC, 18h, 84% (b)

KMnO., 'BUOH, H20, 70°C, 5h, 60% (c) SOCI,, reflux, 13h, 95% (d) MeOH, reflux,

14h, 62%

In order to prepare compound 92, the compound 93 was reacted with B-alanine ethyl
ester. However, it was found that compound 92 was unstable and would undergo

elimination of methanol to produce compound 98 as shown in scheme 3.6.
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Scheme 3.6. Reaction of compound 93 with B-alanine ethyl ester

Reactions and conditions: H)NCH>CH>COOEt.HCI, EDCI, DMAP, DCM, rt, 15h

31%

In order to circumvent this problem, the N-atom was protected with PMB-group. The

B-alanine ethyl ester was reacted with p-anisaldehyde to give compound 99 scheme

3.7.
0
‘s
COOEt COOEt
+ —_—
NH> NHPMB
- 99

Scheme 3.7. Protection of B-alanine ethyl ester with PMB-group

Reactions and conditions: (i) Benzene, reflux, 48h, (ii) NaBHg4, EtOH, rt, 48h 54%.
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The PMB-protection was expected to eliminate the formation of the phthalimide 98
so the compound 99 was reacted with compound 93 yielding compound 100 as

shown in scheme 3.8.

93 100

Scheme 3.8. Synthesis of compound 99

Reactions and conditions: (a) 98, EDCI, DMAP, DCM, rt, 14h 57%

In the next step compound 100 was subjected to Clainsen condensation; however

the condensation could not be achieved.

Me0OC H E100C_ H
IO - e IO
EtOOC > N PMB N
1

100 10

Scheme 3.9. Claisen condensation reaction with compound 100

Reactions and conditions: NaOMe, MeOH, reflux, 14 h or NaH, DMF, rt, 48h
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Although we eliminated the possibility of formation of the phthalimide, we made the
nitrogen atom very congested with the substituent groups. In our opinion this might
have made it difficult for the enolate ion to attain the correct orientation to attack the
methyl ester and yield the desired product. At this stage we considered changing the
substituents on the aromatic ring, so that it can be more electron rich. We decided to
continue the effort of making benzoazepinone based HMD-analogs with a more

electron right the aromatic ring of dimethoxy phenyl ring.
N
w0 O
N ~o

Figure 3.6: Benzimidazole ring (left) and dimethoxy phenyl ring (right)

3.2.2. Efforts towards synthesis of compound 85
In order to synthesize compound 85 we planned to apply a different approach. The
approach involved the generation of 7-membered azepinone ring by ring expansion

of the 6-membered dihydronaphthalenone compound 104.

o) O o)
p— p—
% * %
104
102

103

Scheme 3.10. Strategy of benzoazepindione synthesis
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It is considered that the azepindione type compounds can be prepared from

azapinone 103, which can be prepared by Schmidt reaction of the compound 104.

In this synthesis, molecule 105 was considered to be the key intermediate and can
be prepared by benzylic oxidation of the compound 106, which in turn can be
prepared by ring expansion of the compound 107 via Schmidt rearrangement. The

compound 107 can be obtained from compound 108.

0 @) @)
@) NH O
e @) e
Dﬁj — o) = 00 — W0
105 106 107 108

Figure 3.7: Retrosynthethic considerations for synthesis of compound 105

The synthesis started with the reaction of the compound 108 with succinic anhydride
giving compound 109. Hydride reduction of the ketone on compound 109 gave
compound 110. Compound 110 was subjected to Friedel-Craft acylation to yield

compound 107.
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Scheme 3.11. Synthesis of compound 107

Reactions and conditions: (a) Succinic anhydride, AICI3, DCM, reflux, 4h, 90% (ii)

Et3SiH, TFA, 15min, rt, 91% (3) TFAA, TFA, 1h, rt, 93%

In the next step of the synthesis, ring expansion was carried out to generate
azepinone ring utilizing Schmidt rearrangement. In this reaction compound 107 was
treated with sodium azide under acidic conditions yielding compound 106 as shown

in scheme 3.12.

o] 0]
0 . .0 NH
\Om \O:(:CL/)
107 106

Scheme 3.12. Schmidt rearrangement

Reactions and conditions: NaN3, MeSOz3H, 48h, rt, 52%
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The next step was to oxidize the benzylic methylene of compound 106 to carbonyl

group to obtain compound 105. The oxidation of this benzylic site of azepinone ring

again proved challenging. A number of oxidants including HslOg, FeCIg/tBuOOH,

CrOa/'BUOOH, HslOg/CrOs, AIBN/BUOOH, CAN, NBS/CaCOs3, PCC/'BUOOH,

IBX/Oxone and DDQ did not give any conversion or gave little conversion at all.
Sodium bismuthate gave better conversion in the initial screening. The optimization
of the reaction conditions led to the increase of the reaction yield to 41% of

compound 105.

0
? 0 NH
-~
/OmH .
N
o)
~0
o)
106 105

Scheme 3.13. Oxidation of compound 106

Reactions and conditions: NaBiO3, AcOH, H20, 72h, reflux, 41%

Once compound 105 was prepared, it was the time to complete the synthesis of the
HMD analog. In this regard, compound 105 was reacted with com 42 using titanium

tetrachloride and then with ammonium hydroxide yielding the product 85.

124



HoN

N
o O HRI/ O
N H HN_ =0 -
105
85

Scheme 3.14. Completion of the synthesis

Reactions and conditions: (i) TiClg, py, THF, -1OOC, rt or BF3.0OEty, py, THF, -

10°C, rt (i) NH4OH, THF, 110°C, 14hr

The kinase profiling of this compound will be carried out in the short while.

125



3.3. Experimental section

H

s L0

Methyl 2-phenyl-1H-benzo[d]imidazole-5-carboxylate(89):

Compound 88 (1g, 6mmol) was dissolved in toluene (30mL) in a 100 mL round
bottom flask. TsSOH (30mg, 0.17mmol) and benzaldehyde (0.62mL, 6.1mmol) were

added to the reaction mixture. The reaction mixture was refluxed for 18 hours at

110°C. Then the mixture was cooled to room temperature and washed with 10%

NaHCO3 solution (100mL x 3) and brine (100mL). The crude material was purified

by column chromatography (silica 3:1 Dichloromethane: ethyl acetate) affording

compound 89 (200mg, 13%). 1H NMR (600MHz, DMSO-dg+drop of CF3COOH) &
8.3 (1H, m), 8.21 (2H, dd, J=8.5, 1.5 Hz), 8.05 (1H, dd, J=8.5, 1.5 Hz), 7.89 (1H, d,
J= 8.5 Hz), 7.69-7.74 (3H, m), 3.90 (3H, s): -°C NMR (150MHz, DMSO-dg+drop of
CF3COOH) 6 164.8, 152.0, 136.6, 133.5, 133.3 (s), 129.7 (s), 128.0 (s), 126.5, 126.0

(s), 124.3, 115.8 (s), 114.5 (s), 52.5 (t).

H
N

HO N/>_©

2-phenyl-1H-benzo[d]imidazole-5-carboxylic acid (90):

In a 250 mL round bottom flask, compound 89 (1.5g, 5.95mmol) was dissolved in

methanol (20mL). KOH (336mg, 6mmol) was dissolved in water (5 mL) and this
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aqueous solution of KOH was added to the reaction mixture. The mixture was
refluxed for 14 hours. Then the temperature of the flask was allowed to cool down to
room temperature and the solvent was removed. The residue thus obtained was

dissolved in water (50mL) and this aqueous solution was acidified by 1N HCI to

pH=1. Then the reaction mixture was cooled 10°C and the suspension of the product

was stirred for 15 minutes and then collected by filtration and dried in vacuo affording

compound 90 (1.35g, 96%). lH NMR (500MHz, DMSO-dg) 6 8.36 (2H, m), 8.30 (1H,
s), 8.04 (1H, d, J=8 Hz), 7.86 (1H, d, J= 9 Hz), 7.69 (3h, m); °C NMR (125 MHz,

DMSO-dg) & 166.9, 151.5, 136.8, 132.8(s), 132.9, 129.5(s), 128.0(s), 127.3,

125.9(s), 124.7, 115.8(s), 114.2 (s).

Ethyl 3-(2-phenyl-1H-benzo[d]imidazole-5-carboxamido)propanoate(91):

EtOOC

Compound 90 (600mg, 2.52mmol) was suspended in DCM (50mL). The reaction

mixture was cooled to 0°C and B-alanine ethyl ester (318mg, 2.71mmol), DMAP

(540mg, 4.42mmol) and N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDCI.HCI)

(600mg, 3.13mmol) were added to the stirring solution. The reaction mixture was

stirred at 0°C for 4h and then allowed to reaction to warm up to room temperature

over 20h. Then the contents of the reaction mixture were transferred to separatory

funnel and washed with sat. NaHCO3 soln. (100mL), water (100mL), sat. NH4ClI
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soln. (100mL) and brine (100mL). Then the organic layer was collected and dried

over Mg2SO4 (1g). Then the solvent was removed and the residue was dried in
vacuo yielding compound 91 (659mg, 81%). lH NMR (600MHz, DMSO-dg+drop of
CF3COOH) 6 8.22 (3H, m), 8.02 (1H, dd, J=8.5, 1.5bHz), 7.90 (1H, d, J= 8.5 Hz),
7.73-7.77 (3H, m), 4.07 (2H, q, J=7.1 Hz), 3.54 (2H, q, J=7.0 Hz), 2.61 (2H, t, J=7.0
Hz), 1.17 (3H, t, J=7.1 Hz); =°C NMR (150MHz, DMSO-dg+drop of CF3COOH) &

171.3, 165.5, 151.0, 14.1 (t), 133.6, 132.2, 132.1 (s), 129.8 (s), 128.3 (s), 125.1 (s),

123.4, 114.0 (s), 113.4 (s), 60.0 (d), 35.8 (d), 33.8 (d).

3-(2-phenyl-1H-benzo[d]imidazole-5-carboxamido)propanoic acid (87):

HOOC

In a 250 mL round bottom flask, compound 91 (659g, 1.95mmol) was dissolved in
methanol (30mL). KOH (150mg) was dissolved in water (5mL) and this aqueous
solution of KOH was added to the reaction mixture. The mixture was refluxed for 14
hours. Then the reaction mixture was allowed to cool down to room temperature and
the solvent was removed. The residue thus obtained was dissolved in water (50mL)

and this aqueous solution was acidified by 1N HCI to pH=1. Then the reaction
mixture was cooled 10°C and the suspension of the product was stirred for 15
minutes. The desired product was collected by filtration and dried in vacuo affording
compound 87 (550 mg, 91%). 1H NMR (500MHz, DMSO-dg) 6 8.79 (1H, t), 8.32

(2H, m), 8.24 (1H, s), 7.96 (1H, d, J=8 Hz), 7.82 (1H, d, J=8 Hz), 7.71 (3H, m), 3.50
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(2H, q), 2.55 (2H, 1); °C NMR (125 MHz, DMSO- dg) 5 173.6, 166.1, 151.06, 134.7,
134.1, 132.8, 132.6(s), 130.3(s), 129.0(s), 125.6(s), 124.0, 114.4(s), 114.0(s),

36.5(d), 34.5(d).

-0

5,6-dimethyl-2-phenyl-1H-benzo[d]imidazole (95):

Compound 94 (1, 7.35mmol) was dissolved in xylene (10mL) in 100 mL round
bottom flask. Benzaldehyde (0.75mL, 7.35mmol) and sodium hydrogensulfite (1.4g,

7.6mmol) were added to the reaction mixture. The reaction mixture was refluxed at

14OOC for 18 hours. Then the reaction mixture was allowed to cool down to room

temperature and the solvent was removed. The residue thus obtained was subjected

to purification by column chromatography (hexane:ethyl acetate 1:1) to affor 95

(1.379, 84%). "H NMR (500MHz, DMSO- dg) & 8.14(2H.d, J=2 Hz ), 7.47(2H,m ),

7.42 (3H,m ), 2.31(6H,d, J=10 Hz); ->C NMR (125 MHz, DMSO- dg) 5 150.3, 130.4,

129.4(s), 128.8(s), 126.1(s), 20.0(t).
HOOC H
)
HOOCI;EN
2-phenyl-1H-benzo[d]imidazole-5,6-dicarboxylic acid (96):

The compound 95 (220mg, 1mmol) was dissolved in a mixture of H20/tBuOH (1:1,

30mL) in a 100 mL round bottom flask. The reaction mixture was warmed up to
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70°C. At this temperature a solution of potassium permanganate (1.58g, 10mmol) in
water (30mL) was added to the reaction mixture in drop-wise manner over a period
of 5 hours. The reaction mixture was heated at 70°C for one more hour. Then the

reaction mixture was allowed to cool down to room temperature and the solvent was
removed. Then anhydrous sodium sulfite (630mg, 5mmol) was added to the reaction
mixture to decompose excess of potassium permanganate present in the reaction
mixture. The reaction mixture was stirred for more 30 minutes to complete the
decomposition. Then, in order to remove insoluble by-products, the reaction mixture

was filtered and the residue was washed the residue with hot water (50mL). The

filterate and aqueous washing were combined and cooled to 0°C. The filterate was
acidified with HCI to pH 2 resulting in the precipitation of the desired product. The
precipitate was filtered and dried in vacuo affording 96 (130mg, 59%). lH NMR

(500MHz, DMSO- dg) & 8.23(2H,d, J=7.5 Hz), 7.85(2H, s), 7.55 (3H, m ); -°C NMR

(125 MHz, DMSO- dg) & 169.0, 154.5, 130.7(s), 129.3, 129.1(s), 128.8, 127.5,

126.9(s).

o H
N

‘o,

2-phenyl-1H-isobenzofuro[5,6-d]imidazole-5,7-dione (97):

Compound 96 (670mg, 2.53mmol) was placed in a 100mL round bottom flask and
thionyl chloride (15mL) was added to the flask at room temperature. The reaction

mixture was then refluxed for 13 hours. At this point, the reaction mixture was cooled
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down and the excess of thionyl chloride was removed using rotary evaporator. In
order to ensure complete removal of thionyl chloride, benzene (10mL) was added to

the reaction mixture, the mixture was stirred for 5 minutes. Then the solvent was

removed and the residue was dried in vacuo affording 97 (600mg, 95%). lH NMR
(500MHz, DMSO- dg) 6 8.34(2H, m), 8.24(2H,s), 7.61 (3H,m ); 130 NMR (125 MHz,

DMSO- dg) & 163.6, 156.7, 131.6(s), 129.2(s), 128.2, 127.4(s), 124.6, 112.8.

6-(methoxycarbonyl)-2-phenyl-1H-benzo[d]imidazole-5-carboxylic acid (93):

Added compound 97 (500mg, 1.89mmol) dissolved in methanol (15ml) in a 250 mL
round bottom flask. The reaction mixture was refluxed for 14 hours. Then allowed the
temperature of the reaction mixture to drop down to room temperature. Then the

solvent was removed and the residue was dried in vacuo affording 93 (350mg, 62%).

11 NMR (500MHz, DMSO- dg) & 8.34(2H, m), 8.05(1H.s), 7.92 (1H, s ), 7.65 (3H,m

), 3.82 (3H, s); 13C NMR (125 MHz, DMSO- dg) & 168., 167.8, 153.4, 133.3, 132.2,

129.5,129.4,129.1, 128.7, 128.5, 127.8, 127.6, 115.7, 115, 52.53(t).
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Ethyl 3-(5,7-dioxo-2-phenylimidazo[4,5-f]isoindol-6(1H,5H,7H)-yl)propanoate

(98): Compound 93 (340mg, 1.15mmol) was dissolved in dichloromethane (15mL).

Cooled the reaction mixture to 0°C and added B-alanine ethyl ester (178mg,

1.16mmol), EDCI (240mg, 1.25mmol) and DMAP (150mg, 1.23mmol) to the stirring
reaction mixture. Stirred the mixture for 15 hours, allowing the reaction temperature

to gradually rise to room temperature. Then the contents of the reaction mixture were

transfer to separatory funnel and washed with sat. NaHCO3 soln. (100mL), water
(100mL), sat. NH4ClI soln. (100mL) and brine (100mL). Then the organic layer was
collected and dried over Mg2SO4 (1g). Purified the product by column
chromatography (silica, EtOAc) to give 98 (130mg, 31%). 1H NMR (500MHz, DMSO-
de) & 8.19(2H, m), 7.97(2H,br), 7.55 (3H,m ), 4.02 (2H,q, J=7 Hz ), 3.80(2H,t, J=7

Hz), 2.65 (2H,t, J=7 Hz), 1.10(3H,t, J=7 Hz); “°C NMR (125 MHz, DMSO- dg) &

170.61, 167.72, 155.20, 130.96, 129.18, 128.99, 126.85, 125.74, 60.17, 33.61,

32.63, 13.94.
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Ethyl 3-(4-methoxybenzylamino)propanoate (99):

Dissolved p-methoxybenzaldehyde (4.4mL, 32.68mmol) in benzene (25mL) in a 100
mL round bottom flask. Added B-alanine ethyl ester (5g, 31.7mmol) to the reaction
mixture and refluxed for 48 hours. Then the reaction mixture was cooled to room
temperature and sodium borohydride (1.2g, 31mmol) was added to the reaction
mixture. Methanol (5mL) was added to the reaction mixture in dropwise mannder
and the reaction mixture was stirred for 48 hours at room temperature. Then the
solvent was removed and crude product was purified by column chromatography
(silica, EtOAC) to give 99 (4.2g, 54%). "H NMR (500MHz, CDCl3) & 7.20(2H,d,
J=8Hz), 6.82 (2H,d, J=8Hz), 4.11 (2H,q, 7Hz ), 3.76 (3H,s), 3.70 (2H,s), 2.85 (2H,

J=7Hz), 2.48 (2H,t, J=7Hz), 1.23(3H.t, J=7Hz); ->C NMR (125 MHz, CDCl3) & 172.6,

158.6, 132.3, 129.2(s), 113.8(s), 60.4(d), 55.2(t), 53.1(d),44.4(d), 34.7(d), 14.2(1).
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Methyl 5-((3-ethoxy-3-oxopropyl)(4-methoxybenzyl)carbamoyl)-2-phenyl-1H-

benzo[d]imidazole-6-carboxylate (100):
Compound 93 (100mg, 0.34mmol) was dissolved in dichloromethane (15mL).

Cooled the reaction mixture to 0°C and added 99 (80.58mg, 0.34mmol), EDCI

(96mg, 0.5mmol) and DMAP (61mg, 0.5mmol) to the stirring reaction mixture. Stirred
the mixture for 14 hours, allowing the reaction temperature to gradually rise to room

temperature. Then the contents of the reaction mixture were transfer to separatory

funnel and washed with sat. NaHCO3 soln. (100mL), water (100mL), sat. NH4ClI

soln. (100 mL) and brine (100mL). Then the organic layer was collected and dried

over Mg2S0Og4 (1g). Purified the product by column chromatography (silica, Hexanes:
ethyl acetate 1:1) to give 100 (100mg, 57%). 1H NMR and 13C NMR (125 MHz,

DMSO- dg) showing a mixture of rotamers. MS (ES) m/z: M* 515
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4-(3,4-dimethoxyphenyl)-4-oxobutanoic acid (109):

Suspended aluminum chloride (800mgs, 6mmol) in dichloromethane in 100mL round
bottom flask. Added veratrole 108 (0.64mL, 5mmol) and succinic anhydride
(600mgs, 6mmol) to the reaction mixture. Then refluxed the reaction mixture for 4
hours. Then allowed the reaction mixture to cool to room temperature and
transferred the contents of the reaction flask to separatory flask. Washed the organic

layer using 10% HCI soln. (150mL) and brine soln. (150mL). Then collected the
organic fraction of the separatory flask and dried it over Mg2S0O4 (19), removed the
solvent 109 (1g, 90%). "H NMR (500MHz, CDCl3) & 7.59 (1H, dd, J=2, 6 Hz), 7.50
(1H, d, J=2 Hz), 6.86 (1H, d, J=6 hz), 3.92 (3H, s), 3.90 (3H, s), 3.26 (2H, t, J=7 Hz),
2.77 (2H, t, J=7 Hz); 13C NMR (125 MHz, CDCI3) 6 196.43, 178.80, 153.45, 149.01,

129.57, 122.70 (s), 110.06(s), 110.01(s), 56.03(t), 55.93(t), 32.63(d), 28.17(d).

OH

4-(3,4-dimethoxyphenyl)butanoic acid (110):

Dissolved 109 (395 mgs, 1.66mmol) in trifluoroacetic acid (7ml) in 50 mL round
bottom flask. Vigorously stirred the reaction mixture and in drop-wise manner added

triethyl silane (0.8ml, 5mmol) to the reaction mixture. Stirred the reaction mixture for
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15 minutes, and then concentrated in vacuo to obtain dark brown oil. The oil was
dissolved in 10% aqueous KOH (50mL). The aqueous solution was transferred to
separatory flask, then it was acidified with HCI and the product was extracted using

DCM (50 mL x 3). The DCM fractions were combined, dried over magnesium sulfate
and the solvent was removed to yield 110 (334mgs, 91%). lH NMR (300MHz,
CDCI3) & 6.81 (3H, m), 3.89 (3H, s), 3.88(3H, s), 2.65(2H, t, J=8 Hz), 2.39(2H, t, J=8
Hz), 1.98(2H, m), *C NMR (75MHz, CDCl3) 5179.94, 148.69, 147.17, 133.74,
120.31(s), 111.66(s), 111.19(s), 55.81(t), 55.71(t), 34.47(d), 33.18(d), 26.28(d).

@)
O
~O
6,7-dimethoxy-3,4-dihydronaphthalen-1(2H)-one (107):

Dissolved 110 (7g, 31.2mmol) in trifluoroacetic acid (40mL) at room temperature in
100 mL round bottom flask. Added trifluoroacetic anhydride (50mL) to the reaction
mixture and stirred for 30 minutes at room temperature. Then the reaction mixture
was concentrated in vacuo and the residue thus obtained was dissolved in 10%
aqueous KOH (100mL). The aqueous solution was transferred to separatory flask,
then it was acidified with HCI and the product was extracted using DCM (50 mL x 3).

The DCM fractions were combined, dried over magnesium sulfate and the solvent

was removed and residue was dried in vacuo affording 107 (6g, 93%). 1H NMR
(500MHz, CDCI3) 6 7.41 (1H, s), 6.58 (1H, s), 3.83 (3H, s), 3.81 (3H, s), 2.79(2H, t,

J=7 Hz), 2.48(2H, t, J=7 Hz), 2.01 (2H, m); =°C NMR (125 MHz, CDCl3) & 196.92,
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153.25, 147.67, 125.58, 110.00(s), 108.22(s), 55.79(t), 55.73(t), 38.30(d), 29.21(d),

23.41(d).

O
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7,8-dimethoxy-2,3,4,5-tetrahydro-1H-benzo[c]azepin-1-one (106):
Dissolved 107 (3.7g, 17.94mmol) in methanesulfonic acid (30mL) in 100 mL round

bottom flask. The reaction mixture was cooled to OOC in ice-bath and sodium azide

(1.6g, 24mmol) was slowly added to the reaction mixture over 15 minutes. Stirred the
contents of the reaction flask for two days and allowed the temperature to rise back

to room temperature. Then cooled the reaction mixture in ice-bath and neutralized

the acid with 10% NaHCOs3 solution. The reaction mixture was transferred to the

separatory flask and extracted the organic compounds from this aqueous solution

using DCM (100mL x 3). Combined the DCM fractions and dried these over Mg2SOg4

(1g). Removed the solvent and purified the product by column chromatography
(silica, ethyl acetate) affording 106 (2.7g, 68%) 1H NMR (500MHz, CDCI3) &
7.21(1H, s), 6.63(1H, s), 3.88(3H, s), 3.86 (3H, s), 3.10 (2H, q, J=6 Hz), 2.76 (2H, t,
J=6 Hz), 1.97(2H, m); -°C NMR (125 MHz, CDCl3) & 174.20 , 150.92, 147.62,

132.07, 126.79, 111.61(s), 111.47(s), 55.96(t), 55.87(t), 39.73(d), 30.73(d), 30.12(d).
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7,8-dimethoxy-3,4-dihydro-1H-benzo[c]azepine-1,5(2H)-dione (105):

Dissolved 106 (1g, 4.52mmol) in acetic acid (20mL) and water (20mL). Added
sodium bismuthate (159, 72mmol) to the reaction mixture in three equal portions at
intervals of 24 hours and refluxed the reaction mixture for a total of 72 hours. Then
allowed the reaction mixture to cool down to room temperature and filtered to
remove the insoluble residue. The residue was discarded and the acetic acid was
removed from the filterate giving black organic mixture, which was dissolved in ethyl

acetate (200mL). The ethyl acetate solution was transferred to a separatory flask
and washed with 10% NaHCO3 (100mL) and brine (100mL). The organic layer was,
then, dried over Mg2SO4 and solvent was removed. In the last step purified the
crude product by column chromatography (silica, ethyl acetate) affording 105
(436mgs, 41%). 1 NMR (500MHz, CDCl3) & 7.41(s, 1H), 7.26(1H, s), 3.95 (3H, s),
3.92 (3H, s), 3.48 (2H, g, J=5Hz), 2.93 (2H, t, J=5Hz) *3C NMR (125 MHz, CDClg) &
200.30, 170.52, 152.71, 151.51, 129.23, 126.32, 112.68(s), 110.87(s), 56.34(t),
56.21(t), 45.90(d), 37.01(d); IR (film) 3314(br) 1719, 1653 cm *; MS (ES+) m/z:
235.1 (M)+; m.p. 18800; HRMS (ES+) calcd for C12H14NOg [M+H]Jr 236.0923, found

236.0929.
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7,8-dimethoxy-3,4-dihydro-1H-benzo[c]azepine-1,5(2H)-dione (85):
Dissolved 105 (150mg, 0.638mmol) was dissolved in THF (50 mL) and compound 42

(166mg, 1.275mmol) was added to the reaction flask. The reaction mixture was

cooled to 0°C and 1M solution of TiCls in DCM (2.55mL, 2.55mmol) was added to

the reaction mixture in drop-wise manner. The reaction mixture was stirred for 30
minutes and then pyridine (0.4mL, 5.1mmol) was added to the reaction mixture in
drop-wise manner over 15 minutes. Then the reaction mixture was stirred for an

additional 14 hours allowing it to gradually warm to room temperature. At this point

saturated NH4Cl solution (40mL) was added to the reaction mixture and contents of

the flask were transferred to the separatory funnel, the organic layer was obtained
and the solvent was removed, the residue was passed through a short silica plug
using EtOAc. The solvent was removed and the residue was then transferred to the

sealed tube. THF (2mL) and ammonium hydroxide (5mL) were added to the sealed

tube. The resulting mixture was heated at 90°C for 18 hours and then allowed to

cool down to room temperature. Then the reaction mixture was concentrated and

crude material was purified by column chromatography (silica, MeOH/DCM 1:4)

affording 70 (35mg, 17%). "H NMR (500MHz, CDCl3) & 7.25 (1 H, s), 6.93 (1 H, s),

3.83 (3 H, s), 3.81 (3 H, s), 3.14 (4 H, br): -°C NMR (125 MHz, DMSO-dg+ a drop of
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CF3COOH) & 170.43, 163.3, 154.9, 151.4, 150.2, 133.9, 128.2, 126.4, 125.5, 112.8
(s), 112.21 (s), 56.2 (t), 56.1 (t), 38.1 (d), 35.4 (d); IR (KBr): 3409, 3298, 1722, 1707,

1682, 1644, 1205, 1181 cm_l; MS (ES) m/z: 317.1 [M+H]+; m.p. decomposes over

250°C; HRMS (ES+): m/z calcd for C15H17N404 [M+H]+ 317.1250, found 317.1252.
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CHAPTER 4

SYNTHESIS OF 1,2,4-TRIAZOLINES AND TRIAZOLES UTILIZING OXAZOLONES

4.1. Introduction

The diversity oriented synthesis of small molecule libraries has plays an important role

. . 1 .
in the development of new pharmaceutical agents.” The strategies that allow the

production of library of molecules with considerable structural variation hold importance
in the field of drug discovery as screening of these libraries leads not only to
identification of new drug candidates, but also to new therapeutic protein targets, which

could be regulated by small molecules.

The oxazolone template has been a scaffold of interest for many research groups for

the synthesis of [3-Iactams,2 pyrroles,3 pyrrolines4 and imidazoles.5 Our group has also

exploited the oxazolone template as a pivotal scaffold to access a wide range of

heterocyclic compounds and natural products, including imidazolines, imidazolones,

dihydropyrrolines, alkoxypyrrolidinones, dihydro- imidazolones and oxazoles.6

Oxazolones are unique in that these templates contain multiple reactive sites capable of

yielding a wide range of diverse products by minor manipulations of the reaction

” ) 7 ) .
conditions or reaction substrates.” Based on these previous observations, we

anticipated that oxazolones could be ideal substrates to access libraries of triazoline

and triazole compounds.
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Scheme 4.1. Oxazolone as template for synthesis of heterocycles

The 1,2,4-triazoline core belongs to an underutilized class of heterocycles whose
biological properties remain largely unexplored. There are only a handful of the
examples of syntheses of 1,2,4-triazolines with quaternary C-3 carbon containing alkoxy
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carbonyl or carboxyl moieties. Kolasa and Miller” have reported three examples of the

triazoline synthesis from a-amino acids utilizing the Mitsunobu reaction conditions. Ibata

9 - . . L .
and Hassner  have utilized oxazoles and thiazoles for the synthesis of this triazoline

: 10 . . . .
motif. Anderson and Watt"  have showed the generation of triazoline adduct along with

Michael-type addition product upon the reaction of imidazopyridine with

. - 11 - .
azodicarboxylates. Similarly, Tsuge and coworkers™ ™ have utilized the azodicarboxylate

compounds with N-[(trimethylsilyl) methyl] iminium triflates to synthesize the
imidazolines and the triazolines. However, the cycloaddition of oxazolone with
azodicarboxylate compounds was unprecedented. We envisioned that oxazolone could
be used for the synthesis of triazoline compound through cycloaddition reaction with

azodicarboxylate compounds.

4.2. Cycloaddition of oxazolone with azodicarboxylate compounds

4.2.1. Scope of the catalyst

As in our previously reported cycloaddition reactions of oxazolones, a Lewis acid was
required for the cycloaddition reaction to take place. Therefore, to check the possibility
of the reaction to take place, we reacted 4-methyl-2-phenyloxazol-5(4H)-one (111) with
diethyl azodicarboxylate (DEAD) in dichloromethane at room temperature using a range
of catalysts. The reaction was analyzed at the after 4 hours and 9 hours of stirring the
reaction mixture. To our delight, the reaction yielded the product at room temperature
and did not require a catalyst. The catalyst caused to the lowering of the reaction yield

in the given reaction time.
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Table 4.1. Catalyst scope

o)
Ph ’\?LOEt
|\TN OFEt

f ’\?LOEt

HO
112
Reaction Yield Reaction
Catalyst Yield(%)

Time (hr) (%) Time (hr)
1 No catalyst 4hr 58 9hr 75
2 TMS-CI 4hr 70 Shr 75
3 AgOAcC 4hr 16 Shr 20
4 AICl3 4hr 21 9hr 33
5 Cu(OAC)2 4hr 8
6 Mg2SO4 4hr 10

4.2.2. Solvent scope

Next the scope of the solvent was evaluated. The reaction was carried out in a range of
solvents including acetonitrile, benzene, diethyl ether and tetrahydrofuran for a period of
9 hours at room temperature and the reaction was evaluated for the yield (Table 4.2).
Among the solvent evaluated in this scope, diethyl ether gave the lowest yield of the
product in the given reaction time. Acetonitrile was found to be the superior solvent for

this reaction.
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Table 4.2. Solvent scope

0
OEt
\/\: ’\PLOEt Phl\ﬁf’\?,: OEt

HO
112
Yield
Solvent
(%)
1 MeCN 94
2 DCM 75
3 CeHs 22
4 THF 26
5 Et2O 15

The reaction was then examined in acetonitrile for the conversion of the reactant into
product over time. The reaction was carried out for 5, 6, 7,8, 9, 10, 11, 12, 18, 24 and
30 hours and then evaluated for the conversion. The examination revealed that the

compound 111 was quantitatively converted into compound 113 in 11 hours (Table 4.3).
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Table 4.3. Optimization of reaction time

O
Ph. o o Ph ’\PLOEt
W,\]/ o) OEt  MeCN I\T \_ OEt

* N OEt —>

rt HO

111
112
Reaction
Yield (%)
time (h)

1 5 55%
2 6 67
3 7 82
4 8 89
5 9 93
6 10 99
7 11 100
8 12 100
9 18 100
10 24 94
11 30 97

4.2.3. Reaction scope
The scope of the reaction was evaluated for commercially available azodicarboxylate

compounds and the range of the substituents on the oxazolone.
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Table 4.4. Scope of the reaction

O 3
1 rR1 ’\?;OR
R 3
\'\LO/\:O Azodicarboxylate= E{f N\go R
R2 MeCN, rt HO R2
1 5 Azo- Reaction | Yield
Substrate R R Product
dicarboxylate time (h) (%)
1 111 Ph Me DEAD 112 11 100
2 111 Ph Me DIAD 113 11 99
3 111 Ph Me PTAD 114 4 85*
4 115 p-NO2-CgHy Me DEAD 116 22 50**
5 117 p-F-CeHg Me DEAD 118 11 98
6 119 p-MeO-CgHg Me DEAD 120 11 85
7 121 Ph Bn DEAD 122 11 82
8 123 Ph iPr DEAD 124 22 95**
Ph Indolyl-3-
9 125 DEAD 126 22 94+
methyl

* |solated as TMS-methyl ester (127).
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** Yields of 89%, 84% and 82% were obtained for entries 4, 8 and 9 respectively, when
the reaction was carried out at room temperature for 9 hours in dichloromethane using 2

equivalents of DEAD.

Although the diisopropyl azodicarboxylate (DIAD) is sterically more demanding than
DEAD, the reaction with DIAD proceeded smoothly leading to the excellent yield of the
triazoline product 113 (Table 4.4, entries 2). Similarly, 4-phenyl-1,2,4-triazoline-3,5-
dione (PTAD) also rendered the triazoline product 114 in excellent yield (Table 4.4,

entry 3).

Different oxazolones were prepared from N-acyl amino acids, using trifluoroacetic
anhydride as dehydrating agent, and were subsequently evaluated for their reactivity

with azodicarboxylates.

Different aromatic groups incorporated at the Rl position included a phenyl, p-methoxy

phenyl, p-fluoro phenyl and p-nitro phenyl moiety. The reaction of the oxazolones with
azodicarboxylates proceeded in very good yields for p-methoxy phenyl and p-fluoro
phenyl moieties (Table 4.4, entries 5, 6). As anticipated, the reaction proceeded
significantly slower when the oxazolones were substituted by the electron withdrawing
p-nitro phenyl group (Table 4.4, entry 4). Switching to a less polar solvent such as

dichloromethane increased the yield in this case.
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The reaction was also amendable to changes at the R~ position in most cases. The R

position was substituted with R2 being a methyl, benzyl and isopropyl (Table 4.4, entries

1, 7-9), which all provided the triazoline product in very good yields.

However, the reaction proceeded slower in presence of bulky groups such as an

isopropyl group, and required more time for completion (24hrs).

Additional structural confirmation was established by X-ray crystallography. The crystals
of compound 124 (Table 4.4, entry 8) were grown from dichloromethane-hexane
solution and analyzed by single crystal X-ray crystallography (crystal structure

presented in the experimental section).

4.2.4. Proposed reaction mechanism

The reaction is believed to proceed via electrophilic attack of oxazolone to
azodicarboxylate leading to the formation of dipolar intermediate 129. This intermediate
then undergoes ring opening and generates a nitrilium intermediate 130. This
intermediate leads to the cycloadduct upon nucleophilic attack by the other nitrogen of

azodicarboxylate via a 5-endo-dig type ring closure (Scheme 4.2).

4.3. Synthesis of triazoles
Although little is known about the biological properties of triazolines, the 1,2,4-triazole

moiety constitutes the core structure of a wide range of compounds. These compounds
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have been shown to possess antiviral, anticancer, anti-inflammatory, anticonvulsant

.12
properties.
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Scheme 4.2. Proposed mechanism of triazoline formation

In addition this core is also a part of antiviral, anti-asthmatic, antifungal, antibacterial

and hypotonic drugs.13 The 1,2,4-triazolines produced in the cycloaddition of the

oxazolone compounds and diazocarboxylates were found to be excellent precursors to

prepare the triazoles.

The triazolines prepared were readily converted into their corresponding triazoles, by
decarboxylation and aromatization. This conversion was achieved in one step in

excellent yield using alcoholic sodium hydroxide under refluxing conditions for 2 hours (
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Table 4.5).

Table 4.5. Conversion of triazoline to triazole

o

Rl I\F—OEt Rl N
N OEt NaOH,EtOH = NH
N N - Ny

HO R2 Reflux, 2 h R2
R1 R2 Product | Yield (%)
1| Ph Me 132 82
2 | p-NO2-CgH4 | Me 133 74
3 | p-F- CgHa Me 134 84
4 | Ph Indolyl-3-Methyl | 135 83

Crystals of compound 132 were grown from dichloromethane solution and the structure
of compound 132 was confirmed by single crystal X-ray crystallography (X-ray structure

is presented in the experimental section).
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4.4. Experimental Section

General procedure for synthesis of oxazolones:

N-benzoyl amino acid was suspended in anhydrous dichloromethane in a round bottom
flask under nitrogen. 1.3 equivalents of TFAA were added to the reaction mixture and it
was stirred for 1.5 h at room temperature. Then the contents of the flask were poured
into a separating funnel and washed with aqueous sodium bicarbonate solution three
times. Subsequently, the reaction mixture was washed with brine, dried over sodium
sulfate and placed on a rotary evaporator to evaporate the solvent. Residual solvent
was removed in vacuo and the oxazolone formed were used in the next reaction.

Previously reported oxazolones (111, 115, 119, 121, 123, and 125) were matched with

their reported data.14
F
Nf

2-(4-fluorophenyl)-4-methyloxazol-5(4H)-one (117): 1H NMR (500 MHz, CDCI3) &
7.93 (2H, m), 7.10 (2H, m), 4.38 (2H, q, J= 7 Hz), 1.51 (3H, d, J= 7 H2z); 130 NMR (125

MHz, CDCl3) & 178.5, 166.4, 164.4, 164.3, 160.6, 130.2 (s), 130.1 (s), 128.1, 128.0,
122.1, 122.0, 116.1 (s), 116.0 (s), 60.9 (s), 16.7 (1); IR (NaCl, neat): 3290, 1734, 1705,

1631cm_1; MS (ES+) m/z: 194.1 [M+H]+; mp 128-13OOC; HRMS (ES+) calcd for

C10H9NO2F [M+H]+ 194.0617, found 194.0624.
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General procedure for the cycloaddition reactions:

Oxazolone (0.5-0.8 mmol) was dissolved in 10mL of MeCN in a 20mL scintillation vial.
One equivalent of the azodicarboxylate was added to solution. The reaction mixture was
stirred at room temperature for 4-22 hours. The contents of the vial were, then,
transferred into a separating funnel containing aqueous sodium bicarbonate and
dichloromethane. The product was extracted into the aqueous bicarbonate layer and the
dichloromethane layer was discarded. The aqueous sodium bicarbonate layer was
acidified with HCI, and the product extracted with dichloromethane (40mL x 4). The
dichloromethane fractions were combined and dried over sodium sulfate. The organic
solvent was removed using a rotary evaporator to provide the product, which was

further dried over vacuum and analyzed.

SJ
QML

1,2-bis(ethoxycarbonyl)-3-methyl-5-phenyl-2,3-dihydro-1H-1,2,4-triazole-3-

carboxylic acid (112): lH NMR (500 MHz, CDCI3) 6 7.77 ( 2H, d, J= 7 Hz), 7.44 ( 1H,
t, J= 7 Hz), 7.36 (2H, t, J= 7 Hz), 4.18 ( 2H, m), 4.10 (2H, m), 1.76 ( 3H, s), 1.21 ( 3H, t,
J= 7 Hz), 1.02 ( 3H, t, J= 7 Hz); 23C NMR (125 MHz, CDCl3) & 171.5, 158.8, 154.3,

152.8, 131.7 (s), 129.7 (s), 128.6, 127.7 (s), 90.2, 63.9 (d), 62.8 (d), 22.6 (1), 14.1 (1),
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-1 +
13.7 (t); IR (NaCl, neat): 1759, 1700,1631 cm ~; MS (ES+) m/z: 350.1 [M+H] ; HRMS

(ES+) calcd for C16H20N306 [M+H] " 350.1352, found 350.1354.

1,2-bis(isopropoxycarbonyl)-3-methyl-5-phenyl-2,3-dihydro-1H-1,2,4-triazole-3-

carboxylic acid (113): 1 NMR (500 MHz, CDCI3) & 7.78 ( 2H, d, J= 7 Hz), 7.45 (1H,
t, J= 7 Hz), 7.37 (2H, t, J= 7 Hz), 4.98 (1H, m), 4.83 (1H, m), 1.78 (3H, s), 1.24 (3H, d,
J= 6 Hz), 1.20 (3H, d, J= 6 Hz), 1.08 (3H, d, J= 6 Hz), 0.98 (3H, d, J= 6 Hz). ->C NMR
(125 MHz, CDCl3) & 172.3, 159.4, 153.5, 152.3, 131.7 (s), 129.8 (s), 128.7, 127.7 (s),
89.7, 72.4 (s), 71.2 (s), 22.6 (t), 21.9 (1), 21.5 (t), 21.4 (t), 21.2 (). IR (NaCl, neat): 1761,

1

1705, 1653, 1630 cm . MS (ES) m/z: [M+H]+ 378.1 mp4800. HRMS (ES+) calcd for

C18H24N306 [M+H] " 378.1665 found: 378.1667.
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1,2-bis(ethoxycarbonyl)-3-methyl-5-(4-nitrophenyl)-2,3-dihydro-1H-1,2,4-triazole-3-
carboxylic acid (116): lH NMR (500 MHz, CDCl3) & 8.19 (2H, d, J= 7 Hz), 7.95 (2H,
d, J= 7 Hz), 4.22 (2H, q, J= 7 Hz), 4.12 (2H, q, J= 7 Hz), 1.78 (3H, s), 1.23 (3H, t, J= 7
Hz), 1.06 (3H, t, J= 7 Hz); °C NMR (125 MHz, CDCl3) & 171.7, 157.5, 154.1, 152.6,
149.6, 130.8 (s), 122.9 (s), 90.5, 64.5 (d), 63.2 (d), 22.5 (t), 14.1 (t), 13.8 (t); IR (NaCl,

neat): 3100(br), 1761, 1653, 1599, 1527cm ; MS (ES+) m/z: 395.1 [M+H]"; mp 134-

0 +
136 C; HRMS (ES+) calcd for C1g6H19N40g [M+H] 395.1203, found 395.1212.

SJ
@mi

1,2-bis(ethoxycarbonyl)-5-(4-fluorophenyl)-3-methyl-2,3-dihydro-1H-1,2,4-triazole-
3-carboxylic acid (118): 1H NMR (500 MHz, CDCI3) 6 7.80 ( 2H, m), 7.04 (2H, m),
4.20 (2H, q, J= 7 Hz), 4.12 (2H, q, J= 7 Hz), 7.73 (3H, s), 1.22 ( 2H, t, J= 7 Hz), 1.06 (
2H, t, J= 7 Hz): 3C NMR (125 MHz, CDCl3) & 171.7, 165.9, 163.9, 158.1, 154.0,

152.7, 132.2(s), 132.1 (s), 124.5, 124.4, 155.1 (s), 155.0 (s), 89.8, 64.1 (d), 62.9 (d),
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22.4 (1), 14.1 (), 13.7 (t); IR (NaCl, neat): 3200(br), 1759, 1633, 1604, 1510 cm ; MS

(ES+) m/z: 368.1 [M+H] " : mp 46-48°C: HRMS (ES+) calcd for C16H19N3OgF [M+H]"

368.1258, found 368.1264.

éJ
@mi

1,2-bis(ethoxycarbonyl)-5-(4-methoxyphenyl)-3-methyl-2,3-dihydro-1H-1,2,4-

triazole-3-carboxylic acid (120): 1H NMR (500 MHz, CDCI3) 6 7.75 ( 2H, d, J= 7 Hz),
6.86 ( 2H, d, J= 7 Hz), 4.20 ( 2H, g, J= 7 Hz), 4.11 ( 2H, g, J= 7 Hz), 3.80 ( 3H, s), 1.76
(3H, s), 1.22 ( 3H, t, J= 7 Hz), 1.08 ( 3H, t, J= 7 Hz): °C NMR (125 MHz, CDClg) &

171.8, 162.5, 158.7, 154.0, 153.0, 131(s), 120.4, 113.1 (s), 89.4, 63.9 (d), 62.8 (d), 55.3

(1), 22.4 (1), 14.1 (t), 13.7 (1); IR (NaCl, neat): 3200 (br), 1757, 1718, 1624, 1608,

1512cm'1; MS (ES+) m/z 380.1 [M+H]+; mp 42-44OC; HRMS (ES+) calcd for

C17H22N307 [M+H]+ 380.1458, found 380.1461.
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3-benzyl-1,2-bis(ethoxycarbonyl)-5-phenyl-2,3-dihydro-1H-1,2,4-triazole-3-
carboxylic acid (122): lH NMR (500 MHz, CDCI3) 6 7.67 (2H, d, J= 7 Hz), 7.45 (1H, t,

J=7 Hz), 7.35 (2H, t, J= 7 Hz), 7.29 (2H, d, J= 7 Hz), 7.21 (2H, , J= 7 Hz), 7.15 (1H, t,

J= 7 Hz), 4.28 (2H, m), 3.73 (1H, m), 3.70 (1H, m), 3.64 (1H, d, J= 14 Hz), 3.44 (1H, d,
J= 14 Hz), 1.29 (3H, t, J= 7 Hz), 0.91 (3H, t, J= 7 Hz); ~°C NMR (125 MHz, CDClg) &

171.7, 159.8, 154.9, 151.4, 133.6, 131.5 (s), 131.2 (s), 129.2 (s), 128.8, 127.7 (s), 127.6

(s), 126.8 (s), 93.0, 63.4 (d), 63.0 (d), 40.7 (d), 14.1 (1), 13.4 (1); IR (NaCl, neat): 3200

(br), 1757, 1718, 1686, 1635 cm ~: MS (ES+) m/z: 426.2 [M+H]": mp 61-64°C; HRMS

(ES+) caled for CopH24N30g [M+H]" 426.1665, found 426.1666.

§

1,2-bis(ethoxycarbonyl)-3-isopropyl-5-phenyl-2,3-dihydro-1H-1,2,4-triazole-3-
carboxylic acid (124): lH NMR (500 MHz, CDCI3) 6 7.77 ( 2H, d, J=7 Hz), 7.45 (1H, t,
J=7Hz), 7.35 (2H, t, J= 7 Hz), 4.15 ( 4H, m), 2.62 ( 1H, m), 1.20 ( 3H, t, J= 7 Hz), 1.05 (

6H, g, J= 7 Hz), 0.91 ( 3H, d, J= 7 Hz); -3C NMR (125 MHz, CDCl3) & 171.6, 158.7,
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155.5, 152.4, 131.6 (), 129.6 (s), 128.6, 127.7 (s), 96.1, 63.7 (d), 62.9 (d), 33.1 (s),
17.2 (1), 16.2 (1), 14.0 (1), 13.8 (t); IR (NaCl, neat): 1759, 1635cm ~; MS (ES+) m/z
378.1 [M+H]": mp 98-99°C: HRMS (ES+) calcd for C1gH24N30g [M+H]™ 378.1665,

found 378.1665.

3-((1H-indol-3-yl)methyl)-1,2-bis(ethoxycarbonyl)-5-phenyl-2,3-dihydro-1H-1,2,4-
triazole-3-carboxylic acid (126): 1H NMR (500 MHz, CDCI3) 6 8.28 (1H, br), 7.68 (1H,

d, J= 7 Hz), 7.60 (2H, d, J= 7 Hz), 7.37 (1H, t, J= 7 Hz), 7.27 (2H, d, J= 7 Hz), 7.15

(1H, d, J= 7 Hz), 7.06 (2H, m), 7.01 ( 1H, d, J= 2 Hz), 4.25 (2H, m), 3.69 ( 2H, s), 3.45

(1H, m), 2.96 (1H, m), 1.26 ( 3H, t, J= 7 Hz), 0.59 (3H, t, J= 8 Hz): -°C NMR (125 MHz,

CDCl3) & 171.2, 159.7, 154.8, 152.3, 135.6, 131.5 (), 129.3 (s), 128.7, 128.4, 127.7 (s),
124.5 (s), 121.5 (s), 119.4 (s), 119.2 (s), 110.8 (s), 107.3, 93.4, 63.2 (d), 62.9 (d), 30.4
(d), 14.2(t), 13.1 (t); IR (NaCl, neat): 3391, 2984, 1753, 1633, 1458,1327, 1259cm ; MS
(ES+) m/z: 465.2 [M+H]"; mp 97-99°C; HRMS (ES+) calcd for CaqH25N40p [M+H]

465.1774 found: 465.1776.
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(Trimethylsilyl)methyl 1-methyl-5,7-dioxo-3,6-diphenyl-1,5,6,7-tetrahydro-
[1,2,4]triazolo[1,2-a][1,2,4]triazole-1-carboxylate (127): 4-methyl-2-phenyloxazol-
5(4H)-one (1, 175mg, 1mmol) was dissolved in 10mL of acetonitrile in a 20mL
scintillation vial and PTAD (175mg, 1mmol) was added to the reaction mixture. The
addition of PTAD turned the solution scarlet red in color. The reaction mixture was

stirred for 4 hours, which lead to the disappearance of the color. At this point the

reaction mixture was cooled to 0°C and (trimethylsilyl)diazomethane (1.5mL, 3mmol)

was added to the solution in drop-wise manner. The reaction mixture was stirred for 15

minutes and then methanol (3mL) was added in drop wise manner. The reaction was

further stirred at 0°C for 3 hour and then the reaction temperature was allowed to come

to ambient temperature. Subsequently, the reaction mixture was concentrated to
minimal residue and purified column chromatography (silica, ethyl acetate/hexanes 1:4)
to obtain (trimethylsilyl)methyl 1-methyl-5,7-dioxo-3,6-diphenyl-1,5,6,7-tetrahydro-
[1,2,4]triazolo[1,2-a][1,2,4]triazole-1-carboxylate as viscous liquid ( 370 mg, 85%).

1 NMR (500 MHz, CDCI3) & 8.06 (1H, d, J= 7 Hz), 7.58 (1H, t, J= 7 Hz), 7.46 (6H, m),
7.38 (1H, t, J= 7 Hz), 4.09 (1H, d, J= 14 Hz), 3.85 (1H, d, J= 14 Hz) , 2.06 (3H, s), 0.07 (
9H, s); 13C NMR (150MHz, -10°C) (CD3OD) & 167.5, 153.7, 153.5, 148.1, 133.3 (s),

130.9, 130.3 (s), 129.2 (s), 128.7 (s), 128.4 (s), 125.9 (s), 125.0, 90.8, 60.9 (d), 23.4 (1),
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3.2 (); IR (NaCl, neat): 1794, 1740, 1616, 1500, 1450, 1398, 1329, 1251cm ; MS (ES)

miz: 437.2 [M+H]": HRMS (ES+) calcd for CooHasN4O4Si [M+H]', 437.1645 found

437.1653.
General procedure for conversion of triazolines to triazoles:

The triazoline (0.5-1mmol) was dissolved in 25 mL ethanol in 100mL round bottom
flask. Four equivalents of sodium hydroxide were added to this solution and the solution
was heated to reflux for 2 hours. The temperature of the flask was, then, allowed to cool
down to room temperature. The excess base in the solution was neutralized with
aqueous HCI. The ethanol was removed on a rotary evaporator and the residue was
dissolved in ethyl acetate. The ethyl acetate solution was washed with brine and dried
over sodium sulfate. Subsequently, the ethyl acetate was removed on a rotary

evaporator and crude product was purified by column chromatography (silica, ethyl

. . 15
acetate) to obtain the triazole.

Synthesis of 5-methyl-3-phenyl-1H-1,2 4-triazole (132): 'H NMR (500 MHz, CDCl3)

57.95 (2H, d, J= 7 Hz), 7.42 (3H, m), 2.45 (3H, s): -°C NMR(150MHz, -10°C) (CD30D)
0 162.7, 155.5, 131.7, 130.6(s), 1129.8(s), 127.2 (s), 11.6 (t); IR (NaCl, neat): 3500 (br),
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1700, 17200m_1; MS (ES) m/z: 159.1 (M)+; mp 144-145OC; HRMS (ES+) calcd for

CoH10N3 [M+H]" 160.0875, found 160.0880.

N-NH
Il N/>\
O2N

5-methyl-3-(4-nitrophenyl)-1H-1,2,4-triazole(133):

1H NMR (600MHz, CD30D) 6 8.31 (2H, d, J= 9 Hz), 8.21 (2H, d, J= 9 Hz), 2.51 (3H, S);
13C NMR (150 MHz, CD30D) & 149.6, 138.0, 129.9, 128.0, 125.0, 11.7; IR (NaCl,
neat): 3034 (br), 1603, 1508cm_1; MS (ES+) m/z: 205.1 [M+H]+; mp 232-234OC; HRMS

(ES+) caled for CgHgN4O2 [M+H]™ 205.0726, found 205.0726.

3-(4-fluorophenyl)-5-methyl-1H-1,2,4-triazole(134):

14 NMR (600MHz, CD30D) & 7.96 (2H, dd, J= 5 Hz, 7 Hz), 7.15 (2H, t, J= 9Hz), 2.49
(3H, 5); 13C NMR (150MHz, CD30D) & 165.8, 164.1, 160.7, 156.9, 129.4, 129.3, 127.8,

127.7, 116.7, 116.6, 11.9; IR (NaCl, neat): 3055 (br), 1603, 1560, 1533, 1473, 1219 cm’
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1; MS (ES) m/z: 178.1 [M+H]+; mp279-2830C; HRMS (ES+) calcd for CgHgFN3 [M+H]+

178.0781, found 178.0783.

3-((3-phenyl-1H-1,2,4-triazol-5-yl)methyl)-1H-indole(135):

IH NMR (600MHz, CD30D) & 7.98 (2H, d, J= 7 Hz), 7.44 (4H, m), 7.34 (1H, d, J= 8 Hz),
7.17 (1H, s), 7.08 (1H, t, J= 7 Hz), 6.98 ( 1H, t, J= 7 Hz), 4.30 ( 2H, s); —C NMR
(226MHz, CD3OD) & 160.8, 138.3, 131.2, 130.8, 129.8, 128.3, 127.4, 124.5, 122.6,
120.0, 119.2, 112.4, 110.5, 24.2; IR (NaCl, neat): 3333, 3128 (br), 1558, 1471cm ; MS

(ES+) miz: 275.1 [M+H]"; mp 241-243°C; HRMS (ES+) caled for C17H15Na [M+H]

275.1297, found 275.1307.
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Figure 4.1. X-ray crystal structure of 124
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Figure 4.2. X-ray crystal structure of 132
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CHAPTER 5

INHIBITION OF 26s PROTEASOME AND BINDING STUDIES

5.1. Introduction

One of the most common strategies in cancer treatment involves the induction of DNA
damage in the cancer cells. This strategy has dramatically improved the survival rate of
patients. However, as discussed in chapter 2, these strategies lead to the activation of
the pathway leading to p53 mediated apoptosis. Besides, these treatments also lead to
the activation of the NF-kB pathway, which is largely responsible for antiapoptotic cell

signaling. Activation of the NF-kB signaling pathway induces the expression of a wide
range of genes involved in cell survival responses.1 The activation of these
antiapoptotic signaling pathways limits the overall efficacy of cancer treatments.
Strategy of combining present day treatments with the inhibitors of ChK2 (as discussed
in chapter 2) and inhibitors of NF-kB pathway will sensitize cancerous cells and

desensitize healthy cells and improve the overall efficacy of the treatment. These

strategies provide potential avenues for improving the cancer therapies.

5.1.1. The NF-kB pathway

The resistance offered by cancer cells to the cytotoxic effects of chemotherapeutic

agents leads to reduction in the efficiency chemotherapy. Mutation of p53 pathway2 and

activation of the NF-kB pathway contribute to this reduction. The nuclear transcription

factor, NF-kB, is a multisubunit complex involved in the regulation of gene transcription
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and the regulation of apoptosis.3 Five distinct subunits of NF-kB are found in

mammalian cells, which include, NF-kB1 (p105/p50), NF-kB2 (p100/p52), RelA (p65),

3b, 4 . . .
RelB and c-Rel. These subunits can compose a variety of homo/heterodimers,

which control the specificity and selectivity of certain DNA control elements.

DNA Damage

¢

IKK

Nuclear translocation
and transcription

J,

Antiapoptosis

Figure 5.1 : NF-kB pathway
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In most unstimulated mammalian cells, NF-kB exists mainly as a homodimer (p50/p50)
or heterodimer (p50/p65) in the cytoplasm in the form of an inactive complex with the

inhibitory protein I1kB (Figure 5.1). Many cellular stimuli including chemotherapeutic

agents6 result in the IKK mediated phosphorylation of IkB. This is followed by
ubiquitinylation and subsequent degradation of IkB by the 26s proteasome.?’a

. 8 .
Degradation of IkB releases NF-kB.™ Upon release, NF-kB translocates into the nucleus

where the subunits bind to the DNA and regulates the transcription of a number of

genes involved in antiapoptotic responses.” In most cells, NF-kB inhibits apoptosis via

induction of these survival genes. NF-kB mediated antiapoptotic responses induced by

DNA damaging agents leads to the reduction in the efficiency of the present day cancer

1 - .
treatments. Many clinically used chemotherapeutic agents have been shown to

. . . . 7, 10 .
activate NF-kB and induce NF-kB mediated chemoresistance. Chemotherapeutic

treatment by these agents is thus compromised by the activation of NF-kB pathway.
The chemotherapeutic agents that will inhibit the activation of this pathway carry the
potential of improving the cancer treatment. One strategy to inhibit the activation of this

pathway is by blocking the 26s proteasome mediated degradation of the IkB.

Literature has cited a few proteasome inhibitors. Bortezomib (formally known as

Velcade or PS-341)11 is the first selective and reversible proteasome inhibitor approved

for the use in USA. It acts by inhibiting the degradation of IkB.12 MG-132 is another 26s

proteasome inhibitor. Inhibition of the proteasome with MG-132 has been shown to
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6d, 13

sensitize cells towards chemotherapeutics and TNF-a. Lactacystin and the related

omuralide,14 and salinosporamide A15 inhibit 26s proteasome by covalently binding to

the N-terminal threonine in the catalytic site. However this covalent adducts also inhibit

the degradation of other protease substrates, resulting in high cytotoxicity.16

Bortezomib MG-132

0

’OH NH
“OH

HOOC 0

HAC Omuralide
Lactacystin

Salinosporamide A

Figure 5.2: 20s proteasome inhibitors

Our group has been interested in the diversity oriented synthesis (as introduced in the

chapter 4). The group has previously reported that oxazolones undergo cycloaddition

reaction with imine to give imidazoline as shown in scheme 5.1.17 These compounds
are potent inhibitor of the NF-kB pathway and act by inhibiting the 26s proteasome

mediated IkB degradation.17'18
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Imidazoline (TCH-013)

Scheme 5.1. General scheme for the synthesis of imidazolines

Unlike the previous examples of the proteasome inhibitors, these imidazoline-based
compounds were found to be non-cytotoxic by themselves. However when used with

other drugs, these drastically enhance the efficacy of several chemotherapeutic agents

. . - . . 17 .
such as camptothecin and cis-platin in various cancer cell lines.” Unlike above

mentioned drugs that target the active site in the 20S core and bind via a competitive
mechanisms, these imidazolines bind at a site other than the catalytic site and act via
an allosteric type mechanism. (unpublished work by Thersa Lansdell of Tepe group).

We have been interested in maping the binding of these molecules on the proteasome.

In this regard, we considered under-taking the photoaffinity labeling studies of the
proteasome with the imidazoline molecule. The study of structure and activity

relationship has shown that the benzyl group can tolerate a wide variety of small
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substituents at para-position without significantly modifying potency of these

18b . . . . .
molecules. Therefore, we considered putting an azide group at this position and

considered the synthesis of the compound 140 for these studies. We envisioned that
compound 140 will non-covalently bind to proteasome. The azide group on the molecule
will be activated by irradiation of the ultra violet light to produce active nitrene that will
insert into a bond in the nearby peptide moiety of proteasome and establish covalent
binding. In collaboration with Sujana Pradhan in Tepe group, our plans are to
subsequently digest the proteasome and analyze the fragments. The information thus

obtained will help understand the binding mode and binding site of these molecules.

7\

140

Figure 5.3: Proposed molecule
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5.2. Synthesis of compound 140

In order to synthesize compound 140, we generated imine 142 from benzaldehyde and
p-nitrobenzyl amine and reacted it with compound 141 in the presence of TMSCI as

catalyst to give the cycloadduct 143.

NO>

/O [\j
o -+ —

N

ot

142 143

141

Scheme 5.2. Synthesis of compound 143

Reactions and conditions: TMSCI, DCM, 600C, 12h, 54%

In the next step the carboxylic acid on the compound 143 was treated with propargyl
alcohol to prepare the propargyl ester. This was achieved by converting the carboxylic
acid into acid chloride using oxalyl chloride and then reacting the acid chloride with

propargyl alcohol giving compound 144.
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Scheme 5.3. Synthesis of compound 144

Reactions and conditions: (i) (COCIl)2, DMF, DCM, rt, 12h (ii) propargyl alcohol, rt,

3h, 82%

In the last step the functional group transformation was carried out and the nitro-group
on compound 144 was converted into the azide group. The conversion was afforded by
reducing nitro-group on compound 144 using zinc dust, which followed the diazotization

and displacement of the diazonium with azide giving compound 140.

5.3. Evaluation of compound 140

Compound 140 was evaluation for its ability to inhibit the proteasome by Theresa A.

Lansdell using CT-L inhibition of the human 20s proteasome assay. The ICsg for

compound 140 for inhibition of 20s proteasome was 592nM. This result is encouraging
as it shows that this molecule is active in inhibiting the proteasome. The photoaffinity

labeling studies are in progress in Tepe group.
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Scheme 5.4. Synthesis of compound 140

Reactions and conditions: (i) Zn, AcOH, rt, 20min (ii) NaNO2, H»SO4, AcOH, H20,

0°C, 10min (iii) NaN3, H»0, 0°C, 30min, 70%

5.4. Evaluation of HMD derivatives

The HMD derivative 60 and 64-71 were also tested for their ability to inhibit the 20s
proteasome by Theresa A. Lansdell. The results are tabulated below (Table 5.1). The
results are exciting and show a very good structure activity relationship. In the CT-L
inhibition of the human 20s proteasome assay, the compounds with either the phenyl
ring (compound 64 and 65), or the compound with bulky aliphatic cyclohexyl-group

(compound 66) showed single digit micro-molar inhibition of the proteasome.

Compound 67, with ethoxycarbonylethyl group had the ICsg of 18.2uM, whereas the

compounds with no substituent on nitrogen-atom but different aromatic groups on

pyrrole ring (compound 60, 70 and 71), shared the similar range of IC5g (25-31uM).

179



Table 5.1. Inhibition of 20s proteasome compounds 60, 64-71

R
HN
N
HRI/ O
\
Ar— |
N H
H
Compound 20S
Number Ar R IC50(LM)
60 Ph H 30.7
64 Ph Bn 5.0
65 Ph 4-MeOCgH4CH2 | 4.3
66 Ph Cy 4.2
67 Ph EtOOCCH2CH, | 18.2
68 Ph CH3CH2CH> 437.4
69 Ph CHs3 45.4
70 3,4-dimethoxyphenyl | H 31.7
71 4-methoxyphenyl H 25.5
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On the other hand presence of small straight chain aliphatic groups like methyl and n-

propyl lead to erosion of the inhibition.

These results are very interesting as these analogs provide structure-based tuning for
inhibiting ChK2, ChK1 or 20s proteasome. The data shows that the presence of the
aliphatic substituent (methyl, n-propyl) makes the molecules more potent and selective
for ChK2, while these molecules have very poor or no inhibition of 20s proteasome. On
the other hand, compound 64 with benzyl group inhibits ChK2 as well as the
proteasome. Compound 65 with 4-methoxyphenyl and compound 66 were good
inhibitors of 20s proteasome, while exhibited poor inhibition of ChK2, compound 66
showed reversal of the selectivity for ChK2 over ChK1. These results are intriguing and
should act as the light-house for the future voyages into the synthesis of new derivatives
to enhance the understanding of the SAR relationship and develop next generation of
HMD-based inhibitors. In the meanwhile compound 69 and 71 are good candidates to
undergo extensive kinase profiles, to access their ability to inhibit other kinases and
their selectivity for ChK2. On the other hand compound 66 seems as be a good lead to

develop new class of 20s proteasome inhibitors.
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5.5. Experimental section

O2oN

1-(4-nitrobenzyl)-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-carboxylic acid (143):

Benzaldehyde (2mL, 20.4mmol) was dissolved in DCM (100mL) in a 250mL round
bottom flask. Triethyl amine (2.84mL, 20.4mmol) and p-nitrobenzyl amine (3.5g,
18.55mmol) were added to the reaction mixture and the reaction mixture was refluxed
for 12 hours. At this stage the solvent was removed and the residue was dried under
vacuum for 4 hours. Then the residue was dissolved in DCM (100mL) and 141 (4.35q,

18.16mmol) and TMSCI (2.99mL, 23.53mmol) were added to the reaction mixture. The

reaction mixture was refluxed at GOOC for 12 hours. Then the solvent was removed and

the crude product was purified by column chromatography (silica, DCM/MeOH 9:1) to

afford the compound 143 (4.7g, 54%). lH NMR (600MHz, CDCI3) & 7.90 (2H, d, J=8.55

Hz), 7.83 (2H, m), 7.61 (2H, d, J=7.08 Hz), 7.54 (1H, t, J=7.32 Hz), 7.47 (2H, t, J=7.32

Hz), 7.34 (8H, m), 6.78 (2H, d, J=8.55 Hz), 4.84 (3H, s), 4.69 (1H, d, J=16.36 Hz), 3.95
(1H, d, J=16.60 Hz): =>C NMR (150MHz, CDCl3) & 168.1, 165.2, 147.6, 142.8, 141.4,

135.5, 133.0(s), 129.4(s), 129.2(s), 129.1(s), 128.8(s), 128.4(s), 127.8(s), 127.4(s),

127.4(s), 125.6(s), 124.0(s), 123.0, 79.4, 76.0 (s), 47.7 (d); IR (film): 3433, 2525, 1635,
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1522, 1344cm_1; MS (ES) m/z: 478.2 [M+H]+; m.p. 110-112OC; HRMS (ES+) calcd for

C29H24N304 [M+H]" 478.1767, found 478.1775

O2N

Prop-2-yn-1-yl 1-(4-nitrobenzyl)-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-

carboxylate (144):

Compound 143 (4.7g, 9.84mmol) was dissolved in DCM (70mL) in a 250mL round

bottom flask. The reaction mixture was cooled to 0°C and oxalyl chloride (2.5mL,

29.53mmole) was added to the reaction mixture. Then DMF (0.8mL) was added to
reaction mixture in drop-wise manner. The reaction mixture was stirred for 3 hours. The
solvent was removed and the residue was dried over vacuum for 30 minutes. Then
propagyl alcohol (6mL) was added to the reaction mixture and mixture was stirred at
room temperature for 3 hours. At this stage the excess of alcohol was removed by
rotary evaporator and the crude product was purified by column chromatography (silica,

EtOAc/Hex 1:1) affording compound 144 (4.1g, 82%).

11 NMR (600MHz, CDCl3) & 7.88 (2H, d, J=8.55 Hz): 7.79 (2H, d, J=7.32 Hz), 7.74 (2H,

dd, J=7.32, 1.71 Hz), 7.35 (8H, m), 7.48 (3H, m), 6.87 (2H, d, J=8.55 Hz), 4.83 (1H, s),
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4.64 (1H, d, J=16.60 Hz), 4.25 (1H, dd, J=15.63, 2.44 Hz), 4.06 (1H, dd, J=15.50, 2.56
Hz), 3.97 (1H, d, J=16.60 Hz), 2.20 (1H, t, J=2.44 Hz); -°C NMR (125MHz, CDCl3) &

169.7, 165.6, 147.2, 144.3, 143.4, 137.0, 130.8, 130.0 (s), 128.9 (s), 128.8 (s), 128.7

(s), 128.7 (s), 128.4 (s), 128.3 (s), 128.0 (s), 127.8 (s), 126.7 (s), 123.7 (s), 83.0, 77.0,

74.9 (s), 74.7, 52.5 (d), 48.4 (d): IR (film): 3408, 2117, 1740, 1595, 1510, 1217cm

MS (ES) m/z: 516.2 [M+H] : m.p. 48-50°C; HRMS (ES+) calcd for C3oHogN304 [M+H]™

516.1923, found 516.1927.

3
S

Prop-2-yn-1-yl 1-(4-azidobenzyl)-2,4,5-triphenyl-4,5-dihydro-1H-imidazole-4-

carboxylate (140):

Compound 144 (2g, 3.88mmol) was dissolved in acetic acid (30mL) at room
temperature in a 100mL flask. Zn dust (7.6g, 116.37mmol) was added to the reaction

mixture. The mixture was stirred for 20 minutes and then filtered to remove the
suspended particles. The filterate was collected into a 100mL flask and cooled to 0°c.
Sulfuric acid (1mL) was added to the reaction mixture. Sodium nitrite (400mgs,
5.82mmol) was dissolved in water (1mL) and this aqueous solution was added to the

reaction mixture in dropwise. The reaction mixture was stirred for 10 minutes. Sodium

azide (278mgs, 4.27mmol) was dissolved in water (1mL) and this agqueous solution was
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added to the reaction mixture in dropwise manner. The mixture was stirred at 0°C for 30

minutes. At this stage the contents of the reaction flask were transferred to a separating
funnel (250mL) and diluted with ethyl acetate (125mL) and water (75mL). The aqueous
layer was removed and the organic layer was washed with brine (100mL). Then the
organic layer was collected and dried over magnesium sulfate. The solvent was

removed and the product was purified by column chromatography (silica, EtOAc/Hex

1:1) to afford compound 140 (1.4g, 70%). 1H NMR (600MHz, CDCI3) & 7.75 (4H, m),

7.48 (3H, m), 7.38 (4H, d, J=7.30 Hz), 7.34 (3H, t, J=7.32 Hz), 7.29 (1H, t, J=7.32 Hz),

6.69 (4H, s), 4.85 (1H, s), 4.56 (1H, d, J=15.87 Hz), 4.24 (1H, dd, J=15.63, 2.44 Hz),

4.03 (1H, dd, J=15.50, 2.56 Hz), 3.80 (1H, d, J=15.87 Hz), 2.21 (1H, t, J=2.44Hz); ->C

NMR (150MHz, CDCI3) 6 170.0, 165.7, 143.5, 139.2, 137.3, 133.2, 130.5 (s), 130.3(s),

128.8 (s), 128.7(s), 128.6 (s), 128.5(s), 128.4 (s), 128.1 (s), 128.0, 127.6 (s), 126.8 (s),

119.0 (s), 83.0, 77.1, 74.6, 74.1 (s), 52.8 (d), 48.3 (d); IR (film): 3292, 2112, 1738, 1595,

1506, 1217 cm_l; MS (ES) m/z: 512.2 [M+H]+; m.p. 56-580C; HRMS (ES+) calcd for

C32Ha6N502 [M+H] 512.2087, found 512.2089.
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