ABSTRACT
Synthesis of Nitrile TAK-242 Derivatives and Gemfibrozil Analogs
Harold Nguyen

Director: Robert R. Kane, Ph. D

TAK-242 (resatorvid) is a selective antagonist of Toll-like receptor 4 (TLR4)
signaling, previously shown to improve transplantation outcomes in a murine model. To
further expand the structure-activity relationship of TAK-242, we have synthesized a few
analogs of TAK-242. Our approach was to start with a nitrile group in place of the ester
to use as a functional handle. These new molecules contain different electron-
withdrawing groups on the cyclohexene ring, synthesized from a starting nitrile. This
thesis also discusses syntheses of analogs of gemfibrozil, an sGC agonist. To develop a
better structure-activity relationship of sGC activators, the aromatic region and
carboxylic acid were targeted. The new molecules synthesized are pending biological
testing for respective TLR4 inhibition and sGC activation.
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CHAPTER ONE

Introduction to TLR4 and TAK-242

The Toll-like receptor (TLR) family is a series of homologs of the Toll protein in
Drosophila. In Drosophila, Toll plays a role in ontogenesis as well anti-microbial
resistance.! The TLRs are pattern-recognition receptors expressed by humans and other
mammals, as well as other organisms. There are at least 13 known TLRs in mammals,
which each detect specific ligands from different sources, such as bacterial cell walls,
pathogenic DNA, and autologous products.? Thus, the combined, broad range of
recognition of pathogenic molecules provided by the TLRs contributes to the immune

response in many organisms.

TLR4 is a transmembrane protein which recognizes bacterial lipopolysaccharide
(LPS), otherwise known as endotoxin, produced by Gram-negative bacteria. LPS
detection leads to release of tumor necrosis factor (TNF) and other pro-inflammatory
cytokines, as well as production of Type 1 interferons.’ Receptor response is initiated by
binding of an LPS binding protein (LBP), which carries LPS to TLR4 and transfers it to
CD14. CD14 is an anchored protein associated with TLR4 which accepts LPS. LPS is
then transferred to MD-2, a protein associated with the extracellular domain of TLR4.
TLR4 then homodimerizes by interaction with the intracellular TIR-domains, causing a
conformational shift.* TLR4 may then act by two pathways, termed MyD88-dependent
and MyD88-independent (TRIF-dependent), determined by the adaptor molecules which

bind to the new homodimer.>



The MyD88-dependent pathway is named after Myeloid differentiation factor 88,
a TIR-domain-containing adaptor molecule. In this pathway, TIRAP and MyD88 bind the
TIR-domain of TLR4, then recruit death domain-containing molecules IRAK-1 and
IRAK-4. TRAF6 then binds to either IRAK and complexes with UBC13 and UEV1A,
subsequently activating TAK 1. TAK1 activates IKK and MAPK pathways. Downstream
of the IKK pathway, NF-kB is translocated, inducing the expression of proinflammatory
cytokines and other immune related genes. The MAPK pathway leads to other

transcription factor expression, which also helps to activate cytokine expression.’

The MyD88-independent (TRIF-dependent) pathway involves TIR domain-
containing adaptor inducing IFN-f (TRIF) and TRIF-related adaptor molecule (TRAM).
TRIF recruits TRAF3 and RIP1. TRAF3 induces downstream activation of IRF3 which
acts with NF-kB to activate transcription of Type-1 interferons. This pathway also
induces NF-kB activation through TNF-o, production and secretion.* The two pathways

are shown in Figure 1.1.
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Figure 1.1. (A) Illustration of the TLR4 signaling pathways. (B) Action of TAK-242

disrupts adaptor molecule binding. (Reproduced from reference 12.)

Evidence suggests that TLRs, especially TLR4, are partly responsible for the
early innate immune response to transplantation, which can result in graft loss. TLR4 is
activated by mediators of inflammation, such as high mobility group box 1 protein

(HMGB1), which is released during transplantation. HMGB1 may be passively released



by necrotic cells, or actively released due to cell exposure to TLR agonists.” TLR4 likely
aids in recognition of HMGBI1, as shown by several experiments. The anti-tumor immune
response caused by radiation or chemotherapy was shown to be the effect of released
HMGBI from tumor cells acting on TLR4. Mice deficient in HMGB1 or TLR4 lacked
the same anti-tumor response.® In murine hepatic ischemia-reperfusion models, TLR4
mutant mice lacked an increase in injury after ischemia-reperfusion and exposure to
HMGBI1, whereas injury increased in the TLR4 wild type.” HMGBI is also released as a
result of alloresponse and autoreactivity during transplantation. Other activated immune

cells, from acute transplant rejection, can also secrete HMGB1.?

Other products released during transplantation include heat shock proteins (HSPs)
and hyaluronan. In allograft rejection, HSP production is induced by cell damage, and
further transgenic expression has been shown to accelerate rejection.” HSP70 binds to
several receptors, as well as TLR2 and TLR4, to promote an immune response.®
Hyaluronan is a polysaccharide found in the extracellular matrix which accumulates
during tissue injury, and fragments are suspected to bind to TLR2 and TLR4. Hyaluronan
levels have been shown to increase during acute rejection in various rodent allografts, and

fragments have been shown to act via a TIRAP-dependent mechanism.’

Prevention of the immune response associated with transplantation is normally
achieved by systemic administration of immunosuppressants and anti-inflammatories.
However, these come with risk of opportunistic infection, nephrotoxicity, and other
adverse effects.” As TLR4 is implicated in graft rejection, the prevention of tissue
damage after transplantation was postulated to be possible by inhibition of TLR4. In

pancreatic islets, inhibition of TLR4 using TAK-242 during islet isolation was shown to



lower levels of inflammatory molecules and improve transplantation results in a murine

model.'?

TAK-242 (Ethyl (6R)-6-[N-(2-chloro-4-fluorophenyl)sulfamoyl]cyclohex-1-ene-1-
carboxylate, Figure 1.2) is a synthetic drug which inhibits the TLR4 signaling pathway. It
is a small molecule developed by Takeda Pharmaceutical Company and was studied in a
Phase III clinical trial for the treatment of sepsis.!! TAK-242 selectively inhibits TLR4
activation. Its mechanism involves disruption of TLR4 and TIRAP or TRAM binding,
affecting both MyD88-dependent and MyD88-independent pathways.!? TAK-242 reacts
with Cys747 on the intracellular domain of TLR4 due to its chemical structure containing
an a, B-unsaturated carbonyl. Substitution of intracellular Michael donor residues
(cysteine to alanine or lysine to arginine) on TLR4 resulted in no change in TAK-242’s
inhibition of signaling except for alanine substitution of Cys747. Thus, Cys747 is the
target of TAK-242. The binding of TAK-242 was shown to not affect TLR4
homodimerization, but it is unclear how TIRAP and TRAM are affected. It was proposed
that TAK-242 affects myristoylation or phosphorylation of TIRAP and TRAM, although

TAK-242 does not bind to these adaptor molecules.'?

N*s 00

Figure 1.2. Structure of TAK-242.



This report details attempts at synthesizing more effective analogs of TAK-242.
TAK-242 is composed of an ethyl ester attached to a cyclohexene base forming a
Michael acceptor portion, bridged via a sulfonamide to a phenyl portion. The structure-
activity relationship studied by Takeda, based on nitric oxide production inhibition,
informed the synthetic background, narrowing our focus to the ethyl ester.!* The Takeda
SAR tested various replacements of the N-arylsulfamoyl portion, switching the halogens
and their positions as well as replacing the phenyl ring with other aromatic heterocycles.
Halogens increased activity of the molecule. The cyclohexene ring was necessary, as
open hexene and benzene replacements had greatly reduced activity. The (S)-enantiomer
of TAK-242 showed greatly reduced inhibitory effect on NO, TNF-a, and IL-6
production. The ethyl ester was replaced in a 2,4-difluorophenyl model, showing that an
ethyl ester was optimal, although methyl, n-propyl, and isobutyl esters worked almost as
well. Isopropyl, n-butyl and hydroxyethyl esters had at least an order of magnitude higher
ICso. From these results, it is difficult to ascertain the reason why certain chains are better
than others. Mostly pure alkyl chains were tested, and branching patterns do not provide

an obvious relationship.

Because the ethyl ester portion is responsible for the Michael acceptor ability, and
the SAR results are limited in group diversity at this position, this project was designed to
study substitution of this region, with the goal of examining both electronic and steric
effects on activity. More effective analogs of TAK-242 could be used in various
biological applications, such as transplantation. To be able to access a wider variety of
functional groups, including tetrazoles and substituted amides, we synthesized a TAK

nitrile intermediate to utilize nitrilium chemistry. Stable N-alkylated nitrilium



intermediates can be made by reaction with Meerwein’s salt (Et;OBF4) or related
compounds. Subsequent hydrolysis could produce secondary amides with different chain
lengths, depending on the alkyl chain on the salt. Similarly, addition of an azide to the
carbon of a nitrilium species, followed by cyclization, can produce tetrazoles.!> We

looked to use this chemistry to make tetrazole and amide analogs of TAK-242.



CHAPTER TWO

Synthesis of TAK-242 Analogs

The synthetic route that we used to prepare compound 5 is shown in Scheme 2.1,
mostly following Takeda’s literature procedures.!®!” Glutaraldehyde was cyclized with a
nitrile Horner-Wadsworth-Emmons reagent to afford the base cyclohexene nitrile 2. This
crude product was reacted with acetic anhydride to produce 3. To produce the aromatic
region, a 2-chloro-4-fluoro benzyl thioacetate 5 is synthesized from the benzyl bromide 4
and potassium thioacetate. The thioether 6 was then made from ethanolysis of the
thioacetate and addition of 3. Oxidation of the thioether with m-CPBA then produced the

desired sulfone 7.

o oH OAc
EtOL 4 N N
o 0 P _N
/U\/\)L Etolp\// i Ac0, Py z
H H —_— >
K2CO3, HO 25°C
1 25°C 2 (46% over two steps) 3
Cl
Cl Cl
. S
Br KSAc, MeCN SAc i. K;COg, EtOH //N
—_— S
F 25 °C F i. OAc
(97% yield) N
4 5
6
25°C
(30 % vyield)
cl |
¢ (0]
S 1.0
N m-CPBA, EtOAc N
F —_>» F
25°C
(68% yield)
6 7

Scheme 2.1. Synthesis of methylene bridge TAK-nitrile.



Besides being another TAK-related compound to test for activity, the nitrile
compound was desired for the ability to synthesize a variety of amides using Meerwein
salts, which are strong alkylating agents as a result of having three alkyl chains on one
oxygen atom. Amide formation follows from a nitrilium intermediate after N-alkylation
of the nitrile.'® A generic mechanism of Meerwein salt alkylation and amide formation is
shown in Scheme 2.3. Treatment of 7 with Et3OBF4 in DCM, followed by quenching
with H>O in dioxane yielded the ethyl amide TAK product 8 in moderate yield (55%). An
analogous reaction with MesOBF4 in DCM, but quenched with distilled water, yielded
the corresponding methyl amide 9 in low yield (8%). Further reaction of the ethyl amide
with 0.5 M NHj3 in dioxane was unsuccessful in producing the primary amide 10, and no

future attempts were made for producing the primary amide.
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Scheme 2.2. Attempted routes to methylene bridge TAK analogs.
9



0~ BF, OH HHHT i OH e 9
® H,0 : 2
Z A R” N A N B
4

Scheme 2.3. Generic amide formation from a nitrilium intermediate.

The nitrile group also provided a functional handle for tetrazole formation
reactions with sodium azide potentially affording 11. This type of conversion has been
demonstrated in a variety of previous tetrazole-containing drug syntheses, and a general
mechanism is shown in Scheme 2.4. However, while we made several attempts at the
formation of a tetrazole, the product was never isolated. Tetrazoles can typically be
prepared by the reaction of nitriles with sodium azide (or other azides) in the presence of
a wide range of reagents, such as phosphorous oxychloride, zinc (II) chloride, and
ammonium salts. When the TAK nitrile was reacted with phosphorous oxychloride and
sodium azide, a tetrazole was thought to have been formed, although attempts at
reproducing this result were unsuccessful. The use of sodium azide with TEA-HCL salt in
toluene at reflux was suggested in the literature to curb the formation of explosive or
reactive byproducts of azide chemistry. However, no tetrazole formation was detected
using the salt, so this idea was put aside. Copper catalysts are also often used but were
avoided due to possible cell toxicity. The tetrazole literature also suggests the formation
of tetrazoles from some amides is possible, though attempts at this were unsuccessful for
our molecule. Starting with the ethyl amide TAK, addition of POCI3 and sodium azide in

acetonitrile did not provide a discernible product.

10
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Scheme 2.4. Generic tetrazole formation from a nitrilium intermediate.

Overall, tetrazole derivatives would still be an interesting addition to the SAR of
TAK-242 related compounds as tetrazoles can act as bioisosteres of known carboxylic
acids. A TAK-242 tetrazole could also potentially be alkylated to give chain lengths
similar to the TAK esters known to have activity. The TAK analogs produced will be
tested on TLR4 reporter cell assays to determine their inhibitory activity on TLR4

signaling.

Experimental Section

Unless otherwise stated, all reactions were performed in flame-dried glassware
under a nitrogen atmosphere, and reagents were used as received. The reactions were
monitored by normal phase thin-layer chromatography (TLC) on Millipore glass-backed

60 A plates (indicator F-254, 250 uM) using the indicated eluents below.

Toluene and Acetonitrile were dried using 4 A molecular sieves. DCM was dried

using KOH and distilled. TEA and DIPEA were distilled from CaH?2.

Flash column chromatography was performed using the indicated solvent systems
with Silicycle SiliaFlash® P60 (230—400 mesh) silica gel as the stationary phase. 1H and
13C NMR spectra were recorded on either a Bruker Ascend™ 400 spectrometer
autosampler or a Bruker Ascend™ 600 autosampler. Chemical shifts (8) are reported in

parts per million (ppm) relative to the residual solvent resonance and coupling constants

11



(J) are reported in hertz (Hz). NMR peak pattern abbreviations are as follows: s = singlet,
d = doublet, dd = doublet of doublets, t = triplet, at = apparent triplet, q = quartet, ABq =
AB quartet, m = multiplet. NMR spectra were calibrated relative to their respective
residual NMR solvent peaks, CDCI13 = 7.26 ppm (1H NMR)/ 77.16 ppm (13C NMR),
DMSO = 2.50 ppm (1H NMR). High resolution mass spectra (HRMS) were obtained in
the Baylor University Mass Spectrometry Center on a Thermo Scientific LTQ Orbitrap
Discovery spectrometer using +ESI or —ESI and reported for the molecular ion [M+H]"

& [M+Na]" or [M-H] respectively.

(0]
EtO\F{/ //N

/
EtO

1) K2CO3, Hzo ~N
25 °C -
Gluteraldehyde >

2) Ac,0, Py, 25 °C
(46% over two
steps)

Scheme 2.5. Synthesis of Vinyl Nitrile (3)

The phosphodiester (7.08 g, 40 mmol, 1 equiv.) was added to a solution of 50
wt% glutaraldehyde in H,O (12 g, 60 mmol, 1.5 equiv.) in a round bottom flask. To the
mixture was added K>CO3 (12.12 g, 88 mmol, 2.2 equiv.) dissolved in H>O (26 mL) via
addition funnel. Reaction was stirred for 1 h, then extracted with EtOAc. The organic
layer was dried with EtOAc and concentrated under vacuum to provide the crude alcohol

2 which was used without further purification.'”

12



'H NMR (400 MHz, Chloroform-d) & 6.75 (t, J= 4.0, 1.0 Hz, 1H), 4.34 — 4.26 (m, 1H),
2.32-222 (m, 1H), 2.21 — 2.10 (m, 1H), 1.96 — 1.86 (m, 1H), 1.85 — 1.72 (m, 2H), 1.69

~1.56 (m, 1H).

The crude alcohol was dissolved in Ac20O (20 mL), followed by addition of
pyridine (16.5 mL). Reaction was stirred for 20 hr, then extracted with EtOAc and
washed with 1 M HCI. The reaction mixture was purified by column chromatography
using a 30:70 EtOAc:Hex gradient providing 2.81 g of a colorless oil in 46% yield over

two steps.’

'H NMR (400 MHz, Chloroform-d) § 6.87 (t, J= 4.0, 1.0 Hz, 1H), 5.41 (t, J= 6.7, 3.5,
1.3 Hz, 1H), 2.38 — 2.26 (m, 1H), 2.26 — 2.14 (m, 1H), 2.12 (s, 3H), 1.98 — 1.84 (m, 2H),

1.85 — 1.67 (m, 2H).
Cl Cl

KSAc, MeCN
Br > SAc
2 o
. 5°C £

(97% vyield)

Scheme 2.6. Synthesis of Benzylic Thioacetate (5)

The benzylic bromide (2.00 g, 8.9 mmol, 1 equiv.) was added to a 6-dram vial,
followed by KSAc (1.12 g, 9.79 mmol, 1.1 equiv.) and MeCN (8 mL). Reaction was
stirred for 4 h at 25 °C. Reaction was diluted with EtOAc, filtered, then washed with
H>0. The organic layer was separated, dried with sodium sulfate, and concentrated under

vacuum to provide 1.88 g of a yellow oil in 97% yield.!”

'H NMR (600 MHz, Chloroform-d) & 7.42 (dd, J = 8.6, 6.0 Hz, 1H), 7.10 (dd, J = 8.5,

2.6 Hz, 1H), 6.91 (td, J = 8.3, 2.6 Hz, 1H), 4.17 (s, 2H), 2.33 (s, 3H).
13
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(30 % yield)

Scheme 2.7. Synthesis of Thioether (6)

K2COs3 (1.6 g, 11.5 mmol, 2.3 equiv.), the thioacetate (1.0 g, 4.6 mmol, 1 equiv.),
and EtOH (4.6 mL) were added to a 6-dram vial and stirred at 25 °C for 15 h, when the
allylic acetate (760.0 mg, 4.6 mmol, 1 equiv.) was added and stirred at 25 °C for 5 h.
Reaction was concentrated, then diluted with EtOAc and washed with H>O. The organic
layer was separated and dried with sodium sulfate. Reaction mixture was purified by
column chromatography using a 10:90 to 20:80 EtOAc:Hex gradient to provide 392 mg

of a white solid in 30% yield.

o
=0
S m-CPBA, EtOAc /©/\ S N
ZN Z
z = ~
F 25 °C
(68% yield)

Scheme 2.8. Synthesis of Sulfone (7)

The thioether (382.2 mg, 1.36 mmol, 1 equiv.), 77 wt% mCPBA (670.3 mg, 2.99
mmol, 2.2 equiv.), and EtOAc (13 mL) were added to a 6-dram vial. Reaction was stirred

for 1.5 h at 25 °C, then washed with sat. Na,CO3. The organic layer was separated and

14



dried with sodium sulfate. Reaction mixture was purified by column chromatography

20:80 then 50:50 EtOAc:Hex to provide 291.0 mg of a white solid in 68% yield.

'H NMR (400 MHz, Chloroform-d) 8 7.60 (dd, J = 8.7, 5.9 Hz, 1H), 7.23 (dd, J = 8.4,
2.6 Hz, 1H), 7.15 (t, J = 4.1 Hz, 1H), 7.10 — 7.03 (m, 1H), 4.70 (d, J = 13.9 Hz, 1H), 4.59
(d, J=13.9 Hz, 1H), 3.84 — 3.80 (m, 1H), 2.56 — 2.39 (m, 2H), 2.35 — 2.23 (m, 1H), 2.13

—2.00 (m, 1H), 1.91 - 1.81 (m, 1H), 1.81 — 1.72 (m, 1H).

3C NMR (151 MHz, Chloroform-d) § 162.9 (d, J=253.2 Hz), 154.2, 136.3, 134.4,
121.3,118.2, 117.6 (d, J = 25.1 Hz), 115.0 (d, J = 21.4 Hz), 105.7, 58.2, 56.0, 25.7, 21.8,

16.9.

+ESI-HRMS m/z: calc’d for C14H13CIFNNaO,S [M+Na]" = 336.0237, found

C14H13CIFNNaO;S = 336.0234.

Cl
Cl 0
n , S=“~ 0
S$O l. Et3OBF4, DCM
N > N
F 45°C H
ii. H,O, Dioxane, 25 °C

(55% yield)

Scheme 2.9. Synthesis of Ethyl Amide (8)

The nitrile (100.0 mg, 0.32 mmol, 1 equiv.) and DCM (0.6 mL) were added to a
vial, followed by EtsOBF4 (121.1 mg, 0.64 mmol, 2 equiv.) and sealed and heated to
45 °C for 24 h. Half of the reaction mixture was transferred to a vial containing 1 mL of a
1:10 H2O:Dioxane mixture and stirred for 22 h, then diluted with EtOAc and washed
with brine. The organic layer was separated and dried with sodium sulfate. Reaction was

purified by column chromatography using a 20:80 to 40:60 to 50:50 to 60:40 EtOAc:Hex
15



gradient. Further purification of the product-containing fractions was done via column
chromatography using 40:60 Acetone:Hex to provide 32.0 mg of a white solid in 55%

yield based on the half of the solution used for this condition.

'H NMR (400 MHz, Chloroform-d) § 7.59 (dd, J = 8.7, 6.0 Hz, 1H), 7.19 (dd, J= 8.5,
2.7 Hz, 1H), 7.02 (td, J= 8.2, 2.7 Hz, 1H), 6.71 (t, J= 3.9 Hz, 1H), 6.01 (s, 1H), 4.62 —
4.56 (m, 1H), 4.52 (d, J = 13.7 Hz, 1H), 4.46 (d, J= 13.8 Hz, 1H), 3.43 — 3.34 (m, 2H),
2.50 (dt, J= 14.5, 2.9 Hz, 1H), 2.42 — 2.30 (m, 1H), 2.25 — 2.13 (m, 1H), 2.05 — 1.91 (m,

1H), 1.79 — 1.64 (m, 2H), 1.20 (t, /= 7.3 Hz, 3H).

13C NMR (151 MHz, Chloroform-d) & 168.2, 162.7 (d, J = 252.0 Hz), 138.4, 136.5 (d, J
= 10.5 Hz), 134.1 (d, J= 9.2 Hz), 128.9, 122.1 (d, J= 3.9 Hz), 117.5 (d, J = 24.9 Hz),

114.6 (d, J=21.5 Hz), 56.9, 56.5, 34.9, 24.8, 22.5, 17.6, 14.7.

+ESI-HRMS m/z: calc’d for Ci16H19CIFNNaO3S™ [M+Na]" = 382.0650, found

Ci16H19CIFNNaO3S* = 382.0657.

cl 5 Cl (I)l
n_o _ /@/\szo 0
S= i. Me;OBF,, DCM
N > F N
F 45 °C H
ii. H,0O, 25 °C
(8% vyield)

Scheme 2.10. Synthesis of Methyl Amide (9)

The nitrile (100.0 mg, 0.32 mmol, 1 equiv.), DCM (0.9 mL), and Me;OBF4 (188.5
mg, 1.27 mmol, 4 equiv.) were added to a sealed 1-dram vial and stirred at 45 °C for 53

h, then quenched with water and extracted with DCM. The organic layer was dried with
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sodium sulfate, then filtered. The crude mixture was purified with column
chromatography using a 20:80 to 40:60 to 50:50 EtOAc:Hex gradient to provide 9.1 mg

of a white solid in 8% yield.

'"H NMR (600 MHz, Chloroform-d) & 7.60 (dd, J = 8.6, 6.0 Hz, 1H), 7.20 (dd, J = 8.4,
2.6 Hz, 1H), 7.05 —7.01 (m, 1H), 6.03 (d, /= 5.4 Hz, 1H), 4.60 (d, /= 5.7 Hz, 1H), 4.55
—4.46 (m, 2H), 2.91 (d, J=4.9 Hz, 3H), 2.53 — 2.46 (m, 2H), 2.35 (ddd, /= 19.9, 7.8, 3.5

Hz, 1H), 2.24 - 2.15 (m, 1H), 2.01 — 1.91 (m, 1H), 1.78 — 1.65 (m, 2H).

13C NMR (151 MHz, Chloroform-d) & 169.1, 162.9 (d, J = 252.4 Hz), 138.6, 134.2 (d, J
=9.0 Hz), 128.9, 122.3, 117.6 (d, J = 24.9 Hz), 114.8 (d, J = 21.4 Hz), 57.1, 56.6, 26.9,

24.9,22.7,17.7.

+ESI-HRMS m/z: calc’d for Ci1sH17CIFNNaOsS [M+Na]" = 368.0499, found 368.0492.
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Figure 2.1. '"H NMR of Thioether (6).
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CHAPTER THREE

Introduction to sGC and Gemfibrozil

Nitric oxide (NO) signaling is a unique pathway in animals. NO is a
gasotransmitter produced by endothelial cells which readily diffuses across smooth
muscle cells. NO responses include vascular smooth muscle relaxation, platelet
aggregation inhibition, and neurotransmission, with implications in the respective organ
systems’ diseases. Vasodilation by NO is an important mechanism for homeostasis,
maintaining appropriate blood pressure and blood flow.?! The most sensitive physiologic

receptor for nitric oxide is soluble guanylyl cyclase (sGC).??

sGC produces cyclic guanosine monophosphate (cGMP). NO binds to the heme
prosthetic group of sGC, causing a conformation shift and activation of the enzyme.
cGMP then acts as a secondary messenger, stimulating protein kinase G to phosphorylate
further protein targets. cGMP is catabolized by phosphodiesterase (PDE) to 5’-GMP, at a
rate 10-fold faster than cyclization of GMP. Thus, PDE is a target in cases where
vasodilation is preferred, such as in hypertension or erectile dysfunction. Adequate
amounts of NO are required for PDE targeting to be effective. Alternatively, the
precursor of NO, L-arginine, can be given to patients as a supplement, promoting NO
formation and lowering blood pressure.?® A classic example of an NO-producing
hypertension medication is nitroglycerin, Alfred Nobel’s explosive that has a medical
application as an antihypertensive agent. Patients can become tolerant to nitrates,

reducing the long-term efficacy of these NO donors.
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sGC itself is potentially a more suitable therapeutic target for cardiovascular
disease. It is heterodimeric, composed of two subunits (o and ) which each have two
isoforms. Only a1/B1 and 02/B1 heterodimers have been observed in vivo, with the former
being more highly expressed. The enzyme is only active in the heterodimeric form under
physiological conditions,?? and requires a heme moiety for activity. The heme is
coordinated by a His-105 residue on the B-subunit, and NO-coordination results in a
hexa-coordinated histidine-heme-NO intermediate which rearranges to a penta-
coordinated nitrosyl-heme complex. The loss of His-105 interaction causes the shift
which activates the enzyme. However, recent X-ray spectroscopy suggests that complete
dissociation of the histidine may not be required for activation.?* Therapeutics which rely
on the initial His-105 coordination to induce activation of sGC are termed heme-
dependent, whereas heme-independent activators are more effective on the oxidized form
of sGC.?*> Some heme-independent sGC activators include riociguat, ataciguat, and
cinaciguat. Riociguat is approved for treatment of pulmonary arterial hypertension (PAH,
WHO Group 1).2° Mechanistically, it has a dual action on sGC by sensitizing the enzyme
to endogenous NO as well as by acting as a direct stimulant.”” Ataciguat and cinaciguat
displace heme from the HNOX binding site and cause an effective conformational shift

within the enzyme.?

Recently, gemfibrozil (Lopid, Figure 3.1), a fibrate used in the treatment of
dyslipidemia, has been shown to be a heme-independent activator of sGC. It was
determined to be unique within similar fibrates to be an sGC activator. Using truncated
isoforms of sGC, the HNOX domain was shown to be important to gemfibrozil’s activity.

Gemfibrozil has been shown to have antiplatelet activity and causes vasodilation of aortic
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rings but is less effective than cinaciguat and ataciguat. Molecular modelling of the
HNOX binding domain with gemfibrozil suggests that two of the molecules may fit
within the pocket, based on non-overlapping lowest-energy models (Figure 3.2).2
Structurally, the molecule appears simple to make, and indeed has been synthesized
through ether formation of the appropriate phenol with a protected ester and
saponification to achieve gemfibrozil. An improved process paper using this strategy

included results showing ~99.9% purity.?

O OH

Figure 3.1. Structure of gemfibrozil.
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Figure 3.2. Molecular modeling of cinaciguat (A) and two molecules of gemfibrozil (B)

to HNOX domain. (Reproduced from reference 28.)

The synthesis of gemfibrozil naturally lends itself to diversification by using a
variety of phenols. This project was designed to help define a structure-activity
relationship (SAR) of gemfibrozil analogs with varying aryl groups, evaluating steric and

electronic effects of gemfibrozil derivatives on their ability to activate sGC. The
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carboxylic acid moiety also provides a handle for analog syntheses via esterifications and
peptide couplings. The goal of this work was to synthesize gemfibrozil analogs and

screen them for sGC activity.
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CHAPTER FOUR

Synthesis of Gemfibrozil Analogs

To the end of creating a series of analogs using different phenols, para-tert-butyl
phenol was chosen as a first candidate. Starting with a chloride ester gemfibrozil
precursor, an Sn2 reaction displacing the chloride by the phenol was performed.
Saponification conditions were then chosen based on a process paper of gemfibrozil. This
para-tert-butyl gemfibrozil analog is suspected to have been synthesized based on proton
NMR, but it has not been further characterized. Attempts to reproduce this synthesis have
thus far proven unsuccessful, possibly due to stopping the reaction early. Unfortunately,
routine TLC monitoring of the first step tracking the ester disappearance is challenging,

due to the low absorbance of the ester starting material and its difficulty being stained.

(0] ( j\ ﬂ\@\
(0]
C'/\q&o Nal, K005 DMF O%O/\r

85°C

NaOH, Toluene o
’
H,0, 110°C O/\/>%I\OH

Scheme 4.1. Attempted synthesis of para-tert-butyl analog of gemfibrozil.
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Amine coupling reactions to afford amide derivatives of gemfibrozil were
attempted with n-butyl amine and hydrazine, using HATU as the coupling reagent. The

n-butyl amide was synthesized once in 47% yield.

/G(OA/)%O%H — /©fo/\/>€okuz\/\

Scheme 4.2. Targets of couplings of gemfibrozil.

The synthesis of gemfibrozil analogs using various phenols as well as the
preparation of amide derivatives by peptide coupling strategies remains promising,
although this work is incomplete. Biological experiments on these and other gemfibrozil
analogs synthesized in the Kane lab are currently being conducted by Dr. Martin’s lab at
the UT Health Science Center in Houston. These derivatives include dimers, which are of
interest because of molecular modeling of an sGC HNOX domain, which showed that

two gemfibrozil molecules could fit in one domain.”
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Experimental Section

HATU, n-BuNH,

0 TEA, DMF, 25 °C 0
@7 % yield) >
0 OH o ”/\/\

Scheme 4.3. Synthesis of Gemfibrozil n-Butyl Amide.

Gemfibrozil (50 mg, 0.2 mmol, 1 equiv.), HATU ( 76 mg, 0.2 mmol, 1 equiv.),
TEA (27.9 pL, 0.2 mmol, 1 equiv.) and DMF (1 mL) were added to a 1-dram vial and
stirred for 15 min at 25 °C. Then, n-butyl amine (98.6 uL, 1 mmol, 5 equiv.) was added
and stirred for 23 h. Reaction was diluted with EtOAc, then washed with brine, 3 M HCIl,
then 1 M NaOH. Reaction mixture was purified with column chromatography using

40:60 EtOAc:Hex to provide 29 mg of a white solid in 47% yield.

'"H NMR (600 MHz, Chloroform-d) & 7.00 (d, J = 7.5 Hz, 1H), 6.67 — 6.65 (d, J= 7.5 Hz
1H), 6.61 (s, 1H), 5.65 (t, J=5.8 Hz, 1H), 3.92 (t, /= 6.0 Hz, 2H), 3.25 (td, /=7.2, 5.6
Hz, 2H), 2.30 (s, 3H), 2.17 (s, 3H), 1.78 — 1.72 (m, 2H), 1.71 — 1.67 (m, 2H), 1.50 — 1.45

(m, 2H), 1.38 — 1.31 (m, 2H), 1.21 (s, 6H), 0.92 (t, J = 7.4 Hz, 2H).

I3C NMR (151 MHz, Chloroform-d) 8 177.3, 156.9, 136.5, 130.3, 123.5, 120.7, 112.1,

68.0,41.8,39.3, 37.6, 25.6, 25.1, 21.4, 20.1, 15.8, 13.8.

+ESI-HRMS m/z: calc’d for [M+Na]" C19H31NNaO," =328.2247, found Ci9H3:NNaO>"

=328.2247.
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