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ABSTRACT

Design and Synthesis of Novel LpxC Inhibitors tqgpbde Outer Membrane Formation in
Gram-Negative Bacteria
By

Andrea Olivia Pajarillo

The increasing global incidence of antibiotic-resmi$ Gram-negative bacteria
necessitates the discovery of new treatment mesimanio combat such untreatable and
deadly infections. One promising target is Lpx@ijghly conserved Gram-negative
enzyme which performs a crucial step in the lipiBi8synthetic pathway. Lipid A serves
as the anchor for lipopolysaccharides on the Gragative outer membrane and is
essential to the structural integrity and viabibfythe bacterium. The LpxC active site is
comprised of a zinc ion, a polar region, and a bgtobic passage. A library of analogs
with varying hydrophobic tails similar in structux@the natural substrate were designed
and synthesized with the goal of optimizing bindmthin the active site. Two new
analogs DP-001 andDP-002) were added to the existing LpxC inhibitor libraviich
contain a phenyl propargy! ethiil as a hydrophobic moiety. The phenyl propargyl
ether tail was synthesized and a new approach exasaped to achieve hydroxamic acid
conversion. BottbP-001 andDP-002 will be tested alongside the rest of the Peterson
library against various strains of Gram-negative @nam-positive bacteria for

antimicrobial activity.
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Introduction

Incidences of multidrug-resistant pathogens hageeased on a global basis,
creating one of the greatest crises in the mode&dical field! Various strains of
bacteria have exhibited resistance to even lasttrastibiotics, causing life-threatening
infections which do not respond to existing treattsé In the US alone, at least 2 million
cases of multidrug resistant bacterial infectioosun each year, resulting in
approximately 23,000 deaths per annufihe antibiotic resistance crisis can be
attributed to overuse and misuse of antibioticwa@$ as a decrease in antibiotic drug
research by pharmaceutical companies over timehigieeconomic risk of antibiotic
research and discovery paired with the eventuatatmn of the drugs have driven
pharmaceutical companies to more profitable vestueaving less novel antibiotics
available to combat dangerous bacterial infections.

Approximately 14% of hospital acquired infectiohtAs) in acute care facilities
are caused by antibiotic-resistant pathodeRsough not the initial cause of
hospitalization, HAIs caused by multidrug-resistiaatteria lead to longer hospital,
greater medical costs, and higher mortality rateemcompared to HAls caused by
antibiotic-sensitive pathoger®ften, infections can cause sepsis, an overaitivaf
the immune system in response to a pathogen, diaes organ failure and deéath.

Gram-negative bacteria that exhibit multidrug sesmice are particularly
dangerous, as the signature outer membrane blotksa# various antibiotics and limits
an already small list of treatment optiorBarticularly dangerous strains of Gram-

negative bacteria includ&® baumannii, K. pneumoniae., E. coli, andP. aeruginosa,
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which all exhibit worryingly high levels of resistee to most or all available antibiotic
treatments.
The Gram-negative outer membrane is studded witpblysaccharides (LPS)
Lipopolysaccharide that are the main structural component of the

membrane (Figure $).Each LPS molecule

Outer [ 50735 SPS50 55933 515930
membrane | J§I58000AE§4 4646 44 §8

Periplasmic
space

consists of three sections: an O-antigen, a

core oligosaccharide, and a toxic lipid A

Periplasmic
space

Cell| §55
membrane | JJ1)

oo anchor embedded in the membrarnépid A

is a powerful endotoxin that contributes to
Figure 1: Gram negative bacterial resistance to antibiotics and
membrane with LPS.

detergentd® As an endotoxin, lipid A is the
only LPS component recognized by the innate immayséem, and can overactivate the
immune inflammatory response and lead to sépaigrious studies have shown that
mutant bacteria lacking lipid A are inviable, whither mutant strains with inhibited
lipid A biosynthesis were more susceptible to datib treatment? Some suggested
mechanisms for the increase in antibiotic sengjtiand cell
death include improper buildup of LPS componéms.
such, prevention of lipid A biosynthesis is a preimg

method for antimicrobial treatment.

One approach to inhibition of lipid A formation is

targeting the enzyme UDP-(3-O-((R)-3-hydroxymyng}p

N-acetylglucosamine deacetylase, or LpxC, which is Figure 2: LpxC
crystal structure with
responsible for the first committed step of lipidsynthesis bound inhibitor8
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(Figure 2). Inhibition of LpxC prevents LPS fornaatj rendering the bacterium more
sensitive to antibiotic treatment and, in many sasgaking it inviablé.LpxC is also
highly conserved within Gram-negative strains amalaes no homology with mammalian
enzymes, making it an attractive target for antrotial treatment?

Our research group has analyzed the crystal steiofuithe LpxC active site and
found three target areas: a’Zion, a polar region, and a hydrophobic passad&e
strongest interaction occurs with the?Zion 13 The strongest previously synthesized
LpxC inhibitors found in literature all share a Ingglamate head group that binds
strongly to the Z#t ion*® In fact, the hydroxamate ion has a distinct thedymamic
advantage over an acetate ion as & Bmding motif, with the hydroxamate forming a
five-membered ring completed by the’Zion.'® An aromatic tail is attached to the
hydroxamate in order to fill the hydrophobic pagsagd improve binding specificity

(Figure 3)!7 Of these inhibitors, LPC-058 has shown the best V@lues against

_ 0
=z
o/\
N
CHIR-090
OH
o) S CFQH
QL0 H
% S H H \OH
F & N/\/S( “OH o)
N o) Z
(0] é
O Pfizer O LPC-058
' H,N

Figure 3: Previously developed LpxC inhibitors.
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Acinetobacter baumannii at 0.39ug/mL, exhibiting better inhibitory activity than GR-
090 across all tested Gram-negative bacteria lgrfaof 5- to 55-fold® However, most
published LpxC inhibitors only target theZmon and hydrophobic passage, and do not
contain structures capable of interacting withia tlucleoside-binding polar regidh.
CHIR-090 has an & value of less than 2.1 nM, while the Pfizer intobiexhibits 1.1

nM ICs in wild typeP. aeruginosa.?? The strongest inhibitors contain a large group tha
sterically occupies the polar site such as theiaifisubstituted methyl of LPC-058,

implying that the interaction within this pocketdsicial to LpxC inhibitior?!

Rationale

Potential inhibitors of LpxC were designed by was members of the Peterson
lab group capable of targeting two or more regiartbe active site. The general
structure of our design library was based on the(_patural substrate, which consists of
a nucleoside, a diphosphate linker, a glucosanainé a long hydrocarbon tail (Figure
4A). All proposed analogs share a hydroxamate lgemap as a Z& binding motif, but
differ in inclusion of a nucleoside and in typehgflirophobic tail (Figure 4B). Early

proposed structures considered both ether analeidinkages to connect the nucleoside

A B
OH

Q .
Link
o INKers
HO NH o
0 Nl OH_ OH |
0_1_0_I_0 N
o= o P7pP N" o N
T o
0O O

()
HN. Nucleoside
OH

Hydrophobic moiety

(CH2)1oCH3 OH OH

Figure4: A) The structure of the LpxC natural substrate wseglio creat8) the
general structure of analog library.
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to the hydroxamate and hydrophobic tail. Howevemputational studies performed by

the Cafiero lab (Table 1) have found that the @i@zinkage contributes to the

hydroxamate-Z#t interaction (Figure 5%

Due to the relative ease of synthesis of the tleagooup compared to ether

formation, ether-linked structures were abandonddvor of the triazole-containing

analogs. The current Peterson library consistsiolaoside and non-nucleoside

compounds with hydroxamic acids and differing hydrabic tails (Figure 6).

Table 1: Interaction energies of
SA-001 andSA-002 in kcal/mol

Molecule Total IE
(kcal/mol)
SA-001 283
SA-002 -606
0
NH, fJ\NH N:rx\l
o} o) N\ _N
N/go 5
HN. © HaN
OH HN
\
OHOH OH
SA-001

SA-002

Figure5: The triazole-linked compoun®4-002) showed a more negative
interaction energy than the ether-linked compow&#d-Q01) in computational

analysis, indicating better binding in the actiite §T able 1).14
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Figure 6: Potential LpxC inhibitor library developed by tReterson lab.

While SA-002 showed great promise in LpxC binding during corapanal trials GL -
001 was developed to fill the hydrophobic passagdefdctive site and increase
specificity® Non-nucleoside molecules have also been synthiebizeny colleagues
Rebeca Roldan and Carter Embry which contain aynaliRR-001 andCE-001). In the
future, triazole analogs of these non-nucleosidepmunds will also be synthesized.
These compounds will be tested alongside the nsicledbased analogs in order to
determine the degree to which the nucleoside aazile group contribute to LpxC

inhibition.
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Incorporation of a hydrophobic tail to bind in thetive site offers both design
and synthetic challenges. The amino acid sequenitese tunnels differs across many
Gram-negative strains, thus varying passage sidperder to achieve broad spectrum
activity against different Gram-negative specibs,thil must be able to fit within a
variety of hydrophobic passages and resolve arigrdiices. Many research groups have
found that more linear tails can account for sliggutiations in the hydrophobic tunnel,
resulting in a wide variety of tails with aromagjooups bound by acetylene or
diacetylene€? However, many inhibitors which include diacetydegroups, including the
previously mentioned CHIR-090, showed low aquealsislity as well asn vitro
cytotoxicity. In place of the diacetylene and atestg tails, a flexible propargyl ether
group was designed which could specifically inhiiteruginosa LpxC 24 The Piizi
compound A, which includes the propargyl ether, &hibwed a strong Kgvalue of

0.006uM, as well as good aqueous solubility with no oyt effects (Figure 7).

NH, Figure7: CompoundA
0 from Piizi, et al. contains a
phenyl propargyl ether tail
as a hydrophobic moiety.
Wild type P. aeruginosa

¢ ICso was 1.5 nM and in
/\0 MDR P. aeruginosa MIC go
was 2ug/mL.22

ZT

OH

Iz
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Purpose

This honors research works to improve and expg@ac the current Peterson
library by optimizing necessary reactions suchhasazidonucleoside synthesis and
developing new potential inhibitors. With the sugxef the Piizi tail in mind)P-001
and its corresponding alkym¥P-002 were designed and synthesized as potential LpxC
inhibitors(Figure 8). WhileDP-002 was fully synthesized and saved for future testing
and characterizatio®@P-001 was synthesized to the protected stage just béferénal
compound. Unlike the commercially available benzmitls used iL -001 andCE-
003, the DP tail had to be synthesized completelyrgdaoupling with the
propargylglycine. Additionally, a new synthetic pealure was implemented regarding

the hydroxamate conversion and will be detailethis paper.

o)
N Z
:[\lj | /I\i—l (0] H
(0] N\ _N
N0 N N-on
N O 0 H
N o)
HN /o
/ o OH  OHOH
DP-001 DP-002

Figure 8: DP-001 andDP-002 contain a phenyl propargyl ether tail which has
shown good antimicrobial activity iR. aeruginosa.?®
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Experimentals

All anhydrous solvents used were obtained from cencial sources and stored
in Sure-seal bottles. Necessary reagents and sthernts were acquired from Sigma-
Aldrich and Acros. Fmoc-L-Propargylglycine was phased from AK Scientific. Unless
otherwise stated, all reactions were done undea-plire argon in standard glass round
bottom flasks. Column chromatography was execusatjwsilica gel (Silicycle 55-65
A). Proton {H) and carbonC) NMR spectra were taken using a Varian 400 MHz
spectrometer. Chemical shif®) (vere reported in parts per million (ppm) and refeed
toH (CDCk at 7.26, DMSO at 2.50, GDD at 3.31) and®C (CDCk at 77.16, DMSO at

39.52, and CBOD at 49.00).

A. Ketal protection of uridine

1-((3aR,4R,6R,6aR)-6-(hydr oxymethyl)-2,2-dimethyltetr anydr ofur o[ 3,4-
d][1,3]dioxol-4-yl)pyrimidine-2,4(1H,3H)-dione (1)

Commercially available uridine (2.63 g, 10.8 mnioEQ) was dissolved in acetone (150
mL) at rt. Concentrated430s (1.31 mL, 24.6 mmol, 2.3 EQ) was added dropwise T
reaction was stirred at rt for 1.5 hours, neutealizvith TEA (3.75 mL), and concentrated
under reduced pressure. The crude product wasqulkiy silica gel column
chromatography (MeOH:Ci€l,, 0-8%) to afford alcohdl (2.95 g, 96 % yield) as a
white solid.Rs (10% MeOH:CHCI,) = 0.42

IHNMR (400 MHz, DMSO)3 1.27 (s, 3 H), 1.47 (s, 3 H), 3.30 (s, 2 H), 4€51 H),

4.72 (s, 1 H), 4.87 (s, 1 H), 5.05 (s, 1 H), 5.611(H), 5.81 (s, 1 H), 7.77 (s, 1 H), 11.36

(s, 1H)
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13CNMR (100.5 MHz, DMSO)35 25.63, 27.49, 61.70, 80.91, 84.11, 86.95, 91.63,177,
113.40, 142.35, 150.76, 163.60

TheHNMR and*CNMR correspond to the literature data.

B. Tosylation of protected uridine

((3aR 4R ,6R,6aR)-6-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-
dimethyltetrahydrofur o[ 3,4-d][1,3]dioxol-4-yl)methyl 4-methylbenzenesulfonate (2)
Alcohol 1 (1.14 g, 4.01 mmol, 1 EQ) was dissolved in anhydiGtbClo (16 mL) at rt.
Pyridine (3.5 mL, 43.4 mmol, 10.3 EQ) was added the reaction. Tosyl anhydride
(2.231 g, 6.84 mmol, 1.6 EQ) was added to the i@acafter which the mixture was
stirred at reflux for 2 hr. The reaction was stappad rested without stirring at rt for 1
hour, then diluted with CH@(80 mL). The diluted solution was washed with BLSICI

(3 x 50 mL) and saturated NaH@®6blution (60 mL), then dried over Mg he
resulting solution was filtered and concentratedacuo. The crude product was purified
with column chromatography (Hexanes:EtOAc, 1:3-1053fford tosylate (1.74 g, 99%
yield) as a white foam.R1:4 hexanes:EtOAc) = 0.51

IHNMR (400 MHz, CDC4): 5 1.18 (s, 3 H), 1.38 (s, 3 H), 2.26 (s, 3 H), 443 H),

4.67 (s, 1 H), 4.87 (d, J=6.3, 1 H), 5.60 (d, 48 1 H), 7.17 (d, J = 8.2, 2 H), 7.61 (d, J
=8.2,2 H)

3CNMR (100.5 MHz, CDGJ): 6 21.51, 25.04, 26.89, 69.74, 80.84, 84.24, 85.4919
102.38, 114.32, 127.83, 129.82, 132.29, 143.19,2P4350.30, 164.01

TheHNMR and*CNMR correspond to the literature data.
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C. Azidonucleoside synthesis
1-((3aR,4R,6R,6aR)-6-(azidomethyl)-2,2-dimethyltetr ahydr ofur o[ 3,4-d] [ 1,3] dioxol-
4-yl)pyrimidine-2,4(1H,3H)-dione (3)

Tosylate? (1.74 g, 3.97 mmol, 1 EQ) was dissolved in anhydioMF (10 mL) to which
NaNs (1.35 g, 20.8 mmol, 4.9 EQ) was added. The reaetias stirred at rt for 15
minutes, then stirred at 45°C for 19 hours. Duth&formation of white sediment at the
bottom of the flask, the reaction was restarteeraftiding more DMF (7 mL) and stirred
at 40°C for 25 hours. The resulting mixture wasosmmrated under reduced pressure and
purified via silica gel column chromatography (Me@HCl>, 0-5%) to afford azid8
(1.108 g, 90% yield) as a white foam. R% MeOH:CHCIy) = 0.71

IHNMR (400 MHz, CDC4): § 1.36 (s, 3 H), 1.57 (s, 3 H), 3.63 (d, J = 4.H)24.24 (d,
J=4.3,1H),4.84(d,J=5,1H),5.04(d, J2 1 H),578(d,J=7.81H),579 (s, 1
H), 7.36 (d, J = 7.8, 1 H), 10.35 (s, 1 H)

3CNMR (100.5 MHz, CDGJ): § 25.15, 27.00, 52.27, 81.49, 84.24, 85.80, 94.62,68,
114.61, 142.76, 150.28, 163.94

TheHNMR and'3CNMR correspond to the literature déta.

D. Propargyl ether formation

M ethyl 4-(but-2-yn-1-yloxy)benzoate (4)

Commercially available methyl-4-hydroxybenzoatd {®. g, 7.35 mmol, 1 EQ) was
dissolved in anhydrous DMF (14.5 mL) at 0°C. Sodhydride (60% mineral oil
dispersion, 0.278 g, 11.6 mmol, 1.1 EQ) was addeldlze reaction was stirred for 1

hour at 0°C. 1-Bromo-2-butyne (0.672 mL, 7.68 mmal, EQ) was added to the mixture
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and the reaction was stirred for 19.5 hours dipbn completion, the mixture was
quenched with a saturated solution of J4TH(15 mL) and product was extracted with
EtOAc (2 x 10 mL). The combined organic layers weeshed with brine (2 x 20 mL),
dried over MgSQ@ filtered, and concentrated under reduced presSiliea gel column
chromatography (Hexanes:EtOAc, 4:1-1:1) was usgulitidy esterd (0.63 g, 42% yield)
as a white powder.fR(3:1 hexanes:EtOAc) = 0.71

'HNMR (400 MHz, CDC¥): § 1.86 (s, 3 H), 3.88 (s, 3 H), 4.70 (s, 2 H), 6@8] = 7.8,
2H),7.99(d,J=7.8,2H)

13CNMR (100.5 MHz, CDGJ): 6 3.68, 51.90, 56.52, 73.35, 84.39, 114.48, 123.10,
131.50, 161.51, 166.80

TheHNMR corresponds to the literature déata.

E. De-esterification of propargyl ether methyl ester

4-(But-2-yn-1-yloxy)benzoic acid (5)

Ester4 (0.61 g, 3.0 mmol, 1 EQ) was dissolved in anhydrodF (12 mL) at rt. KOH
(1.135 g, 20.2 mmol, 6.8 EQ) was dissolved in 70éthanol (14 mL MeOH, 6 mL #D)
to create a 1 N solution of KOH in 70% MeOH. The®&olution was added to the
reaction flask at rt, after which the reaction wtged for 26 hours. The resulting
mixture was concentrated under reduced pressurdianed with EtOAc (150 mL), then
transferred to a beaker and stirred at 0°C. Theedilsolution was treated with 1 M HCI
(19 mL) dropwise until the pH reached 2 when spbtteto pH paper with capillary

tubes. The acidified solution was washed with b(& 60 mL), filtered, dried over
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MgSQs, and concentrateid vacuo to afford benzoic aci8l as a white crystal in its pure
form (0.54 g, 95% vyield).

IHNMR (400 MHz, CROD): 6 1.83 (s, 3 H), 4.74 (s, 2 H), 7.03 (d, J = 9, 2H95 (d, J
=9, 2 H)

3CNMR (100.5 MHz, CBOD): 6 1.63, 55.82, 73.20, 83.26, 114.16, 123.05, 131.23,
161.75, 168.26

TheHNMR corresponds to the literature déata.

F. THP-protected hydroxamic acid conversion

(9H-fluoren-9-yl)methyl ((25)-1-oxo-1-(((tetrahydr o-2H-pyran-2-yl)oxy)amino)pent-
4-yn-2-yl)car bamate (6)

Commercially available Fmoc-L-Propargylglycine (18§, 0.59 mmol, 1 EQ) was
dissolved in anhydrous GBI, (2 mL) at 0°C. THP-O-NK(79 mg, 0.67 mmol, 1.1 EQ)
was added at 0°C. In a separate flask, DCC (14268, mmol, 1.1 EQ) was dissolved
with anhydrous CkLCI2 (2 mL) under Ar. The DCC solution was added dregand the
Fmoc solution at 0°C, then the mixture stirred¥0rminutes at 0°C. The reaction was
warmed to rt and stirred for 21 hours. The soluti@s filtered through cotton, during
which the reaction flask and filter were rinsedhw@HCl> and CHCN. Once
concentrated under reduced pressure, the prodscpwdéied with silica gel column
chromatography (MeOH:Ci€l>, 10%) to afford the THP-protected hydroxamic &id
(265 mg, 103% vyield) as a white powdey (F0% MeOH:CHCI;) = 0.88, visualized

with potassium permanganate stain
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IHNMR (400 MHz, CDCH): & 1.54 (m, 3 H), 1.74 (m, 2 H), 2.06 (s, 1 H), 2(682 H),
3.52 (d, 1 H), 3.89 (t, 1 H), 4.18 (t, 1 H), 4.331(H), 4.40 (d, 2 H), 4.95 (t, 1 H), 5.98
(d, 1 H), 7.29 (m, 2 H), 7.38 (m, 2 H), 7.55 (MHP 7.73 (m, 2 H), 9.95 (s, 1 H)

TheHNMR corresponds to the literature déata.

G. Coupling of THP-Protected Hydroxamic Acid and Phenyl Propargyl Ether Benzoic
Acid
4-(But-2-yn-1-yloxy)-N-((2S)-1-oxo-1-(((tetr ahydr o-2H-pyr an-2-yl)oxy)amino)pent-
4-yn-2-yl)benzamide (7)
Protected hydroxamic ac&i(262 mg, 0.60 mmol, 1 EQ) was dissolved in anhyslrou
CHxCl> (2.5 mL) at 0°C and treated dropwise with piper&(20% in DMF, 1 mL). The
reaction was stirred for 11 minutes at 0°C, withcteon progress checked every 5
minutes by TLC and ninhydrin staining. The prodwes reduced under pressure and
used without purification. Benzoic acdd338 mg, 1.78 mmol, 3 EQ) was transferred to
the reaction flask containing the protected hydnaxaacid6 with anhydrous CkCI> (7
mL), dissolving both compounds. HATU (730 mg, 1rBéhol, 3.2 EQ) and DIPEA (0.95
mL, 5.3 mmol, 9 EQ) were added and the reactionstia®d for 4 hours at rt. The
mixture was concentrated under reduced pressuréicBtion by column
chromatography (Hexanes:EtOAc, 1:1-2:1) was attethdiut most spots reported were

byproducts rather than the pure prodiidio product was obtained.
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H. Methyl ester protection

Methyl (S)-2-((((9H-fluor en-9-yl)methoxy)car bonyl)amino)pent-4-ynoate (8)
Commercially available Fmoc-L-propargylglycine (289, 0.91 mmol, 1 EQ) was
dissolved in MeOH at 0°C. SO£0.15 mL, 2.1 mmol, 2 EQ) was added dropwise at
0°C after which the reaction was heated to 60°Csainckd for 4 hours. As the reaction
progressed, a white mass formed on top of a dagsolution, so anhydrous &b (1
mL) was added to improve solubility. The crude migtwas concentrated under reduced
pressure to form the glassy crude product. Silelacglumn chromatography
(MeOH:CH.CCl2, 2%) afforded methyl est& (319 mg, 100% vyield) as a white powder.
Rr (2% MeOH:CHCI,) = 0.92

IHNMR (400 MHz, CDC4): § 2.07 (s, 1 H), 2.79 (s, 2 H), 3.80 (s, 3 H), 4124 =

7(x2), 1 H), 4.40 (d, J=7,2 H), 4.55 (t, J =2)xL H), 5.67 (d, J=7.4, 1 H), 7.31 (t, J =
7(x2), 2 H), 7.40 (t, J = 7.4(x2), 2 H), 7.61 ( 7, 2 H), 7.76 (d, J = 7.4, 2 H)

3CNMR (100.5 MHz, CDGJ): § 22.76, 47.11, 52.35, 52.82, 67.25, 71.87, 78.26,0D,
125.11, 127.08, 127.74, 141.29, 143.71, 143.80,615370.77

TheHNMR and'3CNMR correspond to the literature défa.

I. Methyl ester and benzoic acid coupling with HATU

Methyl (S)-2-(4-(but-2-yn-1-yloxy)benzamido)pent-4-ynoate (9)

Methyl estei8 (345 mg, 0.99 mmol, 1 EQ) was dissolved in anhydi@HCl> (2.5 mL)

at 0°C and treated dropwise with piperidine (2099MF, 1 mL). Reaction progress was
monitored with a ninhydrin stain, with complete Fewmemoval occurring after 18

minutes. The mixture was reduced under pressureised without further purificatiott.
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Benzoic acid (250 mg, 1.31 mmol, 1.51 EQ) was added to thealepted methyl ester
with anhydrous CECI2 (8 mL) and dissolved at rt. HATU (597 mg, 1.57 niyio6 EQ)
and DIPEA (0.80 mL, 4.6 mmol, 4.5 EQ) were added thie reaction was stirred for 24
hours at rt. The mixture was reduced under pressueurified via column
chromatography (Hexanes:EtOAc, 4:1-1:1) to procalkgne9 (240 mg, 81% vyield) as a
white solid. R (3:1 hexanes:EtOAc) = 0.28.

IHNMR (400 MHz, CDC): § 1.86 (s, 3 H), 2.07 (s, 1 H), 2.89 (ddd, J = 8.8, 2.7, 2
H), 3.82 (s, 3 H), 4.70 (d, J =2, 2 H), 4.94 (it 7.8, 4.7(x2), 1 H), 6.94 (d, J = 7.4, 1
H), 7.01(d,J=9,2H), 7.81(d, J=9, 2 H)

3CNMR (100.5 MHz, CDGJ): 6 3.64, 22.57, 50.94, 52.83, 56.47, 71.67, 73.3AR5/8

84.34, 114.70, 126.41, 128.91, 160.65, 166.39,04/1.

J. Methyl ester and benzoic acid coupling with EDC

Methyl (S)-2-(4-(but-2-yn-1-yloxy)benzamido)pent-4-ynoate (9)

Methyl estei8 (290 mg, 0.83 mmol, 1 EQ) was dissolved in anhydtGHCl> (2.5 mL)

at 0°C and treated dropwise with piperidine (209%9MF, 1 mL). Reaction progress was
monitored with a ninhydrin stain, with complete Fewvemoval occurring after 21
minutes. The mixture was reduced under pressureised without further purificatiott.
Benzoic acicb (238 mg, 1.25 mmol, 1.51 EQ) was added to theadepted methyl ester
with anhydrous CELCI2 (8 mL) and stirred at rt for 30 minutes. EDC-HE38 mg, 1.24
mmol, 1.4 EQ) and HOBt (219 mg, 1.43 mmol, 1.4 &@)e added at 0°C and the
reaction was stirred for 15 minutes. DIPEA (0.5 rBlmmol, 4.5 EQ) was added

dropwise at 0°C after which the mixture was stif@d20 minutes. The reaction was
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warmed to rt and stirred for 24 hours. The mixtwes diluted with CHCI2> (20 mL) and
washed with 1.6 M citric acid (30 mL), saturatedH0s solution (30 mL), and brine
(30 mL). The organic layer was dried over.8@;, filtered, and concentrated vacuo.
Purification by column chromatography (Hexanes:E¢O#41-1:1) afforded alkyn@
(142 mg, 57% yield) as a white solid. 2:1 hexanes:EtOAc) = 0.33.

'HNMR (400 MHz, CDC¥): 5 1.38 (s, 3 H), 2.04 (d, 1 H), 2.86 (m, 2 H), 3(803 H),
4.68 (s, 2 H), 4.19 (m, 1 H), 6.98 (m, 2 H), 7.8 @ H)

3CNMR (100.5 MHz, CDGJ): 6 3.64, 22.57, 50.94, 52.83, 56.47, 71.67, 73.3R5/8

84.33, 114.70, 126.41, 128.90, 160.64, 166.38,0871.

K. Hydroxamic acid conversion
(S)-4-(But-2-yn-1-yloxy)-N-(1-(hydroxyamino)-1-oxopent-4-yn-2-yl)benzamide (10)
A solution of NBOH (50% in HO, 0.80 mL, 26 mmol, 55 EQ) in MeOH (3 mL) was
prepared and its pH tested to be no greater thatk$ne 9 (136 mg, 0.45 mmol, 1 EQ)
was dissolved in the NdMDH & MeOH solution at rt and stirred for 22 houf$ie
solution was concentrated under reduced pressuaia@ the pure hydroxamic acid
(137 mg, 100% vyield) as a white solid.

IHNMR (400 MHz, DMSO0)35 1.81 (s, 3 H), 2.59 (m, 2 H), 2.83 (s, 3 H), 449 1 H),
4.79 (s, 2 H), 7.01 (m, 2 H), 7.84 (m, 2 H), 8.481 H), 8.93 (d, 1 H), 10.79 (s, 1 H)
3CNMR (100.5 MHz, DMSQ)6 3.59, 22.02, 50.67, 56.42, 73.25, 74.84, 81.32%84

114.62, 126.97, 129.78, 160.20, 166.02, 167.24
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L. Triazole formation via CUAAC
4-(But-2-yn-1-yloxy)-N-((S)-3-(1-(((3aR 4R ,6R,6aR)-6-(2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)-2,2-dimethyltetr ahydr ofur o[ 3,4-d][ 1,3] dioxol-4-
yl)methyl)-1H-1,2,3-triazol-4-yl)-1-(hydr oxyamino)-1-oxopr opan-2-yl)benzamide

(11)

Alkyne 10 (190 mg, 0.63 mmol, 1 EQ) was dissolved insCN (3 mL). In a separate
flask, azide3 (200 mg, 0.65 mmol, 1 EQ) was dissolved in anhydi@HCN (1.5 mL)

and transferred into the flask containing alkgn&20 (1.2 mL) and Cu powder (18 mg,
0.28 mmol, 0.36 EQ) were added at rt. The readstias sonicated for 10 minutes, then
heated to 35°C and stirred for 23.5 hours. Theltiagumixture was concentrated under
reduced pressure. Column chromatography (MeOHGTHH5-10%) afforded the desired
productll (150 mg, 39% yield) as an off-white solid. 8% MeOH:CHCI,) = 0.33
IHNMR (400 MHz, DMSO0)3 1.23 (s, 3 H), 1.41 (s, 3 H), 1.81 (s, 3 H), 3061 = 7, 2
H), 4.26 (m, 1 H), 4.58 (d, J = 8.3, 2 H), 4.65J¢; 4.3, 1 H), 4.69 (d, J = 4.7, 1 H), 4.78
(s, 3H),5.03(d,J=6.3, 1 H),5.62(d, J = 1.8, 5.75 (s, 1 H), 6.97 (d, J = 8.6, 2 H),
7.60(d, J=8.2,1H),7.78(d, J=8.6, 2 H)OAS 1 H), 8.46 (d, J=8.2, 1 H), 8.86 (s, 1
H)

3CNMR (100.5 MHz, DMSOQ)6 3.59, 25.51, 27.26, 51.41, 56.39, 74.85, 81.58383
84.26, 85.56, 93.23, 102.38, 113.91, 114.55, 123.84.13, 129.68, 143.72, 143.85,

150.74, 160.12, 163.70, 166.15, 168.22
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M. Ketal Deprotection

4-(but-2-yn-1-yloxy)-N-((S)-3-(1-(((2R,3S,4R ,5R)-5-(2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)-3,4-dihydr oxytetrahydr ofuran-2-yl)methyl)-1H-1,2,3-
triazol-4-yl)-1-(hydr oxyamino)-1-oxopr opan-2-yl)benzamide (DP-001)

Hydroxamic acidll (78 mg, 0.13 mmol, 1 EQ) was dissolved inZCH (5 mL) at 0°C.
DI water (0.2 mL) was added dropwise at 0°C. TEA (@L, 0.10 mmol, 1 EQ) was
added dropwise at 0°C. The reaction was sealedangilass stopper and stirred for 20
hours. The mixture was transferred to a conicakflaith 1:1 CHCIl:MeOH and
concentrated under reduced pressure to a brown, fibem treated with 3 drops of
MeOH for solubility. The product was precipitateat avith diethyl ether (59 mg, 81%
yield) as an off-white solid.

IHNMR (400 MHz, DMSO)3 1.82 (s, 3 H), 3.30 (s, 1 H), 4.00 (s, 2 H), 4091 = 4.7,
1 H), 4.17 (s, 1 H), 4.67 (m, 1 H), 4.72 (s, 2 #HY9 (s, 2 H), 5.66 (s, 2 H), 6.99 (d, J =
8.2,2 H), 7.37 (m, 1 H), 7.75 (d, J = 7.8, 2 HRZI(s, 1 H)

3CNMR (100.5 MHz, DMSO)6 3.05, 15.38, 29.00, 52.35, 57.17, 66.85, 71.72,Z4
74.68, 82.83, 92.90, 102.98, 115.58, 127.35, 13033.23, 142.97, 143.09, 151.93,

162.17, 165.92, 169.34, 169.51
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Results & Discussion

A. Analog Design

Previous computational studies done by our labgshowed strong inhibitory
activity by nucleoside-containing analogs in thexCpactive sité* SA-002, which did
not contain a hydrophobic tail, had the most negatiteraction energy at -710 kcal/mol
in a solvated modéf However, as many key human enzymes such as matrix
metalloproteinases and zinc-dependent histone tgases contain Ztiions in their
active sites, a hydrophobic tail must be includegdrovide LpxC specificity.
Additionally, the incorporation of a tail moietyl@ls for us to further modulate the
lipophilicity and solubility of the compounds whighseen in calculated log P values
(Table 2).SA-002, which does not contain a hydrophobic tail, hasrtiost negative Log
P value, indicating that it is the most pol@E-002, DP-001, andGL -001 have

increasingly positive log P values that correlaittheir increased lipophilicity.

Table2: Log P Values of Nucleoside Analogs

Molecule LogP
SA-002 -3.52
GL-001 -0.01
DP-001 -1
CE-002 -1.69

*values taken from ChemDraw Professional 15.1

While prior hydrophobic regions developed by théePs®n lab contained simple
phenyl and biphenyl tail<CE-003 andGL -001), the phenyl propargyl ether tail

developed by the Piizi group showed good activelsitding and strong LpxC inhibitory
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activity.?* Due to then vitro success of the phenyl propargyl ether tail, it was
incorporated into the inhibitors as a hydrophobkigion attached to both nucleoside and

non-nucleoside analogs.

B. Optimization of Tosylation Reaction

Synthesis of the azidonucleoside (Scheme 1) begaravketal protection of
commercially available uridine to produce alcohatith a yield of 96% yield> Alcohol
1 underwent tosylation to form tosyla?eén a 99% yiel?® The tosyl group o was
replaced with an azide, affording azi@len a 90% yielc?® The most difficult reaction in
the azidonucleoside synthesis is the tosylatiam®fprotected nucleoside. Though the
literature showed yields of 98%, previous membétb®lab could not produce yields
above 67%. This is likely caused by the difficiduaous workup, which can form an
emulsification layer that prevents good separafid@asures taken to optimize tosylation
include scaling down and resting the reaction ahréemperature for an extra hour upon
completion before beginning the agueous workup.grbeedure of the agueous work up
involves three washes with 0.5M HCI and one wagh saturated sodium bicarbonate
solution. In the event an emulsification layer fednbrine was added into the separation
flask in order to produce a more ionic solution aesblve the emulsification layer. In
literature, the tosylate was purified via silicd gglumn chromatography in
chloroform:methanot® Conditions were changed to Hexanes:EtOAc on aigmadf 1:3
to 1:5 so as to accelerate the product’s elutiooutdph the column. Under these

conditions, the yield was improved to 99%, whicleasnparable to the literature values.
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The tosylated produ@was then converted to azi@gwhich would be clicked together

with the alkyne via CUAAC.

Scheme 1

A N N" 0 N0
0 N 0 acetone, H,SO4 \w Ts,0, pyr, DCM \w NaNj3;, DMF O
rt,2h 00 reflux, 2 h 45°C, 18 h

96% 99% OO0 90%

C. Propargyl Ether Benzoic Acid Synthesis

The propargyl ether benzoic acid derivative wastssized as outlined in Scheme 2,
which was derived from Piizi et &.Methyl-4-hydroxybenzoate underwent standard
Williamson ether synthesis to form esfewith a yield of 4296 Ester4 was converted
to benzoic acid in a 95% yielcP* While the de-esterification reactigield was similar
to the 96% yield found in literature, the ethertbgsis yield was lower than the literature
yield of 59%. This low product yield may have beansed by many factors, including
inactive sodium hydride or the 0°C temperature lsttvthe reaction began. Further
optimization may be achieved by rinsing the sodhydride with hexanes and
transferring the pure sodium hydride via cannula the reaction flask. Additionally,
using new sodium hydride may improve ether synghgsids.

While the de-esterification reaction did have ahhyeeld of 96%, great care had to be
taken to properly acidify the compound. Followingatment with potassium hydroxide

and methanol in THF, benzoatevas acidified with 1M HCI at 0°C to pH 2. The
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acidified solution was washed with brine and dogdr magnesium sulfate. In some
cases, the compound was reacidified to insure cetenpbrmation of the benzoic acid and
transfer the compound into the organic layer. Dieqqsing magnesium sulfate to dry the
compound, a significant water signal was obseraetie spectra taken of the final

benzoic acidb, which may have complicated the subsequent cayiglieps.

Scheme 2
o) (0] (0]
1-bromo-2-butyne, KOH, MeOH,
O/ NaH, DMF O/ THF OH
rt, 19h rt, 24h
HO 42% /\ (0] 95% /\ (0]
4 5

D. Exploration of Amide Coupling Methods: THP-Protected Hydroxamic Acid

For all other analogs in the Peterson library, @9ptlotected hydroxamic acid was
coupled with the corresponding benzoic acid toltesuhe alkyne half of the
molecule! This alkyne would undergo CuAAC, or click chemystwith
azidonucleosid8 to form a triazole linker between the two portiafishe molecule. The
initial approach for the synthesisBP-001 was to utilize this technique as well (Scheme
3). Commercially available Fmoc-L-propargylglycwas converted to THP-protected
hydroxamic acid with a 78% yielc?® Prior to amide coupling, the Fmoc group of alkyne
6 was removed with piperiding.The resulting alkyne was coupled using HATU to
benzoic acid derivative.?* Despite success in literature, the HATU couplingcpdure
did not result in alkyn& formation. This may be in part due to water whiokld not be
completely removed from benzoic a&deffectively preventing HATU coupling activity.

Improper acidification of the benzoic acid derivatmay have resulted in less benzoic
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acid in solution, thus preventing the necessasraations for product formation.
Additionally, molar proportions were miscalculatézhving an excess of benzoic abid

which made isolating any product very difficult.

= =
THP-O-NH,, DCC,DCM H
Fmoc\N OH ', 19 h > Fmoc\N N
H 78% H
(0] (0]
6

0O
é 1). piperidine{ DCM
’ O . oH 0°C, 5 min
Fmoc N N\o o 2).HATU, DIPEA, DCM
N /\o t, 4h /0

Scheme 3

6 5

E. Methyl Ester Protection & Coupling

As the THP-protected hydroxamic adidlid not couple with benzoic acid derivative
5, a new synthetic design was created with the diaffording the coupled alkyne
(Scheme 4). A survey of other LpxC inhibitor syrnib@rocedures found a common
approach involving a methyl ester that could laeiconverted to a hydroxamic acid,
often in the last step of synthests?°In the interests of pursuing this method, Fmoc-L-
propargylglycine was esterified using thionyl cliderto form methyl esteé8 in a 100%
yield.2” The Fmoc protecting group of methyl etavas removed with piperidine prior
to coupling with benzoic acid to afford alkyne. Various coupling agents were
explored to synthesize alkySeincluding EDC and HATU. The EDC procedure had
been previously used by our lab to synthe§iEe001, and successfully produced alkyne

9in a 57% yield?* The HATU coupling procedure was even more sucagssith
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alkyne9 afforded in an 81% yield, improving upon the littre yield of 5196

Scheme 4

= =
SOCl,, MeOH
Fmoc\N OH 0°C. 60°C for 4 h Fmoc\N (ONG
100%
H o %
8

1). piperidine, DCM

0° C 15 min /@)‘\
8 +
2). HATU, DIPEA, DCM
rt, 19h O\
81%
=
1). piperidine, DCM
0° C 15 min /@)J\ 0]
8 +
2). EDC HOBt, DIPEA, DCM
rt, 19h O\

57%

Though HATU was a more successful agent than EB€¢ost of HATU is quite
high in comparison. HATU is also more sensitivevider in the reaction, and may not
couple if any residual water remains. As such, E@4Y be the preferred method for the
amide coupling procedure. Another coupling agemibogs HBTU, as it has the

functionality of HATU at a more reasonable c¥st.

F. Hydroxamic Acid Conversion

The coupled methyl est®rwas converted to hydroxamic adid through treatment
with agueous hydroxylamine quantitatively (Schemé& Fhis step afforde®P-002, the
non-nucleoside analog with the propargyl ether tilike other literature examples,

which use highly basic solutions to achieve hydmage conversion of methyl esters, the
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sensitivity of then-proton to removal by a bagsecessitated less basic conditions so as
not to risk racemization. Hydroxylamine (50% in @twas diluted with methanol until
the pH registered close to 8. Methyl e€evas dissolved in this solution at room
temperature and stirred for 22 hours, after whith-tayer chromatography (TLC)
confirmed that only hydroxamic acid) was present. Synthesis of alkypB-002 was
confirmed througfHNMR and**CNMR, as spectra contained peaks that correspond to
the hydroxamic acid grou@P-002 was fully synthesized in 7 steps with an overadld/
of 28%.

In the current synthetic procedure, the hydroxaamgid conversion precedes the
CUAAC reaction as the uracil group on the nucle®sithy be susceptible to basic
degradation in hydroxylamine. While the hydroxamooversion successfully afforded

DP-002, the nucleoside anald®P-001 was more synthetically challenging.

Scheme 5
0 Z 0 Z
NH,OH, MeOH
o) 20 h, rt HN .
/ O > 100% / O OH
9 10

G. Click Chemistry
Copper-catalyzed azide-alkyne cycloaddition (CuAA®)click chemistry, was used
previously in our lab to synthesize triazole-linkeimpoundsSA-002, GL -001, andCE-

003 with yields from 54-77%% Azide 3 and alkynel0 were dissolved in acetonitrile,
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after which Cu powder was added to the reactiskfl&ollowing sonication, the reaction
ran for 23.5 hours at 32°C to affotd in 39% yield, which was significantly lower than
previous yields of other nucleoside analogs (SchéxeThis reduced yield may be in
part due to failure to run the reaction to completiAs this was the first attempt at using
CUuAAC on a compound with an exposed hydroxamic,atid possible that the reaction
needed more than 24 hours to reach completion.fdmye CuUAAC reactions should be

monitored by TLC to confirm product formation amction completion.

Scheme 6
(0]
= NH
o) I
/@)‘\H 0 \%E#N o Cu, HzO CH4CN
HN. 35°C, 22h
/o OH 00 39%
A
10 3
o o)

0] o N™ ~O TFA H;0,DCM 0o N
- o}
ol e oM
HN. ., O O 81% HN_ OHOH
/\o OH K /\o
1 DP-001

The exposed hydroxamic acid may also be causing smmplications during this
reaction. Hydroxamates are capable of binding talih®ions with a 2+ charg®. While
other CUAAC procedures use Cu (Il) salts, our dsewpowder results in only Cu
formation, thus not interfering with the hydroxaraicid. However, the column needed

for purification allows a chance for the hydroxaraaid to interact with and adhere to

highly polar silica gel, causing loss of product.
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Upon purification, compountil was treated with trifluoroacetic acid at 0°C inler
to remove the ketal protecting group. After thectie ran for 20 hours, the mixture was
concentrated under reduced pressure. Purificatasaghieved through precipitation
with diethyl ether. Prior to precipitation, a smathount of methanol was added to the
flask to improve solubilityDP-001 was isolated in a 81% yield, which was lower than
literature yields of 65-70% (Scheme'6)Synthesis was confirmed withiNMR and

13CNMR. DP-001 was fully synthesized in 9 steps with an overald/of 9%.

Conclusions

Inhibition of LpxC is a promising method of antil@gal treatment that may be
useful in against multidrug resistant bacteria. fiwest effective inhibitors found in
literature share a hydroxamate to bind to th&" Zon and an aromatic tail that can bind
specifically in the hydrophobic passage. Of thesgbitors, none have specifically
targeted the nucleoside binding pocket proximah&oZrf* ion. The development of
nucleoside-based analogs that mimic the naturatsate of LpxC provide insight into
key active site interaction®P-001 andDP-002, which contain a phenyl propargyl ether
tail attached to the triazole-linked hydroxamatd aocleoside, have been added to the
Peterson library as potential LpxC inhibitoé?-002 has been fully synthesized in 7
steps with an overall yield of 28%P-001 was synthesized in 9 steps with an overall
yield of 9%. Computational and experimental reswith the newly developed inhibitors
will provide insight into how to successfully inltibpxC activity, and will drive design

and synthesis of additional inhibitors.
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Figure Al. 'HNMR of 1-((3aR,4R,6R,6aR)-6-(hydroxymethyl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)pyriitine-2,4(1H,3H)-dionel). ‘HNMR
(400 MHz, DMSO0):5 1.27 (s, 3 H), 1.47 (s, 3 H), 3.30 (s, 2 H), 4851 H), 4.72 (s, 1
H), 4.87 (s, 1 H), 5.05 (s, 1 H), 5.61 (s, 1 HR15(s, 1 H), 7.77 (s, 1 H), 11.36 (s, 1 H)
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Figure A2. ®*CNMR of 1-((3aR,4R,6R,6aR)-6-(hydroxymethyl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)pyriidine-2,4(1H,3H)-dionel).
3CNMR (100.5 MHz, DMSO)$ 25.63, 27.49, 61.70, 80.91, 84.11, 86.95, 91.63,177,
113.40, 142.35, 150.76, 163.60
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Figure A3. THNMR of ((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydrojpyidin-1(2H)-yl)-
2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yhethyl 4-methylbenzenesulfonat® (
'HNMR (400 MHz, CDCI3)3 1.18 (s, 3 H), 1.38 (s, 3 H), 2.26 (s, 3 H), 44,73 H),
4.67 (s,1H),4.87 (d=6.3,1 H),5.60 ()=7.8,1H),7.17 (] =8.2, 2 H), 7.61 (d]
=8.2, 2 H)
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Figure A4. ®*CNMR of ((3aR,4R,6R,6aR)-6-(2,4-dioxo-3,4-dihydrapyidin-1(2H)-yl)-
2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yDethyl 4-methylbenzenesulfonat® (
3CNMR (100.5 MHz, CDCI3)8 21.51, 25.04, 26.89, 69.74, 80.84, 84.24, 85.491
102.38, 114.32, 127.83, 129.82, 132.29, 143.19,2P4950.30, 164.01
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Figure A5. 'THNMR of 1-((3aR,4R,6R,6aR)-6-(azidomethyl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)pyriitine-2,4(1H,3H)-dione3). HNMR
(400 MHz, CDC%): 6 1.36 (s, 3H), 1.57 (s,3H),3.63 @k 4.7,2H),424 (d=43,1
H), 4.84 (dJ=5,1H),5.04 (d)J=7.2,1H),5.78 ()] =7.8, 1 H), 5.79 (s, 1 H), 7.36
(d,J=7.8,1H),10.35(s, 1 H)
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Figure A6. >*CNMR of 1-((3aR,4R,6R,6aR)-6-(azidomethyl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)pyriidine-2,4(1H,3H)-dione3).
3CNMR (100.5 MHz, CDCI3)8 25.15, 27.00, 52.27, 81.49, 84.24, 85.80, 94.62,68,
114.61, 142.76, 150.28, 163.94
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Figure A7. 'THNMR of methyl 4-(but-2-yn-1-yloxy)benzoatd)(*HNMR (400 MHz,
CDCly): 5 1.86 (s, 3 H), 3.88 (s, 3 H), 4.70 (s, 2 H), 688 = 7.8, 2 H), 7.99 (d] =
7.8, 2 H)
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Figure A8. ®*CNMR of methyl 4-(but-2-yn-1-yloxy)benzoaté) (*3*CNMR (100.5 MHz,
CDCI3):6 3.68, 51.90, 56.52, 73.35, 84.39, 114.48, 123.30,50, 161.51, 166.80
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Figure A9. 'THNMR of 4-(But-2-yn-1-yloxy)benzoic acic). tHNMR (400 MHz,
CDsOD): § 1.83 (s, 3 H), 4.74 (s, 2 H), 7.03 (= 9, 2 H), 7.95 (d) = 9, 2 H)
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Figure A10. *HNMR of methyl (S)-2-((((9H-fluoren-9-yl)methoxy)daonyl)amino)pent-
4-ynoate 8). tHNMR (400 MHz, CDCI3)3 2.07 (s, 1 H), 2.79 (s, 2 H), 3.80 (s, 3 H),
424 (tJ=7(x2), 1 H),4.40 (dJ=7, 2 H), 4.55 (t) = 4(x2), L H), 5.67 (d) = 7.4, 1 H),
731 (t,J=7(x2),2H),7.40 (1)=7.4(x2),2H),7.61(d=7,2H),7.76 (d)=7.4, 2
H)
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Figure Al1l. *CNMR of methyl (S)-2-((((9H-fluoren-9-
yl)methoxy)carbonyl)amino)pent-4-ynoa@®.(:*CNMR (100.5 MHz, CDGJ): § 22.76,
47.11, 52.35, 52.82, 67.25, 71.87, 78.26, 120.28,111, 127.08, 127.74, 141.29, 143.71,
143.80, 155.61, 170.77
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Figure A12. *HNMR of methyl (S)-2-(4-(but-2-yn-1-yloxy)benzamigent-4-ynoate
(9). tHNMR (400 MHz, CDC4): 6 1.86 (s, 3 H), 2.07 (s, 1 H), 2.89 (ddd¢; 8.1, 4.8,
2.7,2H),3.82 (s, 3H),4.70 (dF 2, 2 H), 4.94 (dt) = 7.8, 4.7(x2), 1 H), 6.94 (d,=
7.4,1H),7.01(d)=9,2H),7.81(d)=9,2H)
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Figure A13. *CNMR of methyl (S)-2-(4-(but-2-yn-1-yloxy)benzamigent-4-ynoate
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Figure Al14. *HNMR of (S)-4-(But-2-yn-1-yloxy)-N-(1-(hydroxyaminel-oxopent-4-
yn-2-yl)benzamidel0). *HNMR (400 MHz, DMSO)3$ 1.81 (s, 3 H), 2.61 (d,=2.7, 2
H), 2.83 (s, 1 H), 4.50 (¢,= 7.6 (x3), 1 H), 4.79 (s, 2 H), 7.00 &5 8.6, 2 H), 7.85 (d,
J=9,2H),8.49(d)=8.2,1H),8.93(s,1H),10.79 (s, 1 H)
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Figure A15. : THNMR of (S)-4-(But-2-yn-1-yloxy)-N-(1-(hydroxyaminel-oxopent-4-
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Figure A16. 'HNMR of 4-(But-2-yn-1-yloxy)-N-((S)-3-(1-(((3aR,4BR,6aR)-6-(2,4-
dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethylti@hydrofuro[3,4-d][1,3]dioxol-4-
yl)methyl)-1H-1,2,3-triazol-4-yl)-1-(hydroxyamind)-oxopropan-2-yl)benzamidéy).
'HNMR (400 MHz, DMSO)3 1.23 (s, 3 H), 1.41 (s, 3H), 1.81 (s, 3H), 3081=7, 2
H), 4.26 (m, 1 H), 4.58 (dJ=8.3, 2 H), 4.65 (d) =4.3, 1 H), 4.69 (d]=4.7, 1 H), 4.78
(s, 3H),5.03(d)=6.3,1H),562(d]=7.8,1H),5.75 (s, 1 H), 6.97 (@ 8.6, 2 H),
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7.60 (d,J=8.2, 1 H), 7.78 (d) = 8.6, 2 H), 7.80 (s, 1 H), 8.46 (@l= 8.2, 1 H), 8.86 (s, 1
H)
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Figure A17. 3CNMR of 4-(But-2-yn-1-yloxy)-N-((S)-3-(1-(((3aR,46R,6aR)-6-(2,4-
dioxo-3,4-dihydropyrimidin-1(2H)-yl)-2,2-dimethylti@hydrofuro[3,4-d][1,3]dioxol-4-
yl)methyl)-1H-1,2,3-triazol-4-yl)-1-(hydroxyamind)-oxopropan-2-yl)benzamidéy).
3CNMR (100.5 MHz, DMSO)6 3.59, 25.51, 27.26, 51.41, 56.39, 74.85, 81.58383
84.26, 85.56, 93.23, 102.38, 113.91, 114.55, 123.84.13, 129.68, 143.72, 143.85,
150.74, 160.12, 163.70, 166.15, 168.22



Pajarillo43

PROTON_01
o
@
J -
0.157
. 05(m)
] R
g ¥
£
=]
£ 0107
© i
g 4
: ] 8
] Mo4(d) 3
0.05 i " 5
] o ~268
] s JdNE8ITFS
] ' j by \&H
0 — S AL
0.842.00 0.92 2.00 196 1.662.030.961.000.890.91 0.77 3.07
[ [ O I I I o]
8.

0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)

Figure A18. 'HNMR of 4-(but-2-yn-1-yloxy)-N-((S)-3-(1-(((2R,3SR45R)-5-(2,4-dioxo-
3,4-dihydropyrimidin-1(2H)-yl)-3,4-dihydroxytetradyofuran-2-yl)methyl)-1H-1,2,3-
triazol-4-yl)-1-(hydroxyamino)-1-oxopropan-2-yl)eamide DP-001). *HNMR (400
MHz, DMSO0):8 1.82 (s, 3 H), 3.30 (s, 1 H), 4.00 (s, 2 H), 402 = 4.7, 1 H), 4.17 (s,
1 H), 4.67 (m, 1 H), 4.72 (s, 2 H), 4.79 (s, 2 5186 (s, 2 H), 6.99 (dl = 8.2, 2 H), 7.37
(m,1H),7.75(dJ)=7.8,2H),7.82(s,1H)
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Figure A19. 3CNMR of 4-(but-2-yn-1-yloxy)-N-((S)-3-(1-(((2R,3Y45R)-5-(2,4-
dioxo-3,4-dihydropyrimidin-1(2H)-yl)-3,4-dihydroxgtrahydrofuran-2-yl) methyl)-1H-
1,2,3-triazol-4-yl)-1-(hydroxyamino)-1-oxopropanyDbenzamide DP-001). 3 CNMR
(100.5 MHz, DMSO)3 3.05, 29.00, 52.35, 57.17, 71.72, 74.12, 74.68322.90,
102.98, 115.58, 127.35, 130.13, 130.23, 142.97,004351.93, 162.17, 165.92, 169.34,
169.51



