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ABSTRACT

Malaria remains a global health problem, and thaatgrnational efforts for treatment and eradicatio
have made some headway, the emergence of drutprésiparasites threatens this progress.
Antimalarial therapeutics acting via novel mecharssare urgently required?. falciparumM1 and
M17 are neutral aminopeptidases which are essdntiglarasite growth and development. Previous
work in our group has identified inhibitors capabledual inhibition ofPfA-M1 and PfA-M17, and
revealed further regions within the protease Skeiscthat could be exploited in the development of
ligands with improved inhibitory activity. Hereime report the structure-based design and synthesis
of novel hydroxamic acid analogues that are capablgotent inhibition of botiPfA-M1 and PfA-

M17. Furthermore, the developed compounds potantiipit Pf growth in culture, including the
multi-drug resistant strain Dd2. The ongoing depetent of dualPfA-M1/PfA-M17 inhibitors

continues to be an attractive strategy for thegiest novel antimalarial therapeutics.



1. Introduction

Malaria is a parasitic disease that kills over laafhillion people each year, posing a huge burden t
public health [1]. Almost half of the global poptibn, particularly those living in sub-Saharaniédr
and South-east Asia, remain vulnerable to maldfjia The disease is caused by five parasites of the
genusPlasmodiumwith Plasmodium falciparum (Pthe most virulent. AlarminglyPf has developed
widespread resistance to commonly used antimaarialich as chloroquine, mefloquine,
pyrimethamine, and sulfadoxine, and further resistao the artemisinins, our last line of defermses
emerged in five countries of the Greater Mekongeagibn (Cambodia, Thailand, Myanmar, Vietnam
and Laos) [2]. If we are to prevent a resurgerfamalaria, new therapeutics of diverse chemistry an

different mechanisms of action are urgently require

Many of the clinical symptoms of malaria developridg the erythrocytic stage of infection.
During this stage, multiple metabolic pathways iargated within the parasites, which present aevid
range of potential drug targets. Among the esskentietabolic pathways that occur within
erythrocytes, is hemoglobin digestion; host hemoiglds degraded into free amino acids that are
absolutely required for parasite survival [3, #jterference with this pathway is therefore anaative
strategy for the development of novel antimalagampounds. The final stage of this process is
mediated byPfA-M1 [5] as well as several other metalloaminopegsies (MAPS) that are proposed to

work in concert to remove of the N-terminal amimidaesidue from peptide fragments [6-8].

Two of the neutral, zinc-dependent metalloaminopeges fromPf, PfA-M1 and PfA-M17, are
essential for parasite survival, and selectivelition of either enzyme is lethal for parasitesvitro
[5]. Further,in vivo studies have shown that inhibitionfA-M1 and PfA-M17 controlsPlasmodium
chabaudi chabaudimurine models of malaria [9-11]. Both enzymes #nerefore validated
antimalarial therapeutic target®fA-M1 and PfA-M17 are from different enzyme families, and have

very different structural arrangement3fA-M1 is a monomeric protein of 1085 amino aciddeingth



(Supp. Fig. 1A). Cleavage of an N-terminal extengresidues 1-194) forms the proteolytically agtiv
species that consists of four domains (residues1D85%). PfA-M17 is a hexamer composed of six
identical two-domain subunits (Supp. Fig. 1B) 12]. The active site of both enzymes is located
within domain I, the catalytic domain. The actsite of PfA-M1 is enclosed deep within the catalytic
domain and is accessed by putative substrate antiyexit channels [9]. In contrast, the six active
sites ofPfA-M17 are located on the edge of the catalytic domend exposed to solvent in the interior
cavity of the hexameric assembly [12]. Despites¢henajor differences betwe@&iA-M1 and PfA-
M17, the enzymes share similar architecture withm active sites (Fig. 1A and 1B). Both enzymes
possess S1 and S1' pockets (to accommodate P1 Hnaedtdues of the peptide substrates), and
contain catalytic zinc ion/s at the junction of ttveo sites (Fig. 1A and 1B). These similarities
prompted suggestions that a single compound cadhidibiting both enzymes could be developed
[12]. A drug that can effectively inhibit more thane target could potentially slow the emergerfce o
drug resistance parasitePfA-M1 possesses one catalytic zinc ion {ZnwhereasfA-M17 has two
Zn** and a catalytic carbonate atom. Previous inlaibiStudies show that cross inhibition RfA-
M1/PfA-M17 is achievable by targeting these catalytiwczion/s [9, 10, 12-15], and led us to develop
((4-(1H-pyrazol-1-yl)phenyl)(amino)methyl)phosphonic a€id (Fig. 1C) PfA-M1 K; = 104uM and
PfA-M17 K; = 0.011 uM), which binds within the S1 pocket of both enzgm@d6]. However,
differences in the compound binding profiles of #mzymes meant that compound elaboration tended

toward improved inhibition of one enzyme targethat expense of the other.

We have recently developed the first inhibitor sercapable of potent dual inhibition of b&fA-
M1 andPfA-M17, by introducing a hydroxamic acid moiety asgiter zinc-binding group (ZBG) and
exploring the S1’ pockets [17]. Two compounds weanaracterized as potent dual inhibitorsPdh-
M1 and PfA-M17: tert-butyl (1-(4-(H-pyrazol-1-yl)phenyl)-2-(hydroxyamino)-2-oxoethydibamate

(2) and N-(1-(4-(1H-pyrazol-1-yl)phenyl)-2-(hydroxyamino)-2-oxoethyiyplamide @) (Fig. 1C).



Both compounds bind the catalytic zinc ion/s thitotige hydroxamic acid moiety, and prevent growth
of Pf-3D7 parasites (I6 of 2 = 783 nM; I1Gy of 3 = 227 nM) with no observable human cell

cytotoxicity [17].

Hydroxamic acid and hydroxamate-containing compsuhdve previously been investigated as
potential antimalarials. The search ffA-M1 inhibitors identified a malono-hydroxamic digegple
hit [14, 18]. Chemical modification of the compauled to the discovery of BDM14471, a selective
inhibitor of PfA-M1 [14]. The compound showed only moderate gatiasitic activity, buin vivo
distribution studies revealed the compound was #&blecach the digestive vacuole in blood-stage
parasites [13]. The hydroxamate-containing compoQRR-2863 is a poteffA-M17 and moderate
PfA-M1 inhibitor. Excitingly, this compound was showo be orally bioavailable and efficacious in a

murine model of malaria [11].

In the present study, we aimed to improve our hyaintc acid series as dual inhibitorsRIA-M1
and PfA-M17 and improve theirPf parasiticidal activity. To achieve this, we sébecthe two
optimized S1’ binding moieties identified in ourepious work; theN-Boc group of2 and N-pivaloyl
group of3, and using them as ‘anchors’ explored the S1 goskh a range of substituted-phenyl and
heteroaromatic rings. One of these series Ni{2-(hydroxyamino)-2-oxoethyl)pivalamides, showed
superior dual enzyme inhibitory activity compared dather PfA-M1 and PfA-M17 inhibitors, and
resulted in greater inhibition &¥f growth in culture, including the multi-drug resist strain Dd2. As

such, the inhibitors described herein represennmiaog lead compounds for further development.

2. Results and discussion

The 4-(H-pyrazol-1-yl)phenyl framework o2 and 3 was originally selected by optimization of
PfA-M1 and PfA-M17 inhibitor series which coordinated the catialn** ion/s through a phosphonic

acid moiety [16]. By exchanging the phosphonate dinding group for a hydroxamic acid, the



binding position of the 4-f@-pyrazol-1-yl)phenyl scaffold within the S1 poclstifted considerably
[17]. This provided us with an avenue to buildoithe S1’ pocket with short aliphatic groups and
substituted-phenyl moieties, which identified thg-butyl group as the ideal substituent to satisfihbo
the largerPfA-M17 S1' pocket while remaining bound within thenaler PIA-M1 S1' pocket.
However, the observed shift of the inhibitor schffmdicated that further optimization of this regi
into the S1 pockets of both enzymes was necessHngrefore, in order to probe the S1 pocket, we
chose to make two compound series basetidiutyl-containingN-Boc andN-pivaloyl ‘anchors’ in
the S1’ pocket, with which we determined detailedRSased on enzyme inhibitory activities and X-

ray crystal structures.

2.1 Chemistry

Analogues of phenylglycine derivativesand3 were synthesized in which the pyrazole moiety was
replaced with a variety of aromatic rings. The foy@mic acid analogues were prepared by a facile
four-step synthesis shown in Scheme 1. In this, Baamino-2-(4-bromophenyl)acetic aci#bj or 2-
amino-3-(4-bromophenyl)propanoic aciddf were efficiently elaborated to provide a numbér o
derivatives in good overall yields.

Access to the target derivatives Bf bearing pyrazole ring-replacements was achievedh f
commercially availabletb (Scheme 1). This reagent proved to be a highBfulisstarting point,
allowing installation of a number of aromatic mastthrough parallel Suzuki chemistry. In addition
we considered thdl-Boc-protected hydroxamic acid derivati9e to be a valid analogue in its own
right. The hydrophobic nature of the bromo grougkes it a potential surrogate for an aromatic ring.
Indeed, Weik and co-workers noted that non-clak$icasosteric replacement of a biphenyl moiety
with a bromophenyl group in their series of peptidmetic protease inhibitors gave comparable
activity in the inhibition assay [19]N-Boc protection o#4b was achieved in high yield following a

procedure based on the protection of the homologbasylalanine [20].Subsequent conversion to the



desired hydroxamic acid derivativéb proceeded smoothly in good vyield using the presiypu
described CDI-mediated activation method [17].

The remaining aryl derivatives were synthesizeadyersion o#b to the corresponding-amino
ester using previously described esterificationdtttons [17]. The crude product then underweéit
Boc protection to givéb in quantitative yield over two steps. Parallek&ki coupling ofSb with a
number of aromatic boronic acid or boronate eséginers, in the presence of Pg@€Ph), at 100 °C
in degassed 1M NEO; aqf THF readily afforded the desired 4-arylphenyl cammpds 7a-p in
generally good to excellent yield. Only couplingthw2-cyanophenylboronic acid proved difficult,
affording the desired product in low yield (18%jinal conversion to the target hydroxamic a@fsi
was successful with the exception of the nitrilateining derivatives. In the case of the 2-cyanoghe
derivative, no desired product was recoverable ftloereaction mixture. In contrast, LC-MS analysis
of the reactions containing 3- and 4-cyanophenyivdaéves 7m-n indicated conversion to the
corresponding hydroxamic acid after 1 hour. Afteernight stirring, aminolysis of the ester to the
hydroxamic acid was complete, however addition@ckton the nitrile groups had also occurred. The
isolated compound8r-s bore amidoxime groups in place of the nitrile greuand proved difficult to
purify, though inhibitory activity atPfA-M1/PfA-M17 of these unexpected analogues was still
evaluated (Table 1). The transformation of aryiles to arylamidoximes under similar conditions ha
been previously investigated [21].

The N-pivaloyl analogues were important target compoutidg possess theert-butyl ‘anchor’
optimal for binding to the S1’ pocket. AdditiongltheN-pivaloyl moiety is expected to impart better
metabolic stability as replacement of the moreléalsarbamate with an amide group reduces the
potential for hydrolysis to the free amine, whishsignificantly less potent [17]Most reactions used
for the synthesis of thE-Boc derivatives were similarly applied for the paeation of theN-pivaloyl
analogues. Compountb was esterified and subsequently reacted wighl Bnd pivaloyl chloride in

DCM at room temperature to afford compougtain excellent yield (94%) over 2 steps. The Suzuki



reaction was again used to incorporate an additiamamatic ring, to give compound3a-q.
Conversion of the methyl esters to the correspantydroxamic acids proceeded smoothly, affording
the final compound&0f-v in excellent yields. The transformation of th&ild moieties to amidoxime
groups, which was previously observed for BiBoc series, was again observed for the correspgndi
members of thé&l-pivaloyl series (analogud®sand10t).

This synthetic strategy was also easily adaptednvestigate the effect of inserting an extra
methylene unit between the-carbon (to the hydroxamic acid moiety) and phengly. This
homologous scaffold was anticipated to improve conmgl stability, by reducing the acidity of the
proton, whilst enabling us to probe space in the&ketsof PfA-M1 andPfA-M17. Using4d as the
starting material, the established procedures gtargication, attachment of tié-Boc/pivaloyl group,
Suzuki coupling and aminolysis were applied. lis 8tudy, the 4-fluoro9c, 10¢), 4-bromo 9d, 10d),
4-iodo Qg 108, 4-phenyl 9t, 10u) and 1-methylpyrazol-4-yl9{, 10v) derivatives were synthesized
for direct comparison to their more truncated ceywdrt. Representative NMR spectra for the

synthesized compounds are shown in Supp. Fig. 2—6.

2.2 PfA-M1 and PfA-M17 inhibitor-bound crystal sttures guide compound development

Here, we determined nirfefA-M1 co-crystal structures (with compoungéb, 9f, 9m, 9q, 9r, 10b,
100 10q, 10s Supp. Table 1 and 2, Supp. Fig. 1C), and Ri&-M17 co-crystal structures (with
compound®b, 10b, 100, 10q, 10r, 109 (Supp. Table 3, Supp. Fig. 1D). In all structucear electron
density for the bound compounds was observed ia¢tiee sites (Supp. Fig. 7). FBfA-M17, which
has two copies of the hexamer in the asymmetri¢, thé compound binding modes are largely
conserved in all twelve active sites. Thereforeemwdescribing®fA-M17 structures, we are referring

to Chain I, which has the clearest electron density

We first investigated the effect of replacing thggzole ring of2 and 3 with either a fluoro- or

bromo-substituentdg, 9b and10a, 10b). Irrespective of the S1' anchor used, the bramostituted



compound®b and 10b demonstrated the higheBfA-M1 and PfA-M17 inhibitory activity (for PfA-
M1, theK; of 9b = 27 nM andlOb = 65 nM; forPfA-M17 the K; of 9b = 80 nMand10b = 41 nM,
Table 1). Placement of a phenyl ring in the sapstjpon resulted i®f and10f. While both9f and10f
demonstrated gooBfA-M17 inhibitory activity K; values of 55 nM and 7 nM respectively), only

moderatePfA-M1 inhibition was observed( values of 37uM and 1.6uM respectively, Table 1).

To inform elaboration of the series, we determittesl crystal structures of boBfA-M1 and PfA-
M17 with 9b (9b:PfA-M1 at 2.0A and9b:PfA-M17 at 2.7A) and10b (10b:PfA-M1 at 2.0A and
10b:PfA-M17 at 2.6A). Although a racemic mixture of bottompounds was used for the
crystallization experiments, the crystal structilseewed that botRfA-M1 and PfA-M17 demonstrate
enantiomeric selectivity. Electron density in #ative site ofPfA-M1 demonstrated that only-9b is
bound in the crystal, whered-10b is preferentially bound (Fig. 2A). In contrasily the R-
enantiomer of bot®b and 10b could be fit to electron density in tlFA-M17 binding pocket (Fig.
2B). It should be noted however, that the obseeledtron density is an average of many molecules,
and it is therefore possible that small fractiohghe different enantiomers are bound, but unolesgrv
within the crystal. Compound@b and10b bear different linkers to theert-butyl moieties, a carbamate
on 9b and an amide oh0Db, that alters the disposition of substituents mRfA-M1 S1’ cavity. The
carbamate d®b forms three hydrogen bonds to the main chain g#& and Ala461, which places the
tert-butyl group in a position to form hydrophobic irgetions with Val493 at the end of the pocket.
Selection of theR-enantiomer of10b allows the equivalentert-butyl group to occupy a similar
position in thePfA-M1 pocket despite the shorter linker (Fig. 2AA comparison of thesPfA-M1
structures to th@b:PfA-M17 and 10b:PfA-M17 structures suggest that the different enaméoc
selectivity of the enzymes is due to spatial déferes in the S1’ cavitie®2fA-M1 has an enclosed S1’
pocket, while the S1’ cavity d?fA-M17 is exposed to solvent and is both larger simallower than the

PfA-M1 pocket. While the interaction between teet-butyl substituents and Val493 in tRéA-M1



cavity is vital, thetert-butyl groups of neitheBb nor 10b form direct interactions withiPfA-M17.
Instead the linkers themselves dominate the prabdiibitor interactions and bind similarly in both
9b:PfA-M17 and 10b:PfA-M17; the carbamate db forms water mediated hydrogen bonds with the
main chain of Gly489 and Ala490, while the carboofLOb forms a direct hydrogen bond with the
main chain amine of Gly489 (Fig. 2B). Unfortungtehe different enantiomeric preference exhibited
by PfA-M1 and PfA-M17 make it difficult to directly compare inhiloity activities between thid-Boc
andN-pivaloyl series. As a result, we have largelynieted our comparisons to compounds within the

same series.

Despite the different poses adopted 9y and 10b within the S1’ pockets, the position of the
hydroxamic acid and bromophenyl moieties are caesk(Fig. 2A and 2B). Compoun@b and10b
form identical zinc binding interactions witfA-M1, and the bromophenyl positions overlay closely
Similarly, in PfA-M17, the hydroxamic acid and bromophenyl moietidsboth 9b and 10b make
identical active site interactions. The interactidormed by the hydroxamic acid and bromophenyl
group of10b with the enzymes are shown in Fig. ZZIA-M1) and 2D PfA-M17). In bothPfA-M1
and PfA-M17, the hydroxamic acid afOb forms a dense network of metallo- and hydrogerdban
interactions with the zinc ion/s and surroundingidaes (Fig. 2C and 2D), and additionally to the
catalytic carbonate ion iIRfA-M17 (Fig. 2D). The bromophenyl moiety sits witlthe hydrophobic S1
pocket of both enzymes. [1Ob:PfA-M1, the bromine atom is ideally placed to intéradth the
aromatic ring of Tyr575, while the phenyl ring igaed with the side chain of Val459 (Fig. 2C).
Similarly, in 10b:PfA-M17, the bromophenyl interacts through hydroplabieractions with Met396,

Phe398 and Met392 (Fig. 2D).

While the bromo-substituted compour@ls and10b represent some of the most potent dRi&-
M1 andPfA-M17 inhibitors to date, they provide little oppanity to build further into the S1 pocket.

In an effort to probe further into the S1 pockeg, wcorporated an extra methylene between the pheny



ring and thex-proton (Table 2). However, regardless of the stuent incorporated (halogen, phenyl
or 1-methylpyrazol-4-yl), homologues containing @xtra methylene linker generally demonstrated
poor inhibition. Compounds bearing tReBoc moiety were poor inhibitors of boBfA-M1 (K; values

of 4.3 — >50QuM, Table 2) andPfA-M17 (K; values of 2.8 — 2uM, Table 2), while theN-acyl series
were reasonablBfA-M17 inhibitors K; values of 16 — 740 nM, Table 2) but pdA-M1 inhibitors

(Ki values of 15 — 8@M, Table 2). As a result, the compounds of thpetywere not pursued further.

Since the incorporation of an extra methylene linkel not improve potency, we sought to
determine whether the bromo-substituent could Ipdaced with a phenyl ring that, through further
elaboration, would allow deeper access within tthep8cket. While the biphenyl compounéisand
10f, were excellent inhibitors d?*fA-M17 (PfA-M17 K; of 9f = 55 nMand10f = 7 nM, Table 1), they
demonstrated substantially less activity agaiR#A\-M1 than their corresponding bromophenyl
analogue®b and10b (PfA-M1 K; of 9b = 0.027uM, while 9f = 37uM and10b = 0.065uM and 10f =
1.6 uM, Table 1). To elucidate any structural reasantifits loss of activity, we also determined the
structure ofdf in complex withPfA-M1 (2.1A). The9f:PfA-M1 structure showed that the biphenyl
dihedral angle is approximately 60° & (Fig. 2E). In an energetically ideal state, bipfiesystems
rapidly convert between two chiral conformationsthwidihedral angles of approximately 45°.
Therefore, restricting the biphenyl system96fto a non-ideal 60° dihedral angle likely contrésito
the reduced inhibitory activity dif. Regardless, the observed conformation of thednphplaces the
second aromatic ring in a position to interact erdge-facen-stacking with Tyr575, carbonyil-
interactions with the main chain oxygen of Glu3a8d hydrophobic contacts with Met1034 (Fig. 2E).
Further, insight into the reduced activity of thpHenyl-substitute®f and10f is gained by comparison
of the S1 pocket structure 8f:PfA-M1, 9b:PfA-M1, and unliganded®fA-M1. In 9b:PfA-M1 and
unligandedPfA-M1, Glu572 sits on an active site helix, and tide chain has no set position.

However, in9f:PfA-M1, the added phenyl ring &Ff presses against Glu572, which occupies a position



away from the S1 pocket (Fig. 2E). To adopt thasifon, the main chain of Glu572 has undergone a
substantial movement, which has shifted a single i the active site helix it lies on by > 1A (Fig
2E). Although aminopeptidases, includiRtp-M1, are known to be capable of substantial active
flexibility [9, 22], such main chain movements dikely to come at an energetic cost, which may
account for the loss iRfA-M1 inhibitory activity of 9f compared t®b. Despite the kinetic liability of
the biphenyl group to both tH#¥ and10f, its incorporation allows us access to the hyditapand of

the pocket, which is occupied by ordered water mdés in9f:PfA-M1 (Fig. 2E), and which has not

previously been accessible to the hydroxamic aasktl compound series.

2.2 Different S1’ anchors result in different SAR

Substituting thex-carbon with a biphenyl system has allowed us acdeeper into the S1 pocket of
PfA-M1 andPfA-M17. Therefore, a variety of substituted-pheagtl heteroaromatic rings were used
to probe the region. Compoungsand3, which are both substituted with a pyrazole bifiediin the
S1’ anchor -Boc vs Npivaloyl respectively), demonstrated very similanibitory activities for each
of PfA-M1 (K; of 2 = 0.85uM, K; of 3= 0.72puM) and PfA-M17 (K; of 2 = 0.028pM, K; of 3 = 0.028
uM). Further, the bromo-substituted phenyl compau@t and10b) behaved similarly (foPfA-M1,

Ki of 9b = 0.027uM andK; of 10b = 0.065uM; for PfA-M17, K; of 9b = 0.080uM andK; of 10b =
0.041uM). Therefore for each of the compound p&i3 and9b/10b, theN-Boc analogues inhibited
PfA-M1 and PfA-M17 with similar activities to their correspondiiN-pivaloyl compounds. This trend

is not conserved for the remainder of the compoumagsstigated, with a general trend toward greater
potency (against both enzymes) for tiiivaloyl compounds (Table 1). Although thieBoc series

9f-s demonstrates reduced inhibitory activities, thréesenas allowed us to extract some notable SAR.

In theN-Boc 9f-s series, fluoro- and trifluoromethyl-substituentsrev tolerated in both the 2- and 3-

positions of the phenyl ringg, 9h, 9) and9k). When placed at the 4-positiodi,(9l), a substantial



loss in binding toPfA-M1 was observed. In contrast, substitution &toélthe positions was well
tolerated byPfA-M17. Isosteric replacement of the phenyl ringthwpyridyl On and 90) and
thiophenyl rings §p) was also investigated. Both 3- and 4-pyridyllagaes9n and9o demonstrated
reasonable inhibitory activity fdPfA-M1, but lost activity againd®fA-M17. The thiophenyl analogue
9p and the phenyl analogu@f have similar inhibition activities. The more polaubstituted
compound®g-9s were able to maintain inhibitory activity agaimith enzymes. Although the most
potent of these9s which bears an amidoxime moiety in the 4-positbthe phenyl ring, has regained
the PfA-M17 inhibitory activity of the bromophenyl subtstied compoun@®b (K; of 9b for PfA-M17 =

80 nM; K| of 9sfor PfA-M17 = 18 nM), it still demonstrates substantialgducedPfA-M1 inhibitory
activity (K of 9b for PfA-M1 = 27 nM;K; of 9sfor PfA-M1 = 400 nM). Generally, replacement of the
pyrazole ring of compound did not improve binding t&#fA-M17, and only the bromo analog9é
demonstrated notable improvement RIA-M1 binding. With the aim of finding a bindingd&ure of
the N-Boc series that we could exploit to improve thévity of the series, we determined the crystal
structures oPfA-M1 in complex with9m, 9q and9r (Supp. Table 1 & Supp. Fig 1C). However, the
structures gave us no added insight into the refsaihe reduced activity of this series, and tbees

was therefore discontinued.

2.3 Phenyl substituted N-pivaloyl series probes remyjion of PfA-M1 and PfA-M17 S1 pocket

Similarly to theN-Boc series9f-s, a variety of substituted-phenyl and heteroarotnatigs were
used to probe the S1 pocket BfA-M1 and PfA-M17 with the N-pivaloyl series10f-t. Fluoro-
substitution of the phenyl ring at the 2-, 3- opdsitions 10g 10h and 10i, respectively) alone had
little effect on inhibition of eithePfA-M1 or PfA-M17. This trend is translated to the di-fluoriea
compounds 10j-10m) that exhibited only minor differences RfA-M1 and PfA-M17 inhibitory
activity. However, while the 2,4,6-trifluorophenglibstitutedlOn was a moderatBfA-M1 inhibitor

(Ki = 5.9uM) and an excellenPfA-M17 inhibitor (K; = 2.5 nM), the 3,4,5-trifluorophenyl substituted



100 is a potent, nanomolar inhibitor of boBfA-M1 (K; = 78 nM) andPfA-M17 (K; = 60 nM).
Finally, compoundslOr-10t, which are substituted with more polar groups.eptly inhibited PfA-
M17, but were less active agaiA-M1. Overall, compound.Oorepresents the most exciting lead,
having regained the potent, dual inhibition acyiwt the bromo-substituted compoub@b. Therefore,
we determined the crystal structuresl1@o in complex withPfA-M1 (1.9A) and PfA-M17 (2.1A).
Since 10g also demonstrates reasonable dual inhibition, septesents a substantially different
chemotype td 0o, we also determined the crystal structure$Qaf PfA-M1 (1.95A) and10qg.PfA-M17

(2.2A).

When bound tdPfA-M1, the position of the biaryl 0100 compares with that 0®f, despite the
different S1’ anchors. The moiety therefore mattes same interactions with Tyr575 (edge-face
stacking), Met1034 (hydrophobic) and Glu319 (castor) (Fig. 3A). The fluoro-substituents sit
deeper into the S1 pocket than any other hydroxaciat based inhibitor. In fact, the only otH&A-

M1 inhibitor that has probed this region is theasrgphosphorus aminopeptidase inhibitor, Co4 [9, 10,
23]. Although the fluoro groups dfOo did not displace any of the ordered water molexds
anticipated from thedf:PfA-M1 structure, they have entered into an intricatgwork of water-
mediated hydrogen-bonds, in which the fluorine &@ut as acceptors. These additional interactions

are likely to account for the improv&dA-M1 inhibitory activity of 100 over 10f.

The structure oflOq:PfA-M1 showed thatlOq adopts a different binding pose compared to other
inhibitors of the series, aligned to the opposéeef of the S1 pocket (Fig. 3B). Whereas the biaryl
dihedral angle 09p and10f is approximately 60°, the thiophene ringldiq sits co-planar to adjacent
phenyl ring (Fig. 3C). This allows the thiophenegrto maintain ther-stacking interactions with
Tyr575, albeit in a face-face configuration, rathlean edge-face. Interactions are also observed

between the thiophene ring and Met1034 and the oke@m carbonyl of Glu572 (Fig. 3C).



The presence of two differefA-M1 binding poses fod0f/100 and 10q demonstrate that there
remains additional room for elaboration in the Sitket. Compound40s and 10t possess larger
amidoxime moieties at the 3- and 4-positions ofgthenyl ring, and while neither compound displayed
potent PfA-M1 inhibition, the crystal structure dfOsPfA-M1 was determined to establish how the
protein accommodates the larger amidoxime groughileithe data showed clear electron density in
the binding pocket, modelling of the compound isiregle conformation could not satisfy the density.
Therefore, the compound was modelled in two diffeknformations (Fig. 3d), that are comparable
to the two different conformations adopted1}f/100and10g. Conformation A oflOsresembles the
pose adopted b¢0q, with the phenyl ring undergoing face-fagestacking with Tyr575. In this
position, the added amidoxime substituent pushamsigGlu572, pushing it further out of the pocket,
and causing disorder of the loop 570-574 (showrethin Fig. 3D). The amidoxime itself makes
hydrogen bonds with the main chain oxygen of GlyZ#f#l a water-mediated hydrogen bond with the
Tyr575 carbonyl oxygen (Fig. 3D). In conformatiBnthe distal ring oflOshas rotated approximately
90°, which changes the geometry of thénteraction with Tyr575 to an edge-face configimat
similar to that undergone HyOf and10a Conformation B also places the amidoxime sulpstit on
the opposite side of the pocket compared to cordtiam A, where it now forms hydrogen bonds with
GIn317 and Asn458 (both direct and water-mediatdd, 3D). Despite the favorable hydrogen
bonding interactions observed in both conformatiahss clear that the induced conformational
changes within the binding pocket come at an etiergest, thereby accounting for the relatively wea

inhibition of PfA-M1 by 10s(K; = 5.4uM).

The crystal structures of the same three compouas10g, and10sbound toPfA-M17 were also
determined (2.1A, 2.2A and 2.6A respectively). comtrast to the varying poses adopted when bound
to PfA-M1, all three compounds bind similarly ®fA-M17, in poses comparable ttOb:PfA-M17

(Fig. 3E). In all of thePfA-M17 structures, th&-enantiomer is preferentially bound, with the first



phenyl ring of10b, 100, 10g, and10splaced in the same position. This allows the sdatngs (3,4,5-
trifluorophenyl in 100, 3-(amidoximo)phenyl in0s and thiophene i10g) to extend deep into the
pocket. The different sizes of the substituen@cisommodated for iIRfA-M17 by adjustments in the
position of the Met392 side-chain, which flexesamd out of the pocket depending on the potential fo
interactions (with10b, 100 and 10q) or repulsion 109 (Fig. 3E). The phenyl rings themselves sit
against the hydrophobic side of the S1 pocket lihbgdVet396, Phe398 and Leu395 but cause no
perturbation to the position or architecture of ffueket. In order to determine how the more polar
compoundlOr is capable of poterfffA-M17 inhibition, we also determined the crystalusture of
10r:PfA-M17 (2.5A). The structure showed tha@r binds similarly to10q 10g, and 10s, and

provided no additional information with which tabbrate.

CompoundlOo is one of the most potent, dual inhibitorsRIA-M1 and PfA-M17 described. Its
ability to potently inhibit both enzymes is due toe dual nature of the 3,4,5-trifluorophenyl
substituent. While the fluorine atoms o interact withPfA-M1 through a dense hydrogen-bonding
network (Fig. 3A), they interact witRfA-M17 strictly through hydrophobic interactions Wwiteu492,

Phe583, and Met392 (Fig. 3F).
2.4 Dual PfA-M1 and PfA-M17 inhibitors are activgaanst multi-drug resistant Pf

To determine the effect of our duRfA-M1/PfA-M17 inhibitors onPf in culture, we used an image-
based assay to measure the growth inhibitiorPbstrain 3D7 for selected compounds in the series
(Table 3). Lead compoun@sand3 were previously reported to inhiif-3D7 with 1G5, values of 783
nM and 227 nM, respectively [17]. Thépivaloyl series demonstrates superior activityiagfaPf-
3D7 growth compared to thE-Boc series, which we predict to be the result eftdy cellular
penetration and stability. Within thié-pivaloyl series, we were excited to observe thabiporating a
biaryl system generally led to improved inhibitiohPf growth compared to the parent compoud

(ICs of 10f = 96 nM). The exceptions to this trend were coomuis 10s and 10t, in which the



amidoxime moieties likely interfere with cellulaemetration. All of the fluorophenyl-substituted
compounds performed well, inhibitifgf-3D7 growth in the range of 109-162 nM. The potunal
inhibitor, 100, demonstrated an ¢gof 126 nM. The best cellular inhibitors of theies included10f,
bearing the unsubstituted biphenyl system{E£96 nM), the 2,4-difluorophenyl substitut&dj (ICso

=109 nM), andLOg, which is substituted with the thiophen-3-yl mgi@Cs, = 103 nM).

Given the potent inhibition oPf-3D7 growth, we were also interested to determiogv lthe
compounds performed in other strains, includinggehesistant strains. Therefore, we tested theceffe
of compound treatment on malarial strains Dd2 P=, (chloroquine-, quinine-, pyrimethamine- and
sulfadoxine-resistant) and NITD609-RDd2 clone#2b(akiated here on as Dd2 SpiroR), which is
resistant to the same parent drugs as Dd2, buti@ually resistant to spiroindolones, aminopyragole
dihydroisoquinolones and pyrazolamindes) (Tabld28)29]. Again, the compounds demonstrated
potent inhibition of parasite growth. The mostguitinhibitors ofPf-3D7 growth also demonstrated
potent activity against Dd2 Parent and Dd2 Spingdtticularly100 (ICso Dd2 Parent = 189 nM, Kg
Dd2 SpiroR = 107 nM), anti0q (ICso Dd2 Parent = 110 nM, KgDd2 SpiroR = 100 nM). Finally, we
also tested the compounds against human mammadiafine HEK293, to predict whether we may
encounter human toxicity with our compound seril®. toxicity to HEK293 cells was observed when
treated with each of the compounds listed in T&blg to a 4QuM concentration over a period of 72

hours.



2.5 Preliminary pharmacokinetic studies

The physicochemical and metabolic stability chamastics of the potent dual inhibitdrOo are
presented in Table 4. Compourddo demonstrated moderate to good solubility, with pid
dependence noted between pH 2 and 6.5. The estinpartition coefficient was moderate, with
LogDy; 4 value of 3.0. The stability dfOoin mouse and human plasma was investigated and tes
no evidence of degradation over the course of ahdirGubation at 37°C. The metabolic stability of
10owas assessed by incubating the compoundud In mouse and human liver microsomes at 37°C
and 0.4 mg/mL protein concentration. Compodfd possessed half-life of 69 minutes in mouse and
221 minutes in human microsomes, with low-to-intediatein vitro intrinsic clearance (Gl) values

calculated in each species, which is an indicatgood metabolic stability.

3. Conclusions

Antimalarial drug resistance represents a majagathto global health. While progress towards a
malaria vaccine continues [30, 31], the continuegtletbpment of antimalarial agents that work via
novel mechanisms is absolutely required. We hageribed the design, synthesis and characterisation
of novel compounds that inhibit the essentRl MAPs, PfA-M1 and PfA-M17. Using a
comprehensive structure-guided medicinal chemiagpproach, we elaborated the hydroxamic acid-
based compounds deep into the S1 pocket of botyney, which resulted in a series of potent, dual
PfA-M1 and PfA-M17 inhibitors. Furthermore, we determined ttiee compounds possess nanomolar
anti-malarial activity againsPf-3D7 parasites, and excitingly, drug resistantis¢rddd2 and Dd2
SpiroR. One of the most promising analogues, camg@alOo was shown to possess good
physicochemical properties and excellent plasmiailgta The observed half-life anoh vitro CLjn; in

mouse and human liver microsomes were indicatogoofl metabolic stability.



In summary, this study has identified a seriesatépt dual actingfA-M1 and PfA-M17 inhibitors
that show good anti-malarial activity agaif$t3D7 parasites and have the potential to be deedlop

into pre-clinical candidates.

4. Experimental section
4.1. General remarks

Chemicals and solvents were purchased from standappliers and used without further
purification. Davisil® silica gel (40-63um), folakh column chromatography (FCC) was supplied by
Grace Davison Discovery Sciences (Victoria, Ausdjehnd deuterated solvents were purchased from
Cambridge Isotope Laboratories, Inc. (USA, distidolby Novachem PTY. Ltd, Victoria, Australia).

Unless otherwise stated, reactions were carried atuambient temperature. Reactions were
monitored by thin layer chromatography on commdsciavailable pre-coated aluminium-backed
plates (Merck Kieselgel 60,§). Visualization was by examination under UV lig@b4 and 366 nm).
General staining carried out with KMg@r phosphomolybdic acid. A solution of Ninhydrim
ethanol) was used to visualize primary and secgndarines. A solution of Feg€(5% in 0.5M
HClaq) Was used to visualize hydroxamic acids. All migaextracts collected after aqueous work-up
procedures were dried over anhydrous3@ before gravity filtering and evaporation to dryses
Organic solvents were evaporatiedvacuoat < 40°C (water bath temperature). Purification using
preparative layer chromatography (PLC) was camigdon Analtech preparative TLC plates (200 mm
x 200 mm x 2 mm).

'H NMR, *C NMR and'*F NMR spectra were recorded on a Bruker Avance Naydll 400MHz
Ultrashield Plus spectrometer at 400.13 MHz, 1002z, and 376.46 MHz, respectively. Chemical

shifts @) are recorded in parts per million (ppm) with refece to the chemical shift of the deuterated



solvent. Unless otherwise stated, samples wersolgisd in CDCG. Coupling constantsJ) and
carbon-fluorine coupling constant¥:f) are recorded in Hz and the significant multipies described
by singlet (s), doublet (d), triplet (t), quadruplg), broad (br), multiplet (m), doublet of doutsiddd),
doublet of triplets (dt). Spectra were assignechgisippropriate COSY, DEPT, HSQC and HMBC
sequences.

LC-MS were run to verify reaction outcome and putising either system A or B. System A: an
Agilent 6100 Series Single Quad coupled to an Ail200 Series HPLC. The following buffers were
used; buffer A: 0.1% formic acid in,B; buffer B: 0.1% formic acid in MeCN. The follomg
gradient was used with a Phenomenex Luna 3uM CE{2) 4.6 mm column, and a flow rate of 0.5
mL/min and total run time of 12 min; 0—4 min 95%feu A and 5% buffer B, 4—7 min 0% buffer A
and 100% buffer B, 7-12 min 95% buffer A and 5%f&uB. Mass spectra were acquired in positive
and negative ion mode with a scan range of 0—h@@@&t 5V. UV detection was carried out at 254 nm.
System B: an Agilent 6120 Series Single Quad calpte an Agilent 1260 Series HPLC. The
following buffers were used; buffer A: 0.1% fornacid in HO; buffer B: 0.1% formic acid in MeCN.
The following gradient was used with a Poroshed EZ-C18 50 x 3.0 mm 2.7 micron column, and a
flow rate of 0.5 mL/min and total run time of 5 mi+1 min 95% buffer A and 5% buffer B, from 1-
2.5 min up to 0% buffer A and 100% buffer B, hetdhras composition until 3.8 min, 3.8—-4 min 95%
buffer A and 5% buffer B, held until 5 min at tliemposition. Mass spectra were acquired in pa@sitiv
and negative ion mode with a scan range of 100—-b@@0 UV detection was carried out at 214 and

254 nm. All retention timedH) are quoted in minutes.

HRMS analyses were carried out on an Agilent 6204 TC/MS Mass Spectrometer coupled to an
Agilent 1290 Infinity (Agilent, Palo Alto, CA). Aldata were acquired and reference mass corrected

via a dualspray electrospray ionisation (ESI) source. Adtois was performed using the Agilent



Mass Hunter Data Acquisition software version BO05Build 5.0.5042.2 and analysis was performed

using Mass Hunter Qualitative Analysis version Bo05Build 5.0.519.13.

Analytical HPLC was acquired on an Agilent 1260iritf Analytical HPLC fitted with a Zorbax
Eclipse Plus C18 Rapid Resolution 4.6 x 100 mmMié&on column with UV detection at 254 nm.
The following buffers were used; buffer A: 0.1% TRA HO; buffer B: 0.1% TFA in MeCN.
Samples were run in a gradient of 5 — 100% buffen Buffer A over 9 min, followed by isocratic

100% buffer B for 1 min at a flow rate of 1.0 mLfmi

Preparative HPLC was performed using an AgilentOli@inity coupled with a binary preparative
pump and Agilent 1260 FC-PS fraction collector,ngsiAgilent OpenLAB CDS software (Rev
C.01.04), and an Altima 5uM C8 22 x 250 mm colunmirhe following buffers were used; buffer A:
H,0; buffer B: MeCN, with sample being run at a gesdiof 5% buffer B to 100% buffer B over 20
min, at a flow rate of 20 mL/min. All screeningnspounds were of > 95% purity unless specified in

the individual monologue.

Instant JChem was used for structure database msnesy and SMILES string generation (Supp.

Table 4); Instant JChem 6.3.3, 2014, ChemAxon {httpyw.chemaxon.com).

4.2 Chemistry

4.2.1. General Procedure A: Methyl ester and N-Baatection of amino acids

The amino acid (1.0 mmol, 1.0 eq) was dispersede®H (1.0 mL per 0.21 mmol of amino acid)
with concd HSO, (1.8 eq). The mixture was refluxed overnight, dtickh point LC-MS analysis
indicated complete conversion had taken place. Mha¢ure was cooled then concentrated under
reduced pressure. The resulting residue was bagsifitn sat. NaHC@,q, then extracted with DCM.

The combined organic layers were concentrated umedierced pressure. This was taken up into water



and THF (5:1), before adding in B62 (1.05 eq), and stirring at room temperature dgétn The
mixture was diluted with water, before extractiothaDCM. Concentration of the combined organic

layers gave the desired product.

4.2.2. General Procedure B: Methyl ester and N-piide protection of amino acids

The amino acid (1.0 mmol, 1.0 eq) was dispersede®H (1.0 mL per 0.21 mmol of amino acid)
with concd HSO, (1.8 eq). The mixture was refluxed overnightwdttich point LC-MS analysis
indicated complete conversion had taken place. Mha¢ure was cooled then concentrated under
reduced pressure. The resulting residue was edsifith sat. NaHC@,q), then extracted with DCM.
The combined organic layers were concentrated urethrced pressure. The crude compound was
taken up in DCM and triethylamine (2.2 eq) was agdellowed by pivaloyl chloride (1.1 eq). The
reaction mixture was stirred at room temperature2fén and then diluted with DCM, washed with

water and further extracted with DCM. Concentraiod the organic layer gave the desired product.

4.2.3. General Procedure C: Suzuki coupling of lamyiide 6b, 5d, 6b or 6d) with boronic acids or
boronate esters

Aryl bromide (0.20 g) and the appropriate boronic acid or bammster (1.5 eq) were dispersed in
degassed THF (3 mL) and degassed 1MO@3 (o) (1 ML) in a 10 mL microwave vessel. A steady
stream of nitrogen was bubbled through the mixtaré min, before adding Pd§{{PPh), (41 mg, 0.1
eq), then immediately sealing the tube. The metwas heated at 100 °C in an aluminium heating
block for 2 h, at which point LC-MS analysis indied the reaction was complete. After cooling, the
mixture was diluted with EtOAc (10 mL) and watef(fnL), and the aqueous layer discarded. The
organic layer was filtered through a plug of cotteool, before concentration and further purificatio

by FCC (eluent DCM or MeOH/DCM 0:100 to 5:95 for magolar compounds).



4.2.4. General Procedure D: Direct aminolysis ofthykesters to corresponding hydroxamic acids
The appropriate methyl ester (0.40-0.55 mmol) wiasotived in anhydrous MeOH (0.5 mL) at
room temperature in a nitrogen-flushed vessela Beparate nitrogen flushed vial, d3H.HCI (139
mg, 2 mmol) and 5M KOH/anhydrous MeOH (0.5 mL, thfol) were mixed, then sonicated for 30
sec. The resulting suspension was added to theamaic ester solution with washings of anhydrous
MeOH (1 mL). The mixtures were stirred at RT ovghh and monitored by LC-MS analysis. The
mixtures were directly dry-loaded on to Isolute H¥}-(Biotage), before purification by FCC (eluent

MeOH/DCM 0:100 to 10:90).

4.2.5. General Procedure E: CDI-mediated couplirigcarboxylic acids with hydroxylamine to give
the corresponding hydroxamic acid

The appropriate carboxylic acid (1 eq) was dissbimeanhydrous THF (1-5 mL/mmol) at RT under
an atmosphere of nitrogen, and CDI (1.5 eq) wag@dd he mixture was stirred at RT for 1 h, before
adding in NHOH.HCI (2 eq). Stirring was continued at RT fort®448 h, before diluting the mixture
with sat. NHCI a) (20 mL), then extracting with EtOAc (3 x 20 mL)hd combined organic layers
were washed with sat. NaHGQg (20 mL) and brine (20 mL), before concentratiodemreduced
pressure. The resulting crude product was furtheifipd by FCC (eluent MeOH/DCM 0:100 to

10:90).

4.2.6. Methyl 2-((tert-butoxycarbonyl)amino)-2-(defrophenyl)acetatebg)
2-Amino-2-(4-fluorophenyl)acetic acidg) (0.28 g, 1.7 mmol) was converted to the title poomd
according to General Procedure A, to give 0.304946of clear, colourless oil after purification by
FCC (eluent EtOAC/PE 0:100 to 40:68) NMR & 7.37—7.30 (m, 2H), 7.08-7.00 (m, 2H), 5.57 (br. d,
J=5.0 Hz, 1H), 5.30 (d] = 7.0 Hz, 1H), 3.72 (s, 3H), 1.43 (s, 9fC NMR § 171.6, 162.8 (dJcr =
247.2 Hz), 154.9, 133.0, 129.0 (@ = 8.3 Hz), 115.9 (djcr = 21.7 Hz), 80.4, 57.0, 52.9, 281z

HRMS (TOF ES) CyH:1sFNNaQ, [M+Na]* calcd 306.1112%pund 306.1100LC-MS tg: 3.74 min.



4.2.7. Methyl 2-(4-bromophenyl)-2-((tert-butoxyoanlgl)amino)acetatesp)
2-Amino-2-(4-bromophenyl)acetic aciddl) (4.87 g, 21.2 mmol) was converted to the title
compound according to General Procedure A, to @i%® g (quantitative yield) of pale brown oll,
which slowly solidified to an off-white solidH NMR & 7.48 (d,J = 8.4 Hz, 2H), 7.24 (d] = 8.4 Hz,
2H), 5.77-5.34 (m, 1H), 5.35-5.00 (m, 1H), 3.723H), 1.49-1.22 (m, 9H)***C NMR § 165.9,
156.6, 135.4, 132.2, 128.9, 122.6, 77.7, 57.2, ,53814*, 27.6*; * multiple peaks present due to
rotameric effectsm/zMS (TOF ES) Ci4H16BrNNaO, [M+Na]™ calcd 366.0; found 366.0; LC-M:

4.00 min.

4.2.8. Methyl 2-((tert-butoxycarbonyl)amino)-3-(defrophenyl)propanoates)
2-Amino-3-(4-fluorophenyl)propanoic acidd@ (0.28 g, 1.5 mmol) was converted to the title
compound according to General Procedure A, to §i¥é g (quantitative yield) of a pale yellow oil,
which slowly solidified to a pale yellow solidH NMR & 7.12—7.04 (m, 2H), 7.01-6.93 (m, 2H), 4.98
(br. d,J = 7.4 Hz, 1H), 4.56 (dd] = 13.7/6.1 Hz, 1H), 3.71 (s, 3H), 3.10 (dds 13.9/5.7 Hz, 1H),
3.00 (dd,J = 13.9/6.1 Hz, 1H), 1.41 (s, 9HYC NMR 5 172.3, 162.1 (dJcr = 245.2 Hz), 155.1, 131.9
(d, Jcr = 3.3 Hz), 130.9 (dJcr = 8.0 Hz), 115.5 (dJcr = 21.3 Hz), 80.1, 54.6, 52.4, 37.8, 28z

HRMS (TOF ES) CisH20FNNaQ; [M+Na]” calcd 320.1269; found 320.1283; LC-N(S 3.76 min.

4.2.9. Methyl 3-(4-bromophenyl)-2-((tert-butoxyoamlgl)amino)propanoates(l)
2-Amino-3-(4-bromophenyl)propanoic aciddj (2.00 g, 8.19 mmol) was converted to the title
compound according to General Procedure A, to 8ivd g (93%) of white solid*H NMR & 7.45—
7.38 (m, 2H), 7.00 (app. d,= 8.3 Hz, 2H), 4.97 (br. d,= 7.6 Hz, 1H), 4.57 (dd} = 13.7/6.1 Hz, 1H),
3.71 (s, 3H), 3.08 (dd] = 13.1/5.0 Hz, 1H), 2.98 (dd,= 13.0/5.4 Hz, 1H), 1.42 (s, 9H}C NMR 5
172.2, 155.1, 135.2, 131.7, 131.1, 121.2, 80.23,5&82.4, 37.9, 28.4m/z MS (TOF ES)

C1sH20BrNNaQ, [M+Na]* calcd 380.1; found 380.1; LC-M§: 3.89 min.



4.2.10. Methyl 2-((tert-butoxycarbonyl)amino)-3i¢ttophenyl)propanoate¢)

2-Amino-3-(4-iodophenyl)propanoic acidtd (1.00 g, 3.44 mmol) was converted to the title
compound according to General Procedure A, to @ig&5 g (44%) of white solid after purification by
FCC (eluent DCM).*H NMR & 7.64—7.59 (m, 2H), 6.87 (app. 8= 8.2 Hz, 2H), 4.97 (br. d = 7.8
Hz, 1H), 4.56 (ddJ = 13.3/5.7 Hz, 1H), 3.71 (s, 3H), 3.07 (dds= 13.8/5.6 Hz, 1H), 2.97 (dd, =
13.7/6.0 Hz, 1H)1.41 (s, 9H);C NMR & 172.2, 155.1, 137.7, 135.9, 131.5, 92.7, 80.23,582.5,

38.0, 28.4m/zMS (TOF ES) CisH20INNaO, [M+Na]" calcd 428.0; found 428.1; LC-M§: 3.93 min.

4.2.11. Methyl 2-(4-fluorophenyl)-2-pivalamidoadet&a)

2-Amino-2-(4-fluorophenyl)acetic acidg) (0.28 g, 1.7 mmol) was converted to the title poomd
according to General Procedure B, to give 0.39§4Bof white solid after purification by FCC (elden
EtOAC/PE 0:100 to 40:60)'H NMR § 7.36—7.29 (m, 2H), 7.08-7.00 (m, 2H), 6.65 (brJ &,5.8 Hz,
1H), 5.50 (d,J = 6.7 Hz, 1H), 3.73 (s, 3H), 1.22 (s, 9&3C NMR § 177.9, 171.7, 162.8 (der = 247.3
Hz), 132.9 (dJcr = 3.2 Hz), 129.0 (d)cr = 8.4 Hz), 116.1 (dJcr = 21.8 Hz), 55.8, 53.0, 38.8, 27.5;

m/zMS (TOF ES) Ci4H1oFNO; [MH] ™ caled 268.1; found 268.2; LC-M§: 3.61 min.

4.2.12. Methyl 2-(4-bromophenyl)-2-pivalamidoacet@b)

2-Amino-2-(4-bromophenyl)acetic aciddlf) (1.00 g, 4.35 mmol) was converted to the title
compound according to General Procedure B, to §i8d g (94%) of white solid*H NMR & 7.51—
7.45 (m, 2H), 7.25-7.20 (m, 2H), 6.68 (br.Jds 6.1 Hz, 1H), 5.48 (dJ = 6.6 Hz, 1H), 3.73 (s, 3H),
1.21 (s, 9H)*C NMR § 177.9, 171.4, 136.1, 132.2, 128.9, 122.7, 56.0,,58.8, 27.5m/zMS (TOF

ES") C14H1sBrNO; [MH] " calcd 328.1; found 328.1; LC-M§: 3.76 min.

4.2.13. Methyl 3-(4-fluorophenyl)-2-pivalamidopraoyeate ©c)
2-Amino-3-(4-fluorophenyl)propanoic acidig (0.28 g, 1.5 mmol) was converted to the title

compound according to General Procedure B, to @i¥2 g (28%) of white solid, after purification by



FCC (eluent DCM). *H NMR & 7.07-6.92 (m, 4H), 6.06 (br. d,= 6.7 Hz, 1H), 4.83 (ddd] =
7.5/5.8/5.8 Hz, 1H), 3.73 (s, 3H), 3.15 (dds 13.9/5.8 Hz, 1H), 3.05 (dd,= 13.9/5.6 Hz, 1H), 1.15
(s, 9H);3C NMR 5 178.0, 172.3, 162.1 (dcr = 245.3 Hz), 131.8 (dicr = 3.3 Hz), 130.9 (dJer = 7.9
Hz), 115.5 (dJcr = 21.3 Hz), 53.0 (dJcr = 0.9 Hz), 52.5, 38.8, 37.1, 27.6/z MS (TOF ES)

C1sH21FNOs [MH] * caled 282.2; found 282.2; LC-M&: 3.64 min.

4.2.14. Methyl 3-(4-bromophenyl)-2-pivalamidopropate ©d)

2-Amino-3-(4-bromophenyl)propanoic acidd) (2.00 g, 8.19 mmol) was converted to the title
compound according to General Procedure B, to Bi8& g (92%) of white solid*H NMR & 7.39
(app. d,J = 8.3 Hz, 2H), 6.94 (app. d,= 8.3 Hz, 2H), 6.07 (br. d] = 7.0 Hz, 1H), 4.83 (dd] =
13.0/5.8 Hz, 1H), 3.73 (s, 3H), 3.13 (ddk 13.9/5.9 Hz, 1H), 3.04 (dd,= 13.9/5.5 Hz, 1H), 1.15 (s,
9H); % NMR § 178.0, 172.2, 135.1, 131.7, 131.1, 121.2, 52.%,538.8, 37.3, 27.5n/zMS (TOF

ES") CisH2:BrNO; [MH] " calcd 342.1; found 342.1; LC-M§: 3.78 min.

4.2.15. Methyl 3-(4-iodophenyl)-2-pivalamidopropate ©e)

2-Amino-3-(4-iodophenyl)propanoic acidlg (1.00 g, 3.44 mmol) was converted to the title
compound according to General Procedure B, to @ivé8 g (57%) of yellow solid after purification
by FCC (eluent DCM).*H NMR § 7.53-7.47 (m, 2H), 6.79-6.72 (m, 2H), 6.12Jd 7.5 Hz, 1H),
4.73 (dddJ = 7.5/5.9/5.9 Hz, 1H), 3.63 (s, 3H), 3.04 (dds 13.8/5.7 Hz, 1H), 2.93 (dd,= 13.8/6.0
Hz, 1H), 1.06 (s, 9H)'*C NMR § 177.7, 171.8, 137.3, 135.6, 131.1, 92.4, 52.62,538.4, 37.0, 27.2;

m/zMS (TOF ES) CysH,1INO3 [MH] ™ calcd 390.1; found 390.1; LC-M&: 3.80 min.

4.2.16. Methyl 2-([1,1'-biphenyl]-4-yl)-2-((tert-baxycarbonyl)amino)acetat&d)
Phenylboronic acid (106 mg) underwent Suzuki cagpkccording to General Procedure C, with
variation to the workup procedure as follows: tloeled reaction mixture was diluted with water (20

mL) and extracted with EtOAc (3 x 20 mL). The conda organic layers were washed with brine (20



mL), before concentration and FCC purification (DM give 162 mg of colourless crystalline solid
(81%). 'H NMR & 7.65-7.53 (m, 4H), 7.50—7.40 (m, 4H), 7.36 (dtid,7.3/3.8/1.2 Hz, 1H), 5.66 (d,

= 6.7 Hz, 1H), 5.39 (dJ = 7.3 Hz, 1H), 3.75 (s, 3H), 1.58-1.32 (m, 9 NMR & 171.7, 155.0,
141.5, 140.5, 136.0, 128.9, 127.7, 127.7, 127.6,21280.3, 57.4, 52.9, 28.4n/z MS (TOF ES)

Ca0H23NNaQ, [M+Na]" caled 364.2; found 364.2; LC-M§&: 4.09 min.

4.2.17. Methyl 2-((tert-butoxycarbonyl)amino)-2-{&oro-[1,1'-biphenyl]-4-yl)acetate /)
2-Fluorophenylboronic acid (122 mg) underwent Suzakipling according to General Procedure
C, to give 163 mg (78%) of white solidH NMR & 7.54 (dd,J = 8.3/1.6 Hz, 2H), 7.48-7.38 (m, 3H),
7.32 (dddd) = 7.0/7.0/5.0/1.8 Hz, 1H), 7.21 (ddil= 7.5/7.5/1.2 Hz, 1H), 7.15 (ddd= 10.8/8.2/1.1
Hz, 1H), 5.60 (d,J = 7.1 Hz, 1H), 5.38 (d] = 7.2 Hz, 1H), 3.75 (s, 3H), 1.51-1.30 (m, 9HE NMR §
-117.99;°C NMR § 170.5, 159.9 (dJcr = 247.9 Hz), 154.0, 136.4, 136.1, 130.8Jgs = 3.4 Hz),
129.7 (d,Jcr = 2.0 Hz), 129.4 (dJcr = 8.1 Hz), 127.4, 124.6 (dcr = 3.7 Hz), 116.3 (dJcr = 22.7
Hz), 78.3, 57.5, 53.0, 28.5)/zMS (TOF ES) C,iH2,FNNaQ, [M+Na]* calcd 382.1; found 382.3; LC-

MS tgr: 3.99 min.

4.2.18. Methyl 2-((tert-butoxycarbonyl)amino)-2-{lsioro-[1,1'-biphenyl]-4-yl)acetate7c)
3-Fluorophenylboronic acid (122 mg) underwent Suzakipling according to General Procedure
C, to give 175 mg (84%) of white solidH NMR & 7.61-7.52 (m, 2H), 7.50-7.31 (m, 4H), 7.30—7.20
(m, 1H), 7.09-7.00 (m, 1H), 5.62 @@= 6.6 Hz, 1H), 5.37 (d] = 7.0 Hz, 1H), 3.75 (s, 3H), 1.52-1.30
(m, 9H); *F NMR § -112.97;"°C NMR § 174.3, 163.3 (dJcr = 245.7 Hz), 163.3, 141.4, 140.2, 132.9,
130.4 (d,Jcr = 8.4 Hz), 127.8, 122.9 (dcr = 2.8 Hz), 114.5 (dJer = 21.4 Hz), 114.1 (djer = 22.0
Hz), 79.7, 57.4, 53.0, 28.5)/zMS (TOF ES) C,oH2,FNNaQ, [M+Na]" calcd 382.1; found 382.2; LC-

MS tgr: 4.03 min.



4.2.19. Methyl 2-((tert-butoxycarbonyl)amino)-2-{iioro-[1,1'-biphenyl]-4-yl)acetate7()
4-Fluorophenylboronic acid (122 mg) underwent Suzagkipling according to General Procedure
C, to give 149 mg (72%) of clear, colourless diH NMR & 7.58-7.48 (m, 4H), 7.43 (d,= 8.2 Hz,
2H), 7.18-7.06 (m, 2H), 5.64 (d,= 6.7 Hz, 1H), 5.37 (d] = 7.2 Hz, 1H), 3.74 (s, 3H), 1.80-1.08 (m,
9H); “F NMR & -115.31;"%C NMR 8 171.7, 162.7 (dJcr = 246.7 Hz), 155.0, 140.5, 136.7 {di = 2.7
Hz), 136.1, 128.8 (dlcr = 8.1 Hz), 127.7, 127.6, 115.8 @ = 21.5 Hz), 80.4, 57.4, 52.9, 28r/z

MS (TOF ES) CyoH2:FNNaQ, [M+Na]” calcd 382.1; found 382.2; LC-M&: 4.02 min.

4.2.20. Methyl 2-((tert-butoxycarbonyl)amino)-2-(Rifluoromethyl)-[1,1'-biphenyl]-4-yl)acetate (Ye

2-(Trifluoromethyl)phenylboronic acid (165 mg) umakent Suzuki coupling according to General
Procedure C, to give 184 mg (78%) of white softtl NMR & 7.74 (d,J = 7.8 Hz, 1H), 7.56 (dd] =
11.0/4.0 Hz, 1H), 7.46 (dd,= 7.6/7.6 Hz, 1H), 7.43—-7.35 (m, 2H), 7.34—7.27 @), 5.76-4.98 (m,
2H), 3.76 (s, 3H), 1.57-0.89 (m, 9HF NMR § -56.74;°C NMR 5 171.8, 155.0, 140.8 (dcr = 1.9
Hz), 140.1, 136.2, 132.1, 131.5 (& = 0.7 Hz), 129.6, 128.5 (dcr = 30.0 Hz), 127.7, 126.7, 126.2
(9, Jor = 5.3 HZ), 124.2 (qlcr = 273.6 Hz), 80.4, 57.5, 52.9, 28m/zMS (TOF ES) Co1H,,F:NNaO,

[M+Na]" calcd 432.1; found 432.2; LC-M&: 4.11 min.

4.2.21. Methyl 2-((tert-butoxycarbonyl)amino)-2-(8ifluoromethyl)-[1,1'-biphenyl]-4-yl)acetaterf)
3-(Trifluoromethyl)phenylboronic acid (165 mg) umaeent Suzuki coupling according to General
Procedure C, to give 181 mg (76%) of colourless %l NMR & 7.80 (s, 1H), 7.73 (dl = 7.6 Hz, 1H),
7.65-7.51 (m, 4H), 7.47 (d,= 8.2 Hz, 2H), 5.91-5.09 (m, 2H), 3.75 (s, 3HK7L1.12 (m, 9H)*°F
NMR § -62.63;°C NMR § 171.6, 155.0, 141.4, 140.0, 137.0, 131.3)g,= 32.2 Hz), 130.5 (Glcr =
1.0 Hz), 129.4, 127.9, 127.9, 124.3 Jg; = 3.6 Hz), 124.2 (qJcr = 272.4 Hz), 124.0 (qlcr = 3.8
Hz), 80.5, 57.4, 53.0, 28.40/zMS (TOF ES) CyH,FNNaO, [M+Na]* calcd 432.1; found 432.2;

LC-MS tg: 4.15 min.



4.2.22. Methyl 2-((tert-butoxycarbonyl)amino)-2-(#ifluoromethyl)-[1,1'-biphenyl]-4-yl)acetater§)
4-(Trifluoromethyl)phenylboronic acid (165 mg) umdent Suzuki coupling according to General
Procedure C, to give 196 mg (83%) of off-white ¢ofiH NMR & 7.69 (d,J = 8.6 Hz, 2H), 7.66 (d] =
8.7 Hz, 2H), 7.58 (d] = 8.2 Hz, 2H), 7.48 (d] = 8.3 Hz, 2H), 5.88-5.01 (m, 2H), 3.74 (s, 3HB2:
1.10 (m, 9H);*°F NMR § -62.43;3C NMR § 171.5, 154.9, 144.1, 140.0, 137.2, 129.6J(g,= 32.4
Hz), 127.9, 127.9, 127.5, 125.9 (g = 3.7 Hz), 124.3 (qlcr = 272.0 Hz), 80.4, 57.4, 52.9, 28z

MS (TOF ES) C,:H2:FsNNaQ, [M+Na]” calcd 432.1; found 432.2; LC-M§&: 4.15 min.

4.2.23. Methyl 2-((tert-butoxycarbonyl)amino)-2:435'-trifluoro-[1,1'-biphenyl]-4-yl)acetate7h)
3,4,5-Trifluorophenylboronic acid (153 mg) undertveé®uzuki coupling according to General
Procedure C, to give 158 mg (69%) of white sofil. NMR & 7.48 (d,J = 8.6 Hz, 2H), 7.45 (d] = 8.6
Hz, 2H), 7.16 (ddJ = 8.1/6.8 Hz, 2H), 5.69 (d, = 4.2 Hz, 1H), 5.37 (d] = 7.0 Hz, 1H), 3.74 (s, 3H),
1.64-1.11 (m, 9H)**F NMR § -133.95 (dJ = 20.5 Hz), -162.26 (dd] = 20.4/20.4 Hz)**C NMR 5
171.4, 154.9, 151.5 (dddcr = 249.8/10.0, 4.2 Hz), 139.5 (dddsr = 251.4/16.1/16.1 Hz), 137.5,
136.7, 127.9, 127.5, 111.2 (dder = 15.9/6.0 Hz), 80.5, 57.3, 53.0, 28dyz MS (TOF ES)

CaoH20FsNNaQ, [M+Na]” calcd 418.1; found 418.2; LC-M&: 4.11 min.

4.2.24. Methyl 2-((tert-butoxycarbonyl)amino)-2{@idin-3-yl)phenyl)acetater()

Pyridin-3-ylboronic acid (107 mg) underwent Suzo&upling according to General Procedure C, to
give 120 mg (60%) of yellow solid*H NMR & 8.82 (s, 1H), 8.60 (dl = 4.5 Hz, 1H), 8.02-7.82 (m,
1H), 7.56 (dJ = 8.3 Hz, 2H), 7.48 (d] = 8.2 Hz, 2H), 7.45-7.35 (m, 1H), 5.93-5.03 (M), 2874 (s,
3H), 1.75-0.96 (m, 9H)**C NMR & 171.4, 154.9, 147.8, 147.4, 137.6, 137.4, 13635,3, 128.1,
127.8, 124.0, 80.4, 57.4, 53.0, 28"z MS (TOF ES) C19H23N,0,4 [MH] " calcd 343.2; found 343.2;

LC-MS tg: 3.40 min.



4.2.25. Methyl 2-((tert-butoxycarbonyl)amino)-2{@xidin-4-yl)phenyl)acetater|).

Pyridin-4-ylboronic acid (107 mg) underwent Suzasupling according to General Procedure C, to
give 170 mg (85%) of dark brown oitH NMR & 8.66 (s, 2H), 7.89-7.30 (m, 6H), 5.75 Jc& 4.8 Hz,
1H), 5.39 (dJ = 6.4 Hz, 1H), 3.73 (s, 3H), 1.43 (s, 9fC NMR § 171.3, 154.9, 149.7, 148.5, 138.5,
138.0, 128.0, 127.7, 121.9, 80.5, 57.4, 53.0, 28/2MS (TOF ES) CioH23N,0, [MH]* calcd 343.2;

found 343.2; LC-MSg: 3.28 min.

4.2.26. Methyl 2-((tert-butoxycarbonyl)amino)-2{fhtophen-3-yl)phenyl)acetat@k)
Thiophen-3-ylboronic acid (111 mg) underwent Suzddapling according to General Procedure C,
to give 135 mg (67%) of yellow solidtH NMR & 7.64—7.53 (m, 2H), 7.44 (s, 1H), 7.42-7.31 (m, ,4H)
5.61 (d,J = 6.6 Hz, 1H), 5.34 (d] = 7.2 Hz, 1H), 3.73 (s, 3H), 1.61-1.18 (m, 9§ NMR 5 171.7,
154.9, 141.7, 136.2, 135.8, 127.7, 127.1, 126.6,4,220.8, 80.3, 57.4, 52.9, 28m/zMS (TOF ES)

CisH21NNaQyS [M+Na] calcd 370.1; found 370.2; LC-MS: 3.94 min.

4.2.27. Methyl 2-((tert-butoxycarbonyl)amino)-2{#methyl-1H-pyrazol-4-yl)phenyl)aceta@)(
1-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaboroland)-1H-pyrazole (181 mg) underwent Suzuki
coupling according to General Procedure C, to @& mg (64%) of off-white solid'H NMR § 7.74
(s, 1H), 7.60 (s, 1H), 7.43 (d,= 8.3 Hz, 2H), 7.34 (d] = 8.2 Hz, 2H), 5.83-5.49 (m, 1H), 5.47-5.22
(m, 1H), 3.94 (s, 3H), 3.71 (s, 3H), 1.61-1.16 @H); :°C NMR & 171.7, 154.9, 136.5, 135.1, 132.7,
127.8, 127.4, 126.1, 122.7, 80.3, 57.4, 52.8, 38824;m/zMS (TOF ES) CigH24N304 [MH]* calcd

346.2; found 346.2; LC-M&: 3.62 min.

4.2.28. Methyl 2-((tert-butoxycarbonyl)amino)-2-¢¥ano-[1,1'-biphenyl]-4-yl)acetat&in)
3-Cyanophenylboronic acid (128 mg) underwent Suzakipling according to General Procedure
C, to give 137 mg (64%) of clear, colourless i NMR & 7.82 (s, 1H), 7.77 (dl = 7.9 Hz, 1H), 7.62

(ddd,J = 7.7/1.3/1.3 Hz, 1H), 7.57-7.50 (m, 3H), 7.47J¢& 8.3 Hz, 2H), 5.71 (d] = 6.8 Hz, 1H),



5.38 (d,J = 7.1 Hz, 1H), 3.73 (s, 3H), 1.70-0.94 (m, 9LC NMR § 171.4, 154.9, 141.8, 139.0,
137.4, 131.5, 131.0, 130.7, 129.8, 128.0, 127.8,811113.1, 80.4, 57.3, 53.0, 28m/zMS (TOF ES)

C21H22N2NaO, [M+Na]* caled 389.1 found 389.2; LC-M&: 3.87 min.

4.2.29. Methyl 2-((tert-butoxycarbonyl)amino)-2-¢¥ano-[1,1'-biphenyl]-4-yl)acetat&’)
4-Cyanophenylboronic acid (128 mg) underwent Suzakpling according to General Procedure C, to
give 158 mg (74%) of white solid'H NMR & 7.71 (d,J = 8.4 Hz, 2H), 7.65 (d] = 8.3 Hz, 2H), 7.57
(d, J = 8.3 Hz, 2H), 7.48 (d] = 8.3 Hz, 2H), 5.70 (d] = 6.7 Hz, 1H), 5.38 (d] = 7.1 Hz, 1H), 3.73 (s,
3H), 1.57-1.20 (m, 9H)}*C NMR § 171.4, 154.8, 145.0, 139.3, 137.7, 132.7, 12729,82, 127.77,
118.9, 111.2, 80.4, 57.3, 53.0, 28W/izMS (TOF ES) Cy1H23N04 [MH] " calcd 367.2; found 367.2;

LC-MS tg: 3.85 min.

4.2.30. Methyl 3-([1,1'-biphenyl]-4-yl)-2-((tert-baxycarbonyl)amino)propanoat@d)

Phenylboronic acid (102 mg) underwent Suzuki cawgpiccording to General Procedure C, to give
135 mg (68%) of white solid*H NMR & 7.60—7.50 (m, 4H), 7.47—7.40 (m, 2H), 7.37—7.31 1),
7.23-7.17 (m, 2H), 5.02 (br. d= 8.0 Hz, 1H), 4.63 (dd} = 13.9/6.1 Hz, 1H), 3.74 (s, 3H), 3.17 (dd,
= 13.8/5.7 Hz, 1H), 3.09 (dd,= 13.8/6.1 Hz, 1H), 1.43 (s, 9HFC NMR § 172.5, 155.3, 140.9, 140.1,
135.2, 129.9, 128.9, 127.4 (3 x CH), 127.2, 804,5552.4, 38.1, 28.4m/z MS (TOF ES)

Co1H26NNaQy, [M+Na]” calcd 378.2; found 378.2; LC-M§: 4.04 min.

4.2.31. Methyl 2-((tert-butoxycarbonyl)amino)-3{@methyl-1H-pyrazol-4-yl)phenyl)propanoai)
1-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborol2s)-1H-pyrazole (174 mg) underwent Suzuki

coupling according to General Procedure C, to @4@ mg (74%) of white solid'H NMR & 7.73 (d,J

= 0.7 Hz, 1H), 7.58 (s, 1H), 7.41-7.36 (m, 2H),17(app. d,J = 8.1 Hz, 2H), 5.00 (br. dl = 8.0 Hz,

1H), 4.58 (dd,] = 13.8/6.0 Hz, 1H), 3.93 (s, 3H), 3.72 (s, 3HL13(dd,J = 13.8/5.7 Hz, 1H), 3.04 (dd,

J=13.8/6.1 Hz, 1H), 1.41 (s, 9H)'C NMR § 172.5, 155.2, 136.8, 134.1, 131.5, 129.9, 12629,7,



123.0, 80.1, 54.5, 52.4, 39.2, 38.1, 28Wz MS (TOF ES) CioH26N:Os [MH]* calcd 360.2; found

360.2; LC-MStg: 3.57 min.

4.2.32. Methyl 2-([1,1'-biphenyl]-4-yl)-2-pivalanudcetate &a)

Phenylboronic acid (112 mg) underwent Suzuki cawgpéccording to General Procedure C, to give
144 mg (73%) of white solid*H NMR & 7.60—7.54 (m, 4H), 7.47—7.40 (m, 4H), 7.38-7.32 1),
6.68 (br. d,J = 6.5 Hz, 1H), 5.58 (d) = 6.8 Hz, 1H), 3.76 (s, 3H), 1.24 (s, 9HJC NMR & 178.1,
171.8, 141.6, 140.6, 135.8, 129.0, 127.9, 127.89,6b, 127.3, 56.3, 53.0, 38.8, 27n&fzMS (TOF

ES’) CooH24NO3 [MH] " caled 326.2; found 326.2; LC-M§: 3.84 min.

4.2.33. Methyl 2-(2'-fluoro-[1,1'-biphenyl]-4-yl)-Rivalamidoacetate8p)

2-Fluorophenylboronic acid (90 mg) underwent Suzukipling according to General Procedure C,
to give 117 mg (80%) of beige solidH NMR & 7.57-7.51 (m, 2H), 7.46—7.41 (m, 2H), 7.39 (dd,
7.7/1.8 Hz, 1H), 7.30 (dddd,= 8.1/6.9/5.0/1.8 Hz, 1H), 7.19 (ddbi= 7.5/7.5/1.2 Hz, 1H), 7.13 (ddd,
J=10.8/8.2/1.1 Hz, 1H), 6.73 (d,= 6.7 Hz, 1H), 5.59 (d] = 6.8 Hz, 1H), 3.74 (s, 3H), 1.25 (s, 9H);
F NMR 8 -119.0;**C NMR & 178.0, 171.6, 159.7 (dr = 248.0 Hz), 136.1 (2C), 130.7 (@ = 3.4
Hz), 129.6 (dJcr = 3.0 Hz), 129.3 (dJcr = 8.3 Hz), 128.3 (dJcr = 13.3 Hz), 127.3, 124.5 (der =
3.7 Hz), 116.2 (dJcr = 22.7 Hz), 56.2, 52.9, 38.7, 27m{zMS (TOF ES) CooH23FNO; [MH] * calcd

344 .4; found 344.2; LC-M&: 3.83 min.

4.2.34. Methyl 2-(3'-fluoro-[1,1'-biphenyl]-4-yl)-Rivalamidoacetate8()

3-Fluorophenylboronic acid (90 mg) underwent Suzukipling according to General Procedure C,
to give 78 mg (53%) of white solid*H NMR & 7.58-7.53 (m, 2H), 7.46-7.30 (m, 4H), 7.28-7.22 (m
1H), 7.07-7.00 (m, 1H), 6.76 (d,= 6.5 Hz, 1H), 5.58 (d] = 6.7 Hz, 1H), 3.75 (s, 3H), 1.25 (s, 9H);
F NMR § -112.9;"*C NMR § 178.0, 171.6, 163.2 (dcr = 245.7 Hz), 142.8 (dlcr = 7.7 Hz), 140.2

(d, Jor = 2.2 Hz), 136.4, 130.4 (der = 8.4 Hz), 127.8, 127.7, 122.8 @@+ = 2.8 Hz), 114.4 (dJcr =



21.2 Hz), 114.0 (dJer = 22.0 Hz), 56.2, 53.0, 38.8, 2716{zMS (TOF ES) CogH2sFNOs [MH] * calcd

344.4; found 344.2.

4.2.35. Methyl 2-(4'-fluoro-[1,1'-biphenyl]-4-yl)-Rivalamidoacetate8d)

4-Fluorophenylboronic acid (128 mg) underwent Suzakipling according to General Procedure
C, to give 159 mg (76%) of yellow solidH NMR & 7.55-7.48 (m, 4H), 7.44-7.39 (m, 2H), 7.16-7.08
(m, 2H), 6.69 (br. dJ = 6.5 Hz, 1H), 5.57 (d] = 6.7 Hz, 1H), 3.76 (s, 3H), 1.24 (s, 9FPE NMR § -
115.30;*C NMR § 178.1, 171.7, 162.7 (dcr = 246.8 Hz), 140.6, 136.7 (der = 3.2 Hz), 135.9,
128.8 (dJcr = 8.1 Hz), 127.7 (4 x CH), 115.9 (@ = 21.5 Hz), 56.3, 53.0, 38.8, 2716{zMS (TOF

ES’) CooH23FNO; [MH] * calcd 344.2; found 344.2; LC-M§&: 3.87 min.

4.2.36. Methyl 2-(2',4'-difluoro-[1,1'-biphenyl]-y¥h-2-pivalamidoacetatedg)
2,4-Difluorophenylboronic acid (101 mg) underwentiz&ki coupling according to General
Procedure C, to give 90 mg (58%) of beige sofil. NMR & 7.51-7.32 (m, 5H), 6.97—6.85 (m, 2H),
6.72 (d,J = 6.6 Hz, 1H), 5.57 (d] = 6.8 Hz, 1H), 3.75 (s, 3H), 1.23 (s, 9f¥ NMR § -111.0 (dJ =
7.6 Hz), -113.5 (dJ = 7.6 Hz);**C NMR § 178.0, 171.6, 162.5 (dder = 249.4/11.9 Hz), 159.8 (dd,
Jcr = 250.7/11.9 Hz), 136.3, 135.3, 131.5 (d¢k = 9.5/4.9 Hz), 129.6 (dicr = 2.8 Hz), 127.4, 124.7
(dd, Jer = 13.6/3.9 Hz), 111.8 (ddcr = 21.1/3.8 Hz), 104.5 (dder = 26.6/25.3 Hz), 56.3, 53.0, 38.8,

27.5;m/zMS (TOF ES) CygH2:FNO3 [MH] " calcd 362.4; found 362.2; LC-M§: 3.85 min.

4.2.37. Methyl 2-(2',6'-difluoro-[1,1'-biphenyl]-y¥h-2-pivalamidoacetatesf)
2,6-Difluorophenylboronic acid (101 mg) underwentiz8ki coupling according to General
Procedure C, to give 64 mg (42%) of white solftH NMR & 7.50-7.41 (m, 4H), 7.32—7.19 (m, 1H),
7.00-6.93 (m, 2H), 6.67 (d,= 6.8 Hz, 1H), 5.59 (d] = 6.9 Hz, 1H), 3.74 (s, 3H), 1.24 (s, 9HJE
NMR & -114.5;%°C NMR & 178.0, 171.5, 160.1 (ddcr = 248.9/7.0 Hz), 136.6, 131.0 (dd =

1.9/1.9 Hz), 129.5, 129.2 (ddsr = 10.4/10.4 Hz), 127.2, 117.8 (ditr = 18.5/18.5 Hz), 112.0-111.6



(m), 56.3, 52.9, 38.8, 27.5/zMS (TOF ES) CagH2F>NOs [MH]* calcd 362.4; found 362.2; LC-MS

tr: 3.82 min.

4.2.38. Methyl 2-(3',4'-difluoro-[1,1'-biphenyl]-¥h-2-pivalamidoacetatedg)
3,4-Difluorophenylboronic acid (101 mg) underwentiz&ki coupling according to General
Procedure C, to give 154 mg (quantitative yieldyaburless oil.'"H NMR & 7.52—7.46 (m, 2H), 7.45—
7.39 (m, 2H), 7.33 (ddd), = 11.5/7.5/2.1 Hz, 1H), 7.28-7.14 (m, 2H), 6.78)(d 6.6 Hz, 1H), 5.56 (d,
J=6.6 Hz, 1H), 3.74 (s, 3H), 1.24 (s, 9fF NMR 5 -137.4 (d,J = 21.3 Hz), -139.8 (d] = 21.3 Hz);
%C NMR § 178.1, 171.5, 150.5 (ddcr = 248.1/12.8 Hz), 150.1 (ddcr = 248.8/12.7 Hz), 139.4,
137.6 (ddJcr = 5.9/3.9 Hz), 136.4, 127.8, 127.6, 123.1 (@ig, = 6.2/3.5 Hz), 117.7 (dlcr = 17.4
Hz), 116.0 (dJcr = 17.8 Hz), 56.2, 53.0, 38.7, 27z MS (TOF ES) CyoH2FNO; [MH] " calcd

362.4; found 362.2; LC-M&: 3.86 min.

3.2.39. Methyl 2-(3',5'-difluoro-[1,1'-biphenyl]-¥h-2-pivalamidoacetatedh)
3,5-Difluorophenylboronic acid (101 mg) underwentiz&ki coupling according to General
Procedure C, to give 84 mg (54%) of yellow otH NMR § 7.55-7.49 (m, 2H), 7.47—7.40 (m, 2H),
7.11-7.02 (m, 2H), 6.78 (ddddl= 8.8/8.8/2.3/2.3 Hz, 2H), 5.57 (d= 6.6 Hz, 1H), 3.76 (s, 3H), 1.24
(s, 9H):**F NMR & -109.5:*C NMR § 178.2, 171.5, 163.4 (dder = 248.2/13.1 Hz), 143.9 (dder =
9.5/9.5 Hz), 139.2 (ddjJcr = 2.5/2.5 Hz), 137.1, 127.9, 127.7, 112.1-108.}, (102.9 (t,Jcr =
25.4/25.4 Hz), 56.3, 53.1, 38.8, 2716z MS (TOF ES) CyH2FNO; [MH]* calcd 362.4; found

362.2; LC-MStg: 3.86 min.

3.2.40. Methyl 2-pivalamido-2-(2',4',6'-trifluord:-[1'-biphenyl]-4-yl)acetated()
2,4,6-trifluorophenylboronic acid (113 mg) undertvébuzuki coupling according to General
Procedure C, to give 88 mg (54%) of colourless foakh NMR & 7.43—7.31 (m, 4H), 6.95-6.84 (m,

2H), 5.51 (dJ = 6.9 Hz, 1H), 3.67 (s, 3H), 1.16 (s, 9MF NMR § -108.5 (dd,) = 6.1/6.1 Hz), -111.2



(d, J = 6.1 Hz);**C NMR 5 178.0, 171.6, 160.2 (dcr = 248.9 Hz), 160.1 (dlcr = 248.9 Hz), 136.6,
131.0 (dd,Jor = 1.9/1.9 Hz), 129.5, 127.2, 117.8, (dd = 18.4/18.4 Hz), 111.9-111.6 (m), 56.3,
53.0, 38.8, 27.5M/zMS (TOF ES) CaH21FsNO; [MH] " calcd 380.4; found 380.2; LC-M&: 3.84

min.

4.2.41. Methyl 2-pivalamido-2-(3',4',5'-trifluord:-[1'-biphenyl]-4-yl)acetates()
3,4,5-Trifluorophenylboronic acid (161 mg) undertveé®uzuki coupling according to General

Procedure C, to give 174 mg (75%) of white sofitk NMR & 7.51-7.40 (m, 2H), 7.21-7.10 (m, 2H),

6.78 (br. dJ = 6.4 Hz, 1H), 5.56 (d] = 6.6 Hz, 1H), 3.76 (s, 3H), 1.24 (s, 91 NMR § -133.9 (d,J

= 20.5 Hz), -162.2 (dd] = 20.5/20.5 Hz)*C NMR & 178.0, 171.5, 151.6 (ddder = 249.9/10.1/4.5

Hz), 140.9-138.1 (m), 138.5-138.4 (m), 137.3, 136386.6 (m), 128.0, 127.6, 111.2 (dikr =

15.9/6.0 Hz), 56.2, 53.1, 38.8, 271B/zMS (TOF ES) CyoH,1FNO; [MH] " calcd 380.2; found 380.2;

LC-MS tg: 3.94 min.

4.2.42. Methyl 2-(2',3',4',5",6'-pentafluoro-[1 diphenyl]-4-yl)-2-pivalamidoacetatSK)
2,3,4,5,6-Pentafluorophenylboronic acid (136 mgjamwvent Suzuki coupling according to General
Procedure C, to give 99 mg (56%) of colourless 8i.NMR & 7.51-7.38 (m, 4H), 6.73 (d,= 6.6 Hz,
1H), 5.61 (d,J = 6.8 Hz, 1H), 3.77 (s] = 3.2 Hz, 3H), 1.24 (s, 9H}’F NMR & -143.08 (dd,J =
22.8/8.1 Hz), -155.09 (dd), = 21.0/21.0 Hz), -161.88—162.07 (MJC NMR & 178.0, 171.4, 145.6—
142.9 (m), 142.1-139.1 (m), 138.2, 139.4-136.5@(B).9, 127.6, 126.7, 56.2, 53.1, 38.8, 276z

MS (TOF ES) CyoH19FsNO3 [MH] " calcd 416.4; found 416.2; LC-M§: 3.94 min.

4.2.43. Methyl 2-pivalamido-2-(4-(thiophen-3-yl)plgbacetate )
Thiophen-3-ylboronic acid (117 mg) underwent Suztddpling according to General Procedure C,
to give 155 mg (77%) of yellow solid*H NMR & 7.61-7.55 (m, 2H), 7.44 (dd,= 2.9/1.4 Hz, 1H),

7.40-7.34 (m, 4H), 6.65 (br. d= 6.5 Hz, 1H), 5.55 (d] = 6.8 Hz, 1H), 3.75 (s, 3H), 1.23 (s, 94C



NMR & 178.0, 171.8, 141.8, 136.3, 135.6, 127.8, 12728,5, 126.4, 120.8, 56.3, 53.0, 38.8, 2Tz

MS (TOF ES) CigH2oNOsS [MH]" caled 332.1; found 332.2; LC-M§: 3.77 min.

4.2.44. Methyl 2-(4-(1-methyl-1H-pyrazol-4-yl)phB+Brpivalamidoacetate8§m)
1-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaboroland)-1H-pyrazole (114 mg) underwent Suzuki

coupling according to General Procedure C, to §iveng (68%) of yellow solid*H NMR § 7.73 (d,J

= 0.7 Hz, 1H), 7.59 (s, 1H), 7.46—7.42 (m, 2H),6%3.31 (m, 2H), 6.63 (br. d,= 6.5 Hz, 1H), 5.51

(d, J = 6.8 Hz, 1H), 3.94 (s, 3H), 3.73 (s, 3H), 1.2298); *C NMR 5 178.0, 171.8, 136.9, 134.8,

133.1, 127.8, 127.1, 126.2, 122.7, 56.3, 53.0,,3BB, 27.5m/zMS (TOF ES) CigH24N50;3 [MH]*

calcd 330.2; found 330.2; LC-M%: 3.51 min.

4.2.45. Methyl 2-(3'-cyano-[1,1'-biphenyl]-4-yl)fvalamidoacetategh)

3-Cyanophenylboronic acid (134 mg) underwent Suzakipling according to General Procedure
C, to give 159 mg (74%) of colourless offH NMR & 7.84-7.81 (m, 1H), 7.78 (ddd,= 7.8/1.9/1.3
Hz, 1H), 7.65-7.62 (m, 1H), 7.58-7.50 (m, 3H), Z#B@3 (m, 2H), 6.77 (br. d, = 6.5 Hz, 1H), 5.58
(d, J = 6.6 Hz, 1H), 3.76 (s, 3H), 1.24 (s, 9KIC NMR & 178.1, 171.5, 141.9, 139.2, 137.3, 131.6,
131.1, 130.8, 129.8, 128.0, 127.8, 118.9, 113.3,%3.2, 38.8, 27.51/zMS (TOF ES) CyoH23FNO;

[MH] ™ calcd 351.2; found 351.2; LC-M§: 3.74 min.

4.2.46. Methyl 2-(4'-cyano-[1,1'-biphenyl]-4-yl)fvalamidoacetatedp)

4-Cyanophenylboronic acid (134 mg) underwent Suzakipling according to General Procedure
C, to give 152 mg (71%) of white solidH NMR & 7.75-7.70 (m, 2H), 7.68—7.63 (m, 2H), 7.59-7.55
(m, 2H), 7.49-7.45 (m, 2H), 6.76 (br.3= 6.5 Hz, 1H), 5.58 (d] = 6.6 Hz, 1H), 3.76 (s, 3H), 1.24 (s,
9H); °C NMR & 178.0, 171.5, 145.1, 139.4, 137.6, 132.8, 127197,96, 127.9, 119.0, 111.3, 56.2,
53.2, 38.8, 27.6m/zMS (TOF ES) CyoH23FNOs [MH] ™ calcd 351.2; found 351.2; LC-M&: 3.74

min.



4.2.47. Methyl 3-([1,1'-biphenyl]-4-yl)-2-pivalanadropanoate &p)

Phenylboronic acid (107 mg) underwent Suzuki cogphccording to General Procedure C, to give
181 mg (91%) of white solid*H NMR & 7.62—7.49 (m, 4H), 7.48-7.40 (m, 2H), 7.37—7.32 1),
7.19-7.12 (m, 2H), 6.12 (br. d,= 7.5 Hz, 1H), 4.91 (ddd] = 7.6/5.7/5.7 Hz, 1H), 3.77 (s, 3H), 3.23
(dd,J = 13.8/5.8 Hz, 1H), 3.15 (dd,= 13.8/5.6 Hz, 1H)1.17 (s, 9H);*C NMR § 178.1, 172.4, 140.7,
140.1, 135.1, 129.9, 128.9, 127.4, 127.3, 127.10,532.5, 38.8, 37.5, 27.5n/z MS (TOF ES)

C,1H26NO3 [MH] " caled 340.2; found 340.2; LC-M§: 3.98 min.

4.2.48. Methyl 3-(4-(1-methyl-1H-pyrazol-4-yl)phBB+pivalamidopropanoates()
1-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborol2+y)-1H-pyrazole (182 mg) underwent Suzuki
coupling according to General Procedure C, to g4 mg (57%) of yellow solid'H NMR & 7.74 (d,
J=0.7 Hz, 1H), 7.59 (s, 1H), 7.41-7.36 (m, 2HP9%7.04 (m, 2H), 6.07 (br. d,= 7.5 Hz, 1H), 4.86
(dt, J = 7.6, 5.7 Hz, 1H), 3.94 (s, 3H), 3.75 (s, 3H)L3(dd,J = 13.9/5.8 Hz, 1H), 3.09 (dd, =
13.8/5.6 Hz, 1H), 1.16 (s, 9H}’C NMR & 178.0, 172.4, 136.8, 134.1, 131.6, 130.0, 12725, 7,
123.0, 53.0, 52.5, 39.3, 38.8, 37.6, 2hBzMS (TOF ES) CisH»BrNO; [MH]* calcd 344.2; found

344.3; LC-MStgr: 3.47 min.

4.2.49. tert-Butyl (1-(4-fluorophenyl)-2-(hydroxyam)-2-oxoethyl)carbamat®g)

Methyl 2-(ert-butoxycarbonyl)amino)-2-(4-fluorophenyl)acetatg)( (200 mg, 0.71 mmol) was
converted to the corresponding hydroxamic acid m@icg to General Procedure D, to give 140 mg
(70%) of a white solid.*H NMR (DMSO-ds) & 10.88 (s, 1H), 8.97 (s, 1H), 7.49-7.40 (m, 3HR0#
7.12 (m, 2H), 5.05 (dJ = 8.7 Hz, 1H), 1.37 (s, 9H}*C NMR (DMSO<ds) & 166.9, 161.6 (dJcr =
243.5 Hz), 154.9, 134.9, 129.1 (@r = 8.2 Hz), 115.0 (dlcr = 21.4 Hz), 78.4, 54.7, 28.8/zZHRMS
(TOF ES) Cy3H17,FNoNaQ, [M+Na]" calcd 307.1065; found 307.1077; LC-NS 3.37 min; HPLQ:

5.28 min, 95%.



4.2.50. tert-Butyl (1-(4-bromophenyl)-2-(hydroxyan)i2-oxoethyl)carbamat®l)
2-Amino-2-(4-bromophenyl)acetic acidl) (2.00 g, 8.67 mmol) was dissolved in THF (20 rahy
water (10 mL) with stirring at RT. Bg® (2.09 g, 9.56 mmol, 1 eq) was added, followe@klyNaOH
@agp (5.5 mL, 11 mmol, 1.27 eq). The mixture was etrrat RT overnight. TLC analysis
(AcOH/MeOH/DCM 1:10:89) indicated starting mateneds still present, so Bgo (0.190 g, 0.1 eq)
was added and stirring continued for 2 h at RTe ixture was concentrated under reduced pressure
to remove THF, and the resulting aqueous sluryteld with water (20 mL). The pH was reduced with
care to approximately 4, using dilute Hfdy (water acidified with 2M HCl,q to ~pH 4), before
extracting with DCM (3 x 20 mL) and concentratingder reduced pressure to give 3.14 g of pale
yellow viscous oil."H NMR indicated impurities were still present, e trude produce was dispersed
in 2M NaOH q) (30 mL) and washed with £ (2 x 30 mL). The aqueous layer was then carefull
acidified, as before, then extracted with DCM (3& mL). The combined organic extracts were
concentrated to give 2.361 g (82%) of white foamlds which was used without further purification.
2-(4-Bromophenyl)-2-tert-butoxycarbonyl)amino)acetic acid (1.00 g, 3.03 ymeas converted to
the corresponding hydroxamic acid according to Gdnerocedure E, using CDI (737 mg, 1.5 eq),
NH,OH.HCI (421 mg, 2 eq) and anhydrous THF (15 mL).orkdp was carried out using 50 mL
volumes for extraction/washing. On concentratibthe organic layers, 1.169 g of off-white solidsva
obtained. This was recrystallized from EtOH/wdtegive 500 mg (48%) of white crystalline solid,
and 305 mg (29%) of off-white solid containing mirimpurities. Total yield = 77%.’"H NMR
(DMSO-ds) 5 10.90 (s, 1H), 8.99 (s, 1H), 7.54 (tk 8.4 Hz, 2H), 7.46 (d] = 8.6 Hz, 1H), 7.35 (d] =
8.4 Hz, 2H), 5.03 (dJ = 8.6 Hz, 1H), 1.37 (s, 9H}*C NMR (DMSO+) § 166.5, 157.1, 138.1, 131.1,
129.3, 120.8, 78.5, 54.9, 28.tn/z HRMS (TOF ES) Ci3H;/BrN,NaQ, [M+Na]* calcd 367.0264;

found 367.0255; LC-M%x: 3.16 min; HPLCR: 5.85 min, 95%.



4.2.51. tert-Butyl (3-(4-fluorophenyl)-1-(hydroxyiam)-1-oxopropan-2-yl)carbamat®c)

Methyl 3-(4-fluorophenyl)-2-tert-butoxycarbonyl)amino)propanoai®c) (200 mg, 0.67 mmol)
was converted to the corresponding hydroxamic acwbrding to General Procedure D, to give 91 mg
(45%) of a white solid.*H NMR (DMSO-ds) § 10.61 (s, 1H), 8.85 (s, 1H), 7.30-7.23 (m, 2H).3%
7.05 (m, 2H), 7.01 (d] = 8.7 Hz, 1H), 3.98 (td] = 9.5/9.5/5.1 Hz, 1H), 2.83 (dd= 13.6/5.0 Hz, 1H),
2.74 (dd,J = 13.6/9.9 Hz, 1H), 1.29 (s, 9HYC NMR (DMSO«s) & 168.3, 161.0 (dJcr = 241.3 Hz),
155.1, 134.2 (dJcr = 2.8 Hz), 131.0 (dlcr = 8.0 Hz), 114.7 (dJer = 21.0 Hz), 77.9, 53.6, 36.9, 28.2;
m/zHRMS (TOF ES C;4H1sFNO4 [M-H] ™ calcd 297.1256; found 297.1271; LC-MS 3.39 min;

HPLC tr: 5.52 min, 95%.

4.2.52. tert-Butyl (3-(4-bromophenyl)-1-(hydroxyan)t1-oxopropan-2-yl)carbamatéd)

Methyl 3-(4-bromophenyl)-2-{¢rt-butoxycarbonyl)amino)propanoatéd) (120 mg, 0.33 mmol)
was converted to the corresponding hydroxamic actbrding to General Procedure D, to give 70 mg
(58%) of a white solid."H NMR (DMSO-dg) & 10.62 (s, 1H), 8.86 (s, 1H), 7.46 (appJd 8.3 Hz,
2H), 7.20 (app. dJ = 8.3 Hz, 2H), 7.03 (d] = 8.7 Hz, 1H), 3.99 (ddd} = 9.4/5.2/5.2 Hz, 1H), 2.81
(dd,J = 13.6/5.1 Hz, 1H), 2.73 (dd,= 13.5/9.9 Hz, 1H), 1.30 (s, 9HFC NMR (DMSOg) & 168.2,
155.1, 137.5, 131.5, 130.9, 119.5, 78.0, 53.4,,32Z901; m/z HRMS (TOF ES) Cy4H16BrN.NaQ,

[M+Na]" calcd 381.0420; found 381.0413; LC-MKS 3.49 min; HPLQR: 6.08 min, 95%.

4.2.53. tert-Butyl (1-(hydroxyamino)-3-(4-iodophBsiroxopropan-2-yl)carbamatée)

Methyl 3-(4-iodophenyl)-2-(ért-butoxycarbonyl)amino)propanoat&g (300 mg, 0.74 mmol) was
converted to the corresponding hydroxamic acid m@icg to General Procedure D, to give 220 mg
(73%) of a white solid."H NMR (DMSO-dg) & 10.61 (s, 1H), 8.85 (s, 1H), 7.62 (appJd 8.2 Hz,
2H), 7.06 (app. dJ = 8.2 Hz, 2H), 7.01 (d] = 8.7 Hz, 1H), 3.98 (ddd] = 9.3/9.3/5.2 Hz, 1H), 2.79

(dd,J = 13.5/5.2 Hz, 1H), 2.70 (dd,= 13.6/9.9 Hz, 1H), 1.30 (s, 9HC NMR (DMSO4dg) § 168.2,



155.1, 137.9, 136.8, 131.7, 92.2, 78.0, 53.4, 3282; m/z HRMS (TOF ES) CisH1lN,NaQ,

[M+Na]" calcd 429.0282; found 429.0282; LC-NS3.52 min; HPLOR: 6.26 min, 95%.

4.2.54. tert-Butyl (1-([1,1'-biphenyl]-4-yl)-2-(hyokyamino)-2-oxoethyl)carbamatéf)

Methyl 2-([1,1'-biphenyl]-4-yl)-2-(ert-butoxycarbonyl)amino)acetat@a) (142 mg, 0.42 mmol)
was dissolved in MeOH (1 mL) at RT. To this wasled a solution of NWOH.HCI (43 mg, 0.62
mmol, 1.5 eq) and NaOH (50 mg, 1.25 mmol, 3 egyater (0.5 mL). The mixture was stirred at RT
overnight. LC-MS analysis indicated the formatioh bmth the desired hydroxamic acid, and the
corresponding carboxylic acid (hydrolysis producffhe mixture was concentrated under reduced
pressure, and the residue taken up in acidifie@m{@0 mL, water acidified to ~pH 4 with 2M H&d)
and extracted with EtOAc (3 x 10 mL). The combimeganic layers were washed with brine (10 mL)
before concentration under reduced pressure. &helting residue was further purified by FCC
(eluent  MeOH/DCM  0:100 to 10:90) to give  2-([1,1ptenyl]-4-yl)-2-(tert-
butoxycarbonyl)amino)acetic acid as 101 mg of glagsid, as the major product. This was directly
converted to the desired hydroxamic acid accortiegGeneral Procedure E, using CDI (75 mg, 0.47
mmol, 1.5 eq), NEOH.HCI (43 mg, 0.62 mmol, 2 eq). After stirring f@&0 h, LC-MS analysis
indicated conversion was not complete, so,8H.HCI (22 mg, 1 eq) was added and stirring comthu
for a further overnight period. The mixture wasrthworked up and purified as described, to give 34
mg (24% based on ester, 32% based on acid) of whiiet. ‘H NMR (DMSO-dg) 5 10.92 (s, 1H), 8.98
(d, J = 1.1 Hz, 1H), 7.70-7.57 (m, 4H), 7.57—7.40 (m),5H39-7.32 (m, 1H), 5.10 (d,= 8.7 Hz,
1H), 1.60-1.11 (m, 9H)**C NMR (DMSO4de) 5 166.9, 154.9, 139.8, 139.5, 137.9, 128.9, 127.7,
127.5, 126.7, 126.6, 78.4, 55.1, 28@7zHRMS (TOF ES) CigH,:N,NaQ, [M+Na]* calcd 365.1472;

found 365.1469; LC-M$%x: 3.63 min; HPLQR: 6.52 min, 98%.



4.2.55. tert-Butyl (1-(2'-fluoro-[1,1'-biphenyl]-¢h-2-(hydroxyamino)-2-oxoethyl)carbamagig)

Methyl 2-(tert-butoxycarbonyl)amino)-2-(2'-fluoro-[1,1'-bipheny}yl)acetateg(7b) (150 mg, 0.42
mmol) was converted to the corresponding hydroxaaid according to General Procedure D, to give
118 mg (79%) of off-white solid'H NMR (DMSO-ds) & 10.93 (s, 1H), 8.99 (s, 1H), 7.57-7.37 (m,
7H), 7.36-7.25 (m, 2H), 5.12 (d,= 8.7 Hz, 1H), 1.80-0.89 (m, 9H}F NMR (DMSO+s) & -118.46;
13C NMR (DMSOds) § 166.8, 159.1 (dJcr = 245.7 Hz), 154.9, 138.4, 134.4, 130.8Xg, = 3.2 Hz),
129.6 (d,Jcr = 8.2 Hz), 128.7 (dJcr = 2.7 Hz), 127.9 (dJcr = 13.1 Hz), 127.3, 125.0 (der = 3.4
Hz), 116.1 (dJcr = 22.5 Hz), 78.4, 55.2, 28.M/z HRMS (TOF ES) CigH20FN,O4 [M-H] " calcd

359.1413; found 359.1429; LC-M§& 3.63 min; HPLQR: 6.55 min, > 99%.

4.2.56. tert-Butyl (1-(3'-fluoro-[1,1'-biphenyl]-¢h-2-(hydroxyamino)-2-oxoethyl)carbamagy

Methyl 2-(tert-butoxycarbonyl)amino)-2-(3'-fluoro-[1,1'-biphem}yl)acetate(7¢) (133 mg, 0.37
mmol) was converted to the corresponding hydroxaewitl according to General Procedure D.
Initially only 31 mg of product was obtained frortean fractions after FCC. Impure fractions were
combined and diluted with PE. Collection of theuléing precipitate by filtration (vacuum) gave a
further 32 mg of off-white solid. Overall, 63 mg7¢6) of off-white solid were isolated'H NMR
(DMSO-dg) 5 10.92 (s, 1H), 8.99 (dl = 1.2 Hz, 1H), 7.67 (d) = 8.3 Hz, 2H), 7.59-7.33 (m, 6H),
7.31-7.02 (m, 1H), 5.11 (d,= 8.7 Hz, 1H), 1.65-1.00 (m, 9HYF NMR (DMSO+g) & -112.85:°C
NMR (DMSO-ds) & 166.8, 162.7 (dJcr = 243.2 Hz), 155.8, 142.3 (dgr = 8.0 Hz), 138.6, 138.0 (d,
Jor = 2.2 Hz), 130.9 (dJcr = 8.5 Hz), 127.7, 126.7, 122.7 @ = 2.3 Hz), 114.2 (dJcr = 20.8 Hz),
113.4 (d,J = 22.0 Hz), 78.4, 55.1, 28.2n/z HRMS (TOF ES) CigHxFN.NaO, [M+Na]" calcd

383.1378; found 383.1365; LC-M& 3.65 min; HPLQRr: 6.62 min, 98%.

4.2.57. tert-Butyl (1-(4'-fluoro-[1,1'-biphenyl]-¢h-2-(hydroxyamino)-2-oxoethyl)carbamate (9i)
Methyl 2-(gtert-butoxycarbonyl)amino)-2-(4'-fluoro-[1,1'-bipheny}yl)acetate(7d) (149 mg, 0.41

mmol) was converted to the corresponding hydroxaaid according to General Procedure D, to give



100 mg (67%) of off-white solid'H NMR (DMSO-ds) § 10.91 (s, 1H), 8.98 (s, 1H), 7.74-7.65 (m,
2H), 7.61 (d,J = 8.3 Hz, 2H), 7.48 (dJ = 8.3 Hz, 2H), 7.43 (d] = 8.7 Hz, 1H), 7.34-7.22 (m, 2H),
5.10 (d,J = 8.8 Hz, 1H), 1.61-1.00 (m, 9HF NMR (DMSO«ds) & -115.51;*3C NMR (DMSO+g) 5
166.9, 161.9 (dJcr = 242.6 Hz), 154.9, 138.4, 136.3 (& = 2.9 Hz), 135.5, 128.7 (dcr = 8.2 Hz),
127.7, 126.5, 115.7 (dlcr = 21.4 Hz), 78.4, 55.1, 28.2/z HRMS (TOF ES$) CigH21FN:NaO,

[M+Na]" calcd 383.1378; found 383.1382; LC-MS 3.59 min; HPLQR: 6.60 min, 99%.

4.2.58. tert-Butyl (2-(hydroxyamino)-2-oxo-1-(2i{tioromethyl)-[1,1'-biphenyl]-4-
yhethyl)carbamate9))

Methyl 2-(gert-butoxycarbonyl)amino)-2-(2'-(trifluoromethyl)-[1;biphenyl]-4-yl)acetat€7e) (180
mg, 0.44 mmol) was converted to the correspondiydydxamic acid according to General Procedure
D, to give 127 mg (71%) off-white glassy solidH NMR (DMSO-dgs) & 10.96 (s, 1H), 9.03 (s, 1H),
7.83 (d,J = 7.7 Hz, 1H), 7.71 (dd] = 7.5/7.5 Hz, 1H), 7.61 (dd,= 7.7/7.7 Hz, 1H), 7.55-7.43 (m,
3H), 7.38 (dJ = 7.6 Hz, 1H), 7.28 (d] = 8.0 Hz, 2H), 5.15 (d] = 8.9 Hz, 1H), 1.66—1.13 (m, 9H)F
NMR (DMSO-ds) & -55.23;°C NMR (DMSO4s) 5 166.9, 155.0, 140.4, 138.5, 132.3, 132.2, 131.3,
128.6, 128.1, 127.0, 126.6, 126.1 Jgr = 5.7 Hz), 124.2 (qJcr = 273.9 Hz), 78.5, 55.1, 28.&/z
HRMS (TOF ES) CyoH,1FsNoNaQ, [M+Na]* calcd 433.1346; found 433.1328; LC-M$ 3.70 min;

HPLC tr: 6.99 min, 95%.

4.2.59. tert-Buty! (2-(hydroxyamino)-2-oxo-1-(3#{tioromethyl)-[1,1'-biphenyl]-4-
ylh)ethyl)carbamate9gk)

Methyl 2-({ert-butoxycarbonyl)amino)-2-(3'-(trifluoromethyl)-[1;biphenyl]-4-yl)acetat€7f) (178
mg, 0.43 mmol) was converted to the correspondidydxamic acid according to General Procedure
D, to give 110 mg (62%) of off-white glassy solitH NMR (DMSO-dg) & 10.93 (s, 1H), 9.00 (s, 1H),
8.05-7.91 (m, 2H), 7.80-7.66 (m, 4H), 7.53J¢; 8.3 Hz, 2H), 7.47 (d] = 8.6 Hz, 1H), 5.12 (d] =

8.7 Hz, 1H), 1.39 (s, 9H}’F NMR (DMSO+) & -60.98;*C NMR (DMSO+g) & 166.8, 155.0, 140.9,



138.8, 137.8, 130.8, 130.1, 129.8 J& = 31.6 Hz), 127.8, 126.9, 124.2 (g = 272.5 Hz), 124.1 (q,
Jer = 3.7 Hz), 123.1 (gJcr = 3.9 Hz), 78.5, 55.1, 28.2n/z HRMS (TOF ES) CooHaiFaNoNaO,

[M+Na]" calcd 433.1346; found 433.1341; LC-NM83.72 min; HPLQR: 7.15 min, 98%.

4.2.60. tert-Butyl (2-(hydroxyamino)-2-oxo-1-(4#{tioromethyl)-[1,1'-biphenyl]-4-
ylethyl)carbamateq])

Methyl  2-(tert-butoxycarbonyl)amino)-2-(4'-(trifluoromethyl)-[1;biphenyl]-4-yl)acetate (79)
(169 mg, 0.41 mmol) was converted to the corresponttydroxamic acid according to General
Procedure D. Fractions obtained after FCC wereadoto contain minor impurities. These were
combined and diluted with PE. Collection of theulérg precipitate by filtration (vacuum) gave 6@ m
(40%) of white solid."H NMR (DMSO-ds) 5 10.94 (s, 1H), 9.00 (s, 1H), 7.89 (t= 8.2 Hz, 2H), 7.81
(d,J = 8.4 Hz, 2H), 7.71 (d] = 8.2 Hz, 2H), 7.54 (d] = 8.3 Hz, 2H), 7.48 (d] = 8.7 Hz, 1H), 5.13 (d,
J = 8.7 Hz, 1H), 1.39 (s, 9H}’F NMR (DMSO4s) & -60.88;°C NMR (DMSO+g) & 166.8, 155.0,
143.8, 139.1, 137.9, 127.9 (@ = 31.8 Hz), 127.8, 127.5, 127.0, 125.8Xg; = 3.8 Hz), 124.3 (qlcr
= 255.0 Hz), 78.5, 55.1, 28.81/zZHRMS (TOF ES) CooH21FsN2NaQ; [M+Na]* calcd 433.1346; found

433.1356; LC-MSg: 3.74 min; HPLCr: 7.21 min, 97%.

4.2.61. tert-Butyl (2-(hydroxyamino)-2-oxo-1-(3%&4trifluoro-[1,1'-biphenyl]-4-yl)ethyl)carbamate
(9m)

Methyl 2-({ert-butoxycarbonyl)amino)-2-(3',4",5'-trifluoro-[1,biphenyl]-4-yl)acetate (7h) (152
mg, 0.38 mmol) was converted to the correspondidydxamic acid according to General Procedure
D, to give 105 mg (69%) of off-white solidH NMR (DMSO-dg) & 10.93 (s, 1H), 9.00 (d, = 1.2 Hz,
1H), 7.78-7.63 (m, 4H), 7.58—7.40 (m, 3H), 5.11Xd, 8.7 Hz, 1H), 1.38 (s, 9H}°F NMR (DMSO-
de) & -134.93 (dJ = 21.7 Hz), -163.52 (dd] = 21.7/21.7 Hz)**C NMR (DMSO4dg) § 166.7, 155.0,
150.6 (dddJcr = 246.2/9.5/4.1 Hz), 139.2, 138.2 (ddr = 248.9/15.7 Hz), 136.5 (ddcr = 8.2/3.6

Hz), 136.1, 127.7, 126.7, 111.2 (der = 21.4 Hz), 78.5, 55.1, 28.2n/z HRMS (TOF ES)



CioH19FsNoNaQ, [M+Na]* calcd 419.1189; found 419.1186; LC-MS 3.70 min; HPLQR: 6.99 min,

96%.

4.2.62. tert-Butyl (2-(hydroxyamino)-2-oxo-1-(4(dyn-3-yl)phenyl)ethyl)carbamatén)

Methyl 2-(tert-butoxycarbonyl)amino)-2-(4-(pyridin-3-yl)phenylaate(7i) (121 mg, 0.35 mmol)
was converted to the corresponding hydroxamic acwbrding to General Procedure D, to give 23 mg
(19%) of white solid.*H NMR (DMSO-dg) & 10.93 (s, 1H), 8.99 (s, 1H), 8.88 (s, 1H), 8.57)(d 3.6
Hz, 1H), 8.06 (dJ = 7.8 Hz, 1H), 7.70 (dJ = 8.0 Hz, 2H), 7.63-7.26 (m, 4H), 5.12 (d= 8.6 Hz,
1H), 1.39 (s, 9H)®*C NMR (DMSO«de) & 166.8, 155.0, 148.5, 147.7, 138.7, 136.4, 13427,8,
126.8, 123.9, 78.4, 55.1, 28.;/z HRMS (TOF ES) CigH»iN3Os [MH]* calcd 344.1605; found

344.1611; LC-MSg: 3.13 min; HPLCr: 4.10 min, 99%.

4.2.63. tert-Butyl (2-(hydroxyamino)-2-oxo-1-(44(pyn-4-yl)phenyl)ethyl)carbamateg)

Methyl 2-(tert-butoxycarbonyl)amino)-2-(4-(pyridin-4-yl)phenylatate(7j) (177 mg, 0.52 mmol)
was converted to the corresponding hydroxamic acabrding to General Procedure D, to give 77 mg
(44%) of off-white solid. *H NMR (DMSO-dg) & 10.94 (s, 1H), 9.00 (d = 1.1 Hz, 1H), 8.63 (d] =
6.0 Hz, 2H), 7.78 (d] = 8.3 Hz, 2H), 7.70 (dd} = 4.6/1.6 Hz, 2H), 7.55 (d,= 8.3 Hz, 2H), 7.50 (d]
= 8.7 Hz, 1H), 5.13 (dJ = 8.7 Hz, 1H), 1.39 (s, 9H}*C NMR (DMSO+s) § 166.7, 155.0, 150.2,
146.6, 139.9, 136.4, 127.9, 126.7, 121.2, 78.8,58.2;m/zHRMS (TOF ES) CigH21Nz0,4 [MH]*

calcd 344.1605; found 344.1606; LC-M83.11 min; HPLGR: 4.13 min, 97%.

4.2.64. tert-Butyl (2-(hydroxyamino)-2-oxo-1-(4i¢iphen-3-yl)phenyl)ethyl)carbamat@p]

Methyl 2-({ert-butoxycarbonyl)amino)-2-(4-(thiophen-3-yl)phenygate (7k) (129 mg, 0.37
mmol) was converted to the corresponding hydroxamid according to General Procedure D, to give
94 mg (73%) of off-white solid.'"H NMR (DMSO-ds) 5 10.89 (s, 1H), 8.97 (s, 1H), 7.86 (dH=

2.9/1.3 Hz, 1H), 7.67 (d] = 8.3 Hz, 2H), 7.63 (dd] = 5.0/2.9 Hz, 1H), 7.55 (dd,= 5.0/1.3 Hz, 1H),



7.48-7.33 (m, 3H), 5.06 (d,= 8.7 Hz, 1H), 1.77-0.68 (m, 9HY'C NMR (DMSO,) & 166.9, 154.9,
141.1, 137.5, 134.5, 127.6, 127.1, 126.2, 125.9,.01278.4, 55.2, 28.2m/z HRMS (TOF ES)
Ci7H20N2NaQ:S [M+Na] calcd 371.1036; found 371.1019; LC-M$ 3.56 min; HPLOR: 6.30 min,

95%.

4.2.65. tert-Butyl (2-(hydroxyamino)-1-(4-(1-methyd-pyrazol-4-yl)phenyl)-2-oxoethyl)carbamate
(90).

Methyl 2-({ert-butoxycarbonyl)amino)-2-(4-(1-meth{H-pyrazol-4-yl)phenyl)acetatg7l) (120
mg, 0.35 mmol) was converted to the correspondidydxamic acid according to General Procedure
D, to give 73 mg (61%) of white solid*H NMR (DMSO-dg) & 10.85 (s, 1H), 8.95 (s, 1H), 8.11 (s,
1H), 7.84 (dJ = 0.5 Hz, 1H), 7.51 (dJ = 8.2 Hz, 2H), 7.44-7.19 (m, 3H), 5.02 (= 8.7 Hz, 1H),
3.85 (s, 3H), 1.69-1.03 (m, 9HY’C NMR (DMSOds) & 167.0, 154.9, 136.2, 136.0, 132.0, 127.8,
127.6, 124.7, 121.5, 78.4, 55.2, 38.7, 28122HRMS (TOF ES) C;7H2:N404 [MH] " caled 347.1714;

found 347.1708; LC-M%x: 3.30 min; HPLQGR: 5.04 min, > 99%.

4.2.66. tert-Butyl (2-(hydroxyamino)-1-(3'-(N'-hpaycarbamimidoyl)-[1,1'-biphenyl]-4-yl)-2-
oxoethyl)carbamated()

Methyl 2-({ert-butoxycarbonyl)amino)-2-(3'-cyano-[1,1'-biphengHyl)acetate {m) (153 mg, 0.42
mmol) was converted to the corresponding hydroxamid according to General Procedure D, to give
91 mg (54%) of white solid*H NMR (DMSO-dg) & 10.92 (s, 1H), 9.67 (s, 1H), 8.99 (s, 1H), 7.92 (s
1H), 7.76-7.61 (m, 4H), 7.58-7.37 (m, 4H), 5.9224), 5.10 (d,J = 8.7 Hz, 1H), 1.64-1.10 (m, 9H);
3¢ NMR (DMSO+4) 6 166.9, 155.0, 150.7, 139.7, 139.3, 138.1, 13428, 7, 127.7, 127.1, 126.6,
124.5, 123.7, 78.4, 55.2, 28.;/z HRMS (TOF ES) CooH24N4Os [MH]* calcd 401.1819; found

401.1816; LC-MSg: 3.17 min; HPLCr: 4.57 min, 95%.



4.2.67. tert-Butyl (2-(hydroxyamino)-1-(4'-(N'-hgaycarbamimidoyl)-[1,1'-biphenyl]-4-yl)-2-
oxoethyl)carbamate9§)

Methyl 2-(gtert-butoxycarbonyl)amino)-2-(4'-cyano-[1,1'-biphengHyl)acetate(7n) (152 mg, 0.41
mmol) was converted to the corresponding hydroxaaid according to General Procedure D, to give
67 mg (40%) of white solid'H NMR (DMSO-ds) & 10.92 (s, 1H), 9.68 (s, 1H), 8.99 (= 1.2 Hz,
1H), 7.85-7.59 (m, 6H), 7.60—7.28 (m, 3H), 5.852(3), 5.10 (d,) = 8.7 Hz, 1H), 1.36 (d] = 21.7 Hz,
9H); *C NMR (DMSO+4g) & 166.9, 155.0, 150.5, 140.1, 138.8, 138.1, 13224,7, 126.5, 126.3,
125.9, 78.4, 55.2, 28.20/zHRMS (TOF ES) CyoH24N4Os [MH] ™ calcd 401.1819; found 401.1815;

LC-MStg: 3.16 min; HPLQR: 4.47 min, 95%.

4.2.68. tert-Butyl (3-([1,1'-biphenyl]-4-yl)-1-(hyakyamino)-1-oxopropan-2-yl)carbamatet)

Methyl 3-([1,1'-biphenyl]-4-yl)-2-((tert-butoxycaomyl)amino)propanoate(7o) (119 mg, 0.33
mmol) was converted to the corresponding hydroxaaid according to General Procedure D, to give
75 mg (63%) of white solid.'H NMR (DMSO-dg) & 10.65 (s, 1H), 8.87 (s, 1H), 7.68-7.61 (m, 2H),
7.57 (app. dyJ = 8.2 Hz, 2H), 7.48-7.42 (m, 2H), 7.37-7.31 (m),3H05 (d,J = 8.6 Hz, 1H), 4.06
(ddd,J = 9.3/9.3/5.1 Hz, 1H), 2.89 (dd,= 13.7/5.0 Hz, 1H), 2.80 (dd,= 13.6/9.9 Hz, 1H), 1.30 (s,
9H); °C NMR (DMSO«s) § 168.5, 155.2, 140.0, 138.1, 137.4, 129.8, 1289,2, 126.5, 126.4, 78.0,
53.6, 37.3, 28.2n/zHRMS (TOF ES) CygH24N-NaQ, [M+Na]" caled 379.1628; found 379.1619; LC-

MS tg: 3.60 min; HPLQR: 6.65 min, > 99%.

4.2.69. tert-Buty! (1-(hydroxyamino)-3-(4-(1-methyl-pyrazol-4-yl)phenyl)-1-oxopropan-2-
yl)carbamate 9Qu)

Methyl  2-((tert-butoxycarbonyl)amino)-3-(4-(1-metiyH-pyrazol-4-yl)phenyl)propanoate(7p)
(119 mg, 0.33 mmol) was converted to the corresmonttydroxamic acid according to General
Procedure D, to give 57 mg (48%) of white solftH NMR (DMSO-ds) § 10.61 (s, 1H), 8.85 (dl =

1.4 Hz, 1H), 8.08 (s, 1H), 7.81 (@= 0.7 Hz, 1H), 7.45 (app. d,= 8.1 Hz, 2H), 7.21 (app. d,= 8.2



Hz, 2H), 6.99 (dJ = 8.6 Hz, 1H), 4.01 (ddd] = 9.1/9.1/5.4 Hz, 1H), 3.85 (s, 3H), 2.82 (dd=
13.7/5.1 Hz, 1H), 2.74 (dd, = 13.6/9.7 Hz, 1H), 1.30 (s, 9HC NMR (DMSO4s) & 168.5, 155.1,
135.9, 135.7, 130.6, 129.6, 127.5, 124.7, 121.8),753.6, 38.6, 37.4, 28.20/z HRMS (TOF ES)

Ci18H24N404 [MH] " caled 360.1792; found 360.1781; LC-NkS 3.30 min; HPLQR: 5.07 min, 97%.

4.2.70. N-(1-(4-Fluorophenyl)-2-(hydroxyamino)-2ethyl)pivalamide 10a)

Methyl 2-(4-fluorophenyl)-2-pivalamidoacetatéaj (200 mg, 0.71 mmol) was converted to the
corresponding hydroxamic acid according to GenBralcedure D, to give 141 mg (70%) of white
solid. *H NMR (DMSO-ds) & 10.98 (s, 1H), 9.05 (s, 1H), 7.74 (= 8.1 Hz, 1H), 7.47-7.40 (m, 2H),
7.21-7.14 (m, 2H), 5.37 (d,= 8.1 Hz, 1H), 1.13 (s, 9H}’C NMR (DMSO+4g) 5 176.9, 166.6, 161.6
(d, Jcr = 243.2 Hz), 135.2 (dlcr = 3.0 Hz), 128.8 (dJcr = 8.3 Hz), 115.0 (dJcr = 21.4 Hz), 53.0,
38.1, 27.2m/zHRMS (TOF ES) Ci3H17FN,O3 [MH] " calcd 269.1296; found 269.1294; LC-MS

3.32 min; HPLCGR: 4.87 min, 95%.

4.2.71. N-(1-(4-Bromophenyl)-2-(hydroxyamino)-2-ethyl)pivalamide 10b)

Methyl 2-(4-bromophenyl)-2-pivalamidoacetatéb) (50 mg, 0.15 mmol) was converted to the
corresponding hydroxamic acid according to Generatedure D, to give 31 mg (62%) of white solid.
'H NMR (DMSO-dg) 6 11.00 (s, 1H), 9.07 (s, 1H), 7.77 (= 8.0 Hz, 1H), 7.57—7.52 (m, 2H), 7.38—
7.32 (m, 2H), 5.34 (dJ = 8.0 Hz, 1H), 1.13 (s, 9H)*C NMR (DMSO4de) & 176.9, 166.3, 138.5,
131.2, 129.1, 120.7, 53.2, 38.1, 27m/z HRMS (TOF ES) Cy5H17BrN,Os [MH]* calcd 329.0495;

found 329.0499; LC-M%x: 3.43 min; HPLGR: 5.48 min, 95%.

4.2.72. 3-(4-Fluorophenyl)-N-hydroxy-2-pivalamidopanamide 10c)
Methyl 3-(4-fluorophenyl)-2-pivalamidopropanoate) (100 mg, 0.36 mmol) was converted to the
corresponding hydroxamic acid according to Generatedure D, to give 67 mg (67%) of white solid.

'H NMR (DMSO-dg) & 10.64 (s, 1H), 8.88 (s, 1H), 7.43 (M= 8.7 Hz, 1H), 7.31-7.21 (m, 2H), 7.11-



7.02 (m, 2H), 4.39 (ddd] = 8.5/8.5/6.7 Hz, 1H), 2.95-2.82 (m, 2H), 0.989H); *C NMR (DMSO-
de) 5 177.0, 168.2, 160.9 (der = 241.4 Hz), 134.2 (dlcr = 3.0 Hz), 131.1 (dJcr = 8.0 Hz), 114.6 (d,
Jer = 21.0 Hz), 51.7, 38.0, 36.7, 272z HRMS (TOF E$) Cy4H1sFN,O5 [MH]* calcd 283.1452;

found 283.1461; LC-M%x: 3.36 min; HPLGR: 5.52 min, 95%.

4.2.73. 3-(4-Bromophenyl)-N-hydroxy-2-pivalamidgpanamide 10d)

Methyl 3-(4-bromophenyl)-2-pivalamidopropanoase)((120 mg, 0.35 mmol) was converted to the
corresponding hydroxamic acid according to Generatedure D, to give 76 mg (63%) of white solid.
'H NMR (DMSO-dg) & 10.64 (br. s, 1H), 8.89 (br. s, 1H), 7.49-7.41 &), 7.22—7.16 (m, 2H), 4.40
(ddd,J = 8.8/8.8/6.1 Hz, 1H), 2.91-2.83 (m, 2H), 0.989); *C NMR (DMSO+g) 5 177.0, 168.1,
137.5, 131.6, 130.8, 119.4, 51.5, 38.0, 36.9, 2M/ZHRMS (TOF ES) CiH1oBrN,Os [MH]* calcd

343.0652; found 343.0645; LC-M& 3.43 min; HPLGR: 5.76 min, 95%.

4.2.74. N-Hydroxy-3-(4-iodophenyl)-2-pivalamidopaopmide {0e)

Methyl 3-(4-iodophenyl)-2-pivalamidopropanoate)( (300 mg, 0.77 mmol) was converted to the
corresponding hydroxamic acid according to GenBralcedure D, to give 180 mg (60%) of white
solid. 'H NMR (DMSO-ds) § 10.64 (s, 1H), 8.88 (s, 1H), 7.60 (= 8.1 Hz, 2H), 7.44 (d] = 8.6 Hz,
1H), 7.05 (d,J = 8.1 Hz, 2H), 4.42-4.32 (m, 1H), 2.90-2.78 (m),26199 (s,J = 3.8 Hz, 9H):°C
NMR (DMSO-g) 6 177.0, 168.0, 137.9, 136.7, 131.8, 92.1, 51.9),387.1, 27.2m/zHRMS (TOF
ES’) C1sH10IN-O3 [MH] ™ caled 391.0513; found 391.0498; LC-MS 3.48 min; HPLCtg: 5.95 min,

95%.

4.2.75. N-(1-([1,1'-Biphenyl]-4-yl)-2-(hydroxyaming-oxoethyl)pivalamidelQf)
Methyl 2-([1,1'-biphenyl]-4-yl)-2-pivalamidoacetat€8a) (100 mg, 0.30 mmol) was converted to
the corresponding hydroxamic acid according to Gerférocedure D, to give 64 mg (64%) of white

solid. *H NMR (DMSO-dg) & 11.01 (s, 1H), 9.06 (s, 1H), 7.74 (= 8.1 Hz, 1H), 7.68-7.60 (m, 4H),



7.53-7.42 (m, 4H), 7.39-7.33 (m, 1H), 5.411¢; 8.1 Hz, 1H), 1.15 (s, 9H}C NMR (DMSOd) 5
176.9, 166.7, 139.8, 139.4, 138.2, 128.9, 127.8,41226.7, 126.6, 53.5, 38.2, 272/zHRMS (TOF
ES") CigH2N203 [MH]" calcd 327.1703; found 327.1702; LC-M$ 3.51 min; HPLCtz: 6.19 min,

98%.

4.2.76. N-(1-(2'-Fluoro-[1,1'-biphenyl]-4-yl)-2-(llyoxyamino)-2-oxoethyl)pivalamid&dg)

Methyl 2-(2'-fluoro-[1,1'-biphenyl]-4-yl)-2-pivalaidoacetate §b) (112 mg, 0.33 mmol) was
converted to the corresponding hydroxamic acid @bog to General Procedure D, to give 85 mg
(76%) of white solid. *H NMR (DMSO-dg) 5 11.03 (s, 1H), 9.07 (s, 1H), 7.76 @@= 8.0 Hz, 1H),
7.56-7.48 (m, 5H), 7.46-7.38 (m, 1H), 7.34-7.26 Zi), 5.42 (dJ = 8.0 Hz, 1H), 1.16 (s, 9H}*F
NMR (de-DMSO) & -118.5;°C NMR (DMSO<s) & 176.9, 166.7, 159.1 (dcr = 245.7 Hz), 138.7,
134.3, 130.8 (dJcr = 3.3 Hz), 129.6 (dJcr = 8.3 Hz), 128.7 (dJcr = 2.7 Hz), 127.9 (dJcr = 13.2
Hz), 127.1, 125.0 (dlcr = 3.5 Hz), 116.1 (dJcr = 22.5 Hz), 53.6, 38.2, 27.5/zHRMS (TOF ES)

C19H21FN,O3 [MH]* calcd 345.1609; found 345.1609; LC-MS 3.52 min; HPLQR: 6.25 min, 96%.

4.2.77. N-(1-(3'-Fluoro-[1,1'-biphenyl]-4-yl)-2-(llyoxyamino)-2-oxoethyl) pivalamid&Qh)

Methyl 2-(3'-fluoro-[1,1'-biphenyl]-4-yl)-2-pivalaidoacetate &) (71 mg, 0.21 mmol) was
converted to the corresponding hydroxamic acid aumgd according to General Procedure D, to give
45 mg (62%) of white solid*H NMR (DMSO-dg) & 11.03 (s, 1H), 9.07 (s, 1H), 7.76 (M= 8.1 Hz,
1H), 7.71-7.65 (m, 2H), 7.55-7.46 (m, 5H), 7.2357h, 1H), 5.42 (dJ = 8.1 Hz, 1H), 1.15 (s, 9H);
F NMR (d-DMSO0) § -112.8;*C NMR (DMSO+dg) § 176.9, 166.6, 162.7 (der = 243.3 Hz), 142.3
(d, Jcr = 7.8 Hz), 138.9, 138.0 (dcr = 2.2 Hz), 130.9 (djcr = 8.6 Hz), 127.4, 126.8, 122.7 ({r =
2.6 Hz), 114.2 (dJcr = 21.0 Hz), 113.4 (dJcr = 22.0 Hz), 53.5, 38.2, 27.%/zHRMS (TOF E9)

C1oH21FN,O3 [MH]* calcd 345.1609; found 345.1613; LC-MS 3.53 min; HPLQR: 6.32 min, 96%.



4.2.78. N-(1-(4'-Fluoro-[1,1'-biphenyl]-4-yl)-2-(lolyoxyamino)-2-oxoethyl)pivalamid&dj)

Methyl 2-(4'-fluoro-[1,1'-biphenyl]-4-yl)-2-pivalaidoacetate §d) (99 mg, 0.29 mmol) was
converted to the corresponding hydroxamic acid @tog to General Procedure D, to give 83 mg
(83%) of white solid. *H NMR (DMSO-ds) 5 10.99 (s, 1H), 9.06 (s, 1H), 7.74 = 8.1 Hz, 1H),
7.72-7.65 (m, 2H), 7.62 (app. 8= 8.4 Hz, 2H), 7.48 (app. d,= 8.3 Hz, 2H), 7.32-7.25 (m, 2H),
5.41 (d,J = 8.1 Hz, 1H), 1.15 (s, 9HIF NMR (DMSO+s) 5 -115.472°C NMR (DMSO+dg) & 176.9,
166.7, 161.9 (dJcr = 244.3 Hz), 138.4, 138.2, 136.3 (@ = 3.1 Hz), 128.7 (d)cr = 8.1 Hz), 127.4,
126.6, 115.7 (dJcr = 21.3 Hz), 53.5, 38.2, 27.2/z HRMS (TOF ES) CioH21FN,O3 [MH]* calcd

345.1609; found 345.1613; LC-M& 3.52 min; HPLQR: 6.30 min, 95%.

4.2.79. N-(1-(2',4'-Difluoro-[1,1'-biphenyl]-4-yR2-(hydroxyamino)-2-oxoethyl) pivalamid#y)

Methyl 2-(2',4'-difluoro-[1,1'-biphenyl]-4-yl)-2-palamidoacetate8€) (86 mg, 0.24 mmol) was
converted to the corresponding hydroxamic acid @tog to General Procedure D, to give 48 mg
(55%) of white solid. *H NMR (DMSO-ds) 5 11.04 (s, 1H), 9.08 (s, 1H), 7.76 @@= 8.0 Hz, 1H),
7.61-7.46 (m, 6H), 7.36 (ddd,= 11.7/9.4/2.6 Hz, 1H), 7.23-7.15 (m, 1H), 5.42Xe 8.0 Hz, 1H),
1.15 (s, 9H)°F NMR (DMSO+g) § -111.1 (d,J = 7.5 Hz), -113.8 (d] = 7.5 Hz);**C NMR (DMSO-
ds) 6 176.9, 166.6, 161.7 (ddcr = 246.8, 12.2 Hz), 159.1 (ddgr = 248.6/12.4 Hz), 138.8, 133.5,
131.9 (ddJer = 9.7/4.8 HZ), 128.7 (dlcr = 2.4 Hz), 127.1, 124.6 (dder = 13.5/3.7 Hz), 112.1 (dd,
Jor = 21.1/3.6 Hz), 104.5 (ddj)cr = 26.7/26.1 Hz), 53.6, 38.2, 27.%/z HRMS (TOF E9)
C19H20F2N203 [MH]™ caled 363.1515; found 363.1518; LC-M@ 3.55 min; HPLCtg: 6.41 min, >

99%.

4.2.80. N-(1-(2',6'-Difluoro-[1,1'-biphenyl]-4-yR-(hydroxyamino)-2-oxoethyl) pivalamid#Ok)
Methyl 2-(2',6'-difluoro-[1,1'-biphenyl]-4-yl)-2-pialamidoacetate 8f) (72 mg, 0.20 mmol) was
converted to the corresponding hydroxamic acid @tog to General Procedure D, to give 49 mg

(69%) of white solid. *H NMR (DMSO<ds) § 11.05 (s, 1H), 9.09 (s, 1H), 7.79 @z= 8.0 Hz, 1H),



7.57-7.39 (m, 5H), 7.26—7.17 (m, 2H), 5.43 ¢ 8.0 Hz, 1H), 1.16 (s, 9H}*F NMR (DMSO+)
§ -114.8;%3C NMR (CDCE) § 177.0, 166.6, 159.4 (ddcr = 246.5/7.1 Hz), 139.3, 131.4-128.9 (m),
127.7, 126.9, 117.4 (dder = 19.2/19.2 Hz), 113.4-110.4 (m), 53.6, 38.2, 2M2ZHRMS (TOF ES)

C1oH20F2N203 [MH] " calcd 363.1515; found 363.1509; LC-NKS 3.50 min; HPLQr: 6.26 min, 96%.

4.2.81. N-(1-(3',4'-Difluoro-[1,1'-biphenyl]-4-y2-(hydroxyamino)-2-oxoethyl) pivalamid#0()

Methyl 2-(3',4'-difluoro-[1,1'-biphenyl]-4-yl)-2-palamidoacetate8() (150 mg, 0.40 mmol) was
converted to the corresponding hydroxamic acid @bog to General Procedure D, to give 91 mg
(64%) of white solid.*H NMR (DMSO-dg) § 11.03 (s, 1H), 9.08 (s, 1H), 7.81-7.72 (m, 2H$67(d,J
= 8.3 Hz, 2H), 7.55-7.46 (m, 4H), 5.42 (& 8.1 Hz, 1H), 1.15 (s, 9H}%F NMR (DMSO+s) & -138.2
(d, J = 22.5 Hz), -140.8 (dJ = 22.5 Hz);*3C NMR (DMSO4dg) & 176.9, 166.6, 149.8 (ddcr =
245.1/12.7 Hz), 149.1 (ddce = 246.1/12.6 Hz), 138.8, 137.5 (dikr = 6.2/3.6 Hz), 137.2, 127.5,
126.7, 123.4 (ddJcr = 6.4/3.2 Hz), 117.9 (dcr = 17.0 Hz), 115.7 (dlcr = 17.7 Hz), 53.5, 38.2, 27.2;
m/z HRMS (TOF ES) CigH20F2N205 [MH]* calcd 363.1515; found 363.1515; LC-M$ 3.54 min;

HPLCtr: 6.47 min, > 99%.

4.2.82. N-(1-(3',5'-Difluoro-[1,1'-biphenyl]-4-y2-(hydroxyamino)-2-oxoethyl) pivalamidd(n)

Methyl 2-(3',5'-difluoro-[1,1'-biphenyl]-4-yl)-2-palamidoacetate8f) (83 mg, 0.23 mmol) was
converted to the corresponding hydroxamic acid @bog to General Procedure D, to give 57 mg
(68%) of white solid.*H NMR (DMSO-ds) & 11.03 (s, 1H), 9.08 (s, 1H), 7.78 (t& 8.1 Hz, 1H), 7.73
(d, J = 8.4 Hz, 2H), 7.51 (d] = 8.3 Hz, 2H), 7.48-7.39 (m, 2H), 7.22 (dddd; 11.6/4.5/2.3/2.3 Hz,
1H), 5.43 (d,J = 8.1 Hz, 1H), 1.15 (s, 9H}’F NMR (DMSO+s) & -109.5;°C NMR (DMSOdq) &
176.9, 166.6, 162.9 (ddcr = 245.5/13.7 Hz), 143.4, 139.6, 136.8, 127.5, 82610.1-109.5 (m),
102.7 (dd,Jcr = 26.0/26.0 Hz), 53.5, 38.2, 27.2Yz HRMS (TOF ES) CigH20F2N,05 [MH]* calcd

363.1515; found 363.1528; LC-M& 3.57 min; HPLGR: 6.51 min, 97%.



4.2.83. N-(1-(2',4’,6'-Trifluoro-[1,1'-biphenyl]-44)-2-(hydroxyamino)-2-oxoethyl) pivalamiddf)
Methyl 2-pivalamido-2-(2',4',6'-trifluoro-[1,1'-biyenyl]-4-yl)acetatg8i) (105 mg, 0.28 mmol) was
converted to the corresponding hydroxamic acid @tog to General Procedure D, to give 58 mg

(55%) of white solid."H NMR (DMSO-ds) 5 11.03 (s, 1H), 9.07 (s, 1H), 7.77 (d= 8.0 Hz, 1H), 7.52

(d, J = 8.2 Hz, 2H), 7.41 (d] = 8.2 Hz, 2H), 7.38-7.27 (m, 2H), 5.43 (d= 8.0 Hz, 1H), 1.16 (s] =
7.5 Hz, 9H);**F NMR (DMSOds) & -108.6 (dd,J = 6.1/6.1 Hz), -111.7 (d] = 6.2 Hz);*C NMR
(DMSO-dg) 6 177.0, 166.6, 162.6 (der = 16.4 Hz), 160.2, 159.6 (dddss = 25.7/15.3/9.9 Hz), 139.4,
130.1, 127.0, 114.3 (dlcr = 4.8 Hz), 102.3 — 99.9 (m), 53.6, 38.2, 22z HRMS (TOF E9)

CioH19F3N203 [MH] " calcd 381.1421; found 381.1419; LC-M83.53 min; HPLQR: 6.25 min, 99%.

4.2.83. N-(2-(Hydroxyamino)-2-oxo-1-(3',4',5'-tiflro-[1,1'-biphenyl]-4-yl)ethyl)pivalamidel Qo)

Methyl 2-pivalamido-2-(3',4',5'-trifluoro-[1,1'-biyenyl]-4-yl)acetatg8j) (50 mg, 0.13 mmol) was
converted to the corresponding hydroxamic acid @tog to General Procedure D, to give 44 mg
(88%) of white solid. *H NMR (DMSO-ds) 5 11.02 (s, 1H), 9.07 (s, 1H), 7.78 @= 8.1 Hz, 1H),
7.74-7.65 (m, 4H), 7.50 (d,= 8.3 Hz, 2H), 5.42 (d] = 8.1 Hz, 1H), 1.15 (s, 9H}’F NMR (DMSO-
de) & -134.74 (dJ = 21.7 HZ), -163.41 (dd = 21.7/21.7 Hz)**C NMR (DMSO4ds) § 176.9, 166.5,
150.6 (dddJcr = 14.0/9.5/4.0 Hz), 139.5, 136.7-136.4 (m), 13635-0 (m), 127.5, 126.8, 111.5—
110.7 (m), 53.5, 38.2, 27.2n/z HRMS (TOF E$) CigH1oFN,O3 [MH]* caled 381.1421; found

381.1425; LC-MSg: 3.60 min; HPLC: 6.71 min, 98%.

4.2.84. N-(1-(2',3,4',5',6'-Pentafluoro-[1,1'-bigmyl]-4-yl)-2-(hydroxyamino)-2-oxoethyl) pivalamide
(10p)

Methyl 2-(2',3',4',5',6'-pentafluoro-[1,1'-biphehytyl)-2-pivalamidoacetate 8k) (92 mg, 0.22
mmol) was converted to the corresponding hydroxaaid according to General Procedure D, to give
50 mg (55%) of white solid*H NMR (DMSO-dg) 5 11.12 (s, 1H), 7.74 (d,= 7.9 Hz, 1H), 7.55 (d]

= 8.3 Hz, 2H), 7.48 (d] = 8.2 Hz, 2H), 5.42 (d] = 7.9 Hz, 1H), 1.14 (s, 9H}’F NMR (DMSO+) 5 -



143.5 (ddJ = 24.8/7.7 Hz), -156.0 (dd,= 22.3/22.3 Hz), -162.5—162.7 (MJC NMR (DMSOde) 5
177.5, 166.7, 145.3-142.5 (m), 141.5-138.6 (M), 33836.1 (m), 130.4, 127.5, 125.3, 115.6-115.0
(m), 53.9, 38.4, 27.4m/zHRMS (TOF ES) CygH17FsN203 [MH]* caled 417.1232; found 417.1244;

LC-MS tg: 3.61min; HPLCtgr: 5.95 min, 95%.

4.2.85. N-(2-(Hydroxyamino)-2-oxo-1-(4-(thiophewtshenyl)ethyl)pivalamidelQq)

Methyl 2-pivalamido-2-(4-(thiophen-3-yl)phenyl)aatt 8l) (89 mg, 0.27 mmol) was converted to
the corresponding hydroxamic acid according to Geriérocedure D, to give 82 mg (91%) of white
solid. *H NMR (DMSO-ds) & 11.00 (s, 1H), 9.05 (s, 1H), 7.86 (dids 2.9/1.3 Hz, 1H), 7.72 (d,= 8.1
Hz, 1H), 7.70-7.66 (m, 2H), 7.63 (dbiz 5.0/2.9 Hz, 1H), 7.55 (dd,= 5.0/1.3 Hz, 1H), 7.43 (app. d,
= 8.2 Hz, 2H), 5.38 (dJ = 8.1 Hz, 1H), 1.15 (s, 9H}*C NMR (DMSO+4s) § 176.8, 166.7, 141.1,
137.8, 134.4, 127.3, 127.1, 126.2, 126.0, 121.(5,58.2, 27.2m/zHRMS (TOF ES) C;7H20N,0:S

[MH] " caled 333.1267; found 333.1266; LC-NtS 3.48 min; HPLQR: 6.02 min, > 99%.

4.2.86. N-(2-(Hydroxyamino)-1-(4-(1-methyl-1H-pywk24-yl)phenyl)-2-oxoethyl)pivalamid&dqr)

Methyl 2-(4-(1-methyl-H-pyrazol-4-yl)phenyl)-2-pivalamidoacetat&nf) (81 mg, 0.24 mmol) was
converted to the corresponding hydroxamic acid @bog to General Procedure D, to give 52 mg
(66%) of white solid. *H NMR (DMSO-dg) & 10.89 (s, 1H), 9.03 (s, 1H), 8.11 (s, 1H), 7.841¢),
7.67 (d,J = 8.0 Hz, 1H), 7.52 (app. d,= 8.1 Hz, 2H), 7.36 (app. d,= 8.1 Hz, 2H), 5.34 (d] = 8.0
Hz, 1H), 3.85 (s, 3H), 1.14 (s, 9H))C NMR (DMSO4;) & 176.8, 166.8, 136.5, 136.0, 131.9, 127.8,
127.3, 124.8, 121.5, 53.5, 38.7, 38.1, 2Ti2zHRMS (TOF ES) Ci7H2oN405 [MH]* calcd 331.1765;

found 331.1765; LC-M%x: 3.26 min; HPLGR: 4.71 min, > 99%.



4.2.87. N-(2-(Hydroxyamino)-1-(3'-(N'-hydroxycarkamdoyl)-[1,1'-biphenyl]-4-yl)-2-
oxoethyl)pivalamidel(s)

Methyl 2-(3'-cyano-[1,1'-biphenyl]-4-yl)-2-pivalagbacetate §n) (121 mg, 0.35 mmol) was
converted to the corresponding hydroxamic acid @tog to General Procedure D, to give 78 mg
(58%) of white solid.'H NMR (DMSO-dg) & 11.02 (s, 1H), 9.66 (s, 1H), 9.07 (s, 1H), 7.9917m,
1H), 7.75 (d,J = 8.1 Hz, 1H), 7.71-7.63 (m, 4H), 7.51 (appJ& 8.3 Hz, 2H), 7.45 (t) = 7.8 Hz,
1H), 5.92 (s, 2H), 5.42 (d, = 8.0 Hz, 1H), 1.16 (s, 9H}*C NMR (DMSO4d) § 176.9, 166.7, 150.7,
139.7, 139.2, 138.4, 134.0, 128.8, 127.4, 127.6,71224.5, 123.7, 53.5, 38.2, 272/zHRMS (TOF

ES’) CooH24N404 [MH]™ calcd 385.1870; found 385.1870; LC-M$ 3.19 min; HPLCtg: 4.28 min,

95%.
4.2.88. N-(2-(Hydroxyamino)-1-(4'-(N'-hydroxycarkbamdoyl)-[1,1'-biphenyl]-4-yl)-2-
oxoethyl)pivalamidel(t)

Methyl 2-(4'-cyano-[1,1'-biphenyl]-4-yl)-2-pivaladbacetate §0) (62 mg, 0.18 mmol) was
converted to the corresponding hydroxamic acid @tog to General Procedure D, to give 15 mg
(22%) of white solid.*H NMR (DMSO-dg) & 11.01 (s, 1H), 9.68 (s, 1H), 9.06 (s, 1H), 7.7927m,
3H), 7.70-7.64 (m, 4H), 7.49 (app.z 8.3 Hz, 2H), 5.84 (br. s, 2H), 5.41 (M= 8.0 Hz, 1H), 1.15
(s, 9H);*C NMR (DMSO4g) 6 176.9, 166.7, 150.5, 140.1, 138.8, 138.4, 1327,4, 126.5, 126.3,
125.9, 53.5, 38.2, 27.2n/zHRMS (TOF ES) CyoH24N404s [MH]* calcd 385.1870: found 385.1883;

LC-MStg: 3.16 min; HPLQR: 4.18 min, 95%.

4.2.89. 3-([1,1'-Biphenyl]-4-yl)-N-hydroxy-2-pivatadopropanamidelQu)

Methyl 3-([1,1'-biphenyl]-4-yl)-2-pivalamidopropaate 8p) (92 mg, 0.27 mmol) was converted to
the corresponding hydroxamic acid according to Gdrierocedure D, to give 50 mg (54%) of white
solid. *H NMR (DMSO-ds) 5 10.66 (s, 1H), 8.89 (s, 1H), 7.66—7.60 (m, 2H367(app. d,J = 8.3 Hz,

2H), 7.49-7.41 (m, 3H), 7.37-7.30 (m, 3H), 4.4934(#h, 1H), 3.00-2.90 (m, 2H), 1.00 (s, 9K



NMR (DMSO-dg) & 177.0, 168.2, 140.0, 138.0, 137.4, 129.9, 1289,2, 126.5, 126.2, 51.7, 38.0,
37.2, 27.2;mizHRMS (TOF ES) CpoH24N,03 [MH] ™ calcd 341.1860; found 341.1862; LC-MS

3.54 min; HPLQR: 6.35 min, > 99%.

4.2.90. N-Hydroxy-3-(4-(1-methyl-1H-pyrazol-4-ylgplyl)-2-pivalamidopropanamidé@v)

Methyl 3-(4-(1-methyl-H-pyrazol-4-yl)phenyl)-2-pivalamidopropanoat&g] (85 mg, 0.25 mmol)
was converted to the corresponding hydroxamic acabrding to General Procedure D, to give 59 mg
(69%) of white solid.*H NMR (DMSO-ds) & 10.64 (s, 1H), 8.88 (d,= 0.9 Hz, 1H), 8.07 (s, 1H), 7.81
(d, J = 0.7 Hz, 1H), 7.46—7.38 (m, 3H), 7.20 (appJ ¢, 8.2 Hz, 2H), 4.45-4.37 (m, 1H), 3.84 (s, 3H),
2.88 (d,J = 7.4 Hz, 2H), 0.99 (s, 9H}’C NMR (DMSO«ds) 5 177.0, 168.3, 135.9, 135.6, 130.6, 129.7,
127.6, 124.5, 121.8, 51.8, 38.6, 38.0, 37.3, 2ihZ HRMS (TOF ES) CigH»aN4Os [MH]" calcd

345.1921; found 345.1909; LC-M& 3.27 min; HPLGR: 4.72 min, > 99%.

4.3. Biochemistry

4.3.1. Preparation of recombinant PfA-M1 and PfA7M1

The production of recombinant malaria neutral ampeptidasesPfA-M1 and PfA-M17 was
undertaken irEscherichia coliand proteins purified using a two-step purificatfirocess of Ni-NTA-
agarose column followed by size exclusion chromaoigy on a Superdex 200 16/60 using an
AKTAXpress high throughput chromatography system

(http://proteinexpress.med.monash.edu.au/index.l@s)3escribed previously [9, 12]. Biochemical

analysis indicated that kinetic parameterg.(Km, ke.af Km) Of material purified and used in subsequent

crystallization trials were the same as published.

4.3.2. Enzymatic analysis
Aminopeptidase assays were based on previouslyspell protocols [8]. Briefly, the activity of

both enzymes was determined by measuring the eelefshe fluorogenic leaving group, NHMec,



from the fluorogenic peptide-Leucine-7-amido-4-methylcoumarin hydrochloride I(Bu4-NHMec)
(Sigma L2145). The reactions were carried out iA-@&Il microtitre plates, 5QL total volume at
37°C using a spectrofluorimeter (BMG FLUOstar) watkcitation at 355 nm and emission at 460 nm.
PfA-M1 was pre-incubated in 100 mM Tris pH 8.0 at@andPfA-M17 in 50 mM Tris pH 8.0, 2 mM
CoCb, with the inhibitors for 10 min prior to the addin of substrate. Inhibitor concentrations were
assayed between 500pM — 5001. The fluorescence signal was monitored untilrealfisteady state
velocity, V, was obtained. The Kalues were then evaluated using Dixon plots @hErsus inhibitor
concentration in which the substrate concentrati@s maintained below the,Kof the enzyme.
Statistical analysis including point of interseatig¢-K;) and graphical output was performed in

GraphPad Prisfh6. Representative Dixon plots of selected inhisitan be found in Supp Fig 8.

4.3.3. Crystallisation and X-ray Data Collection

Nine PfA-M1 co-crystal structures (with compoun@ls, 9f, 9m, 9q, 9r, 10b, 100, 10q, 109, and six
PfA-M17 co-crystal structures (with compoun@ls, 10b, 10a 10q, 10r, 109 were determined in this
study. A summary of statistics is provided in Sepgentary Table 1, 2 and 3. Crystals of @#i&-M1
bound complexes were obtained by co-crystallizatibeach compound witRfA-M1 in mother liquor
containing 1 mM ligand. FdPfA-M17 bound complexes, prior to data collectiorystals were soaked
in mother liquor containing 1 mM ligand and 1 mM3D,. Data were collected at 100 K using
synchrotron radiation at the Australian Synchrotuming the macro crystallography MX1 beamline
3BM1 [32] for PfA-M1 and the micro crystallography MX2 beamline 3libr PfA-M17. Diffraction
images were processed and integrated using iMds$Bh(PfA-M1) or XDS [34] PfA-M17), scaled
using Aimless [35] and solved by molecular replagetrusing Phaser [36] as part of the CCP4 suite
[37]. The structures were refined using iterattyeles of PHENIX [38], with 5% of reflections set
aside from refinement for calculation of-R Between refinement cycles, the protein strugture

solvent and inhibitors were was manually built ir26,—F; and F—F; electron density maps using



COOT [39], with restraint files generated by the FIRG2 Server [40] where necessary. The
coordinates and structure factors are availabl fitee Protein Data Bank with PDB Accession codes,
PfA-M1: 9b (4ZW3), 9f (4ZW5), 9q (4ZW6), 9m (4ZW7), 9r (4ZW8), 10b (4ZX3), 100 (4ZX4), 10q
(4ZX5), 10s (4ZX6), andPfA-M17: 9b (4ZX8), 10b (4ZX9), 100 (4ZY2), 10q (4ZY0), 10r (4ZY1),

10s(4ZYQ).

4.4. Biology

4.4.1. P. falciparum culture

In vitro parasite culture of thB. falciparumstrains 3D7, Dd2 and NITD609-R Dd2 clone#2 [28]
were maintained in RPMI with 10 mM Hepes (Life Teologies), 50ug/mL hypoxanthine (Sigma)
and 5% Human serum from male AB plasma and 2.5 mghtbuMAX II® (Life Technologies).
Human 0+ erythrocytes were obtained from the AliattaRed Cross Blood Service (Agreement No:
13-04QLD-09). The parasites were maintained at2{8arasitaemia (% P) at 5 % haematocrit (% H),

incubated at 37 °C, 5 % G % Q, 90 % N and 95 % humidity.

4.4.2. P. falciparum growth inhibition assay

A well-establishedP. falciparumimaging assay was used to assess parasite groltiition [41].
In brief, sorbitol (5% wi/v) synchronisation was feemed twice, approximately 8 h apart, on each
synchronisation day for two consecutive ring cycleson day 1 and 3 of assay preparation. On2day
the culture was split to approximately 2 % trophteparasitaemia. On day 4 the culture was gplit t
1-1.5% trophozoite parasitaemia, which yielded apipnately 8% ring parasitaemia after 48 h on day

5, the day of the assay setup.

Compound stocks (10 mM in 100 % DMSO) were diluleth 25 in HO just prior to use. An
additional 1 in 10 dilution was performed, resudtim a 1:250 overall compound dilution and a final

DMSO concentration of 0.4%. For dose responseesuavthree step logarithmic serial dilution was



prepared at 2QM top concentration for test compounds for the aaéassay and 2M for the positive
control, artemisinin. fuL of the diluted test compound or control solutid@suM artemisinin as
positive and 0.4% DMSO as negative control) werdeddto 384 well CellCarrier imaging plates
(PerkinElmer). Two biological replicates (eachfpened in duplicate) were performed for each

compound (n=2).

Parasite cultures were added to a final conceatradf 2 % parasitemia and 0.3 % haematocrit.
Plates were incubated for 72 h at 37 °C, 5 % @ 95 % humidity. On day 8 the permeabilization
and nuclear staining buffer was prepared in PBSatoing 10ug/mL saponin, 0.01% triton X, 5 mM

EDTA (all: Sigma) and 0.pg/mL 4,6-diamidino-2-phenylindole (DAPI; Life Technologie41].

The plates were incubated at RT overnight, befaefacal imaging on an Opera™ Confocal
Imager (PerkinElmer) at 405 nm excitation with a 2@ater objective. Automated primary image
analysis was performed concurrent with the imagprgcess, utilizing an Acapella® software
(PerkinElmer) script to determine the number ofapdes based on object size and fluorescence
intensity [41]. Determination of the % growth coang@d to controls (2M artemisinin as positive and
0.4% DMSO as negative control) was performed in riviioft Exce? 2013. Statistical analysis
including 1Gs, determination and graphical output was performedGraphPad Pristh 6 using
nonlinear regression variable slope curve fittiRgpresentative growth inhibition and cytotoxicity

curves of selected inhibitors can be found in SkigpS.

4.4.3. HEK293 viability assay

To assess cytotoxicity of compounds in dose respamsesazurin-based assay was utilized to test
for cell viability. In brief, HEK293 cells were gwn in DMEM medium (Life Technologies)
containing 10% fetal calf serum (FCS; Gibco). €aeallere trypsinised, counted and seeded at 2000
cells per well in 45l media into TC-treated 384-well plates (Greinear)l deft to adhere overnight at

37 °C, 5 % CQand 95% humidity.



Test compounds were prepared by diluting compodnds25 in sterile water and then another 1 in
10 dilution, to give a top final test concentratim0uM, 0.4% DMSO. Plates were incubated for 72
h at 37 °C, 5% C@and 95 % humidity, then the media was removedrapthced by 3pL of 44 uM
resazurin in DMEM without FCS. The plates wereuivated for another 4-6 h at 37 °C, 5 %,G@d
95 % humidity, before reading on an EnVision® Pl&eader (PerkinElmer) using fluorescence
excitation/emission settings of 530 nm/595 nm. ¥h@rowth was standardized to controls (40
puromycin as positive and 0.4 % DMSO as negativero) using Microsoft Excél 2013. Statistical
analysis including 16 determination and graphical output was perfornme@riaphPad Pristh6 using

nonlinear regression variable slope curve fitting.

4.5.1n Vitro ADME Studies

4.5.1. LogD Measurement

Partition coefficient values (LogD) of the test qmmund were estimated using a gradient HPLC
based derivation of the method developed by Lombptd]. Data were collected using a Waters 2795
HPLC instrument with a Waters 2487 dual channel détector (operated at 220 and 254 nm) with a
Phenomenex Synergi Hydro-RRuh (30 mm x 2 mm) column. The mobile phase comgraspieous
buffer (50 mM ammonium acetate, pH 7.4) and acé&itmwith an acetonitrile gradient of 0% to 100%
over 13.5 min. Compound retention properties wenapared to a set of nine standard compounds

with known partition coefficients determined ussitake flask methods.

4.5.2. Solubility Estimation

Kinetic solubility was determined by serial dilutimf a concentrated stock solution prepared in
DMSO, spiked into either pH 6.5 phosphate buffeH&l (0.01 M, approx pH 2.0) with the final
DMSO concentration being 1%. Samples were theryse via Nephelometry to determine a

solubility range [43].



4.5.3. In vitro Plasma Stability

Human plasma (pooled; n=3 donors procured fromAllrsralian Red Cross Blood Service) or mouse
plasma (pooled; multiple mice procured from AninResources Centre, Perth) was separated from
whole blood and stored frozen at -80°C. On theafahe experiment, frozen plasma was thawed and
an aliquot spiked with a DMSO/acetonitrile/watetusion of test compound to a nominal compound
concentration of 500 ng/mL (final DMSO and acetoleitconcentrations were 0.2 and 0.4% (v/v),
respectively). Spiked plasma was incubated at 3af@ h (human) or 6 h (mouse), and at various
time points, duplicate plasma samples were takenramediately snap-frozen in dry ice. All plasma
samples were stored frozen2Q°C) until analysis by UPLC/MC (using a WaterstMimass Quattro
Premier triple quadrupole mass spectrometer coupbech Waters Acquity UPLC) relative to
calibration standards prepared in matched blanlsnpda At each sample time, the average
concentration of test compound was expressed ascarngage remaining, and these data were used to

calculate the apparent degradation half-life kynit to an exponential decay function.

4.5.4. In vitro Microsomal Stability

Human or mouse liver microsomes (Xenotech, LLC, ex@n KS) were suspended in 0.1 M
phosphate buffer (pH 7.4) at a final protein comion of 0.4 mg/mL and incubated with test
compound (IuM) at 37°C. An NADPH-regenerating system (1 mg/MADP, 1 mg/mL glucose-6-
phosphate, 1 U/mL glucose-6-phosphate dehydroggraas® MgC} (0.67 mg/mL) was added to
initiate the metabolic reactions, which were subgedly quenched with ice-cold acetonitrile at time
points ranging from 0 to 60 min. Samples were thanjected to centrifugation, and the concentration
of parent compound remaining in the supernatantmasitored by LC-MS (Waters Micromass Xevo
G2 QTOF coupled to a Waters Acquity UPLC). Thetforder rate constant for substrate depletion
was determined by fitting the data to an exponkwggay function, and these values were used to

calculate then vitro intrinsic clearance that was scaled to predicirthevo intrinsic clearance.
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Supporting Information Available: NMR spectra ofnffyesized compounds, binding of selected
inhibitors to PfA-M1 and PfA-M17, representative compound electron densitya dallection and
refinement statistics and SMILES codeg\ccession Codes. PDB Accession codef\-M1: 9b
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Table 1
Inhibition of PfA-M1 and PfA-M17 by hydroxamic acid compoun@s-b, f-s and10a-b, f-t K;

values are the mean of three independent expersment

NHR!
NHOH

R2 ©

No. = R? Ki (UM)
PfA-M1 PfA-M17
2! Boc pyrazole 0.85 0.028
3" C(O)Bu pyrazole 0.72 0.028
9a Boc F 5.3 1.7
9b Boc Br 0.027 0.080
of Boc phenyl 37 0.055
9g Boc 2-fluorophenyl 0.95 0.041
9h Boc 3-fluorophenyl 0.95 0.13
9i Boc 4-fluorophenyl 100 0.074
9j Boc 2-(trifluoromethyl)phenyl 0.75 0.12
9k Boc 3-(trifluoromethyl)phenyl 2.9 0.14
9l Boc 4-(trifluoromethyl)phenyl >500 0.47
9m Boc 3,4,5-trifluorophenyl 19 0.20
9n Boc 3-pyridyl 1.1 0.22
90 Boc 4-pyridyl 0.91 0.54
9p Boc thiophen-3-yl 20 0.064
9q Boc 1-methylpyraz-4-yl 1.9 0.056
or Boc 3-(amidoximo)phenyl 1.1 0.14
Os Boc 4-(amidoximo)phenyl 0.40 0.018
10a C(O)Bu F 4.0 0.029
10b  C(O)Bu Br 0.065 0.041
10f  C(O)Bu phenyl 1.6 0.007
10g C(O)Bu 2-fluorophenyl 1.6 0.012
10h C(O)Bu 3-fluorophenyl 0.55 0.0062
10i C(O)Bu 4-fluorophenyl 6.5 0.033
10j C(O)Bu 2,4-difluorophenyl 2.5 0.0052
10k C(O)Bu 2,6-difluorophenyl 4.8 0.013
10l C(O)Bu 3,4-difluorophenyl 1.4 0.0064
10m  C(O)Bu 3,5-difluorophenyl 0.58 0.092
10n C(O)Bu 2,4,6-trifluorophenyl 5.9 0.0025
100 C(0O)Bu 3,4,5-trifluorophenyl 0.078 0.060
10p C(OYBu  2,3,4,5,6-pentafluorophenyl 1.8 0.0084
10q C(O)Bu thiophen-3-yl 0.64 0.0091
10r  C(O)Bu 1-methylpyrazol-4-yl 11 0.0072
10s  C(O)Bu 3-(amidoximo)phenyl 5.4 0.0097

10t  C(O)Bu 4-(amidoximo)phenyl 4.3 0.0086




Table 2

Inhibition of PfA-M1 and PfA-M17 by hydroxamic acid compoun@®s-¢ t-u and10c-e, u-v K;

values are the mean of three independent expersment

2
R NHR!
NHOH

o

No. R R? Ki (uM)

PfA-M1 PfA-M17
9c Boc F 18 2.8
ad Boc Br 39 7.7
9e Boc I 4.3 21
ot Boc phenyl > 500 5.2
9u Boc 1-methylpyrazol-4-yl 120 14
10c C(0)Bu F 63 0.037
10d C(O)Bu Br 87 0.42
10e C(O)Bu | 15 0.016
10u C(O)Bu phenyl 27 0.65

10v C(O)Bu 1-methylpyrazol-4-yl 39 0.74




Table 3

Growth inhibition of culturedPf by selected hydroxamic acid compounds

IC 50 £ SEM (nM)

ICs0 £ SEM (nM)

IC 50+ SEM (NM)

Pf-3D7 Dd2 Parent Dd2 SpiroR
Artesunate 21+0.2 1.3+04 0.9+0.3

24 783 + 87

3" 227 +4

9b 293+ 10

99 633 + 24

9q 978 + 106

Or 679 + 33

9s 334 +31

10a 1530 + 60 2010 £ 20 2090 £ 50
10b 169 £ 17 194 + 14 163 £45
10f 96 + 17 190 £ 12 21971
10g 131+£5 207 £ 10 210+ 25
10h 162 +4 226 £ 10 316 + 21
10i 126 +4 225+ 29 193+7
10 109 £ 2 164 + 46 216 + 39
10k 142 + 17 251 +35 246 £ 34
10l 139+0.1 170 £ 52 195 +17
10m 144 £ 0.0 239 + 34 232 +43
10n 125 +13 267 £ 47 450 + 38
100 126 £ 2 189 + 23 107 £ 20
10p 130 + 38 461 + 42 408 + 52
10q 103 +3 110+ 7 100 £5
10s 469 + 28 819 + 48 627 +2
10t 249 + 23 303 +35 384+8

NC = No curve, activity not sufficient to fit cunte data.



Table 4
Solubility and stability characteristics do.

Parameter Value

Solubility (ug/mL)?

pH 2 12.5-25
pH 6.5 12.5-25
LOgDpH 7_4b 3.0

Stability in Liver Microsomes
Mouse: 1 (min) / CLint (UL/min/mg protein) 69 /25
Human: t; (min) / CLint (ML/min/mg protein) 221 /8

Plasma Stability®
Mouse : t1/2 (h) >25
Human : t1/2 (h) >17

#Kinetic solubility determined by nephelometry
P\VValue measured by the chromatographic LogD tecteniqu

“No measureable degradation
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Fig. 1. Solvent accessible surface diagrams of the asites ofPfA-M1
(A) andPfA-M17 (B). Positions of active site residues, cgialzinc ions,
and, for PfA-M17, catalytic carbonate ions, are shown. (C)-(((4-
Pyrazol-1-yl)phenyl)(amino)methyl)phosphonic acite][ (1), tert-butyl
(1-(4-(H-pyrazol-1-yl)phenyl)-2-(hydroxyamino)-2-oxoethydydamate
[17] () and N-(1-(4-(1H-pyrazol-1-yl)phenyl)-2-(hydroxyamino)-2-
oxoethyl)pivalamide [17]3).
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Fig. 2. Binding pose of hydroxamic-acid inhibitors RfA-M1 (grey cartoon) andPfA-M17
(wheat cartoon)A andB, Overlay of9b (grey sticks) with10b (green stickswhen bound to
PfA-M1 (A) or PfA-M17 (B). Interactions between thert-butyl containing moietiesN-Boc in

9b andN-pivaloyl in 10b) and binding pocket residues are shown as dasteslih grey 9b) or
green {0b). C andD, CompoundlOb (green sticks) bound tBfA-M1 (C) and PfA-M17 (D).
Interactions formed between the hydroxamic acid @hébinding scaffold with the active sites
are shown as dashed lines. Interactions betweeisth@nchor and the binding sites are not
shown.E, Interactions formed between the biphenyl subestitiof 9f (blue) andPfA-M1. Ca
chain shown foPfA-M1 active site helix whe®b (green chain) anéf (grey chain) are bound.



Fig. 3. Binding of pivalamide series tBfA-M1 (grey) andPfA-M17 (wheat).A, Interactions
between the substituted biaryl d@o (orange sticks) anBfA-M1 (grey). Fluorine-hydrogen-
bonds shown as orange dashed lines and hydropimbdiactions shown as black dashed lines.
B, Shifted binding pose ofOq (teal) when bound td*fA-M1 (shown as grey surface)
compared tdlOo (orange) an®f (blue).C, Interactions between the biphenyl systermi@d
(teal) andPfA-M1 (grey), shown as black dashed lin€s. dual binding pose 010s (pink)
when bound té’fA-M1. Disordered residues shown as red stiéks€Compoundd.0o (orange),
10q (teal) and10s (pink) bound toPfA-M17 (wheat). Active site methionine residue M392
(stick representation, coloured according to irtbibbound) is observed to shift in and out of
the pocket depending on interactions with compoulmdnteractions between the substituted
biaryl of 100 (orange sticks) an®@fA-M17 (wheat). Fluorine-hydrogen-bonds are shown as
orange dashed lines and hydrophobic interactioosstas black dashed lines.
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Scheme 12 Reagents and conditions: (a) i. cat. cone8®, MeOH, reflux; ii. BogO, THF, water, rt,
or pivaloyl chloride, BN, DCM, rt; (b) i. BogO, 2M NaOHq), THF, water; ii. CDI, dry THF, rt; iii.
NHOH.HCI; (c) i. dry MeOH, rt; ii. NHOH.HCI, 5M KOH/MeOH, dry MeOH (premixed), rt; (dat

PdCL(PPh),, boronic acid or boronate ester, degassed 1MNa,q) degassed THF, 100 °C.
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Ms. Ref. No.: EJMECH-D-15-02218
Title: Potent dual inhibitors of Plasmodium falciparum M1 and M 17 aminopeptidases through

optimization of S1 pocket interactions

RESEARCH HIGHLIGHTS:
* Dua inhibition of PfA-M1 and PfA-M 17 is proposed as anovel antimalarial strategy.
» Compound series containing hydroxamic acid zinc binding group optimized by SBDD.
* Compounds elaborated into S1 pockets of PFA-M1 and PfA-M17.
*  Optimized compounds possess superior PfA-M1 and PfA-M 17 inhibitory activity.

* The potent, dua inhibitors inhibit multi-drug resistant Pf growth in culture.



