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Abstract

Involved in the tyrosine degradation pathway, 4+bygphenylpyruvate dioxygenase (HPPD) is an
important target for treating type | tyrosinemi@o discover novel HPPD inhibitors, we proposed
a hydrophobicity-oriented drug design (HODD) stggtéased on the interactions between HPPD and
the commercial drug NTBC. Most of the new compausdowed improved activity, compoudd3
being the most active candidat€4{,= 0.047 uM) with about 2-fold more potent than NTBCsy =

0.085 uM). Therefore, compou@3 is a potential drug candidate to treat type I$imemia.

Keywords: Hydrophobicity-oriented drug design (HODD), 4-hgxlyphenylpyruvate dioxygenase,

inhibitors, type | tyrosinemia, alkaptonuria, hanikinuria.



1. Introduction

Existing in all aerobic organisms except some gpasitive bacteria [1,2], 4-
hydroxyphenylpyruvate dioxygenase (HPPD, EC:1.122)1converts 4-hydroxyphenylpyruvic acid
(HPPA) into homogentisic acid (HGA) in the tyrosineeakdown pathway [3]. As shown in Scheme

1, four of the five enzymes involved in this crd@athway are associated with human diseases [4].
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Scheme 1 Simplified tyrosine breakdown pathway and asdediaiseases (red). Enzymes (blue) and
substrates are abbreviated as following: TAT, tyr®s aminotransferase; HPPA,
hydroxyphenylpyruvic acid; HPPD, hydroxyphenylpyate dioxygenase; HGA, homogentesic acid;
HGD, homogentisate 1,2-dioxygenase; MAA, maleylaaettate; MAAI, maleylacetoacetate

isomerase. The red “stop” signs indicate the enziamhare.

The deficiency of tyrosine aminotransferase resultdype Il tyrosinemia whose symptoms
comprise mental retardation, photophobia, keratifinful corneal eruptions, and painful
palmoplantar hyperkeratosis [5]. The weakness dPBileould cause either hawkinsinuria or type I
tyrosinemia [6]. Characterized by failure to grgwermanent metabolic acidosis, and fine and sparse

hair, hawkinsinuria evolves from an autosomal d@ninN241S mutation that produces a variant



4
enzyme. Instead of the native homogentisic acid AHGhe variant HPPD produces an active
quinolacetic acid that reacts with cellular thitdsgenerate a two-electron oxidized form of hawikins
[7]. Type lll tyrosinemia, the rarest deficiencytgfosine degradation pathway, is due to pathogenic
mutations in HPPD gene whose dysfunction results)émtal retardation or neurological symptoms
[8]. A defective homogentisate 1,2-dioxygenase (HGEads to alkaptonuria, a disease associated
with an increased level of plasma HGA whose accatian and polymerization in cartilage results in
osteoarthropathy [9]. Type | tyrosinemia, the mestere deficiency of the tyrosine breakdown
pathway, is due to the failure of fumarylacetoasetdFAA) that induces the accumulation of
fumarylacetoacetate and maleylacetoacetate (Scheridéese two metabolites can then be converted
into succinylacetone, the cause of liver failur@nful neurologic crises, rickets, and hepatocantia
[10]. Fumarylacetoacetate and succinylacetoneh&renbst harmful metabolites. For example, besides
being mutagenic, fumarylacetoacetate could indyseptasis, and prevent DNA repair, whereas

succinylacetone prevents the heme synthesis [4].

Initially staked on the liver transplantation, tineatment of type | tyrosinemia is currently based
on NTBC, a synthetic compound that inhibits huma&PB [11,12]. Blocking the pathway at this step
made HPPD a favorite target to treat associatedades because it prevents the formation of the
aforesaid harmful metabolites. Interestingly, thisckage did not induce the liver damage [6]. Besid
the treatment of type | tyrosinemia, NTBC couldoatdleviate the symptoms of alkaptonuria and
hawkinisinuria [7,13]. However, recent studies hameorted NTBC drawbacks. For example, NTBC
could not induce a response in one of ten treateltiren, whereas another developed hepatic
dysplasia associated with poor quality of life [1Mpxt to this finding, recent studies have sholat t
NTBC might cause a significant decrease in intéli@icquotient (1Q) in patients and corneal lesions

rats [15,16]. At present, it is uncertain if thisiqgue medication will be appropriate to prevent
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problems for a long-term period of time, therefoseiggesting the need for the discovery and

development of new drugs.

As known to all, computer-aided drug design (CAD®tlassified into ligand-based and protein
structure-based design, and has become an esgmttialf the drug discovery pipeline [17]. Whereas
ligand-based design consists in the building of BBarmacophore models based on existing
compounds, structure-based drug design involvesidéisggn of small molecules based on the shape
and chemical features of a known three-dimensistratture of a target enzyme [17]. We performed
the molecular docking of NTBC into human HPPD aetpocket, and found an empty hydrophobic
region surrounded by Phe347 residue at the adtie§Rgure 1B). Thus, we hypothesized that-a
stacking interaction between Phe347 and inhibitay nmcrease the hydrophobic interaction with
HPPD pocket, and thus improves the inhibitory aistivTherefore, we proposed a hydrophobicity-
oriented drug design (HODD) strategy to design m#PD inhibitors. Guided by this rationale, we
introduced a benzyloxy substituent at the metatjoosof the benzene ring of NTBC, and prepared a
series of new 2-(3-(benzyloxy)benzoyl)-3-hydroxyoyex-2-en-1-one analogs as novel human

HPPD inhibitors.

Figure 1. Identification of the free region for the optiniéling of the human HPPD active site. While
(A) shows the binding mode of NTBC (red), (B) depithe empty region surrounded by hydrophobic

residues (blue).



As expected, the inhibitory activity of the testedmpounds was in nanomolar range against
recombinant human HPPD. A number of compounds é@ellimproved activity, and compouni®3
(ICs = 0.047 uM), the most active candidate, showediaPdold more potency than NTBQGs, =

0.085 puM).
2. Results and discussion
2.1. Molecular modelling and lead compound design

Molecular modeling is used to simulate the bindimgdes of small molecules in a target enzyme.
Thus, in this study, NTBC was docked into the hurhi@PD active site to explore its binding mode
(Figure 2). Because there was no available NTBQi3tldouman HPPD crystal structure, the HPPD
crystal structure derived from rat HPPD (PDB ID:QBwas selected as template to model human
HPPD three-dimensional structure using human HPRDuence (NCBI GIl. 258588704). By

analyzing the binding mode, we located an emptiporem the human HPPD active site.

-Phe364
0 0 NO,

Filling of the empty
hydrophaobic region

Figure 2. Design strategy of the 2-(3-(benzyloxy)benzoyl)y@Hoxycyclohex-2-en-1-one

analogs as new human HPPD inhibitors.

Given that HPPD is competitively inhibited, we h{ipesized that the optimal filling of the active

site may increase the enzyme inhibition. It wastbeucial to characterize the chemical properties o
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the empty region. To this end, tAeabidopsis thaliana HPPD crystal in complex with NTBC (PDB
ID: 5CTO) was superimposed with human HPPD. Aslteguportant residues including Leu287,
Phe336, Pro339, and Phe347 were located in theyermgion. Based on the hydrophobic character of
these residues, we concluded that the empty regias hydrophobic (Figure 1B). We further
hypothesized that &n stacking interaction between Phe347 and inhibiitay increase the inhibitory
activity. We then added a virtual hydrophobic fragmto NTBC-derived scaffold and docked the

resultant structure into human HPPD active sitgeioerate the structure of the title compound.

The binding mode of the lead compound in the acite showed beneficial features for further
optimization. Beside the Fechelation found in all triketone-containing HPPRhibitors (Figure 3A)
[18], n-n stacking interaction was formed between the bemzig of the newly added fragment and
Phe347 as expected (Figure 3B). The displacemeaheahiddle benzene ring in favor of face-to-face
(sandwich)r-r interaction with both Phe336 and Phe364 was diserved (Figure 3C). For the sake
of structure optimization, a series of analogs wamehesized and tested against recombinant human

HPPD.
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Figure 3. Simulated binding modes of selected compoundsuman HPPD active site. Red and

(-b12

Phe347

blue-dashed lines represent thé*Fehelating and other interactions, respectively- Bedepicted by
pink sphere, and key residues in green. Besid&dkelating and sandwich interactions of bound
NTBC (A), compoundal (B) showed additionat-r interaction with Phe347 along with displacement
of the middle benzene ring in favor of face-to-faee interaction with both Phe336 and Phe364 (C).
The decreased activity of compoub#i2 was due to steric hindrance (D) while the high poyeof

compoundd23 was attributed to hydrogen bond (E) that adjugtedinding mode (F).
2.2. Chemistry

The preparation of the title compoufdvas shown in Scheme 2. The synthesis followec-a si
step synthetic route starting from the commerciallyailable 3-hydroxybenzoic acid. 3-
hydroxybenzoic acid was esterified to afford commbiynwhich was then treated wihbromobenzyl
bromide in the presence of anhydrous potassiumooatb (KCOs) in N,N-dimethylformamide

(DMF) to produce the compourid This product was hydrolyzed using sodium hydrexilaOH) in
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methanol to yield the produ8tthatreacted with oxalyl chloride in the presence of Di#~catalyst to
speed up the reaction that yielded compoundintermediates3 (3a-k) were synthesized and
characterized as shown in Supporting Informatiome Teaction wasollowed by esterification with
cyclohexane-1,3-dione using triethylamine as a las#ichloromethane to get the key enol e&er
Finally, acetone cyanohydrin catalyzed Fries-typarrangement of enolesthgrwas performed by
using triethylamine in anhydrous acetonitrile atnmrotemperature to afford tittle compou@dn good
yield (61-69%). Intermediates (5a-p) were synthesized and characterized as shown ppdsting
Information. All the structures of target compoungsre characterized byH NMR and high-

resolution mass spectral data wheré&sNMR was only applied to target compounds.

A 0 *@ S ~“

Reagents and conditions: (a) SQGTH;OH, 60 °C; (b) KCO;, DMF, CGHgBr2, 80 °C; (c) NaOH,
CH;OH: H,O (1:1), reflux; (d) Oxalyl chloride, Ci€l,, -5°C, DMF; (e) Substitutedl,3-

cyclohexanedione, B, CH,Cl,, -5 °C; (f) Acetone cyanohydrin, &, CH;CN, rt.
Scheme 2 Synthetic route of the title compound

In the final step of the rearrangement reactioe,rédaction system was simple and complete. The
target compound was extracted using column chragnapiy. However, the reaction yield was low
because the target compound not only had a centaiar solubility but also was adsorbed on the

column.
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2.3. Enzyme inhibition and structure-activity relationship (SAR) study

Using the coupled enzyme reaction, the inhibitogtivety of synthesized compounds was
evaluated, using NTBC as the positive control. g purpose, the recombinant human HPPD was
purified using Ni-NTA column chromatography. Thezgme purity was validated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-EAGFigure 4), and was estimated to be 92%

using ImageJ software (ImageJ 1.52a, Bethesda,U#3,).

M1 2 3 4 5

100kD »
70kD*>
55kD >

40kD
35kD >

25kD»
15kD »

Figure 4. Validation of the over-expression of recombinaninan HPPD by SDS-PAGE. M, marker;
lane 1, cell-free supernatant, lanes 2 to 5, elutgh O, 10, 30 and 250 mM imidazole, respectively

Lane 5 represents the purified enzyme.

The structure-activity relationship (SAR) of syndlmed analogs was analyzed. Based on the
position and the type of substituents on the tdenpoundb6, all the compounds were divided into 4
groups for the sake of clarity. With'R R*= R*= H, the introduction of electron withdrawing (F|, C
and Br) groups at the 4-position of the aryloxyphering considerably increased the inhibitory
activities. For example, Br, the most active gr¢ap I1Cso= 0.091 uM), showed a 4-fold increase in
activity compared with unsubstituted parat (ICs = 0.335 pM). However, the 4-Br-induced
improvement in activity was compromised by introidigemethyl substituents on 5-position*jRf the

benzene ring of triketone moiety. We observed kameple, in comparison with compouad, at least



11

a 2-fold decrease in inhibitory activity in compaisnbll, bl12 and b13 Compared with their
respective counterpartsl9 d29 and d31, a similar trend was also observed in compow®{ d30
and d32, suggesting the presence of a steric hindrandentinght significantly reduce the potency
[19,20]. Methylation of the middle benzene ring* (R CHs) of the halogenated compounds
significantly decreased the inhibitory activitg1l@c20). Despite the disadvantageous effect of
methylation at R the chlorination of the same benzene ring ¥RCI) (c22 and c23 resulted in
improved activity, therefore, suggesting that idtroing electron withdrawing groups at Ray afford
more potent human HPPD inhibitors. Interestingligration of the middle benzene ring {& NO,)
considerably increased the inhibitory activity. Bxample, seven compound$?8, d24, d26, d27,
d29, d31 andd33) exhibited similar to higher inhibitory activityompared with NTBC, compound
d23 (ICs = 0.047 uM) being the most active, about 2-foldhieigthan NTBC ICso = 0.085 M)

(Table 1).

Table 1 Chemical structures of new compounds and theiobical activity against recombinant

human HPPD.
OH O R
O\/<}>R3
LT
[¢] R?

compound R R’ R® R* | Cso (UM)
NTBC g ¢ No 0.085+0.005

[e] CF3
al H H H H 0.335+0.016
a2 H H 4-Br H 0.091+0.003
a3 H H 4-Cl H 0.217+0.019
ad H H 4-F H 0.264+0.013
ab H H 3-F H 0.274+0.020
a6 H H 4-CH; H 0.266+0.016
a7 H H 2,4-diCl H 0.143+0.007
a8 H H 2-F H 0.422+0.019
a9 H H 2-F-4-Br H 0.121+0.005
alo H H 2-F-4-Cl H 0.147+0.006
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b1l H H 2-F-4-Br 5-CH 0.200£0.009
b12 H H 4-Br 5,5-diCH  0.558+0.049
b13 H H 4-Br 5-CH 0.17620.009
cl4 CH, H 4-Br H 0.274+0.015
c15 CH, H 4-Cl H 0.266+0.005
c16 CH, H 4-CH, H 0.37420.021
c17 CH, H 4-F H 0.302+0.003
c18 CH, H 3-Br H 0.280+0.013
c19 CH, H 2-F-4-Cl H 0.257+0.010
c20 CH, H 2-F-4-Cl 5-CH 0.447+0.022
c21 CH, cl H H 0.128+0.005
c22 CHs cl 4-F H 0.102+0.006
d23 NO, H 4-Br H 0.047+0.004
d24 NO, H 4-CH H 0.070+0.004
d25 NO, H 4-F H 0.128+0.005
d26 NO, H 4-CH(CH), H 0.070+0.003
d27 NO, H 3,5-diCH, H 0.068+0.005
d28 NO, H 4-CH, 5-CH, 0.168+0.006
d29 NO, H 2-F-4-Br H 0.068+0.003
d30 NO, H 2-F-4-Br 5-CH 0.105+0.004
d31 NO, H 2,4-diCl H 0.063£0.005
d32 NO, H 2,4-diCl 5-CH 0.10620.007
d33 NO, H 2,4-diF H 0.09520.005

To understand the structure-activity relationst\RR) at the atomic level, selected compounds
(al, a2, b12 andd23) and NTBC were docked into human HPPD active site] their respective
binding modes and affinities were generated acoghdi As depicted in Figure 3A, NTBC was bound
in human HPPD active site by ¥ehelation in which five-coordinate were made bgidaes
(Glu349, His183, and His266) and 5' and 7' oxygenNTBC. The former chelating interaction was
consolidated by Phe364, which in combination witle336, sandwiches the NTBC phenyl ring [21].
The binding mode of the parent compoustl also showed a similar pattern (Figure 3B) with a
reduced F&-chelationdistance. In comparison with reported human HPPDbitors, for example,
while compoundal was located at 2.0 A and 1.8 A of?FéFigure 3B), the distance between
pyarazole-benzimidazolone hybrid andReas 2.5 A and 2.7 A [22]. Moreover, this distancasw
reported to be 1.9 A and 3.4 A for pyrazolone-qmitane hybrid [19]. Interestingly, superimposition

of NTBC andal (Figure 3C) confirmed the formation efr stacking interaction between the newly
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added benzene ring afl. and Phe347. Also, a displacement of the middle dérmzing ofal in favor
of face-to-face (sandwichyg-r interaction with both Phe336 and Phe364 was aoefir (Figure 3C).
Altogether, the aforementioned interactions mayificantly contribute to the stabilization afl and

analogs in human active site.

The presence of dimethyl group on the benzene afrigiketone moiety §12) resulted in more
than 5-fold decrease in activity due to steric hamde with Ser226 (Figure 3D). On another hand,
compared wittal, the remarkable activity of compounad might come from the presence of Br group
on the benzene ring that improved the interactidns Br-induced activity was consolidated by the
nitration of the middle benzene ring’@®NO,) that resulted in an additional hydrogen bond (N-1&
interaction) between His266 and -N@roup (Figure 3E). As shown by superimpositior®8 anda2
(Figure 3F), the resultant interaction stabiliz#2B by adjusting its binding mode. This assumption
was corroborated by the binding energyd@f (-10.73 Kcal/mol) that has more contribution foet

binding compared with others (Table 2).

Table 2 Binding free energy calculated for the compougidsal/mol)

Cpd H-bond Electrostati® VDW®  Conformation entrogy Desolvatiofi Binding free energy
al -0.01 -1.88 -9.29 1.79 2.13 -7.27
a2 -0.01 -1.77 -9.06 1.79 2.16 -6.89
b12 -0.01 -1.46 -9.29 1.79 2.22 -6.75
cl4 -0.01 -1.85 -9.11 1.76 2.16 -7.06
d23 -0.02 -1.89 -10.73 2.08 2.88 -7.66
NTBC -0.02 -1.64 -9.68 1.49 2.51 -7.34

®Hydrogen bonding ternTElectrostatic energies terrfvan der Waals ternfconformation entropy

contribution.®desolvation contribution

In the light of our findings, beside the great moi of 2-(3-(benzyloxy)benzoyl)-3-
hydroxycyclohex-2-en-1-one analogs for the discpvef more potent human HPPD inhibitors,
compoundd23, with about 2-fold more potent than NTBC, could s=di as potential drug for the

treatment of type | tyrosinemia, alkaptonuria aadvkinsinuria. Using various electronic withdrawing
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groups, much more optimization of the title compbén particularly at R may afford more potent

human HPPD inhibitors.

3. Conclusion

In summary, a new strategy of HODD was developedHhe structure-based design of HPPD
inhibitors, and thus a series of 2-(3-(benzyloxy¢gyl)-3-hydroxycyclohex-2-en-1-one analogs were
synthesized and tested as human HPPD inhibitorsh®basis of the bioevaluation assay, most of the
newly synthesized compounds exhibited significaotnn HPPD inhibitory activity and some
compounds showed similar to higher efficiency imparison with NTBC ICsp = 0.085 pM).
Moreover, compoundi23 was discovered to be the most active candiddlg € 0.047 pM) with
about 2-fold increase in activity. Threrfore, amm®f 2-(3-(benzyloxy)benzoyl)-3-hydroxycyclohex-
2-en-1-one could serve as a novel lead scaffolddfecovering new human HPPD inhibitors, while
compound d23is a potential drug candidate to treattype | g$ymemia, alkaptonuria, and

hawkinsinuria.

4. Experimental section

4.1 Methods and synthesis

All chemical reagents were commercially availalbie &reated with standard methods before use.
'H NMR and®C NMR were recorded on Varian NMR 400 MHz and 6082WMR (Varian, Palo
Alto, CA), Bruker NMR 500 MHz NMR (Bruker, MadisoW/I) with TMS as the internal standard,
and deuterated chloroform (CDR{| deuterated-dimethyl sulfoxide (DMSd3} as solvents. The
following abbreviations are used to designate Iplidities: s=singlet, d=doublet, t=triplet,
m=multiplet, dd=doublet of doublets, dt=doublet twiplets. Mass spectrometry (MS) and high
resolution mass spectrometry (HRMS) data were pnéthusing DSQIl GC-MS mass spectrometer

(Thermo Fisher, Austin, TX) and 6224 TOF LC/MS Masggctrometer (Agilent Technologies, Santa
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Clara, CA). Melting points were taken on a Buchb85 without correction. Column chromatography
silica gel (200-300 mesh) and TLC thin-layer chrtogeaphy silica gel plate were purchased from

Qingdao Ocean Chemical Plant. The boiling rangeetrfoleum ether was 60-90 °C.

4.1.1. General procedure for intermediate 1

3-Hydroxybenzoic acid (10 mmol) and anhydrous meoh&20 mL) were added to a 100 mL dry
eggplant-shaped flask. With stirring, thionyl chdtar (25 mmol) was added dropwise 5-12 h at 60 °C,
and the reaction progress was tracked using TLG@erAthe reaction completion, excess thionyl
chloride was removed under reduced pressure, andytem was slowly poured into 100 mL of ice
water. The mixture was extracted with ethyl ace(@@emLx3), the combined organic layer was dried
over NaSQy, concentrated under vaccum. The crude produsfas used in the next step without

further purification.

4.1.2. General procedure for intermediate 2

Compoundl (10 mmol), anhydrous potassium carbonate (20 mKy@0Os) and DMF(20 mL) were
added to a 100 mL-dry eggplant flask and stirretbat temperature for 30 min prior to addition of
p-bromobenzyl bromide (12 mmol). The resulting migtwas maintained at 80 °C for 3-8 h, and the
reaction course was monitored using TLC. Upon #eetion completion, the mixture was cooled to
room temperature before the addition of 100 mL ates, and the system was extracted with ethyl
acetate (30 mLx3). The organic phase was dried aveydrous N&50O, and concentrated using rotary

evaporator. The crude prodiivas used in the next step without further purtfara

4.1.3. General procedure for intermediate 3

Compound? (10 mmol), NaOH (20 mmol), methanol (10 mL) andavgfl0 mL) were added to a 100
mL clean eggplant flask. The reaction mixture waatld at reflux for 1-2 h, and monitored by TLC.

After the reaction was completed, methanol was k&ddrom the system under reduced pressure
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followed by the addition of 50 mL of water, and thexture was washed with diethyl ether (20
mLx2). The aqueous phase was acidified to pH=h&,white solid was precipitated. The obtained
solid was filtered and dried to give pure compouBdEhe characterization of important intermediates
(3 and5) and the spectra of representative compounds disptayed in the Supporting Information

(Figures S1-S7).

4.1.4. General procedure for intermediate 4

Compound3 (5 mmol) and dichloromethane (10 mL) were addefGonL dry eggplant-shaped flask
and stirred at 0 °C for 5 min. The redistilled gkahloride (12.5 mmol) was added dropwise followed
by the addition of a catalytic amount of DMF (34®pls). The mixture was then stirred for 3-5 h, and
the progress of the reaction was monitored by TE@er the completion of the reaction, the

dichloromethane is removed under reduced presswitain the acid chloridé.

4.1.5. General procedure for intermediate 5

Cyclohexanedione (6 mmol), dichloromethane (15 e triethylamine (10 mmol) were added to a
100 mL eggplant-shaped flask, stirred for 10 minO&C. Subsequently, the intermediatewas
dissolved in 15 mL of dry dichloromethane beforeliadn to the above system. The reaction was
carried out for 0.5-1 h and monitored by TLC. Upbie completion of the reaction, the reaction
system was washed with water (20 mL), saturatedusobiicarbonate solution (20 mLx2), and brine
(20 mL). The organic phase was then dried over @mdus NaSO, and concentrated by rotary

evaporation. The residue was purified via flaslugol chromatography to give

4.1.6. General procedure for target compounds

Compoundss (2 mmol), acetonitrile (20 mL), triethylamine (4nmol) and acetone cyanohydrin (0.2
mmol) were added to a 100 mL eggplant-shaped fitgked for 20 h at room temperature, TLC was

used to track the reaction progress until the cetepdisappearance bf The system was then diluted
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with aqueous HCI solution (30 mL, 1 M) and stirfed 5 min. The obtained solid was filtered, dried
and then recrystallized in methanol to give titbenpoundss that were classified into four series b,

¢ andd).
4.1.7. 2-(3-(Benzyloxy)benzoyl)-3-hydroxycyclohex-@n-1-one (al)

Light yellow solid, Yield: 64%. m.p. 80.3-81.8 °éH4 NMR (600 MHz, CDCJ) & 7.43 (d, J=7.2 Hz,
2H), 7.39 (t, J=7.2 Hz, 2H), 7.35-7.28 (m, 2H),5¢7.07 (m, 3H), 5.07 (s, 2H), 2.78-2.69 (m, 2H),
2.53-2.44 (m, 2H), 2.06 (dt, J=13.2, 6.6 Hz, 2HL NMR (150 MHz, CDGJ) 5 198.77, 195.86,
194.19, 158.24, 139.49, 136.60, 128.78, 128.57,0B28127.58, 120.97, 118.48, 114.16, 113.34,

70.13, 38.01, 32.25, 19.10. HRMS (ESI): calcd fegHzgO4 [M+H] * 323.12779, found 323.12799.
4.1.8. 2-(3-((4-Bromobenzyl)oxy)benzoyl)-3-hydroxyclohex-2-en-1-one (a2)

Light yellow solid, Yield: 61%. m.p. 112.1-113.3 °& NMR (600 MHz, CDCJ) & 11.87 (s, 1H),
7.60 (d, J=8.4 Hz, 2H), 7.45-7.37 (m, 3H), 7.35Jd7.2 Hz, 1H), 7.31 (s, 1H), 7.23 (d, J=6.6 Hz,
1H), 5.14 (s, 2H), 2.45 (s, 4H), 1.97 (s, 2HC NMR (150 MHz, CDG)) § 198.71, 194.10, 157.85,
139.56, 135.64, 131.68, 129.13, 128.83, 121.92,152118.43, 114.11, 113.31, 69.36, 38.02, 32.26,

19.10. HRMS (ESI): calcd for &gH:7BrO; [M+H]* 401.03830, found 401.03729.
4.1.9. 2-(3-((4-Chlorobenzyl)oxy)benzoyl)-3-hydroxgyclohex-2-en-1-one (a3)

Light yellow solid, Yield: 67%. m.p. 111.2-112.4 °81 NMR (400 MHz, CDC}) § 16.79 (s, 1H),
7.36 (s, 4H), 7.31 (t, J=8.2 Hz, 1H), 7.09 (dd,.8-3.6 Hz, 3H), 5.04 (s, 2H), 2.75 (t, J=6.0 Hd).2
2.49 (t, J=6.6 Hz, 2H), 2.12-2.03 (m, 2HjC NMR (150 MHz, CDGJ) § 198.71, 195.90, 194.15,
157.86, 139.56, 135.12, 133.77, 128.84, 128.73,1421118.43, 114.11, 113.30, 69.33, 38.01, 32.23,

19.09. HRMS (ESI): calcd forgH;7CIO, [M+H"] 357.08881, found 357.08857.

4.1.10. 2-(3-((4-Fluorobenzyl)oxy)benzoyl)-3-hydrgscyclohex-2-en-1-one (a4)
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Light yellow solid, Yield: 68%. m.p. 84.6-85.7 °&4 NMR (600 MHz, CDCJ) & 7.40 (dd, J=8.4, 5.4
Hz, 2H), 7.30 (t, J=7.8 Hz, 1H), 7.12-7.05 (m, 46102 (s, 2H), 2.74 (t, J=6.0 Hz, 2H), 2.54-2.44 (m
2H), 2.07 (dt, J=13.2, 6.6 Hz, 2HFC NMR (150 MHz, CDG)) § 198.74, 195.90, 194.14, 163.29,
161.66, 158.06, 139.55, 132.37, 129.48, 129.42,8128121.09, 118.43, 115.55, 115.40, 114.09,
113.31, 69.43, 38.02, 32.24, 19.09. HRMS (ESl)cadbr GoH1,FO, [M+H]" 341.11836, found

341.11783
4.1.11. 2-(3-((3-Fluorobenzyl)oxy)benzoyl)-3-hydrgscyclohex-2-en-1-one (a5)

Light yellow solid, Yield: 65%. m.p. 79.8-81.4 °6H NMR (600 MHz, DMSO-g) 5 7.47-7.42 (m,
1H), 7.42-7.38 (m, 1H), 7.36 (d, J=7.2 Hz, 1H),17(8, J=9.0 Hz, 3H), 7.25 (d, J=7.2 Hz, 1H), 747 (
J=7.8 Hz, 1H), 5.18 (s, 2H), 2.46 (s, 4H), 1.98, (#d11.3, 5.3 Hz, 2H}*C NMR (150 MHz, CDG)

6 198.69, 195.86, 194.07, 163.70, 162.07, 157.89,5I/3 139.19, 130.15, 130.09, 128.84, 122.80,
121.18, 118.41, 114.93, 114.78, 114.34, 114.19,1B1459.28, 38.02, 32.24, 19.10. HRMS (ESI):

calcd for GoH17FO4 [M+H] ™ 341.11836, found 341.11805.
4.1.12. 3-Hydroxy-2-(3-((4-methylbenzyl) oxy)benzd)cyclohex-2-en-1-one (a6)

Light yellow solid, Yield: 65%. m.p. 83.6-84.8 >4 NMR (400 MHz, CDC}) § 16.72 (s, 1H), 7.32-
7.27 (m, 2H), 7.26 (d, J=7.8 Hz, 1H), 7.17 (d, 8Hz, 2H), 7.11-7.04 (m, 3H), 5.00 (s, 2H), 2.73 (s
2H), 2.48 (s, 2H), 2.35 (s, 3H), 2.10-2.01 (m, 2HE NMR (150 MHz, CDGJ) & 198.71, 195.69,
194.02, 158.20, 139.36, 137.74, 133.44, 129.17,6862827.66, 120.79, 118.37, 114.06, 69.94, 37.82,

32.13, 21.12, 19.01. HRMS (ESI): calcd fon8,004 [M+H] " 337.14344, found 337.14309.
4.1.13. 2-(3-((2,4-Dichlorobenzyl)oxy)benzoyl)-3-ldyoxycyclohex-2-en-1-one (a7)

Light yellow solid, Yield: 69%. m.p. 119.6-121.1 °t&i NMR (600 MHz, CDC}) § 7.50 (d, J=8.2 Hz,
1H), 7.42 (d, J=1.8 Hz, 1H), 7.32 (t, J=7.8 Hz, 1AHP8 (dd, J=8.4, 1.8 Hz, 1H), 7.11 (t, J=7.8 Hz,

3H), 5.14 (s, 2H), 2.75 (t, J=6.0 Hz, 2H), 2.54%2(, 2H), 2.11-2.03 (m, 2H}°C NMR (150 MHz,
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CDCls) 6 198.65, 195.93, 194.10, 157.65, 139.64, 134.13,063 133.03, 129.67, 129.13, 128.90,
127.32, 121.34, 118.35, 114.18, 113.30, 66.64, 13832.25, 19.10. HRMS (ESI): calcd for

CooH16C104 [M+H] ™ 391.04984, found 391.04933.
4.1.14. 2-(3-((2-Fluorobenzyl)oxy)benzoyl)-3-hydrgscyclohex-2-en-1-one (a8)

Light yellow solid, Yield: 63%. m.p. 64.4-65.9 °@&4 NMR (600 MHz, CDCYJ) & 7.51 (s, 1H), 7.31 (t,
J=7.8 Hz, 2H), 7.17 (s, 1H), 7.15 (s, 1H), 7.11, (#d15.0, 8.4 Hz, 3H), 5.15 (s, 2H), 2.74 (s, 2H),
2.49 (s, 2H), 2.11-2.04 (m, 2HJ°C NMR (150 MHz, CDG)) & 198.71, 195.84, 194.10, 161.18,
159.54, 157.86, 139.54, 129.69, 129.64, 128.83,2824123.72, 121.14, 118.39, 115.37, 115.23,
114.12, 113.34, 103.83, 63.73, 38.01, 32.25, 19HRMS (ESI): calcd for gHi/FO; [M+H]"

341.11836, found 341.11758.
4.1.15. 2-(3-((4-Bromo-2-fluorobenzyl)oxy)benzoyB-hydroxycyclohex-2-en-1-one (a9)

Light yellow solid, Yield: 68%. m.p. 87.6-88.5 °@&4 NMR (400 MHz, CDC}) & 16.79 (s, 1H), 7.40
(t, J=7.8 Hz, 1H), 7.35-7.26 (m, 3H), 7.11 (dd, .2=5.4 Hz, 3H), 5.09 (s, 2H), 2.75 (s, 2H), 2.49 (
2H), 2.12-2.03 (m, 2H)**C NMR (150 MHz, CDG)) 5 198.64, 195.90, 194.05, 160.84, 159.17,
157.69, 139.63, 130.79, 130.76, 128.87, 127.66,6827123.13, 123.04, 122.08, 121.32, 119.06,
118.90, 118.33, 114.07, 113.28, 63.26, 63.24, 38P2P5, 19.09. HRMS (ESI): calcd fopdEl16BrO,4

[M+H]*419.02888, found 419.02825.
4.1.16. 2-(3-((4-Chloro-2-fluorobenzyl)oxy)benzoy3-hydroxycyclohex-2-en-1-one (al0)

Light yellow solid, Yield: 65%. m.p. 81.0-81.9 °84 NMR (400 MHz, CDCY) § 16.79 (s, 1H), 7.45
(t, J=8.0 Hz, 1H), 7.32 (t, J=8.0 Hz, 1H), 7.17Jd8.4 Hz, 1H), 7.15-7.11 (m, 3H), 7.09 (s, 1HL(.
(s, 2H), 2.75 (s, 2H), 2.50 (s, 2H), 2.13-2.02 2H). **C NMR (150 MHz, CDGCJ) § 198.65, 195.90,

194.04, 160.87, 159.21, 157.71, 139.63, 134.68,6134130.51, 130.48, 128.86, 124.73, 124.71,
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122.60, 122.51, 121.31, 118.33, 116.22, 116.06,0614113.31, 63.23, 63.20, 38.02, 32.25, 19.10.

HRMS (ESI): calcd for ggH16CIFO, [M+H] " 375.07939, found 375.07910.

4.1.17. 2-(3-((4-Bromo-2-fluorobenzyl)oxy)benzoyl}3-hydroxy-5-methylcyclohex-2-en-1-one

(b11)

Light yellow solid, Yield: 63%. m.p. 82.0-83.4 °&4 NMR (400 MHz, CDC}) § 16.79 (s, 1H), 7.39

(t, J=7.6 Hz, 1H), 7.35-7.27 (m, 3H), 7.10 (s, 3B)08 (s, 2H), 2.79 (d, J=17.6 Hz, 1H), 2.57 (d,
J=16.2 Hz, 1H), 2.46 (dd, J=17.8, 10.6 Hz, 1H)3Add, J=10.6, 4.2 Hz, 1H), 2.19 (dd, J=16.2, 11.4
Hz, 1H), 1.14 (d, J=6.4 Hz, 3H}*C NMR (100 MHz, CDGJ) & 198.54, 195.52, 194.10, 161.34,

158.84, 157.77, 139.66, 130.87, 128.96, 127.76,2623122.24, 121.38, 119.19, 118.95, 118.41,
114.14, 112.92, 63.36, 63.32, 46.41, 40.22, 2620486. HRMS (ESI): calcd for £&H1gBrFO;4

[M+H] " 433.04453, found 443.04517.
4.1.18. 2-(3-((4-Bromobenzyl)oxy)benzoyl)-3-hydrox$,5-dimethylcyclohex-2-en-1-one (b12)

Light yellow solid, Yield: 65%. m.p. 89.8-90.6 °éH4 NMR (600 MHz, CDC}J) & 7.51 (d, J=8.4 Hz,
2H), 7.30 (d, J=8.0 Hz, 3H), 7.07 (d, J=7.8 Hz, 35P1 (s, 2H), 2.63 (s, 2H), 2.37 (s, 2H), 1.14 (s
6H). 3C NMR (150 MHz, CDGJ) § 197.86, 195.13, 193.90, 157.82, 139.32, 135.56,573 129.03,
128.72, 121.79, 121.01, 118.27, 113.95, 112.2P206%1.98, 45.79, 30.92, 28.08. HRMS (ESI): calcd

for CooH21BrO4 [M+H]*429.06960, found 429.06931.
4.1.19. 2-(3-((4-Bromobenzyl)oxy)benzoyl)-3-hydrox$-methylcyclohex-2-en-1-one (b13)

Light yellow solid, Yield: 66%. m.p. 86.0-87.0 °éH4 NMR (600 MHz, CDCJ) & 7.51 (d, J=8.4 Hz,
2H), 7.31 (d, J=8.4 Hz, 3H), 7.09 (s, 3H), 5.0224), 2.79 (d, J=16.8 Hz, 1H), 2.57 (d, J=15.0 Hz,
1H), 2.49-2.42 (m, 1H), 2.33 (s, 1H), 2.19 (d, J81Az, 1H), 1.14 (d, J=6.6 Hz, 3H)C NMR (150

MHz, CDCk) ¢ 198.50, 195.42, 194.07, 157.83, 139.50, 135.64,6I33 129.12, 128.82, 121.90,
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121.12, 118.43, 114.10, 112.83, 69.34, 46.31, 4@8.%6, 20.78. HRMS (ESI): calcd fopEl19BrOs

[M+H] " 415.05395, found 415.05316.
4.1.20. 2-(3-((4-Bromobenzyl)oxy)-2-methylbenzoyB-hydroxycyclohex-2-en-1-one (c14)

Light yellow solid, Yield: 61%. m.p. 108.7-109.9 °&4 NMR (400 MHz, CDCJ) 6 17.70 (s, 1H),
7.51 (d, J=7.8 Hz, 2H), 7.32 (d, J=7.8 Hz, 2H)87(t. J=7.8 Hz, 1H), 6.91 (d, J=8.0 Hz, 1H), 6.d3 (
J=7.4 Hz, 1H), 5.03 (s, 2H), 2.78 (t, J=5.8 Hz, 22%9-2.38 (m, 2H), 2.15 (s, 3H), 2.09-1.99 (m).2H
%C NMR (150 MHz, CDGJ) & 199.99, 198.33, 193.55, 156.31, 140.41, 136.01,588 128.79,
126.28, 123.20, 121.62, 118.03, 114.03, 112.226;38.04, 33.05, 19.05, 12.90. HRMS (ESI): calcd

for Co1H1BrO4 [M+H]™ 415.05395, found 415.05289.
4.1.21. 2-(3-((4-Chlorobenzyl)oxy)-2-methylbenzoyB3-hydroxycyclohex-2-en-1-one (c15)

Light yellow solid, Yield: 58%. m.p. 112.3-113.0 °&4 NMR (400 MHz, CDCJ) 6 17.70 (s, 1H),
7.37 (d, J=1.8 Hz, 4H), 7.18 (t, J=7.8 Hz, 1H),16(8, J=8.2 Hz, 1H), 6.73 (d, J=7.6 Hz, 1H), 5.85 (
2H), 2.78 (t, J=6.4 Hz, 2H), 2.44 (t, J=6.4 Hz, 2BI15 (s, 3H), 2.04 (m, J=6.4 Hz, 2HJC NMR
(150 MHz, CDC}) 6 199.99, 198.31, 193.52, 156.33, 140.41, 135.68,4B3 128.65, 128.48, 126.28,
123.21, 118.02, 114.03, 112.29, 69.24, 38.06, 33.9®6, 12.90. HRMS (ESI): calcd fop#1gClO4

[M+H] " 371.10446, found 371.10428.
4.1.22. 3-Hydroxy-2-(2-methyl-3-((4-methylbenzyl)o®benzoyl)cyclohex-2-en-1-one (c16)

Yield, 61%; light yellow solid; m.p. 110.1-110.8 °C 1H NMR (600 MHz, CDCJ) 5 7.33 (d, J=6.4
Hz, 2H), 7.18 (dd, J=15.8, 7.4 Hz, 3H), 6.95 (dB.0=Hz, 1H), 6.71 (d, J=7.4 Hz, 1H), 5.04 (s, 2H),
2.77 (s, 2H), 2.44 (s, 2H), 2.37 (s, 3H), 2.1534), 2.04 (s, 2H)"°C NMR (150 MHz, CDGJ) 5

200.08, 198.28, 193.50, 156.67, 140.24, 137.48,1834129.14, 127.29, 126.21, 123.23, 117.76,
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112.35, 103.83, 69.94, 38.07, 33.09, 21.20, 1912®3. HRMS (ESI): calcd for &H»,04 [M+H]+

351.15909, found 351.15887.
4.1.23. 2-(3-((4-Fluorobenzyl)oxy)-2-methylbenzoy}-hydroxycyclohex-2-en-1-one (c17)

Light yellow solid, Yield: 57%. m.p. 112.1-113.0 °81 NMR (400 MHz, CDC}) § 17.71 (s, 1H),
7.41 (dd, J=8.0, 5.6 Hz, 2H), 7.19 (t, J=7.8 Hz),IHO8 (t, J=8.4 Hz, 2H), 6.93 (d, J=8.0 Hz, 1H),
6.73 (d, J=7.4 Hz, 1H), 5.04 (s, 2H), 2.78 (t, 048z, 2H), 2.45 (s, 2H), 2.15 (s, 3H), 2.05 (s, 280
NMR (150 MHz, CDCY) § 200.02, 193.52, 163.14, 161.50, 156.42, 140.38,9I8 132.88, 129.00,
128.94, 126.27, 123.22, 117.87, 115.44, 115.30,0r14.12.32, 103.83, 69.36, 38.05, 33.04, 19.05,

12.90. HRMS (ESI): calcd for gH1oFO4 [M+H] " 355.13401, found 355.13342.
4.1.24. 2-(3-((3-Bromobenzyl)oxy)-2-methylbenzoyB-hydroxycyclohex-2-en-1-one (c18)

Light yellow solid, Yield: 62%. m.p. 107.1-107.8 °& NMR (400 MHz, CDCJ) & 17.71 (s, 1H),
7.60 (s, 1H), 7.46 (d, J=7.8 Hz, 1H), 7.37 (d, 8=z, 1H), 7.28 (s, 1H), 7.24 (s, 1H), 7.19 (t, B=7
Hz, 1H), 6.91 (d, J=7.8 Hz, 1H), 6.74 (d, J=7.6 HH), 5.05 (s, 2H), 2.79 (t, J=6.4 Hz, 2H), 2.45 (t
J=6.4 Hz, 2H), 2.17 (s, 3H), 2.09-2.01 (m, 2EC NMR (150 MHz, CDCJ) & 199.97, 198.28,
193.52, 156.28, 140.43, 139.49, 130.83, 130.09,0R30126.30, 125.58, 123.25, 122.54, 118.01,
112.29, 69.13, 38.05, 33.05, 19.06, 12.92. HRMSI){Eicd for G;H1gBrO; [M+H]" 415.05395,

found 415.05364.

4.1.25. 2-(3-((4-Chloro-2-fluorobenzyl)oxy)-2-methpenzoyl)-3-hydroxycyclohex-2-en-1-one

(c19)

Light yellow solid, Yield: 52%. m.p. 102.8-104.0 °&1 NMR (400 MHz, CDCJ) & 17.74 (s, 1H),
7.52 (t, J=8.0 Hz, 1H), 7.25 (d, J=7.8 Hz, 1H),2/(@, J=7.8 Hz, 1H), 7.18 (d, J=9.6 Hz, 1H), 6.89 (
J=8.0 Hz, 1H), 6.79 (d, J=7.4 Hz, 1H), 5.16 (s,,2433 (t, J=6.0 Hz, 2H), 2.49 (t, J=6.2 Hz, 2Hp®

(s, 3H), 2.14-2.05 (m, 2H}°C NMR (150 MHz, CDGJ) § 199.95, 198.32, 193.56, 160.75, 159.08,
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156.09, 140.46, 134.28, 130.07, 126.34, 124.66,6824123.28, 118.27, 116.04, 115.98, 112.28,
63.33, 63.31, 38.04, 33.05, 19.05, 12.86. HRMS YE&Icd for G;H1sCIFO, [M+H]" 389.09504,

found 389.09498.

4.1.26. 2-(3-((4-Chloro-2-fluorobenzyl)oxy)-2-methylbenzoy)3-hydroxy-5-methylcyclo-hex-2-

en-1-one (c20)

Light yellow solid, Yield: 59%. m.p. 106.4-107.2 °&1 NMR (400 MHz, CDCJ) & 17.74 (s, 1H),
7.44 (t, J=8.0 Hz, 1H), 7.24 (m, J=15.2, 8.8 Hz),3H01 (d, J=8.2 Hz, 1H), 6.80 (d, J=7.6 Hz, 1H),
5.17 (s, 2H), 2.88 (dd, J=18.0, 2.4 Hz, 1H), 286, 0=18.8, 11.0 Hz, 2H), 2.37 (s, 1H), 2.21 (s),3H
1.19 (d, J=6.4 Hz, 3H)**C NMR (150 MHz, CDGJ) & 199.63, 197.77, 193.45, 160.74, 159.08,
156.07, 140.39, 134.28, 130.02, 126.35, 124.66,2723123.12, 123.03, 118.25, 116.04, 115.97,
112.28, 46.35, 40.90, 40.88, 26.53, 20.84, 12.8RMB (ESI): calcd for @H,oCIFO, [M+H]"

403.11069, found 403.11021.
4.1.27. 2-(3-(Benzyloxy)-4-chloro-2-methylbenzoyB-hydroxycyclohex-2-en-1-one (c21)

Light yellow oil, Yield: 47%.*H NMR (600 MHz, CDC}) & 7.45 (d, J=6.0 Hz, 2H), 7.43 (t, J=7.2 Hz,
2H), 7.31 (d, J=8.4 Hz, 1H), 6.86 (d, J=6.0 Hz, IHDO (s, 2H), 2.80 (t, J=6.6 Hz, 2H), 2.47 (6.5
Hz, 2H), 2.20 (d, J=3.0 Hz, 3H), 2.07 (t, J=6.0 1E)). 3C NMR (100 MHz, CDGJ) § 199.00,
198.37, 193.69, 153.15, 139.54, 136.95, 130.44,6129128.56, 128.22, 128.03, 127.62, 122.29,
114.00, 74.58, 38.05, 32.97, 19.09, 13.57. HRMSI){EScd for GiH1sClO, [M+Na]* 393.08641

found 393.08688.

4.1.28. 2-(4-Chloro-3-((4-fluorobenzyl)oxy)-2-methpenzoyl)-3-hydroxycyclohex-2-en-1-one

(c22)

Light yellow solid, Yield: 51%. m.p. 87.6-88.9 °éH NMR (600 MHz, CDC}) & 7.42-7.48 (m, 2H),

7.30 (d, J=9.0 Hz, 1H), 7.10 (t, J=8.4 Hz, 2H),55(8, J=8.4 Hz, 1H), 4.95 (s, 2H), 2.80 (t, J=60 H
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2H), 2.46 (t, J=9.0 Hz, 2H), 2.16 (s, 3H), 2.07 4ph.0 Hz, 2H)°C NMR (100 MHz, CDGJ) &
198.94, 198.35, 193.62, 163.93, 161.48, 152.92,5839132.72, 130.35, 130.14, 130.06, 129.50,
127.66, 122.32, 115.54, 115.33, 113.98, 73.87,7382.96, 19.09, 13.56. HRMS (ESI): calcd for

C21H1sCIFO, [M+Na]" 411.07699 found 411.07910.
4.1.29. 2-(3-((4-Bromobenzyl)oxy)-2-nitrobenzoyl)-Bydroxycyclohex-2-en-1-one (d23)

Light yellow solid, Yield: 60%. m.p. 154.5-155.4 °&1 NMR (400 MHz, CDCJ) § 16.47 (s, 1H),
7.41 (t, J=9.0 Hz, 3H), 7.33 (d, J=8.0 Hz, 2H),37(d, J=7.8 Hz, 1H), 6.86 (d, J=6.8 Hz, 1H), 5.47 (
2H), 2.77 (t, J=6.0 Hz, 2H), 2.43 (t, J=6.2 Hz, 2B)05 (p, J=6.0 Hz, 2H)*C NMR (100 MHz,
CDCl3) ¢ 196.31, 193.83, 150.98, 137.76, 137.13, 134.42,743 131.88, 128.72, 122.26, 119.05,
115.69, 113.02, 70.65, 37.60, 31.95, 19.12. HRMSXEalcd for GoH16BrNOgs [M+Na]™ 468.00532

found 468.00683.
4.1.30. 3-Hydroxy-2-(3-((4-methylbenzyl)oxy)-2-nitbbenzoyl)cyclohex-2-en-1-one (d24)

Light yellow solid, Yield: 53%. m.p. 142.4-143.8 °& NMR (600 MHz, CDCJ) 5 7.46 (t, J=7.8 Hz,
1H), 7.33 (d, J=6.0 Hz, 2H), 7.19 (d, J=7.8 Hz, 2H}6 (d, J=6.0 Hz, 1H), 6.83 (d, J=7.8 Hz, 1H),
5.19 (s, 2H), 2.76 (t, J=6.6 Hz, 2H), 2.43 (t, 8=Hz, 2H), 2.35 (s, 3H), 2.04 (m, J=6.6 Hz, 2HL
NMR (100 MHz, CDCY) § 196.41, 196.34, 193.88, 151.33, 138.02, 137.70,983 132.62, 132.37,
129.42, 127.23, 118.71, 115.90, 113.06, 71.42,2376.97, 21.27, 19.13. HRMS (ESI): calcd for

C21H10NOg [M+Na]" 404.11046 found 404.11040.
4.1.31. 2-(3-(1-(4-Fluorophenyl)ethoxy)-2-nitroberayl)-3-hydroxycyclohex-2-en-1-one (d25)

Light yellow solid, Yield: 63%. m.p. 166.4-167.4 °&1 NMR (400 MHz, CDCJ) & 16.53 (s, 1H),
7.45-7.39 (m, 2H), 7.36 (t, J=8.0 Hz, 1H), 7.09J&8.6 Hz, 2H), 6.95 (d, J=8.4 Hz, 1H), 6.81 (d,
J=7.6 Hz, 1H), 5.46 (d, J=6.4 Hz, 1H), 2.81 (t, .0=8z, 2H), 2.47 (t, J=6.0 Hz, 2H), 2.08 (p, J=6.4

Hz, 2H), 1.69 (d, J=6.4 Hz, 3H}°C NMR (100 MHz, CDGJ) § 196.40, 196.35, 193.86, 163.57,
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161.12, 150.29, 137.40, 136.70, 132.17, 127.35,2727118.63, 116.97, 115.98, 115.76, 113.05,
37.61, 31.98, 24.39, 19.11. HRMS (ESI): calcd fosHZsFNOs [M+Na]* 422.10104 found

422.10142.
4.1.32. 3-Hydroxy-2-(3-((4-isopropylbenzyl)oxy)-2-trobenzoyl)cyclohex-2-en-1-one (d26)

Light yellow solid, Yield, 58% ; m.p. 116.5-117.8°C 1H NMR (600 MHz, CDGJ) § 7.47 (t, J=9.0
Hz, 1H), 7.37 (d, J=7.8 Hz, 2H), 7.26 (s, 2H), 7(d8J=8.4 Hz, 1H), 6.84 (d, J=7.8 Hz, 1H), 5.19 (s
2H), 2.94-2.89 (m, 1H), 2.77 (t, J=6.0 Hz, 2H),2(% J=6.6 Hz, 2H), 2.04 (p, J=6.6 Hz, 2H), 1.85 (
J=6.0 Hz, 6H).”*C NMR (100 MHz, CDGJ) § 196.41, 196.30, 193.84, 151.38, 149.10, 136.94,
132.73, 132.62, 127.33, 126.82, 118.70, 115.87,001377.43, 77.11, 76.79, 71.44, 37.62, 33.93,

31.97, 24.02, 19.14. HRMS (ESI): calcd fo,sNOs [M+Na]™ 432.14176 found 432,141109.
4.1.33. 2-(3-((3,5-Dimethylbenzyl)oxy)-2-nitrobenz)-3-hydroxycyclohex-2-en-1-one (d27)

Light yellow solid, Yield: 52%. m.p. 153.4-154.9 &4 NMR (400 MHz, CDC}) & 16.50 (s, 1H),
7.46 (t, J=8.0 Hz, 1H), 7.15 (d, J=8.4 Hz, 1H)57(6, 2H), 6.96 (s, 1H), 6.83 (d, J=7.6 Hz, 1H),5.
(s, 2H), 2.76 (t, J=6.0 Hz, 2H), 2.43 (t, J=6.4 BI), 2.33 (s, 6H), 2.04 (m, J=6.2 Hz, 2)C NMR
(100 MHz, CDC}) 6 196.45, 196.27, 193.80, 151.47, 138.36, 137.76,9I/3 135.31, 132.65, 129.98,
124.95, 118.71, 115.97, 113.06, 71.69, 37.64, 32987, 19.15. HRMS (ESI): calcd fop£l21NOs

[M+Na]* 418.02611 found 418.02616.

4.1.34. 3-Hydroxy-5-methyl-2-(3-((4-methylbenzyl)oR-2-nitrobenzoyl)cyclohex-2-en-1-one

(d28)

Light yellow solid, Yield: 49%. m.p. 112.3-113.6 °&4 NMR (400 MHz, CDCJ) & 16.46 (s, 1H),
7.46 (t, J=8.0 Hz, 1H), 7.32 (d, J=7.6 Hz, 2H),77(14. J=10.0 Hz, 3H), 6.82 (d, J=7.6 Hz, 1H), 548

2H), 2.85-2.71 (m, 1H), 2.49 (t, J=12.0 Hz, 2HBR(s, 4H), 2.14 (dd, J=12.0, 8.0 Hz, 1H), 1.11 (d,
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J=8.0 Hz, 3H).*C NMR (100 MHz, CDGJ) § 196.21, 195.73, 193.80, 151.32, 138.00, 136.88,
132.63, 132.38, 129.42, 127.23, 118.73, 115.91427145.80, 39.68, 26.71, 21.28, 20.81. HRMS

(ESI): calcd for GoH21NOg [M+Na]*™ 418.02666 found 418.02582.
4.1.35. 2-(3-((4-Bromo-2-fluorobenzyl)oxy)-2-nitrobnzoyl)-3-hydroxycyclohex-2-en-1-one (d29)

Light yellow solid, Yield: 60%. m.p. 158.0-159.8 °&1 NMR (400 MHz, CDC}) & 16.46 (s, 1H),
7.42 (t, J=6.8 Hz, 1H), 7.40-7.46 (m, 1H), 7.35 (m8.0, 1H), 7.31-7.27 (m, 1H), 7.19 (d, J=8.4 Hz,
1H), 6.88 (d, J=7.6 Hz, 1H), 5.23 (s, 2H), 2.78J&6.0 Hz, 2H), 2.43 (t, J=6.0 Hz, 2H), 2.05 (m,
J=6.0, Hz, 2H)."*C NMR (100 MHz, CDGJ) & 196.32, 196.24, 193.86, 160.89, 158.39, 150.79,
137.28, 132.90, 130.47, 130.42, 128.07, 128.04,311919.10, 118.86, 115.56, 113.00, 64.74, 37.60,

31.96, 19.13. HRMS (ESI): calcd fopdBl1sBrFNOs [M+Na]* 485.99590 found 485.99506.

4.1.36. 2-(3-((4-Bromo-2-fluorobenzyl)oxy)-2-nitrobnzoyl)-3-hydroxy-5-methylcyclohex-2-en-1-

one (d30)

Light yellow solid, Yield: 63%. m.p. 140.9-142.8 °&4 NMR (400 MHz, CDCJ) & 16.45 (s, 1H),
7.43 (dt, J=16.0, 8.0 Hz, 2H), 7.37 (d, J=8.2 H4),17.32 (s, 1H), 7.22 (d, J=8.4 Hz, 1H), 6.91 (d,
J=8.0 Hz, 1H), 5.26 (s, 2H), 2.83 (dd, J=16.0, ¥2) 1H), 2.52 (dd, J=16.0, 12.0 Hz, 2H), 2.19 (d,
J=10.2 Hz, 1H), 1.60 (s, 1H), 1.15 (d, J=4.0 Hz).38C NMR (100 MHz, CDG)) 5 196.03, 195.72,
193.76, 160.88, 158.39, 150.75, 137.21, 132.90,4830128.03, 119.32, 119.08, 118.84, 115.55,
112.53, 64.69, 45.77, 39.65, 26.70, 20.79. HRMS)(ESlcd for G;H:;BrFNOs [M+Na]* 500.01155

found 500.01368.
4.1.37. 2-(3-((2,4-Dichlorobenzyl)oxy)-2-nitrobenzad)-3-hydroxycyclohex-2-en-1-one (d31)

Light yellow solid, Yield: 55%. m.p. 150.4-152.1 °&4 NMR (400 MHz, CDC}) & 16.48 (s, 1H),
7.62 (d, J=8.4 Hz, 1H), 7.43 (t, J=8.0 Hz, 1H),27(d, J=2.0 Hz, 1H), 7.32 (d, J=8.0, 1H), 7.19 (d,

J=8.0 Hz, 1H), 6.89 (d, J=8.0 Hz, 1H), 5.27 (s, 2M]8 (t, J=6.0 Hz, 2H), 2.43 (t, J=6.0 Hz, 2HR
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(m, J=6.0 Hz, 2H)"*C NMR (100 MHz, CDG)) & 196.30, 196.27, 193.86, 150.80, 137.39, 134.46,
133.00, 132.41, 131.86, 129.38, 129.11, 127.72,2819415.51, 112.99, 67.89, 37.61, 31.96, 19.14.

HRMS (ESI): calcd for ggH15CloNOg [M+Na]™ 458.01686 found 458.01734.

4.1.38. 2-(3-((2,4-Dichlorobenzyl)oxy)-2-nitrobenzd)-3-hydroxy-5-methylcyclohex-2-en-1-one

(d32)

Light yellow solid, Yield: 51%. m.p. 114.5-116.2 °&1 NMR (400 MHz, CDCJ) § 16.47 (s, 1H),
7.65 (d, J=8.0 Hz, 1H), 7.47 (t, J=8.0 Hz, 1H)57(4 , 1H), 7.35 (dd, J=8.0, 1H), 7.22 (d, J=8.4 Hz
1H), 6.92 (d, J=7.6 Hz, 1H), 5.30 (s, 2H), 2.84,(d€16.0, 4.0 Hz, 1H), 2.58-2.48 (m, 2H), 2.33 (dt,
J=8.0, 6.0 Hz, 1H), 2.18 (dd, J=16.0, 12.0 Hz, 1H)5 (d, J=6.4 Hz, 3H)*C NMR (100 MHz,
CDCl3) ¢ 196.06, 150.77, 137.61, 137.37, 134.45, 133.02,403 131.87, 129.37, 129.10, 127.72,
119.31, 115.51, 112.54, 67.88, 26.72, 20.82. HRNESI) calcd for GH;7CI,NOs [M+Na]®

472.03251 found 472.03186.
4.1.39. 2-(3-((2,4-Difluorobenzyl)oxy)-2-nitrobenzgd)-3-hydroxycyclohex-2-en-1-one (d33)

Light yellow solid, Yield: 57%. m.p. 130.7-132.5 °81 NMR (400 MHz, CDC}) § 16.47 (s, 1H),
7.48 (t, J=8.0 Hz, 1H), 7.42 (t, J=7.8 Hz, 1H),17(8, J=8.4 Hz, 1H), 6.94 (t, J=8.0 Hz, 1H), 6.88J
=4.0 Hz, 1H), 6.84 (d, J=8.6 Hz, 1H), 5.24 (s, 2BY7 (s, 2H), 2.43 (s, 2H), 2.05 (t, J=6.0 Hz, 2H)
3C NMR (100 MHz, CDGJ) § 196.25, 164.24, 161.45, 150.86, 137.78, 137.12,843 132.52,
130.65, 119.24, 115.66, 113.00, 111.98, 111.76,08)4.03.83, 103.58, 64.75, 38.86, 35.01, 19.11.

HRMS (ESI): calcd for ggH15F-NOg [M+Na]™ 426.07596 found 426.07518.
4.2. Bioassay

Human HPPD {HPPD) and human homogentisate 1,2-dioxygenbBBi&sD) were required to
determine the inhibitory activity using the couplezyme reaction. Starting from cDNA, pET-28a-

hHPPD and pET-28&HGD plasmids were constructed as previously desdrj@2,23] to express the
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aforesaid enzymes. The recombinant enzymes weneeapeessed irkE. coli BL21 cells (DE3) for
which cells were incubated at 37 °C in Luria brotedia containing appropriate antibiotics. When the
E. coli growth reached angby of ~0.6, the temperature was decreased to 20i€ tkee cells were
then grown for additional 14 hKIPPD) and 40hhHGD). The cells were collected by centrifugation
(8000g, 5 min), and washed twice with (150 mM N&&O,mM HEPES, pH 7.0) before disruption by
sonication. The mixture was then centrifuged at00g5for 45 min to get the crude enzyme. The crude
supernatant containing recombinant enzyme was tbaded onto Ni-NTA column (Invitrogen)
equilibrated with 150 mM NaCl and 20 mM HEPES, pH, and enzyme was purified with imidazole
gradient and eluted with 250 mM imidazole. The expression and the relative molecular weight of
recombinant HPPDs were validated by sodium dodsaifate polyacrylamide gel electrophoresis
(SDS-PAGE), while the purity was estimated usin@gen) software (ImageJ 1.52a, Bethesda, MD,
USA). As HGD is highly active compared with HPPBe tcrude enzyme was directly used for in vitro
inhibitory activity of synthetic compounds againsiPPD. Indeed, the inhibitory activity was
evaluated by monitoring the formation of maleylaeeetate at 318 nm in 96-well plates at 30 °C
using a UV/visible plate reader (Biotech, WinoosKi;, USA). The volume of the reaction mixture
was 200uL containing 50uM HPPA, 2 mM sodium ascorbate, 20 mM HEPES buffét 7.0), 100
uM FeSO4, and appropriate amounts of HGD and HPRDerBure that the reaction was efficiently
coupled, the amount of HGD was set to be in lasgeess compared with HPPD by setting the rate
constank at 0.1 and 0.01, respectively. The reaction coraptmwere equilibrated at 30 °C for about
10 min before the measurement, whereas the inrsbitere dissolved in dimethyl sulfoxide (DMSO)
and diluted with testing buffer before use. Fittenlve and Cs values were obtained using OriginPro

7.5 software (OriginLab, Northampton, MA).

4.3. Computational method
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Since no ligand-bound human HPPD crystal struasugevailable, the homology modeling was
used to construct a structure, which keeps thendigsound conformations of residues at the active
site. The HPPD crystal structure derived from rBPB® (PDB ID: 1SQI) was selected as template and
human HPPD protein sequence (NCBI Gl: 258588704gmplate. Of note, human and rat HPPDs
share a sequence identity of 90%. The SWISS-MOD#EL [24] was used for homology modeling.
Then, the constructed human HPPD three-dimenssinatture was dealt with Discovery Studio 4.0
to add missing hydrogens. For the docking simutattbe chemical structures of the inhibitors were
prepared by SYBYL 7.0 followed by the 2,000 ste¢plescent for minimization and 2,000 conjugate
gradient minimizations. The GOLD 3.0 was used tokdde constructed inhibitors into human HPPD
active site whose radius was set to 10 A by usiggreetic algorithm (GA) with 100 runs, and Co (I1)
as a chelate center. The semiempirical score fum¢f#5] offered by Autodock 4 was used to assess

the binding free energy between inhibitors and tacted humamdPPD.
Supporting Information
Detailed analytical data of representative interiaited and target compounds.
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Highlights

> A new strategy of hydrophobicity-oriented drug design (HODD) was developed for the
design of HPPD inhibitors.

> A series of 2-(3-(benzyloxy)benzoyl)-3-hydroxycyclohex-2-en-1-one analogs with new
chemical scaffold were prepared and most of them showed good activity against
recombinant human HPPD.

» Compound d23 was identified as the most potent candidate (ICso = 47 nM), about 2-fold
more potent than NTBC (I1Csp = 85 nM), demonstrating good potential for the treatment

of type | tyrosinemia, akaptunuria and hawkinsinuria



