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Abstract: Novel dual inhibitors of histone deacetylase (HDAand heat-shock protein 90 (HSP90)
are synthesized and evaluated. These compoundsnaved with potent HDAC and HSP90
inhibitory activities with IGp values in nanomolar range with Compo@@{HDAC ICsp = 194 nM,;
HSPO@ IC5p = 153 nM) and compoun@6 (HDAC ICso = 360 nM; HSP9@ IC5p = 77 nM)
displaying most potent HDAC and HSROhibitory activities. Both of these compounds und
HSP70 expression and down regulate HSP90 clierteips which play important roles in the
regulation of survival and invasiveness in canadiscIn addition, compound®0 and 26 induce
acetylation ofu-tubulin and histone H3. Significantly, compourgfsand26 could effectively reduce
programmed death-ligand 1 (PD-L1) expression in-{Fieated lung H1975 cells in a dose
dependent manner. These findings suggest that idbdition of HDAC and HSP90 that can
modulate immunosuppressive ability of tumor area rmpeovide a better therapeutic strategy for

cancer treatment in the future.

Key words: Histone deacetylase inhibitors, Dualibitbrs, Design Multiple Ligand, Lung Cancer,
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1. Introduction

With the advancement in the knowledge of epigerdtitias become more evident that histone
deacetylases (HDACSs) are potential therapeutietargith the ability to reverse aberrant epigenetic
states associated with cancer. Various studieancer cell lines and tumor tissues revealed changes
in the acetylation levels and the expression of HIBBAC enzymes and it can be anticipated that
HDAC inhibitors (HDIs) could be therapeutically fisleas a single agent or in combination with
other therapies, such as chemotherapy, immunotphemap radiotherapy.* The approval of
suberoylanilide hydroxamic acid (SAHA) by the FDé&fast HDI in 2006 has accelerated the search
for more potent and more selective HDIs. Many plar@atical companies have developed potent
HDIs and till date four of these have been graiiBd\ approval (Figure 1). SAHA with simple
chemical architect and easy synthesis has recaivedh attention for further modifications. Many
compounds based on SAHA with various heteroatomth@ssurface recognition cap, exhibiting
potent HDAC inhibitory activity have been reportedluding ACY-241 6) (Figure 2)>° Recently,
much attention has been given to the designed prailigand (DML) approach for the development
of compounds comprising two or more pharmacophamadfi-component ligands and multiple-
ligands within the same molecule to achieve maltix¢t modulations. The deliberate use of dual
inhibition for enzyme inhibition in cancer treatmes relatively new. Design of such multiple
ligands is based on various interdependent intrinsllular pathways where one target could be a
downstream target or client protein or co-chapermanother or where inhibitors of two different
targets have some synergistic effects. Since HD@&g crucial role in various cellular pathways, it
is useful to evaluate HDIs not only in various camaltion therapies but also as compounds with dual
or multitarget inhibition, achievable by modifiedemnical templates of HDIs. There have been some
recent reports aflual inhibitors of inosine monophosphate dehydragerand histone deacetyfse
potent multi-acting HDAC, EGFR, and HER2 inhibitdrsiual inhibitors of histone deacetylase and

Topoisomerase if and Toposiomerase | and™] histone deacetylase inhibitors equipped with



estrogen receptor modulation activity Janus Kinase 2 (JAK2) and histone deacetylageetific
inhibitors™ and, c-Met/ HDIs based on pyridazinone derivatiieSigure 3 illustrates the various
examples of compounds that target dual or mulsgealing pathways.

HDIs increase acetylation of both histone and nigitehe proteins, such as HSP 90. HSP9O0 is a
reported downstream target of HDAC6 and inhibitofsHDACG6 lead to destabilization of the
HSP90 chaperone function resulting in protein deggian’’ Various HDIs have been used
synergistically with HSP90 inhibitors (Figure 4)studies like; HSP90 inhibitor NVP-AUY922)(+
PXD101 @) for anaplastic thyroid carcinortfa HSP90 inhibitor SNX54221l) + PXD101
(3)/SAHA (1)/Trichostatin A for treatment of anaplastic thygt@iarcinom&’, 17AAG (Il ) a HSP90
inhibitor + SAHA ()/sodium butyrate to induce apoptosis in human éenila cell§’ and, histone
deacetylase inhibitor LBH58%) + HSP90 inhibitor 17-AAG for human CML-BC cellaca AML

cells with activating mutation of FLT-3.

1.1 Design Rationale

In the field of drug discovery, a single compouhdttsimultaneously competes with multiple
targets is an emerging paradigm. Multiple ligandsighed in this way offer a cost-effective strategy
over multi-drug combinations and are less likelyhave drug-drug interactions. Reports have
suggested that treatment with HDIs re-sensitizestant cells that have acquired resistance towards
not only compoundll but also towards other HSP90 inhibitors afterttresnt withlll . This further
supports the idea of using HSP90 and HDIs as a icatibn therapy? Consequently, we used
DML strategy to discover dual inhibitors of HSPAtdaHDAC using SAHA ) as a template with
modified surface recognition cap using resorciféggre 5). Due to better stability, resorcinol
moiety has been preferably used for developmentapious HSP9O0 inhibitors (figure 4). Thus

synthesized multiple ligands have potencies immgomolar range against various cancer cell lines,



downregulate various client proteins of HSP90 ardlAB, and are lead compounds for further

modifications in the development of more potentldofaibitors of HDAC and HSP9O0.

Results and discussion
2.1 Chemistry.

Syntheses of various-butoxycarbamate aniline¢34-41) are shown in Scheme. ITEA
(Triethylamine) and DMAP (4-Dimethylaminopyridinejere added to a solution of the appropriate
nitroaniline 8-30) in Dichloromethane (DCM) to which was added Botwaride (Ditert-butyl
dicarbonate) dissolved in DCM. Thus obtained vasit#oc-nitroanilines were alkylated using
sodium hydride and various alkyl halides diin DMF. The resulting alkyl halides were reduced
using Fe/NHCI to give the corresponding anilin€®{41) in up to 80% yield.

Syntheses of various hydroxama{é3—27 are illustrated in Scheme Esters were synthesized
using HBTU (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium h#xarophosphate), DIPEA
(N,N-Diisopropylethylamine) and appropriate aliphatoda(C-5 to C-8) added to a solution of the
appropriate amine3@-41) in DMF. Amidation using 1,4-dibenzyloxy-5-isopygdenzoic acid using
HBTU and DIPEA provided corresponding amidé2-%2) with yields of 49-65%. 1,4-dibenzyloxy-
5-isopropyl benzoic acid was prepared following pelished procedufé

A mixture of 1IN LiOH (Lithium hydroxide) and2-52 was stirred at 40C for 2 h. Precipitates
obtained after work up were filtered, dried, dissol in DMF and amidation was accomplished with
NH,OBn using EDCeHCI (N-(3-dimethylaminopropyl)-éthylcarbodiimide HCI), HOBt (1-
hydroxybenzotriazole) and NMM (N-methylmorpholin®e-protection of NHOBn was achieved
using 10% Pd/C in methanol undes a4 room temperature. The deprotected compound wfseg
to yield compound47-27in 49-63% vyield.

2.2 Biological evaluation.

2.2.11nhibition of HeLa nuclear HDAC enzyme and HSP90a.



Compoundsl7-27 were evaluated for their HDAC inhibitory activitssing HeLa nuclear extract
as HDAC source. They were also examined for agtagfainst HSP30(Table 1).Compoundl?, in
which R, = H and there is an alkyl chain of six carbons6{Cattached to the-position of the
benzamide, displays HDAC inhibitory activity &= 415 nM) but does not exhibit activity against
HSPO@ (ICso = >1000 nM). SAHA, a HDI, has g = 98 nM against HDAC HelLa extract but no
HSPO@ inhibitory activity >1000 nM. On the other hand/-AAG, a HSP 90 inhibitor, exhibits
potent HSP9@ inhibition (ICs5p = 98 nM) but no HDAC inhibitory activity (I§ >1000 nM). To
investigate the regiomeric effect of the alkyl charith respect to the benzamide, compouhfls
(meta) and19 (ortho) were synthesized and evaluated. Compdlfhdas increased HDAC inhibitor
activity (ICso = 126 nM) but there was no change with respethéoactivity against HSP8Q(ICsg
>1000 nM) as compared witti7. CompoundL9 fails to show any apparent potency against HDAC
and HSP9@. To evaluate the effect df-alkyl substitution of benzamide (R H), compound<20 -

24 were synthesized. Compoun28 (para, N-Me, whose IC50 with HSP@0s 1C5p = 153 nM) 21
(meta, N-Me, 1C5o = 302 nM),22 (para, N-Et, ICso = 186 nM) and®3 (meta, N-Et, ICsp = 145 nM)
show significant improvement in their HSP90a intaby compared to that of their precursors. For
the activity against HDAC ofpara-substituted compounds, the inhibitory activity bfMe
substitution 20, ICso = 194 nM) was better than for tiNEt compound 42, ICso = 461 nM). The
reverse order was favored foeta-substituted compounds, and tH8(N-Et, 1Cso = 126 nM)is less
active than21 (N-Me, ICsp = 211 nM). These results indicate the favorability of compaind
containing anN-substituted benzamide group for dual inhibitionHIDAC and HSP9@. The N-
isopropylamide Z4) displays diminished activity (HDAC and HSROQCs, >1000 nM) suggesting
that a bulky group is not favored. To evaluatedffect of alkyl chain length on the activity of $hi
series, compound&5 (C-5), 26 (C-7) and 27 (C-8) were synthesized and evaluated. These
compounds maintain HDAC inhibitory activity with mpound 26 exhibiting the best HSP80

inhibition (ICso = 77 nM) amongst all the compounds. The lower HOARIbitory activity of27 (C-



8; ICs0 = 671 nM) compared to its precuri (C-7; IG = 360 nM) indicates that a chain length

C-7 is optimum for maintaining activity.

2.2.2In Vitro Cell Growth Inhibitory Activity.

The anti-proliferative activity of the synthesizhgdroxamates1(/—27) against lung carcinoma
A549 cells, human colon cancer HCT116 cells and drumon-small cell lung EGFR-resistant
cancer cells H1975 was evaluated (Table 1). Caselegrowth inhibitory results are consistent with
the HDAC and HSP90inhibitory activities. Compoundk/-19 (R; = H); fail to show potent activity
in cancer cell lines with exception of the humatonacancer HCT116 cellsl{ (Glsp = 5.43 pM),

18 (Glsp = 6.23 uM),19 (Glso = 4.92 uM)}. N-alkylated compounds2Q — 23) showed marked
improvement in cancer cell growth inhibitory adti@s and their results are consistent with the
HDAC and HSP9@ inhibition. Compound0 (para, N-Me) displayed potent activity in the sub-
micromolar range (A549 G = 0.77 uM; HCT116 Gb = 0.83 uM and H1975 @ = 0.69 uM).
Cell growth inhibitory activities followed the sanieend as that of HDAC and HSR®hibition
with apara N-Me compound0 (A549 Gko = 0.77 uM; HCT116 Gb= 0.83 uM and H1975 g =
0.69 uM)> 22 (A549 Gkp = 5.63 uM; HCT116 Gb= 3.56 uM and H1975 & = 1.38 uM) and the
N-Et substitutedneta derivative23 (A549 Gko = 1.59 uM; HCT116 G = 1.12 uM and H1975
Glso = 0.94 pM)> 21 (A549 Gko = 2.30 pM; HCT116 Gh = 1.17 pM and H1975 G = 1.66 pM).
Compound24 was active against only HCT116 cells withsd& 6.23 uM. To explore the effect of
alkyl side chain on the SAR, compounis - 27 were synthesized and evaluated. Each of these
compounds showed potent cell growth inhibition w&th(A549 Gky = 0.44 uM; HCT116 G} =
1.06 uM and H1975 @ = 0.40 uM) maintaining an appropriate balance betwcell growth

inhibitory activity and HDAC and HSP#dnhibitory activity.

2.2.3HDAC I soform I nhibition.



Compound<20 and 26 were tested for enzymatic activities of HDAC isofs, including HDAC
isoform 1-11 and, SIRT1 (Table 2). The results indicated thath20 and 26 decrease enzymatic
activities of various HDAC isoforms witR0 exhibiting at least 22 times more selectivity IRIDAC

6 isoform with an 16, value of 0.04 uM.

2.2 .4Effects of Test Compounds on HSP90-Regulated Client Proteins

HSP 90 chaperone inhibitors reportedly cause pnocead induction of HSP70, and quantification
of HSP70 levels is related to the potency of HSk®fbition. Thus, HSP70 induction can be a
useful marker to predict the effects of HSPO iithits 2***We explored the protein levels of HSP70
and well-known HSP90 clients after drug treatmé&mxposure to test compounds induces HSP70
expression and downregulates the protein levetdi@ft proteins, such as EGFR, Src, FAK, and Rb.

Figure 6 shows the HSP90 inhibitory activity of quounds20 and26.

2.2.5Effect of a-Tubulin and Histone H3 Acetylation on Human Non-Small Cell Lung Cancer
Cells.

Compounds20 and 26 were evaluated by western blot analysis for theitity to acetylateo-
Tubulin and Histone H3. The expression of these KEBBAhibition biomarkers was observed in a
concentration-dependent fashion upon treatment 20tbr 26 (Figure 7). The results indicate that

these compounds are potent inhibitors of HDACsum&n non-small cell H1975 lung cancer cells.

2.2.6Effect of cell cycle distribution and cell death on Human Non-Small Cell Lung Cancer Cdlls.

We evaluated cell cycle distribution alterationr@sponse t@0 and26 by Flow Cytometry. As
shown in Figure 8A, treatment with higher concetidres of 20 and26 induce severe subG1 phase
cells accumulation, suggesting these two compogeterate dramatic cell death in H1975 cells.
Further,20 and 26 induce apoptosis by activating caspase 3,8,9, PARBYH2AX (Figure 8B).

These results indicat) and26 are potent inducers of apoptotic cell death in human-small cell



H1975 lung cancer cells.

2.2.7Effect of IFN-y induced PDL-1 expression in Human Non-small Cell Lung Cancer Cdlls.

T cells, especially cytotoxic T cells, can infilieanto the tumor area to eliminate tumor cells by
releasing cytotoxins (perforins and granzymes) iafldmmatory cytokines (IFN-and TNFe)?%%.
However, IFNy also triggers the expression of programmed degéimdl 1 (PD-L1) on the surface
of many tumor cells, leading T-cell suppression anthune evasion of tumor cells from cellular
cytotoxicity’®°. To investigate whether the Compou2@sand26 prevent the IFNrinduced PD-L1
up-regulation in tumor cells, PD-L1 expression amian non-small cell lung cancer cells (H1975)
was stimulated by 20 ng/ml of IFiNand these cells were co-treated with compo@tdsr 26. The
western blot analysis (Figure 9A) shows that conmad20 and26 could effectively reduce PD-L1
expression in IFN-treated H1975 cells in a dose dependent mannaedver, the expression level

of surface PD-L1 on IFN-treated H1975 cells could also be inhibited by pounds20 and26 with

the concentrations above 0.25uM (Figure 9B, 9C).

3. Conclusion

We have designed a series of novel hydroxamic 4&if27) as potent dual inhibitors of histone
deacetylase and the HSP90 chaperone. Alkylated @ongs 20-23 were more potent than the non-
alkylated compoundsly-19. Compound<0 (para, N-Me, C-6, HDAC 1Gy = 194 nM; HSP9&@
ICs50 = 153 nM) and26 (para, N-Me C-7, HDAC 1Go = 360 nM; HSP9& ICso = 77 nM) exhibited
most potent activities while maintaining inhibitioh HDAC and HSP9@. An alkyl side chain of 7
carbons was found to be the maximum tolerable lengobmpound®0 showed potent HDAC 6
inhibition with 1G5 value of 0.04 uM and is 26 to 222 times more seledor HDAC 6 isoform
compared to other synthetics. Upregulation of HSBi@@ downregulation of well-known HSP90

client proteins such as EGFR, Src, FAK, and Rbhrindicates the HSP90 inhibitory potential of



20 and 26. They induce apoptosis by activating caspase ,3B&RP, andyH2AX. Substantially,
compounds20 and26 downregulate PD-L1 expression in IRN¥reated lung H1975 cells in a dose
dependent manner thus could be lead moleculesifibrefr development owing to their tumor growth

and immunosuppression inhibitory activities.

4. Experimental section
4.1 Chemistry.

Nuclear magnetic resonancé!(NMR, **C NMR) spectra were obtained with a Bruker DRX-500
spectrometer (operating at 300 MHz and 500 MHzdh whemical shifts in parts per million (ppm,
0) downfield from TMS as an internal standard. Hrgkelution mass spectra (HRMS) were
measured with a JEOL (JMS-700) electron impact (B8ss spectrometer. Purity of the final
compounds was determined using an Hitachi 200@s&tPLC system using C-18 column (Agilent
ZORBAX Eclipse XDB-C18 5uM. 4.6 mm x 150 mm) and were found to>b85%. Flash column
chromatography was done using silica gel (Merckskigel 60, No. 9385, 230-400 mesh ASTM).
All reactions were carried out under an atmospbécky N,.

N-4-Nitrophenyl-t-butylcarbamate (31).A solution of ditert-butyl dicarbonate (0.91 g, 4.20 mmol)
in DCM was added dropwise to a solution of 4-nitibae (28, 0.5 g, 4.20 mmol), TEA
(trimethylamine, 0.59 mL, 4.20 mmol) and DMAP (4niEthylaminopyridine, 0.25 g, 2.10 mmol)
and the mixture was stirred for 3 h. The reacti@s when quenched using® extracted with DCM
(25 mL x 5) and purified by column chromatograpbygive 31 in 78% yield,"H NMR (300 MHz,
CDCl): § 1.55 (s, 9H), 6.82 (bs, 1H), 7.53 (k= 9.3 Hz, 2H), 8.20 (d] = 9.3 Hz, 2H).
N-4-Aminophenylt-butylcarbamate (34). 31(1.1 g, 4.45 mmol) was dissolved in a mixtureRAl
H,O (isopropyl alcohol: water. 4:1). Iron powder (Fe74 g, 13.35 mmol), N}l (ammonium
chloride, 0.47 g, 8.89 mmol) were added and theiuréxwas refluxed for two hours. After cooling

to room temperature, the reaction mixture was rélethrough celite and extracted with EtOAc



(ethyl acetate, 25 mL x 3). The combined organigedlawas dried over anhydrous Mg&O
concentrated under reduced pressure and purifiecblynn chromatography to giv&4 as white
solid in 91% yield*H NMR (300 MHz, CROD): § 1.48 (s, 9H), 7.12. (d,= 9.0 Hz, 2H), 7.15 (d]

= 9.3 Hz, 2H).

7-[4-(2,4-Bis-benzyloxy-5-isopropyl-benzoylamino)4penylcarbamoyl]-heptanoic acid methyl
ester (42).HBTU (1.82 g, 3.59 mmol), DIPEA (0.84 mL, 4.80 mmahd monomethyl suberate
(0.93 mL, 5.28 mmol) were added to a solutior84f1.0 g, 4.80 mmol) in DMF (10 mL) and the
mixture was stirred for 12 h at rt. Then the reattwas quenched with,B and extracted using
EtOAc, dried over MgS@and passed through a filter column to give corredpay ester which was
dissolved in the minimum amount of dioxaneCHwith pH adjusted to 3 using 3N HCI was added
and the reaction mixture was stirred at reflux owgit to yield the corresponding free amine. The
reaction was basified and extracted using EtOAem tiiried, concentrated and passed through a filter
column to give the free amine. To a solution of thhee amine (1.0 g, 3.59 mmol) in DMF (10 mL)
was added HBTU (1.36 g, 3.59 mmol), DIPEA (0.66 n3.L59 mmol) and 1,4-dibenzyloxy-5-
isopropyl benzoic acid (0.76 g, 4.31 mmol) and s$béution was stirred for 12 h at 8¢ . The
reaction mixture was quenched with@and extracted with EtOAc (25 mL x 3). The comdine
organic layer was collected, dried over anhydrowSK}, and concentrated under reduced pressure
to give a light yellow residue, which was purifieg silica gel chromatography (EtOAc:n-hexane = 1:
1) to give42 as a colorless liquid in 65% vyield (overall fr@4), *"H NMR (300 MHz, CROD): §
1.27 (t,J = 6.9 Hz, 6H), 1.38- 1.41 (m, 4H), 1.62 — 1.69 @hl), 2.32 - 2.38 (m, 4H), 3.65. (s,
3H),5.25 (s, 2H), 5.29 (s, 2H), 6.92 (s, 1H), 7dl8(= 9.0 Hz, 2H), 7.38 — 7.51 (m, 10 H), 7.56 —
7.58 (m, 2H), 7.98 (s, 1H).

Octanedioic acid [4-(2,4-dihydroxy-5-isopropyl-benaylamino)phenyllamide hydroxyamide
(17). A mixture of 1N LiOH (7 mL) and42 (1 g, 1.57 mmol) was stirred at 4@ for 2 h. The

reaction was concentrated under reduced pressutetheem HO was added. The mixture was



acidified with 3N HCI to give an off-white liquidThe off-white liquid (0.07 g, 0.11 mmol) was
dissolved in DMF (1 mL) and EDC<HCI (0.03 g, 0.16n01), HOBt (0.02 g, 0.16 mmol), and NMM
(0.04 mL, 0.38 mmol) were added. After being stiree room temperature for 30 min, NbBn
(0.02 g, 0.12 mmol) was added and the mixture wared for an additional 5 h. The reaction
mixture was quenched with,B and was extracted with EtOAc (25 mL x 3). The borad organic
layer was collected, dried over anhydrous Mg&@d concentrated under reduced pressure to give a
light yellow residue, which was purified by silicgel chromatography (EtOAshexane = 1. 1) to
give a colorless liquid. To a solution of the réisig product in methanol (10 mL) was added 10%
Pd/C and the mixture was stirred at room tempegator 3 h under K The reaction mixture was
filtered through celite, concentrated under redupezbsure and purified by column to afford the
desired compoundL{), in 63% vyield (from42); *"H NMR (300 MHz, CROD): § 1.25 (d,J = 6.9 Hz,
6H), 1.39-1.42 (m, 4H), 1.62-1.72 (m, 4H), 2.12)(t 7.5 Hz, 2H), 2.38 () = 7.5 Hz, 2H), 3.17-
3.26 (m, 1H), 6.35 (s, 1H), 7.53-7.60 (m, 4H), 7(851H).*C NMR (300 MHz, CROD): 25.21,
25.37, 26.59, 28.44, 28.52, 36.44, 102.26, 107120,22, 121.84, 126.08, 127.30, 134.15, 135.00,
160.07, 173.13. LRMSwz calculated 480.49 found 480.2 (M+Na). HRMS (EShH3.N306
(M+H™) calcd, 458.2291; found, 458.2287.

N-3-Nitrophenyl-t-butylcarbamate (32). Compound32 was synthesized usirgrnitroaniline @9,

0.5 g, 4.20 mmol), TEA (0.59 mL, 4.20 mmol), DMAB.Z5 g, 2.10 mmol) and dert-butyl
dicarbonate (0.91 g, 4.20 mmol) following the methesed for the synthesis of compousd to
give 32in 81% vield,*H NMR (300 MHz, CDCY): § 1.58 (s, 9H), 6.69 (bs, 1H), 7.72 (b= 7.8 Hz,
1H), 7.85 — 8.02 (m, 3H).

N-3-Aminophenylt-butylcarbamate (38). Compound38 was synthesized using2 (1.1 g, 4.45
mmol) dissolved in a mixture of IPAZD (4:1), iron powder (0.74 g, 13.35 mmol) and /8H(0.47

g, 8.89 mmol) following the method used for thethgsis of compound4, to give38 as white solid

in 79% yield*H NMR (300 MHz, CROD): § 1.46 (s, 9H), 6.85 (d = 7.8 Hz, 1H), 7.07 — 7.13 (m,



2H), 7.20 (dJ = 8.1 Hz, 1H), 7.26 (s, 1H).
7-[3-(2,4-Bis-benzyloxy-5-isopropyl-benzoylamino)4penylcarbamoyl]-heptanoic acid methyl
ester (43).Compound43 was synthesized usirg8 (1.0 g, 4.80 mmol) in DMF (10 mL), HBTU
(1.82 g, 3.59 mmol), DIPEA (0.84 mL, 4.80 mmol) andnomethyl suberate (0.93 mL, 5.28 mmol)
following the method used for the synthesis of coomu42, to give43 as a colorless liquid in 62%
yield (overall from38); *H NMR (300 MHz, CDCY)): § 1.01-1.11 (m, 6H), 1.37-1.40 (m, 4H), 1.77-
1.88 (m, 4H), 2.33 () = 7.2 Hz , 2H), 2.41 — 2.42 (m, 2H), 3.27-3.36 (), 3.64. (s, 3H), 5.05(s,
2H), 5.26 (s, 2H), 6.54 (s, 1H), 7.39 — 7.40 (MH)57.82 (s, 1H).

Octanedioic acid [3-(2,4-dihydroxy-5-isopropyl-benaylamino)-phenyl]-amide hydroxyamide
(18). Compoundl8 was synthesized using a mixture of 1N LiOH (1 mhyp43 (0.1 g, 0.15 mmol)
following the method used for the synthesis of commqul 17, to afford the desired compoud® as

an off white liquid, in 59% yield (from3); '"H NMR (300 MHz, DMSO-d6)5 1.18 (d,J = 6.9 Hz,
6H), 1.23-1.28 (m, 4H), 1.44-1.59 (m, 4H), 1.93J)( 7.5 Hz, 2H), 2.29 () = 7.5 Hz, 2H), 3.06-
3.24 (m, 1H), 6.37 (s, 1H), 7.22-7.35 (m, 3H), 7(861H), 7.96 (s, 1H), 8.65 (s, 1H), 9.90 (s, 1H),
10.14 (d,J = 8.4 Hz, 2H), 10.33 (s, 1HYC NMR (300 MHz, CROD): 13.66, 21.98, 24.87, 25.18,
25.43, 26.48, 28.46, 28.52, 28.64, 28.66, 30.48373234.11, 34.51, 35.78, 36.01, 102.52, 107.50,
125.19, 125.38, 125.68, 126.18, 127.62, 130.01,0832132.14, 155.14, 159.23, 160.33, 163.54,
167.77, 167.90, 171.71, 174.39, 174.45. LRMS calculated 480.49 found 480.1 (M+NaHRMS
(ESI) G4H3N30s (M+H™), calcd, 458.2288; found, 458.2286.

N-2-Nitrophenyl-t-butylcarbamate (33). Compound33 was synthesized using 2-nitroaniling0
0.5 g, 4.20 mmol), TEA (0.59 mL, 4.20 mmol) and DM{0.25 g, 2.10 mmol) following the method
used for the synthesis of compowt to give33in 72% vyield,"H NMR (300 MHz, CDCJ): & 1.56

(s, 9H), 7.07-7.13 (m, 1H), 7.59 -7.76 (m, 1H),B(@d,J = 8.4, HzJ = 9.9 Hz, 1H), 8.57 (dd] =
8.4, HzJ = 8.7 Hz, 1H), 9.68 (s, 1H).

N-2-Aminophenyl-t-butylcarbamate (41). Compound4l was synthesized using3 (1.0 g, 4.40



mmol) which was dissolved in a mixture of IPA® (4:1) and iron powder (0.69 g, 12.88 mmol),
NH4CI (0.39 g, 8.72 mmol) following the method usedtfte synthesis of compourdd, to give4l

as white solid in 77% yieldH NMR (300 MHz, CROD): & 1.48 (s, 9H),7.14 - 7.24 (m, 2H) 7.35. (d,
J=8.1Hz, 2H), 7.53 (d] = 8.4 Hz, 2H).
7-[2-(2,4-Bis-benzyloxy-5-isopropyl-benzoylamino)4penylcarbamoyl]-heptanoic acid methyl
ester (44).Compound44 was synthesized usingl (1.0 g, 4.80 mmol) in DMF (10 mL), HBTU
(1.82 g, 3.59 mmol), DIPEA (0.84 mL, 4.80 mmol) andnomethyl suberate (0.93 mL, 5.28 mmol)
following the method used for the synthesis of commqu42, to give44 asa colorless liquid in 57%
yield (overall from41), *H NMR (300 MHz, CROD): § 1.11- 1.26 (m, 6H), 1.31-1.36 (m, 4H),
1.52-1.74 (m, 4H), 2.29-2.25 (m, 2H), 2.37-2.45 @H), 3.10-3.21 (m, 1H), 3.66. (s, 3H), 5.15(s,
2H), 5.31 (s, 2H), 6.78 (s, 1H), 7.14-7.22 (m, 2 HB5-7.54 (s, 14H).

Octanedioic acid [2-(2,4-dihydroxy-5-isopropyl-benaylamino)-phenyl]-amide hydroxyamide
(19). Compoundl9 was synthesized using 1N LiOH (1 mL) a##l(0.1 g, 0.15 mmol) following the
method used for the synthesis of compodidto give 19 as a colorless liquith 49% vyield (from
44); '"H NMR (300 MHz, CROD): § 1.25 (d,J = 6.9 Hz, 7H), 1.29-1.34 (m, 4H), 1.49-1.58 (m,)2H
1.65-1.72 (m, 2H) 2.02-2.04 (m, 2H), 2.44Xt 7.5 Hz, 2H), 3.17-3.26 (m, 1H), 6.37 (s, 1HRCZ.
7.25 (m, 1H), 7.28-7.33 (m, 2H), 7.68 (s, 1H), 7@1J = 7.8 Hz, 1H).**C NMR (300 MHz,
DMSO-d6): 23.13, 25.47, 25.55, 26.39, 28.87, 313671, 36.17, 36.26, 103.05, 108.48, 124.71,
124.91, 126.32, 126.86, 127.01, 130.30, 159.06,086062.81, 166.60, 169.61, 172.87. LRM&
calculated 480.49 found 480.2 (M+Na). HRMS (ESHH3:Nz0s (M+H") calcd, 458.2287; found,
458.2286

N-4-Aminophenyl-N-methyl-t-butylcarbamate (35) 60% NaH (0.36 g, 9 mmol) was added €0

to a solution of31(1.4 g, 6 mmol) in DMF and the mixture was stirfed5 min before adding Ci
(0.75 mL, 9 mmol). The reaction mixture was stirfedanother 30 min at rt, then quenched by slow

addition of HO and extracted with EtOAc (25 mL x 3). The comMdieganic layer was dried over



anhydrous MgS@and concentrated under reduced pressure. Thid gragluct (1.6 g, 6.46 mmol)
was dissolved in a mixture of IPA;B (4:1) then iron powder (1.1 g, 19.38 mmol) and;&@HO0.7 g,
12.92 mmol) were added following the procedure usedhe synthesis of compouidd, to give35
as white solid in 79% vyield (fror81), *H NMR (300 MHz, CROD): § 1.48 (s, 9H), 2.59 (s, 3H),
6.82. (d,J = 9.0 Hz, 2H), 7.15 (d] = 8.7 Hz, 2H).
7-{4-[(2,4-Bis-benzyloxy-5-isopropyl-benzoyl)-methiyamino]-phenylcarbamoyl}-heptanoic

acid methyl ester (45)Compound5 was synthesized usirg% (1.0 g, 4.50 mmol) in DMF (10 mL),
HBTU (1.71 g, 4.50 mmol), DIPEA (0.78 mL, 4.50 mmahd monomethyl suberate (0.87 mL, 4.95
mmol), following the method used for synthesis ofnpound42, to 45 give as a colorless liquid in
61% vyield (overall fronB5), mp: 138-14¢°C. *H NMR (300 MHz, CROD): § 1.07 (bs, 6H), 1.31-
1.38 (m, 4H), 1.63 — 1.68 (m, 4H), 2.32 - 2.34 &), 3.12-3.20 (m, 1H), 3.59 (s, 3H), 3.64. (s, 3H)
4.95(bs, 4H), 6.46 (s, 1H), 6.93 — 6.97 (m, 3H3377.47 (m, 12 H).

Octanedioic acid {4-[(2,4-dihydroxy-5-isopropyl-bezoyl)-methyl-amino]-phenyl}-amide
hydroxyamide (20).Compound20 was synthesized using 1N LiOH (7 mL) afl(1 g, 1.53 mmol)
following the method used for synthesis of compodidto give 20 as white solid, in 64% vyield
(from 45); mp: 164-165C."H NMR (300 MHz, CROD): § 0.82 (d,J = 6.6 Hz, 6H), 1.31-1.38 (m,
4H), 1.64-1.69 (m, 4H), 2.10 @,= 7.2 Hz, 2H), 2.36 (1] = 7.2 Hz, 2H), 2.88-2.97 (m, 1H), 3.41 (s,
3H), 6.19 (s, 1H), 6.61 (s, 1H), 7.12 (= 8.4 Hz, 2H), 7.56 (d] = 8.7 Hz, 2H)**C NMR (300
MHz, CDsOD): 21.53, 25.21, 25.31, 25.48, 28.46, 32.32, 363¥.71, 101.93, 109.02, 120.41,
125.61, 126.87, 128.03, 137.44, 141.09, 158.07,3858171.92, 173.19. LRM®&Vz calculated
494.52 found 494.2 (M+Na). HRMS (ESI}4H3,N30s (M+H") calcd, 472.2448; found, 472.2444.
N-3-Aminophenyl- N-methylt-butylcarbamate (39). Compound39 was synthesized usirg? (1.4

g, 6 mmol) in DMF, 60% NaH (0.36 g, 9 mmol) and {££0.75 mL, 9 mmol) following the method
used for the synthesis of compoudfl to give39 as white solid in 72% yield (fror82), *H NMR

(300 MHz, CDC}): & 1.42 (s, 9H), 3.23 (s, 3H), 6.96-6.70. (m, 1HRI7(t, J = 8.1 Hz, 1H), 7.35-



7.39 (m, 1H), 7.59 (t, J = 2.1 Hz, 1H).
7-{3-[(2,4-Bis-benzyloxy-5-isopropyl-benzoyl)-methiyamino]-phenylcarbamoyl}-heptanoic

acid methyl ester (46) Compoundt6 was synthesized usir@9 (1.0 g, 4.50 mmol) in DMF (10 mL),
HBTU (1.71 g, 4.50 mmol), DIPEA (0.78 mL, 4.50 mihahd monomethyl suberate (0.87 mL, 4.95
mmol) following the method used for synthesis ainpound4?2, to give46 as a colorless liquid in
56% yield (overall fron89), *H NMR (300 MHz, CRQOD): § 1.07-1.09 (m, 6H), 1.31-1.36 (m, 4H),
1.59-1.68 (m, 4H), 2.88-2.34 (m, 4H), 3.12-3.19 (H), 3.41 (s, 3H), 3.64. (s, 3H), 4.92-4.97 (m,
4H), 6.46 (s, 1H), 6.74 (s, 1H), 6.99-6.71 (m, 2HP4 -7.39 (m, 10 H), 7.56 (s, 1H).

Octanedioic acid {3-[(2,4-dihydroxy-5-isopropyl-bezoyl)-methyl-amino]-phenyl}-amide
hydroxyamide (21). Compound21 was synthesized using 1N LiOH (1 mL) a4€ (0.1 g, 0.15
mmol) following the method used for the synthegisampoundl?, to give2l, in 61% yield (from
46); mp: 173-1748°C*H NMR (300 MHz, DMSO-d6)3 0.77 (d,J = 6.9 Hz, 6H), 1.23 (bs, 8H),
1.42-1.53 (m, 4H), 1.90-1.95 (m, 2H), 2.24Xt 7.5 Hz, 2H), 2.79-2.86 (m, 1H), 3.29 (s, 3HL%.
(s, 1H), 6.60 (s, 1H), 6.86 (d= 7.8 Hz, 1H), 7.23 (1] = 8.1 Hz, 1H), 7.41 (d] = 8.1 Hz, 1H), 7.51
(s, 1H), 8.64 (s,1H), 9.72 (s,1H), 9.78 (s,1H),310(s, 1H), 10.70 (s, 1H}*C NMR (300 MHz,
CD;0OD): 21.60, 25.13, 25.24, 25.32, 25.49, 28.46,2828.71, 30.38, 32.37, 34.05, 35.00, 35.68,
36.51, 37.88, 102.03, 108.51, 117.95, 118.08, ¥21125.65, 128.17, 129.54, 139.92, 146.03,
158.29, 158.80, 163.52, 171.64, 171.92, 173.33. BRNZ: calculated 494.52 found 494.2 (M+Na
HRMS (ESI) GsH34NzOs (M+H") calcd, 472.2444; found, 472.2442.
N-4-Aminophenyl-N-ethyl-t-butylcarbamate (36). Compound36 was synthesized usirgi (0.93 g,
3.90 mmol) in DMF, 60% NaH (0.24 g, 5.85 mmol) aethyl iodide (0.62 mL, 3.90 mmol)
following the method used for the synthesis of coomul 35, to give 36 as white solid in 81% vyield
(from 31), '"H NMR (300 MHz, CROD): § 1.23 (t,J = 7.2 Hz, 3H), 1.42 (s, 9H) 3.10-3.13 (m, 2H),
6.63. (d,J = 9.0 Hz, 2H), 7.28 (d] = 9.0 Hz, 2H).

7-{4-[(2,4-Bis-benzyloxy-5-isopropyl-benzoyl)-ethyamino]-phenylcarbamoyl}-heptanoic  acid



methyl ester (47).Compound4?7 was synthesized usirg@p (1.0 g, 4.23 mmol) in DMF (10 mL),
HBTU (1.60 g, 4.23 mmol), DIPEA (0.74 mL, 4.23 mihahd monomethyl suberate (0.82 mL, 4.65
mmol) following the method used for the synthedisammpound42, to give47 as acolorless liquid

in 54% vyield (overall fron86), 'H NMR (300 MHz, CROD): § 0.78 (d,J = 7.2 Hz, 6H), 1.23 (1] =

7.2 Hz, 3H), 1.22-1.27 (m, 4H), 1.31-1.41 (m, 4RB0 - 2.34 (m, 4H), 3.06-3.08 (m, 1H), 3.09-3.14
(m, 2H), 3.66 (s, 3H), 5.15(s, 2H), 5.21 (s, 2HR%(s, 1H), 7.10 (d] = 8.2 Hz, 2H), 7.33-7.52 (m,
13H).

Octanedioic acid {4-[(2,4-dihydroxy-5-isopropyl-bezoyl)-ethyl-amino]-phenyl}-amide
hydroxyamide (22).Compound22 was synthesized using 1N LiOH (7 mL) afid(1 g, 1.50 mmol)
following the method used for the synthesis of comml 17, to give22, in 59% yield (from47); *H
NMR (300 MHz, CROD): 5 0.82 (d,J = 6.9 Hz, 6H), 1.21 (J = 6.3 Hz, 3H), 1.38-1.40 (m, 4H),
1.62-1.70 (m, 4H), 2.11 (§,= 6.9 Hz, 2H), 2.37 (] = 7.2 Hz, 2H), 2.90-2.97 (m, 1H), 3.89-3.96 (m,
2H), 6.19 (t,J = 0.9 Hz, 1H), 6.61 (s, 1H), 7.11 @~ 7.8 Hz, 2H), 7.57 (dJ = 8.7 Hz, 2H)*C
NMR (300 MHz, CROD): 11.78, 21.70, 25.05, 25.27, 25.37, 25.53, 828.49, 28.60, 28.69,
32.41, 34.77, 35.79, 36.55, 45.50, 102.09, 109126,48, 120.58, 125.61, 127.85, 128.05, 137.56,
139.18, 158.01, 158.53, 171.44, 171.69, 173.29. BRM+Na)nvVz calculated 508.55 found 508.2.
HRMS (ESI) GeH3eN30s (M+H™) calcd, 486.2599; found, 486.2601.

N-3-Aminophenyl- N-ethylt-butylcarbamate (40). Compound0 was synthesized usirg? (1.0 g,
3.98 mmol) in DMF, 60% NaH (0.25 g, 5.92 mmol) aHsl (0.66 mL, 4.10 mmol) following the
method used for the synthesis of compo8Bgto give40 as white solid in 74% vyield (fror82), *H
NMR (300 MHz, CDC}): § 1.15 (t,J = 7.2 Hz, 3H), 1.42 (s, 9H) 3.42-3.13 (m, 2H),B&657. (m,
1H), 7.13-7.14 (m, 1H), 7.32-7.38 (m, 1H), 7.41)&2.1 Hz, 1H).
7-{3-[(2,4-Bis-benzyloxy-5-isopropyl-benzoyl)-ethymino]-phenylcarbamoyl}-heptanoic  acid
methyl ester (48).Compound48 was synthesized usirgD (1.0 g, 4.23 mmol) in DMF (10 mL),

HBTU (1.60 g, 4.23 mmol), DIPEA (0.74 mL, 4.23 mmahd monomethyl suberate (0.82 mL, 4.65



mmol) following the method used for synthesis ofnpmund42, to give48 as a colorless liquid in
49% vyield (overall from40), *H NMR (300 MHz, DMSO-d6)5 0.98-1.06 (m, 9H), 1.23-1.26 (m,
4H), 1.50- 1.52 (m, 4H), 2.21-2.30 (m, 4H), 3.02B(m, 1H), 3.56 (s, 3H), 3.72-3.80 (M, 2H),
5.01-5.14 (m, 4H), 6.64-6.65 (m, 2H), 6.86-6.88 (i), 7.07-7.46 (m, 1H), 7.23-7.46 (m, 13H),
7.57 (s, 1H), 9.81 (s, 1H).

Octanedioic acid {3-[(2,4-dihydroxy-5-isopropyl-bezoyl)-ethyl-amino]-phenyl}-amide
hydroxyamide (23).Compound3 was synthesized using 1N LiOH (7 mL) a4®l(1 g, 1.50 mmol)
following the method used for the synthesis of commi17, to give23 in 55% yield (from48); *H
NMR (300 MHz, DMSO-d6)3 0.75 (d,J = 6.9 Hz, 6H), 1.09 (t) = 7.2 Hz, 3H), 1.23 (bs, 9H),
1.42-1.53 (m, 4H), 1.90-1.97 (m, 2H), 2.25)t 7.2 Hz, 2H), 2.78-2.85 (m, 1H), 3.74-3.81 (m)2H
6.18 (s, 1H), 6.57 (s, 1H), 6.83 (= 9.0 Hz, 1H), 7.24 (t) = 8.1 Hz, 1H), 7.44-7.49 (m, 2H), 8.64
(s, 1H), 9.72 (s, 1H), 9.90 (s, 1H), 10.32 (s, 1H).84 (s, 1H)**C NMR (300 MHz, CROD): 11.74,
21.59, 25.23, 25.31, 25.47, 28.45, 28.54, 32.36513615.58, 101.98, 108.62, 118.02, 118.87, 122.76,
125.55, 128.11, 129.45, 139.94, 144.31, 158.20,0059171.44, 171.64, 173.34. LRM®/z
calculated 508.55 found 508.2 (M+Na). HRMS (ESHHGsNz0s (M+H) calcd, 486.2599; found,
486.2601.

N-4-Aminophenyl- N-isopropyl+-butylcarbamate (37).60% NaH (0.25 g, 6.28 mmol) was added
at 0°C to a solution 081 (1 g, 4.19 mmol) in DMF and stirred for 5 mins befadding GHsl (0.62
mL, 3.90 mmol). The reaction mixture was stirred doother 30 min at rt and then heated atG0
for 5 h following the method used for synthesicompound35, to give 37 as an off white solid in
69% vyield (from31), '"H NMR (300 MHz, CDC)): 5 1.07 (d,J = 6.6 Hz, 6H), 1.38 (s, 9H), 4.44-4.45
(m, 1H), 6.88-6.95 (m, 4H).
7-{4-[(2,4-Bis-benzyloxy-5-isopropyl-benzoyl)-isompyl-amino]-phenylcarbamoyl}-heptanoic
acid methyl ester (49) Compound9 was synthesized usir8y (0.28 g, 1.12 mmol) in DMF (5 mL),

HBTU (0.42 g, 1.12 mmol), DIPEA (0.19 mL, 1.12 mmahd monomethyl suberate (0.22 mL, 1.23



mmol) following the method used for the synthedismmpound42, to give49 as a colorless liquid
in 49% yield (overall fron87), *H NMR (300 MHz, CROD): § 1.01-1.09 (m, 12H), 1.10-1.29 (m,
4H), 1.51-1.58 (m, 4H), 2.02-2.17 (m, 2H), 2.302n, 2H), 3.11-3.12 (m, 1H), 3.69 (s, 3H),
4.93(s, 3H), 4.96 (s, 2H), 6.44 (s, 1H), 6.87-§1923H), 7.30-7.45 (m, 12 H).

Octanedioic acid {4-[(2,4-dihydroxy-5-isopropyl-bezoyl)-isopropyl-amino]-phenyl}-amide
hydroxyamide (24). Compound24 was synthesized using 1N LiOH (1 mL) a#€é (0.1 g, 1.47
mmol) following the method used for the synthedismmpoundl?, to give24 in 51% yield (from
49); '"H NMR (300 MHz, CROD): § 0.85 (d,J = 6.9 Hz, 6H), 1.18 (d] = 6.9Hz, 6H), 1.36 (bs, 4H),
1.61-1.64 (m, 4H), 2.00-2.10 (m, 2H), 2.34)(& 7.2 Hz, 2H), 2.85-2.98 (m, 1H), 4.93-4.97 (m)1H
6.13 (s, 1H), 6.58 (s, 1H), 7.07 @= 8.7 Hz, 2H), 7.52 (d] = 8.7 Hz, 2H)*C NMR (300 MHz,
CD;OD): 19.95, 21.67, 25.21, 25.31, 25.60, 28.46, 2835.49, 70.06, 101.87, 119.71, 125.46,
127.16, 130.29, 138.15, 157.17, 171.75, 173.24. BRESI)m/z calcd, (M+H) 500.2 found 500.3.
HRMS (ESI) G7H3sN30s (M+H™) calcd, 500.2757; found, 500.2755.
6-{4-[(2,4-Bis-benzyloxy-5-isopropyl-benzoyl)-methiyamino]-phenylcarbamoyl}-hexanoic acid
ethyl ester (50).Compound50 was synthesized usingb (0.62 g, 2.78 mmol) in DMF (5 mL),
HBTU (1.05 g, 2.78 mmol), DIPEA (0.48 mL, 2.78 minahd monoethyl pimelate (0.54 mL, 2.36
mmol) following the method used for the synthedismmpound42, to give50 as a colorless liquid
in 63% vyield (overall fronB5), '"H NMR (300 MHz, CROD): § 1.11-1.26 (m, 9H), 1.62-1.77 (m,
4H), 2.30-2.38 (M, 4H), 2.37-2.45 (m, 2H), 3.018(In, 1H), 3.16-3.32 (M, 2H), 3.42. (s, 3H),
4.08-4.15 (m, 2H), 5.15(s, 2H), 5.28 (s, 2H), 6(81H), 7.14 (dJ = 8.7 Hz, 2H), 7.55 (d] = 8.7
Hz, 2H), 7.78-7.84 (m, 12H).

Heptanedioic acid [4-(2,4-dihydroxy-5-isopropyl-beaoylamino)-phenyl]-amide hydroxyamide
(25). Compound25 was synthesized using 1N LiOH (3 mL) &1@(0.5 g, 0.84 mmol) following the
method used for the synthesis of compodidto give25, in 53% yield (from50); '"H NMR (300

MHz, CD;OD): § 0.82 (d,J = 6.9 Hz, 6H), 1.36-1.44 (m, 2H), 1.61-1.75 (m)4RI11 (t,J = 7.2 Hz,



2H), 2.36 (tJ = 7.5 Hz, 2H), 2.88-2.97 (m, 1H), 3.40 (s, 3HRG®(s, 1H), 6.62 (s, 1H), 7.11 @=

9 Hz, 2H), 7.55 (dJ = 8.7 Hz, 2H)*C NMR (300 MHz, CROD): 21.70, 25.08, 25.56, 32.27, 36.38,
37.93, 102.13, 109.16, 120.55, 125.73, 126.90,028137.37, 141.04, 158.06, 158.21, 171.60,
171.92, 173.16. LRMS (M+B m/z: calculated 458.2 found 458.2. HRMS (ES})Hz3N3:0g (M+H™)
calcd, 458.2287; found, 458.2286.
8-{4-[(2,4-Bis-benzyloxy-5-isopropyl-benzoyl)-methyamino]-phenylcarbamoyl}-octanoic acid
methyl ester (51). Compound51 was synthesized usigp (0.57 g, 2.56 mmol) in DMF (5 mL),
HBTU (0.97 g, 2.56 mmol), DIPEA (0.45 mL, 2.56 mmahd monomethyl azelate (0.55 mL, 2.84
mmol) following the method used for the synthedismmpound4?2, to give colorless liquid &1 in
63% vyield (overall fronB85), *H NMR (300 MHz, CROD): § 1.52-1.53 (m, 4H), 1.76-1.81 (m, 6H),
2.03-2.12 (m, 4H), 2.73-2.78(m, 4H), 3.21-3.25 (H), 3.77 (m, 3H), 4.08 (s, 3H), 5.40 (bs, 4H),
6.91 (s, 1H), 7.39-7.42 (m, 2 H), 7.77-7.84 (m, 14H

Nonanedioic acid [4-(2,4-dihydroxy-5-isopropyl-benaylamino)-phenyl]-amide hydroxyamide
(26). Compound26 was synthesized using 1N LiOH (2 mL) &it(0.4 g, 0.58 mmol) following the
method used for the synthesis of compodidto give26, in 51% yield (from51); '"H NMR (300
MHz, CD;0OD): § 0.76 (d,J = 6.9 Hz, 6H), 1.25-1.32 (m, 6H), 1.55-1.65 (m,) 42104 (t,J = 7.5 Hz,
2H), 2.30 (tJ = 7.5 Hz, 2H), 2.83-2.92 (m, 1H), 3.36 (s, 3HLH(Ss, 1H), 6.56 (s, 1H), 7.07 @@=

8.7 Hz, 2H), 7.51 (dJ = 8.7 Hz, 2H).**C NMR (300 MHz, CROD): 21.57, 25.32, 25.45, 25.50,
28.69, 28.68, 28.74, 37.76, 101.97, 120.42, 123.86,88, 128.06, 141.08, 158.08. LRMS (M}H
m/z calcd. 486.5 found 486.2. HRMS (ESRs836N30s (M+H™) calcd, 486.2599; found, 486.260.
9-{4-[(2,4-Bis-benzyloxy-5-isopropyl-benzoyl)-methyamino]-phenylcarbamoyl}-nonanoic acid
methyl ester (52).Compound52 was synthesized usirgp (0.6 g, 2.69 mmol) in DMF (5 mL),
HBTU (1.02 g, 2.69 mmol), DIPEA (0.47 mL, 2.69 mmahd monomethyl sebacate (0.64 g, 2.96
mmol) following the method used for the synthedismmpound42, to give52 as a colorless liquid

in 63% yield (overall fron85), '"H NMR (300 MHz, CRQOD): § 1.06- 1.08 (m, 6H), 1.31-1.34 (s,



8H), 1.59- 1.68 (m, 4H), 2.28-2.36 (m, 4H), 3.1228(m, 1H), 3.64 (s, 3H), 4.94 (bs, 4H), 6.45 (s,
1H), 6.91-6.97 (m, 2H), 7.32-7.49 (m, 14H).

Decanedioic acid [4-(2,4-dihydroxy-5-isopropyl-berazylamino)-phenyl]-amide hydroxyamide
(27). Compound27 was synthesized using 1N LiOH (2 mL) &l(0.3 g, 0.44 mmol) following the
method used for the synthesis of compoddgdto give 27, in 53% yield (from52); *H NMR (300
MHz, CD;OD): § 0.82 (d,J = 6.6 Hz, 6H), 1.31-1.35 (m, 10H), 1.60-1.68 (h)42.09 (t,J = 7.5
Hz, 2H), 2.35 (tJ = 7.5 Hz, 2H), 2.89-2.95 (m, 1H), 3.42 (s, 3HRG®(s, 1H), 6.61 (s, 1H), 7.13 (d,
J=8.7 Hz, 2H), 7.56 (d] = 9.0 Hz, 2H)*C NMR (300 MHz, CROD): 21.64, 25.07, 25.38, 25.52,
28.73, 28.82, 28.85, 28.91, 32.44, 36.63, 37.82.0H) 108.93, 120.47, 125.64, 126.88, 128.10,
137.46, 141.05, 158.12, 158.44, 171.71, 171.91,3473 RMS (ESI) m/z: calcd, (M+H 500.2

found 500.3. HRMS (ESI) £HssN3Os (M+H") calcd, 500.2759; found, 500.2755

4.2 Biology

4.2.1 Tumor Cell Culture. All human cancer cells were maintained in RPMI @G#&edium
supplemented with 10% FBS and penicillin (100 umt¥streptomycin (10Qug/ml)/amphotericin B
(0.25 pg/ml). All cells were maintained in humidified aiontaining 5% C@at 37°C and cultured
every 2-3 days. All cells were cultured in tissudture flasks in a humidified air containing 5% €0
and 95% air at 37 ° C and cultured every 2-3 days.

4.2.2 Sulforhnodamine B AssaysCells were seeded at a density of 5000 cells/imétl 96-plate
overnight. Basal cells were fixed with 10% tricldacetic acid (TCA) to represent cell population at
the time of compound addition ()T After additional incubation of DMSO (C) or difent doses of
test compounds (Tx) for 48 h, cells were fixed with % TCA and stained with sulforhodamine B
(SRB) at 0.4 % (w/v) in 1% AcOH (acetic acid). Unind SRB was washed out using 1% AcOH and
SRB-bound cells were solubilized with 10 mM Trizrbase. The absorbance was read at a

wavelength of 515 nm. The 50% growth inhibition {§Wwas calculated as 100 — (¥ To) / (C —



To)] % 100.

4.2.3 HelLa Nuclear Extract HDAC Activity Assay. HDAC Fluorescent Activity Assay Kit
(BioVision,CA) was used to detect HeLa nuclear extract HDAGi&g according to manufacturer’s
instructions. Briefly, the HDAGuorometric substrate and assay buffer were addedelLa nuclear
extracts in a 96-well format and incubated at 3#C30 min. The reaction was terminated by
addition of lysine developesind the mixture was incubated for another 30 mi&74C.Additional
negative controls included incubation without theslear extract, without the substrate, or without
both. A fluorescence plate reader with excitatiorB35 nm and emissicat 460 nm was used to
guantify HDAC activity.

4.2.4 HDAC Biochemical AssaysEnzyme inhibition assays (HDAC1-11 and SIRT1) were

conducted by the Reaction Biology Corporation, Maty PA. (www.reactionbiology.com)

Compounds were dissolved in DMSO and tested indd&dGo mode with 3-fold serial dilution
starting at 1uM. HDAC Control Compound trichostatin A was testedh 10-dose 16 with 3-fold
serial dilution starting at 10M as shown in supporting information.

4.2.5 Heat shock protein (HSP) 9@ activity assay.An HSP9@ activity assay kit (BPS Bioscience,
San Diego, CA, USA) was used to determine the camganhibitory effect of HSP30Dactivity
according to manufacturer's instructions. Briethg reactions were conducted at room temperature
for 3h in a 10QuL mixture containing FITC-labeled geldanamycin, B@p enzyme, and test
compounds in assay buffer. Afluorescence polaongilate reader with excitation at 475-49%
and emission at 518-5881 was used to quantify HSRO8ctivity.

4.2.6 FACScan Flow Cytometric analysisCells were seeded in 6-well plates (2.5 x/@ll) and
incubated overnight. Next day cells were treateth\idMSO or indicated compounds at various
concentrations for 48 h. Cells were washed withsphate-buffered saline, fixed in ice-cold 70%
ethanol at —20 °C overnight, and stained with piapn iodide (80 ug/ml) containing Triton X-100

(0.1%, v/v) and RNase A (100 ug/ml) in phosphattdrad saline. DNA content was counted and



analyzed with the FACScan and CellQuest softwasei@ Dickinson, Mountain View, CA, USA).
4.2.7 Western Blot Analysis.Cells were incubated with indicated compounds trh2and lysed
with ice-cold lysis buffer (20 mM Tris-HCI pH 7.850 mM NaCl, 1 mM NzEDTA, 1 mM EGTA,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 2.5 padllycerolphosphate, 1 mM N&O;, 5
mM NaF, 1 mM NgVvVO,and protease inhibitor cocktail from Millipore) ase for 30 min followed

by centrifugation at 13000 rpm for 30 min. Prot@oncentrations were determined and equal
amounts of protein were separated by 8-15% sodiwdedyl sulfate-polyacrylamide gel
electrophoresis (SDS—-PAGE) and transferred to pwiylidene difluoride) (PVDF) membranes.
Membranes were immunoblotted with specific antibediwernight at 4°C and then applied to
appropriate horseradish peroxidase-conjugatednamtise or anti-rabbit IgG secondary antibodies
for 1 h at room temperature. Signals were deteatsthg an enhanced chemiluminescence
(Amersham, Buckinghamshire, UK). Primary antibodigainst heat shock protein 70 (HSP70) and
other proteins were purchased from Cell Signalliaghnology (Danvers, MA, USA).

4.2.8 Western blot analysis of PD-L1 expressioiCell lysates of H1975 cells which were treated
with DMSO, Compound 20, Compound 26, or IFldt various concentrations were electrophoresed
in 10% reducing sodium dodecyl sulfate polyacryldnigel electrophoresis (SDS-PAGE) and
subsequently transferred onto a nitrocellulose nmran# The blots were blocked in 5% milk
(dissolved in phosphate-buffered saline contaird@b% Tween 20 (PBST)) and incubated with
mouse anti-PDL-1 antibody (Cat#AW5698;ABGENT, Saredo, CA, U.S.A.) or mouse arfi-
actin (Cat# A5416; Sigma-Aldrich, St. Louis, MO,8JA.) for 1h. HRP-conjugated goat anti-mouse
IlgG antibodies (lug/ml; Cat# 115-035-003; Jackson ImmunoResearchasdages, West Grove, PA,
U.S.A.) and enhanced chemiluminescence (ECL) satiesfihermo Fisher Scientific, Waltham, MA,
U.S.A.) were used to detect protein signals.

4.2.9 Analysis of PD-L1 expression on cell surfads flow cytometry. H1975 cells were seeded in

6 well-plates (3.2 x 10cells/well) and treated with DMSO, Compou®@d 26, or IFN+y at various



concentrations for 48h. After removing supernataetls were suspended at 3 x°t@lls/tube in
PBS buffer containing 0.05% (w/v) BSA (PBS/BSA) ahén incubated with 5 pg/ml of mouse
anti-PD-L1 antibody (Cat# 14-5983-82; Thermo FisBelentific) for 1h. Then cells were incubated
with FITC-conjugated goat anti-mouse IgG antibo@at§ 115-096-071; Jackson ImmunoResearch
Laboratories) for 1h. After the removal of unbouadtibodies by extensive washing with
PBS/BSA, forward scatter (FSC) signal, side scdqt®3C) signal, and FITC fluorescence of the
cells were measured by FACScan flow cytometer (B@s8ences, San Jose, CA, USA). The data
and mean fluorescence intensity (MFI) of FITC sigmare analyzed by CellQuest software (BD

Biosciences, San Jose, CA, USA).
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Table 1. Inhibition of HeLa Nuclear Extract HDAC Activity @nAntiproliferative Activity (SRB
assay) against Human Cancer Cell LinedB27 and reference compount@igndl 1.

Cell type

.
Compd Lun (Gl5glilirz’cptlg/ll . Lun oz
A54g HCT116 H19$5 HDAC Hela HSPOa
17 >10 5.43 + 0.90 >10 415.07 + 77.6 >1000
18 >10 6.23 + 0.58 >10 105.47 + 14.3 >1000
19 >10 4.92 +0.68 >10 >1000 >1000
20 0.77+0.08  0.83+0.07 0.69+0.06  194.55%45.6 53.07 + 14.7
21 23031  117+045 166+0.18 211.33+56.7 2.39+48.84
22 563+0.16  356+1.17 1.38:0.14  461.7+22.9 6.08%21.08
23 1594022 1124041 0.94%0.12  126.01 +38.5 45.8 + 40.60
24 >10 >10 >10 >1000 >1000
25 2.83+0.14 378+031 069009  391.4%357 9.36226.3
26 044+019  1.06+0.03 040+0.04 360.82+17.8 7.27+4.27
27 1.08+0.11  059+0.16 021+0.08 671.83%56.4 DN
Il 0.0075%0.007 0.34+0.06 0.16 +0.06 >1000 98.33 + 14.96
1 1.02+0.15  055+0.1  2.61+0.13  98.35+10.06 005

8SD: standard deviation. All experiments were indefemtly performed at least three times. ND: not

determined. Gb: 50 % growth inhibition; 1G: half maximal inhibitory concentration.



Table 2. Activities of 20 and26 against HDAC Isoforms 1-11, and SIRT1.

ICs0 (uM)?

isoform 20 26
HDAC1 1.31 6.06
HDAC?2 1.19 491
HDAC3 2.06 1.44
HDAC4 >10 >10
HDAC5 7.86 5.41
HDAC6 0.04 0.316
HDAC7 >10 6.40
HDACS8 0.422 3.41
HDAC9 >10 >10
HDAC10 2.67 >10
HDAC11 3.61 1.89

SIRT1 >10 >10

*These assays were conducted by the Reaction Bi@ogyoration, Malvern, PA. All compounds were
dissolved in DMSO and tested in 10-dose, i@ode with 3-fold serial dilution starting at M. |Csp:
half maximal inhibitory concentration.



Figure Caption
Figure 1. Examples of histone deacetylase inhibitors

Figure 2. Structures of SAHA based potent inhibitors of HDAC

Figure 3. Compounds with dual inhibitory potential
Figure 4. Examples of various HSP90 inhibitors
Figure 5. Dual inhibitors of HDAC and HSP90

Figure 6. 20 and 26 triggered induction of HSP70 and degradation of multiple HSP90 client proteins
in a concentration and time-dependent manner. (A, C) H1975 cells were treated with DMSO (Control;
C) or 0.1-3 uM of test compounds (20 or 26 and 0.1 uM of compound V) for 24 h. Cells were
harvested and subjected to Western blot analysis for the detection of various HSP90 client proteins.
(B, D) H1975 cells were treated with 1 uM of 20 or 26 for the indicated times. Whole cell lysates
were collected, and each protein expression was detected by immunoblotting. GAPDH was used as
the internal control and all experiments were repeated at least three independent experiments.

Figure 7. HDAC inhibitory activity of compounds 20 and 26 in H1975 cells via acetylation of
a-Tubulin and Histone H3. (A, B) The effect of a-Tubulin and Histone H3 acetylation changes in
human non-small cell lung cancer cells. Cells were cultured for 24 h with 20, 26 or compound 1 at
indicated concentrations. Whole cell lysates were detected by immunoblotting. All experiments were
repeated at least three times.

Figure 8. Compounds 20 and 26 induce accumulation of a sub-G1 phase population and significant
cell apoptosis in H1975 cells. (A) Compound 20 (left panel) and 26 (right panel) induced sub-G1
phase cells accumulation. (B) Compound 20 (left panel) and 26 (right panel) induced cell apoptotic
death in H1975 cells. Cells were cultured indicated concentrations with 20 or 26 for 48 h and cell
lysates were detected by indicated antibodies.

Figure 9. Downregulation of PD-L1 expression by Compounds 20 and 26 in IFN-r treated H1975
lung cancer cells. (A) Western blot analysis of PD-L1 expression in cells treated with IFN-y alone
(20 ng/ml) or in combination with Compounds 20 and 26 at the indicated concentrations for 48 h.
B-actin was used as a loading control. (B and C) Flow cytometry analysis of PD-L1 surface
expression in cells treated with IFN-y alone (20 ng/ml) or in combination with Compounds 20 and 26
at the indicated concentrations for 48h. (C) The MFI of treated cells is presented relative as
compare with the MFI of non-treated cells. The data are presented as mean + S.D. obtained from
three independent experiments. **P < 0.01 compared with the IFN-r alone group.



Table 1. Inhibition of HeLa Nuclear Extract HDAC Activity and Antiproliferative Activity (SRB

assay) against Human Cancer Cell Lines by 17-27 and reference compounds 1 and I11.

Cell type

(G|50 + SD, },LMa)

IC50 £ SD (nMa)

Compd Lung Colorectal Lung HDAC Hela HSP90q
A549 HCT116 H1975

17 >10 5.43+0.90 >10 415.07 £ 77.6 >1000
18 >10 6.23 +0.58 >10 105.47 £ 14.3 >1000
19 >10 4.92 +0.68 >10 >1000 >1000
20 0.77 £ 0.08 0.83+0.07  0.69+0.06 19455 +456  153.07 £ 14.7
21 2.3+0.31 1.17£0.45 1.66 £ 0.18 211.33+£56.7 302.29 + 48.84
22 5.63+0.16 3.56 +1.17 1.38 +£0.14 461.7+£22.9 186.07 + 21.08
23 1.59+0.22 1.12+0.41 0.94+0.12 126.01 + 38.5 145.8 + 40.60
24 >10 >10 >10 >1000 >1000
25 2.83+0.14 3.78+0.31 0.69 +0.09 3914+ 357 169.34 £ 26.3
26 0.44 +0.19 1.06 + 0.03 0.40 +0.04 360.82 +17.8 77.21 +£4.27
27 1.08 £0.11 0.59+0.16 0.21+0.08 671.83 +56.4 ND
i 0.0075+0.007 0.34+0.06 0.16 £ 0.06 >1000 98.33 + 14.96
1 1.02+£0.15 0.55+0.1 2.61+0.13 98.35 +10.06 >500

#SD: standard deviation. All experiments were independently performed at least three times. ND: not
determined. Glsg: 50 % growth inhibition; ICso: half maximal inhibitory concentration.



Table 2. Activities of 20 and 26 against HDAC Isoforms 1-11, and SIRT1.

ICs0 (uM)*

isoform 20 26
HDAC1 1.31 6.06
HDAC2 1.19 491
HDAC3 2.06 1.44
HDAC4 >10 >10
HDAC5 7.86 5.41
HDAC6 0.04 0.316
HDAC7 >10 6.40
HDACS8 0.422 3.41
HDAC9 >10 >10
HDAC10 2.67 >10
HDAC11 3.61 1.89

SIRT1 >10 >10

*These assays were conducted by the Reaction Biology Corporation, Malvern, PA. All compounds were
dissolved in DMSO and tested in 10-dose 1Csy mode with 3-fold serial dilution starting at 10 uM. ICsp:
half maximal inhibitory concentration.
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Figure 2: Structures of SAHA based potent inhibitors of HDAC
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Figure 6. Compounds 20 and 26 triggered induction of HSP70 and degradation of multiple HSP90
client proteins in a concentration and time-dependent manner. (A, C) H1975 cells were treated with
DMSO (Control; C) or 0.1-3 uM of test compounds (20 or 26 and 0.1 uM of compound V) for 24 h.
Cells were harvested and subjected to Western blot analysis for the detection of various HSP90 client
proteins. (B, D) H1975 cells were treated with 1 uM of 20 or 26 for the indicated times. Whole cell
lysates were collected, and each protein expression was detected by immunoblotting. GAPDH was
used as the internal control and all experiments were repeated at least three independent experiments.
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Figure 7. HDAC inhibitory activity of compounds 20 and 26 in H1975 cells via acetylation of
a-Tubulin and Histone H3. (A, B) The effect of a-Tubulin and Histone H3 acetylation changes in
human non-small cell lung cancer cells. Cells were cultured for 24 h with 20, 26 or compound 1 at
indicated concentrations. Whole cell lysates were detected by immunoblotting. All experiments were
repeated at least three times.
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Figure 8. Compounds 20 and 26 induce accumulation of a sub-G1 phase population and significant
cell apoptosis in H1975 cells. (A) Compound 20 (left panel) and 26 (right panel) induced sub-G1
phase cells accumulation. (B) Compound 20 (left panel) and 26 (right panel) induced cell apoptotic
death in H1975 cells. Cells were cultured indicated concentrations with 20 or 26 for 48 h and cell
lysates were detected by indicated antibodies.
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Figure 9. Downregulation of PD-L1 expression
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by Compounds 20 and 26 in IFN-y treated H1975

lung cancer cells. (A) Western blot analysis of PD-L1 expression in cells treated with IFN-y alone
(20 ng/ml) or in combination with Compounds 20 and 26 at the indicated concentrations for 48 h.

B-actin was used as a loading control. (B and C)

Flow cytometry analysis of PD-L1 surface

expression in cells treated with IFN-y alone (20 ng/ml) or in combination with Compounds 20 and 26

at the indicated concentrations for 48 h. (C) The

MFI of treated cells is presented relative as

compare with the MFI of non-treated cells. The data are presented as mean £ S.D. obtained from
three independent experiments. **P < 0.01 compared with the IFN-r alone group.



Scheme 1. Synthetic approaches to compounds 34 to 41°
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41: Ortho H

®Reagents and conditions: a) Boc anhydride, DMAP, TEA, DCM, rt, 72-81%); b) (i) alkyl iodides,
NaH, DMF, 0 °C to rt; (ii) NH4CI, Fe, IPA: H,O (4:1), reflux 69-91%.



Scheme 2. Synthetic routes to compounds 17 to 27%
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®Reagents and conditions: a) (i) appropriate long chain acids, HBTU, DIPEA, DMF; (ii) H,0,
dioxane, reflux; (iii) 2,4-dibenzyloxy-5-isopropyl benzoic acid, HOBt, DIPEA, DMF, 49-79%; b) (i)
1M LiOH (aq), dioxane, 40 °C; (ii) NH,OBn, EDC, HOBt, NMM, DMF, rt; (iii) Pd/C, methanol, H,
atmosphere 49-64%.



Research highlights

1. N-alkyl-hydroxybenzoyl anilide hydroxamates show potent dual inhibition of HDAC and
HSP90a.

2. Lead compounds 20 and 26 induce HSP70 expression and down regulate HSP9O0 client
proteins which play important roles in the regulation of survival and invasiveness in cancer cells.

3. Compounds 20 and 26 displayed their HDAC inhibitory effects due to increased acetylated -
tubulin and histone H3 levels.

4. Compounds 20 and 26 could effectively reduce programmed death-ligand 1 (PD-L1)
expression in IFN-y treated lung H1975 cells in a dose dependent manner.



