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ABSTRACT

Isoxazole is a five-membered heterocycle that is widely used in drug discovery 

endeavors. Here, we report the design, synthesis, and structural and biological 

characterization of SS-208, a novel HDAC6-selective inhibitor containing the isoxazole-

3-hydroxamate moiety as a zinc-binding group as well as a hydrophobic linker. A crystal 

structure of the Danio rerio HDAC6/SS-208 complex reveals a bidentate coordination of 

the active-site zinc ion that differs from the preferred monodentate coordination observed 

for HDAC6 complexes with phenylhydroxamate-based inhibitors. While SS-208 has 

minimal effects on the viability of murine SM1 melanoma cells in vitro, it significantly 

reduced in vivo tumor growth in a murine SM1 syngeneic melanoma mouse model. These 

findings suggest the antitumor activity of SS-208 is mainly mediated by immune-related 

antitumor activity as evidenced by the increased infiltration of CD8+ and NK+ T cells and 

the enhanced ratio of M1 and M2 macrophages in the tumor microenvironment. 
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INTRODUCTION

Malignant melanoma represents the most aggressive and the deadliest form of 

cutaneous cancer with increasing incidence, high metastasis, rapid disease progression, 

poor prognosis, and high mortality.1, 2 Patients with metastatic melanoma have poor 

prognosis with a 5-year survival rate of less than 10%.3 A few targeted agent therapies have 

recently become available for metastatic melanoma. For instance, BRAF inhibitors  (i.e., 

dabrafenib) and MEK1/2 inhibitors (trametinib) have been approved as monotherapy or 

combined approach for the treatment of melanoma with mutation.4 However, the clinical 

benefit of these therapies is limited due to the rapid development of resistance associated 

with the activation of alternative pro-oncogenic pathways.4 Within the last five years, 

immunotherapy has revolutionized the treatment of patients with advanced-stage 

melanoma. Antibodies that block the negative co-stimulatory receptors CTLA-4 

(ipilimumab)5, 6, and PD-1 (nivolumab and pembrolizumab)7-9 have been approved based 

on significantly longer overall survival in clinical trials compared to other therapies. The 

objective response rates of these immune checkpoint blockades are around 20-30%,10 while 

primary, adaptive, and acquired resistance to immunotherapy is common and may be 

related to the lack of recognition by T-cells.11, 12 Novel aiming to overcome these 

limitations, especially on the resistance mechanisms originated in other components of the 

tumor microenvironment (TME) are still highly needed to improve currently available 

therapeutics.13-16 

Histone deacetylases (HDACs) are a family of proteins involved in the epigenetic 

regulation of target genes through deacetylating lysine ε-amino groups on histone tails to 

promote a status of DNA condensation and transcriptional silencing.17 Furthermore, 
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HDACs have been found to modify other non-histone proteins, and these modifications 

can influence a variety of cellular functions without modifying the acetylation of the 

chromatin acetylation status.18-20 HDACs have been proven to be promising therapeutic 

targets for the treatment of cancer based on the successful launch of five HDAC inhibitors 

(vorinostat, romidepsin, panobinostat, belinostat, and chidamide) which are relatively non-

selective.21, 22 In general, broad-spectrum HDAC inhibitors (pan-HDACis) are involved in 

chromosome remodeling, cell cycle arrest, apoptosis, and cytotoxicity in transformed 

cancer cells.23, 24 In addition to these effects, there is growing evidence to demonstrate that 

the treatment with HDACis increases differentiation antigen expression, enhances MHC 

class I and II surface expression, and elevates immunogenicity in terms of increased 

expression of CD25, CD40, or CD80.25, 26 It has been reported that pan-HDACis can 

upregulate the expression of PD-L1 and PD-L2 in human and murine melanoma cells.27 

Therefore, pan-HDACis show ability to possess anti-tumor activity through inhibiting 

proliferation and improving immune responses.28 However, phase I/II clinical trials of pan-

HDACis (vorinostat, panobinostat, and quisinostat) with melanoma patients only exhibited 

limited efficacy and tolerability as single agents, while hematological toxicity, fatigue, 

nausea, and laboratory abnormalities occurred as frequent adverse events.26 Important 

concerns regarding the toxicity of pan-HDACis are rising since their broad inhibition may 

result in unwanted off-target effects that eventually impair their clinical profile. Thus, there 

is an emerging interest in the development and investigation of selective HDACis to better 

understand the molecular mechanisms mediating the anti-tumor effects.29 So far, there are 

few subtype-selective or isoform-selective inhibitors that are non-cytotoxic and better 

tolerated, and that effectively impair tumor growth in preclinical models.30-35
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Eighteen known mammalian HDACs have been identified, which can be classified 

into four subgroups according to their homology to yeast enzymes: class I (HDAC1, 2, 3, 

and 8), class IIa (HDAC4, 5, 7, and 9), class IIb (HDAC6 and HDAC10), class III or 

sirtuins (SIRT 1−7), and class IV (HDAC11).36 Class I, II, and IV HDACs require Zn2+ 

(zinc ion) as a cofactor to exert their hydrolytic activity and are also referred to as the 

conventional HDACs. On the other hand, SIRT 1−7 are dependent on nicotinamide adenine 

dinucleotide for their activity.37 In comparison with other HDAC family members, HDAC6 

is relatively unique. It contains two tandem deacetylase catalytic domains (CD1 and CD2) 

and is primarily localized to the cytosol, and its preferred substrates include a variety of 

non-histone proteins, such as α-tubulin, cortactin, HSP-90, and HSF-1.38, 39 Moreover, only 

CD2 exhibits catalytic activity with broad specificity.40 Intriguingly, according to a patent 

survey based on the recent efforts on the synthesis and applications of HDACis from 2013 

to 2017, most patents focused on the discovery of new HDAC6 inhibitors (HDAC6is).41  

Up to date, two partially selective HDAC6is, ricolinostat (ACY-1215)42 and citarinostat 

(ACY-241),43 have been advanced into clinical trials for different types of cancer, such as 

multiple myeloma, lymphoma, breast cancer, and melanoma, through monotherapy or a 

combination approach. Moreover, selective HDAC6is have been considered as potential 

therapeutic agents for the treatment of various neurological disorders.44-46 

HDAC6 promotes the proliferation and metastasis of melanoma cells, and knockdown 

of HDAC6 decreases proliferation and induces G1 cell cycle arrest of melanoma cells.28, 47 

Moreover, it was found that HDAC6 increases the protein level of tyrosine-protein 

phosphatase non-receptor type 1 (PTPN1), which is responsible for promoting 

proliferation, colony formation, and migration while decreasing apoptosis of melanoma 
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cells through activating extracellular signal-regulated kinase 1/2 (ERK1/2).48 A preclinical 

study of ricolinostat showed that this partially selective HDAC6i impaired proliferation 

and induced apoptosis of BRAF-mutant melanoma A375 cells.49 Notably, the combination 

treatment of BRAF inhibitor vemurafenib and ricolinostat displayed a synergetic effect in 

BRAF-mutant melanoma cells partially through induction of endoplasmic reticulum stress 

and inactivation of ERK.49 In addition to the effects on survival, we have found that 

HDAC6 is a modulator of the expression of specific tumor-associated antigens, MHC class 

I, and costimulatory molecules in melanoma.28 In previous works, we reported that either 

selective pharmacological inhibition or genetic abrogation of HDAC6 plays a critical role 

in the immune checkpoint blockade by down-regulating the expression of PD-L1, which 

exhibits an opposite effect relative to class I and pan-HDACis.50 Also, we recently found 

that the combination of a selective HDAC6i, nexturastat A (NextA), and PD-1 immune 

blockade resulted in a significant improvement in anti-tumor immune responses leading to 

further reduction of tumor growth compared to monotherapy.51 Taken together, all the 

preclinical and clinical stage studies indicate that HDAC6 inhibition shows potential to 

become a promising approach for melanoma therapy. However, neither ricolinostat nor 

citarinostat can be considered to be highly selective HDAC6is due to their only about 10-

fold enzymic selectivity against the class I isoform, HDAC1 (Figure 1).52, 53 Therefore, 

there is a need for the advancement of drug candidates with higher selectivity and good 

pharmacologic attributes. 
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tubastatin A
HDAC6 (IC50) = 15 nM
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SI (HDAC1/6) = 1,093-fold
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HDAC1 (IC50) = 58 nM
SI (HDAC1/6) = 12-fold
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HDAC6 (IC50) = 5.0 nM
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SI (HDAC1/6) = 538-fold

SW-100
HDAC6 (IC50) = 2.3 nM
HDAC1 (IC50) = 5,230 nM
SI (HDAC1/6) = 2,273-fold

benzothiophene 7a
HDAC6 (IC50) = 14 nM
HDAC1 (IC50) = 7,500 nM
SI (HDAC1/6) = 535-fold

benzimidazole 23d
HDAC6 (IC50) = 0.81 nM
HDAC1 (IC50) = 8,960 nM
SI (HDAC1/6) = 11,061-fold

Cap Linker ZBG

MeO

S
N

Figure 1. The structures of recent published HDAC6 inhibitors.

A typical HDACi structure contains a zinc-binding group (ZBG) that coordinates the 

active-site Zn2+ at the deep bottom of the substrate pocket, a linker to occupy the 

hydrophobic channel, and a capping group (cap) to interact with residues at the rim of the 

catalytic cavity. Recent results suggest that the connecting unit (CU) region that links the 

cap with the linker and ZBG may strongly impact the ligand’s selectivity towards 

HDAC6.54 The phenylhydroxamate moiety has been recognized as a useful ZBG as well 

as a hydrophobic linker in the discovery of selective HDAC6is (Figure 1).31, 34, 55-64 The 

majority of recent advancements has concentrated on the development of hydroxamate 

analogs bearing a phenyl or pyrimidyl ring.65, 66 Meanwhile, minimal effort has gone into 

developing linkers containing five-membered heteroaromatics such as thiazole and 

oxazole.67, 68 Isoxazole is a five-membered heterocycle which contains two heteroatoms, 
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one oxygen and one nitrogen atom, in adjacent positions. Two double bonds contribute to 

the unsaturated character of the molecule. The structural features of isoxazole make it 

suitable for multiple non-covalent interactions, including hydrogen bonding (N and O as 

acceptors) and π-π stacking.69 We note that the isoxazole moiety is a central part of multiple 

compounds aimed at a wide spectrum of biological targets, and the inclusion of isoxazole 

in a structure may contribute to its increased efficacy, decreased toxicity, and improved 

pharmacokinetic profile.70 Herein, we report on the discovery of SS-208, a novel isoxazole-

3-hydroxamate-based, selective HDAC6i, its structural characterization in a complex with 

the catalytic domain 2 of Danio rerio HDAC6 (drHDAC6), and in vivo efficacy results in 

a syngeneic mouse model of melanoma. 

RESULTS AND DISCUSSION

Chemistry. In our prior work, we identified an isoxazole-3-hydroxamate-based hit 1a, 

which demonstrates potent HDAC6 inhibitory activity and modest potency against 

HDAC1, a member of class I HDACs,71 unlike its corresponding alkylhydroxamate (1b) 

and phenylhydroxamate (1c) analogs. Moreover, the compound 1d incorporating the 

reverse direction of the amide CU dramatically loses selectivity (Figure 2).71-73 However, 

the non-ideal physicochemical properties of 1a (TPSA = 168.82, MW = 457.44, calculated 

by SwissADME74) and short half-lives (t1/2) in microsomal stability studies (mouse: 16 

min; human: 85 min, determined by Pharmaron, Inc., Irvine, CA) constitute an obstacle for 

its advance into in vivo studies. Notably, 1a was incubated with two strains of Salmonella 

typhimurium (TA97A and TA1537) by Pharmaron in the presence and absence of 

mammalian microsomal enzymes (S9 mix) to evaluate the mutagenicity potential of the 
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hydroxamate moiety.75 The results in Table S1 indicate that 1a is Ames-negative under the 

testing conditions, which encouraged us to pursue further structural tuning in order to 

discover more druggable isoxazole-3-hydroxamate-based HDAC6is.

N
H

1a
HDAC6 (IC50) = 6.0 nM
HDAC1 (IC50) = 16,900 nM
SI (HDAC1/6) = 2,817-fold

O

O N
BocHN

O
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H

O

O N
BocHN

1c
HDAC6 (IC50) = 0.33 nM
HDAC1 (IC50) = 436 nM
SI (HDAC1/6) = 1,321-fold

O

N
H

N
H

O

O N
BocHN

1b
HDAC6 (IC50) = 13.8 nM
HDAC1 (IC50) = 3.2 nM
SI (HDAC1/6) = 0.23-fold

O
N

O
NH

1d
HDAC6 (IC50) = 31 nM
HDAC1 (IC50) = 307 nM
SI (HDAC1/6) = 9.9-fold

H
NN

S O

OH

OH

OH

O
N

O
NH
OH

Figure 2. The structures of isoxazole-3-hydroxamate HDAC inhibitors 1a-d.

To improve the physicochemical properties of this series of compounds, we started our 

optimization by replacing the Boc-protected phenylisoxazole cap with simple monocyclic 

and bicyclic aromatic rings (7a-d), while keeping the same ethylamide and isoxazole-3-

hydroxamate moieties to maintain close structural similarity to 1a. The synthetic routes to 

analogs 7a-d shown in Scheme 1 started from 3-butyn-1-ol (2a) and led to the preparation 

of the same 1-amino-3-butyne intermediate 4 through a Mitsunobu reaction using 

phthalimide/Ph3P/DEAD. Subsequent deprotection and acylation with the appropriate acyl 

chlorides provided the alkyne intermediates 5a-d. The acetylenic moieties in 5a-d were 

transformed into the isoxazole esters 6a-d by 1,3-dipolar cycloaddition with a nitrile oxide 

generated in situ from ethyl 2-chloro-2(hydroximino)acetate and a base under microwave 

conditions.76 These esters upon treatment with an aqueous NH2OH/NaOH solution 

efficiently afforded the desired hydroxamic acids 7a-d bearing aromatic caps. 
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5a, Phenyl
5b, 3,4-Dichlorophenyl
5c, 2-Naphthyl
5d, Biphenyl-3-yl

6a, Phenyl
6b, 3,4-Dichlorophenyl
6c, 2-Naphthyl
6d, Biphenyl-3-yl

7a, Phenyl
7b, 3,4-Dicholorophenyl
7c, 2-Naphthyl
7d, Biphenyl-3-yl

Scheme 1. The synthetic route to compounds 7a-d. (a) phthalimide, Ph3P, DEAD, THF, 0 

°C to rt, yield: 93%; (b) hydrazine monohydrate, MeOH, rt; (c) ArCOCl, TEA, DCM, 0 

°C, yields: 52-90% over two steps; (d) ethyl 2-chloro-2-(hydroxyimino)acetate, NaHCO3, 

EtOAc, 100 °C (MW), yields: 49-78%; (e) NH2OH (aq., 50%), NaOH, THF/MeOH (1:1), 

0 °C to rt, yields: 10-43%.

Given the wide rim of the HDAC6 substrate pocket, aryl caps bearing a sterically bulky 

moiety are usually preferred to enhance inhibitor affinity and specificity via interactions 

with the residues forming the surface.55, 64, 77, 78 Therefore, we further investigated the 

replacement of the cap and amide CU in 1a with bicyclic and tricyclic caps. To prepare the 

indole-capped analogue 11a illustrated in Scheme 2, 1,3-dipolar cycloaddition of 5-hexyn-

1-ol (2b) and ethyl 2-chloro-2(hydroximino)acetate was conducted to establish the key 

isoxazole ester 8a from the beginning. Subsequently, 8a underwent bromination with 

CBr4/Ph3P, N-alkylation under Cs2CO3/DMF conditions, and transformation to the desired 

hydroxamate analog 11a in the presence of an aqueous NH2OH/NaOH solution. The 

synthetic routes to 11b-c started from 4-chloroaniline (12), which was first converted to 

the N-phenyl amides 13a-b by treating with 3-chloropropanoyl chloride and 3,3-

dimethylacryloyl chloride, respectively. Subsequently, intramolecular Friedel−Crafts 

cyclization under AlCl3 conditions followed by reduction of the intermediate lactam with 
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LiAlH4 afforded the tetrahydroquinolines 14a-b.63, 79 Reductive amination of 14a-b and 

the aldehyde intermediate 9b which was prepared from 8a by PCC oxidation, provided the 

corresponding esters 10b-c. In the end, the desired hydroxamate analogs 11b-c were 

obtained using the same standard procedure as above. The synthetic route to the 

dibenz[b,f]azepine-capped analog 11d began with the dichlorination of 15 using 

NCS/silica gel80 followed by N-alkylation with 1,4-dibromobutane under NaH/DMF 

conditions and alkynation with sodium acetylide to provide the key dibenz[b,f]azepine-

substituted alkyne 18. Then the building block 18 underwent 1,3-dipolar cycloaddition, 

and the desired isoxazole-3-hydroxamate 11d was then obtained in the usual manner.
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Scheme 2. The synthetic routes to compounds 11a-d. (a) ethyl 2-chloro-2-

(hydroxyimino)acetate, NaHCO3, EtOAc, 100 °C (MW), yields: 67-87%; (b) CBr4, Ph3P, 

DCM, rt, yield: 89%; (c) 5,6-dichloro-1H-indole, Cs2CO3, DMF, 80 °C, 80%; (d) NH2OH 

(aq., 50%), NaOH, THF/MeOH (1:1), 0 °C to rt, yields: 34-94%; (e) PCC, DCM, rt, yield: 
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88%; (f) 3-chloropropanoyl chloride, acetone, reflux, yield: 54%; (g) i) AlCl3, 140 °C 

(neat), ii) LiAlH4, THF, 0 °C to reflux, yield: 70% over two steps; (h) 9b, NaBH(OAc)3, 

AcOH/EtOH, rt, yields: 42-58%; (i) 3,3-dimethylacryloyl chloride, CHCl3, reflux, yield: 

48%; (j) i) AlCl3, toluene, 80 °C, ii) LiAlH4, THF, 0 °C to reflux, yield: 55% over two 

steps; (k) NCS, silica gel, CHCl3, rt, yield: 74%; (l) 1,4-dibromobutane, NaH, DMF, rt, 

yield: 43%; (m) sodium acetylide, xylene/DMF, 40 °C, yield: 25%.

As a 3,4-dichlorophenyl cap on 7b retained HDAC6 potency and selectivity over HDAC1 

(data are shown in Table 1), we further synthesized compounds 20a-c in order to evaluate 

the effects of the amide CU and isoxazole-based ZBG. To prepare the analog 20a which 

contains an ether linker in place of the amide group, the synthetic route shown in Scheme 

3 was followed. 1,3-Dipolar cycloaddition between 4-pentyn-1-ol (2c) and ethyl 2-chloro-

2-(hydroximino)acetate generated the isoxazole ring (compound 8b). This intermediate 

underwent bromination with CBr4/Ph3P followed by O-alkylation with 3,4-dichlorophenol 

under Cs2CO3/DMF conditions. The synthesis was completed as above to afford the desired 

hydroxamate 20a. To synthesize analog 20b which only contains an alkyl chain rather than 

an amide group, the α,β-unsaturated carboxylic acid in the starting material 21 was first 

transformed to a bromoalkyl intermediate 22 through LiAlH4 reduction and bromination 

with CBr4/Ph3P. Compound 22 was further converted to the nitrile 23 with NaCN. 

Subsequent hydrolysis under basic condition and borane reduction provided the butanol 

24. The alkyne 25 was obtained through bromination and alkynation under similar 

conditions as described above and underwent 1,3-dipolar cycloaddition and conversion to 

the hydroxamic acid 20b. The synthetic route to the benzyl hydroxamate analog 20c started 
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from Cu(OAc)2-catalyzed one-pot conversion of 3,4-dichlorobenzaldehyde (26) into 3,4-

dichlorobenzamide (27) through a Beckmann-type rearrangement.81 Subsequent reductive 

N-alkylation of the amide intermediate 27 using TFA/Et3SiH with methyl 4-

formylbenzoate led to the generation of the corresponding ester 19c,82 which upon standard 

treatment afforded the desired hydroxamate 20c.  

a
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Scheme 3. The synthetic routes to compounds 20a-c. (a) ethyl 2-chloro-2-

(hydroxyimino)acetate, NaHCO3, EtOAc, 100 °C (MW), yields: 58%-96%; (b) CBr4, Ph3P, 

DCM, rt, yield: 83%; (c) 3,4-dichlorophenol, Cs2CO3, DMF, 80 °C, yield: 80%; (d) 

NH2OH (aq., 50%), NaOH, THF/MeOH (1:1), 0 °C to rt, yields: 30-40%; for 20c, yield: 

22% over three steps; (e) i) LiAlH4, THF, 0 °C to reflux, ii) CBr4, Ph3P, DCM, 0 °C to rt, 

yield: 11% over two steps; (f) NaCN, DMSO, 100 °C, yield: 72%; (g) i) aq. NaOH, EtOH, 

reflux, ii) BH3-THF, THF, 0 °C to rt, yield: 88% over two steps; (h) i) CBr4, Ph3P, DCM, 

rt, ii) sodium acetylide, DMF, 40 °C, yield: 39% over two steps; (i) NH2OH·HCl, K2CO3, 

Cu(OAc)2, H2O, reflux; (j) TFA, Et3SiH, methyl 4-formylbenzoate, toluene, reflux.
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HDAC Isoform Inhibition. To evaluate isoform potency and selectivity of all new analogs 

(7a-d, 11a-d, and 20a-c), we first prescreened their inhibitory activity against human 

HDAC6 and HDAC1 in vitro (performed by Reaction Biology Corp, Malvern, PA). As 

illustrated in Table 1, the replacement of the phenylisoxazole cap of the parent compound 

1a with phenyl rings as in compounds 7a-b led to a 12.5-fold to 32-fold decrease in 

inhibitory potency for HDAC6, while micromolar inhibition values against HDAC1 

remained constant. Compounds 7c-d, in which the cap moiety was replaced with a naphthyl 

or biphenyl group, retained low nanomolar inhibitory potency for HDAC6 with a 

concomitant decrease of the HDAC1/HDAC6 selectivity index. Notably, this replacement 

significantly decreased the number of heavy atoms and TPSA values compared to the hit 

1a  (Table S2) and improved the ligand efficiency (LE) values beyond 0.4 while keeping 

the lipophilic ligand efficiency (LipE) values above 5.0 (Table 1).83, 84 Incorporation of 

sterically bulky caps into the molecule to form the bicyclic- or tricyclic-capped analogs 

11a-d resulted in a significant decrease in potency, and none of them delivered meaningful 

ligand efficiency values (LE and LipE). Replacement of the amide moiety in 7b with an 

ether (20a) or alkyl chain (20b) was also disadvantageous, as it resulted in a 3-fold to 26-

fold decrease in HDAC6 potency, suggesting that the amide moiety is necessary for 

retaining high potency in this class. Compared to 7b, its corresponding phenylhydroxamate 

analog 20c demonstrated about 3-fold improvement in HDAC6 potency (IC50 = 28 nM) 

and similar ligand efficiency values. However, the isozyme selectivity significantly fell to 

around 7-fold, and the observed trend replicates finding for the 1a and 1c pair (Figure 2). 

Based on the evaluation results of ligand efficiency and maintained modest potency against 

HDAC1, we chose compound 7b, named SS-208, for further investigation.
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To fully evaluate the advantage of isoxazole-3-hydroxamates relative to the typical 

phenylhydroxamate-based HDAC6 inhibitors, we assessed SS-208, 20c, and NextA 

against Class I HDACs 1 and 8, Class IIa HDACs 4, 5, 7, and 9, Class IIb HDAC6, and 

Class IV HDAC11 in-house. The HDAC profiling against Class IIa and Class IV isoforms 

shows that SS-208 only exhibited micromolar potency against all these isoforms. In the 

side-by-side comparison with the selective HDAC6i, NextA, SS-208 exhibited similarly 

low nanomolar HDAC6 inhibitory activity with better selectivity over all the other tested 

HDAC isoforms (Table 2). 

Table 1. HDAC1 and HDAC6 enzymatic evaluation of analogs 7a-d, 11a-d, and 20a-ca

IC50 (µM)Cmpd cap CU ZBG HDAC1 HDAC6 SIb LEc LipEd

1ae
O N

BocHN
N
H

O

O N

O

NHOH 16.9 0.006 2817 0.35 6.2

7a N
H

O

O N

O

NHOH > 30 0.19 > 155 0.47 5.8

7b
Cl

Cl
N
H

O

O N

O

NHOH 31.5 0.075 418 0.45 5.1

7c N
H

O

O N

O

NHOH 3.03 0.010 294 0.47 5.7

7d N
H

O

O N

O

NHOH 2.04 0.024 85 0.41 5.7

11a NCl

Cl
N
H

O

O N

O

NHOH > 30 4.36 > 7 0.31 2.0

11b N

Cl
O N

O

NHOH 11.2 0.69 16 0.36 3.3

11c N

Cl
O N

O

NHOH > 30 1.99 > 15 0.31 2.1

11d N

Cl Cl O N

O

NHOH > 30 1.35 > 22 0.27 1.3

20a
Cl

Cl

O
O N

O

NHOH > 30 0.20 > 152 0.45 3.9

20b
Cl

Cl
O N

O

NHOH > 30 1.98 > 15 0.38 2.5

20c
Cl

Cl
N
H

O

NHOH

O

0.20 0.028 7.2 0.48 4.8

NextAf H
N N

O

Bu

NHOH

O

2.86 0.005 572 0.46 5.7

TSAg - - - 0.009 0.002 4.4 0.55 6.4
aIC50 values are the mean of two experiments obtained from curve-fitting of a 10-point 

enzymatic assay starting from 30 µM with 3-fold serial dilution against HDAC1 and 

HDAC6 (Reaction Biology Corp, Malvern, PA). bSI: HDAC6 selectivity over HDAC1. 

cLE: ligand efficiency = 1.4*pIC50/number of heavy atoms. dLipE: lipophilic ligand 
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efficiency = pIC50 – clog Po/w. eIC50 values were extracted from the article by Gaisina, I. N. 

et al., ChemMedChem 2016, 11, 81-92. fIC50 values were extracted from the article by 

Kozikowski, A. P. et al., ACS Chem. Neurosci. 2019, 10, 1679-1695. gTSA: trichostatin A.

Table 2. HDAC profiles of the 3,4-dichlorophenyl capped compounds SS-208 and 20c, as 

well as NextAa

Cmpd SS-208 (7b) 20c NextA

Structure Cl

Cl
H
N

O O N

O

HN OH Cl

Cl
H
N

O

O

N
H

OH
H
N N

O

O

N
H

OH

Isoform IC50 (µM) SIb IC50 (µM) SI IC50 (µM) SI
HDAC1 1.39 ± 0.73 116 0.034 ± 0.003 17 0.36 ± 0.12 90
HDAC4 19.5 ± 4.2 1625 3.53 ± 0.13 1765 14.8 ± 1.7 3700
HDAC5 6.91 ± 0.29 576 3.12 ± 0.48 1560 6.62 ± 2.66 1655
HDAC6 0.012 ± 0.002 1 0.002 ± 0.0003 1 0.004 ± 0.002 1
HDAC7 8.34 ± 0.71 695 0.50 ± 0.008 250 2.43 ± 0.30 608
HDAC8 1.23 ± 0.59 103 0.92 ± 0.15 460 1.54 ± 0.76 385
HDAC9 38.2 ± 5.1 3183 3.07 ± 0.17 1535 2.0 ± 0.77 500
HDAC11 5.12 ± 1.29 427 1.05 ± 0.11 525 10.6 ± 2.2 2650

aIC50 values are the mean of two experiments ± SEM obtained from curve-fitting of a 10-

point enzymatic assay starting from 100 µM with 3-fold serial dilution against HDAC 

isoform. bSI: HDAC6 selectivity index over other HDAC isoforms.

Crystallization Studies. The recently published co-crystal structures of 

phenylhydroxamate-based HDAC6is in complex with drHDAC6 displayed an unusual 

monodentate phenylhydroxamate-Zn2+ coordination geometry, while a bidentate 

coordination is generally observed for inhibitors that possess either flexible aliphatic 

linkers or aromatic linkers lacking a cap.85, 86 The recent findings demonstrated that the 

caps attached to the phenylhydroxamate affect the coordination between the hydroxamates 

and the catalytic Zn2+ to be bidentate or monodentate, which is also crucial to stabilize the 
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monodentate coordination mode that is slightly less stable (0.5 kcal/mol) than the bidentate 

coordination mode.85, 87 Moreover, the key residues  H463, P464, F583, and L712 create 

an L1-loop pocket to provide a rigid binding site for hydrophobic caps. Recent research 

further supports that the interaction between ligand and L1-loop pocket is critical for 

maintaining high selectivity against class I HDACs.87 

To investigate the molecular basis of interactions between SS-208 and HDAC6, we solved 

the crystal structure of the drHDAC6-CD2/SS-208 complex to the ultra-high resolution 

limit of 1.15 Å. Binding of SS-208 to HDAC6 did not cause any major structural 

rearrangement of the enzyme as documented by the RMSD of 0.15 Å for 300 Cα atoms 

between the drHDAC6/SS-208 complex and the unliganded enzyme (PDB code: 5EEM).88 

The hydroxamate functional group of SS-208 coordinates the active-site zinc ion in a 

canonical bidentate fashion, forming a typical five-membered chelate complex with 

interatomic distances of 2.1 Å between the Zn2+ and each of the hydroxamate C=O and 

N-O groups (Figure 3A). Moreover, the hydroxamate C=O group accepts a hydrogen bond 

from the hydroxyl group of Y745 (2.7 Å), and the N-O- group forms hydrogen bonds with 

the side chains of H573 (2.6 Å) and H574 (2.5 Å and 2.9 Å). The isoxazole ring and the 

distal ethylene part of the linker are positioned within van der Waals distances from the 

side chains of F583, F643, and L712. The C=O group of the amide moiety establishes an 

interaction with S531 in a distance of 3.3 Å, and the N-H group engages in a water-

mediated interaction with H614 as observed in the binding with other HDAC6is in the 

literature.87 Finally, the capping dichlorophenyl ring packs against the hydrophobic patch 

at the entrance of the internal tunnel, the L1-loop pocket, formed by side chains of H463, 

P464, F583, and L712 (Figure 3B).87 
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It is interesting to note that the bidentate zinc ion coordination reported here differs from 

the preferred monodentate coordination observed in drHDAC6 complexes where a 

phenylhydroxamate group is capped by a hydrophobic moiety of an inhibitor.40, 85, 87 In our 

complex, the center of the isoxazole ring is shifted by 0.5 Å towards the active-site Zn2+, 

and this shift stems from the bidentate coordination of the Zn2+ by the hydroxamate moiety 

(Figure 3C). This shift is likely facilitated by the presence of a “long” four-atom linker 

between the isoxazole ring and the capping dichlorophenyl moiety, allowing thus for the 

more energetically favorable bidentate hydroxamate coordination while simultaneously 

preserving hydrophobic interactions between the cap and the L1-loop pocket.87 

Figure 3. Crystal structure of the drHDAC6-CD2/SS-208 complex. (A) Detail view of the 

substrate tunnel of HDAC6 in complex with SS-208. Fo-Fc maps (green mesh) for SS-208 

are contoured at 4.0 σ and the inhibitor and selected HDAC6 residues are shown in stick 

representation with atoms colored grey (carbon), red (oxygen), blue (nitrogen), and green 

(chlorine). The active-site zinc ion and water molecules are shown as orange and red 

spheres, respectively. H-bonds and salt bridges are shown as dashed lines. (B) Interactions 

between the capping dichlorophenyl moiety and the “L1-loop pocket” formed by side 

chains of H463, P464, F583, and L712 (colored blue). The surface of HDAC6 is shown in 
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semi-transparent surface representation. (C) Superposition of SS-208 and DDK-115 (PDB 

code: 6DVL) in the substrate tunnel of HDAC6. Carbon atoms are colored green and pink 

for SS-208 and DDK-115, respectively. The active-site zinc ion is coordinated in a 

bidentate fashion by SS-208, while monodentate coordination is observed for DDK-115, 

resulting in the 0.5 Å shift of the SS-208 ring closer towards the zinc ion.

 

HDAC target engagement measurement in HEK293 cells. We further assessed the 

potency and selectivity of SS-208 in live cells using NanoBERT target engagement assay 

to investigate its binding characteristics with HDAC1 and HDAC6 within intact cells.89 

These results performed in HEK293 are summarized in Figure 4, and suggest that SS-208 

retains modest activity against HDAC1 in cells (IC50 = 6.67 µM), while the measured 

potency of SS-208 against the α-tubulin preferring deacetylase domain of HDAC6, the 

catalytic domain 2 (IC50 = 0.5 µM), indicates SS-208 retains about 13-fold selectivity over 

HDAC1 in cells (418-fold enzymatic selectivity over HDAC1 in Table 1) which is 

comparable with our recent observation on another highly selective HDAC6i, SW-100, 

tested under the same conditions.63 SW-100 showed an IC50 value of 2.3 nM against 

HDAC6 and 2273-fold selectivity over HDAC1 in the enzymatic assay, while it exhibited 

IC50 of 0.10 µM against HDAC6-CD2 and 46-fold selectivity over HDAC1 in the cellular 

target engagement assay.63 Vorinostat (SAHA), tested as positive control, demonstrated to 

be potent and non-selective towards HDAC6-CD2 (IC50 = 0.24 µM) as well as HDAC1 

(IC50 = 0.12 µM) (Figure 4).
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Figure 4. SS-208 selectively inhibits HDAC6-CD2 in cells. HDAC1 and HDAC6 

(catalytic domain 2) NanoBRET target engagement assay for compound SS-208 in 

HEK293. IC50 values are the mean of four technical replicates ± SD obtained from curve-

fitting of a 12-point engagement assay starting from a concentration of 20 µM with 3-fold 

serial dilution. SAHA was used as a positive control.

 

Initial ADMET properties. To evaluate the potential mutagenicity of this hydroxamate-

based compound, SS-208 was incubated with two strains of Salmonella typhimurium 

(TA98 and TA1537) in the presence and absence of mammalian microsomal enzymes (S9 

mix). SS-208 did not induce ≥ 2-fold increases (for tester strain TA98) or ≥ 3-fold increases 

(for tester strain TA1537) in the mean number of revertant colonies at any dose levels when 

compared to the concurrent negative/solvent control, both in the presence and absence of 

the S9 mix, thus supporting the lack of mutagenicity of SS-208 under the conditions of the 

Ames assay (Table S3). No significant inhibition was observed in the hERG assay up to 
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30 µM (Figure S1). The liver microsomal stability is shown in Table 3 (half-lives of 37 

min and 135 min in mouse and human microsomes, respectively). This constitutes an 

improvement relative to the original compound 1a. Moreover, half-lives of 22 min and 135 

min in mouse and human hepatocytes were determined, respectively.

Table 3. Initial ADMET profiling of compound SS-208.a

Ames test (with and without S9) TA98, TA1537 Negative
hERG test (IC50, µM) HEK293 cells > 30 

Mouse 37Liver microsomal stability  
(t1/2 min, with NADPH) Human 135

Mouse 22
Hepatocytes stability (t1/2 min)

Human 108
aAll the ADMET assays were conducted by Pharmaron, Inc., Irvine, CA.

Inhibitory potency of SS-208 is comparable to NextA and TubA in cancer cells. As 

mentioned before, several selective HDAC6is are currently available for pre-clinical 

research. Among them, NextA and tubastatin A (TubA) were reported by our group.55, 56 

Although these two compounds have shown outstanding in vivo anti-tumor effects in 

numerous syngeneic tumor models,24 they were found to be Ames-positive (data are not 

shown). We thus wanted to compare the Ames-negative HDAC6i SS-208 with these two 

previously reported HDAC6is. We performed an initial screening of the in vitro activity of 

SS-208 by evaluating the acetylation status of α-tubulin (Ac-α-Tubulin), the best 

characterized physiological substrate of HDAC6. As expected, SS-208 increased Ac-α-

Tubulin levels in SM1 murine melanoma (Figure 5A) and WM164 human melanoma 

(Figure 5B). Additionally, SS-208 had a negligible effect on the levels of acetylated histone 

H3 (Ac-H3) in SM1 murine melanoma cells, and these findings are comparable to results 
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of experiments where NextA was used (Figure 5C).

We previously observed that the selective HDAC6is NextA and TubA had similar in vitro 

HDAC inhibitory potency across different human and murine cancer cell lines.28 A similar 

outcome was observed with SS-208, which was also comparable to the above mentioned 

selective HDAC6is when tested in human PC3, human 5637, human T24, and mouse SM1 

cell lines (Figure 5D). We also observed that SS-208 induced minimal cell death in the 

concentration range evaluated above, and these results were also comparable to NextA and 

TubA (Figure 5E). Importantly, we have reported that the in vivo antitumor effect of 

selective HDAC6is is mainly mediated by their role as modulators of anti-tumor immune 

responses and that their direct cytotoxicity towards cancer cells is minimal at 

concentrations lower than 5 μM.28 Supporting these previously reported findings, we 

observed that SS-208 has marginal effects on viability, cytotoxicity, and apoptosis in 

murine SM1 melanoma cells evaluated by the multiplexed ApotoxTM assay (Figure 5F). 

The absence of cytotoxic effects in cells treated with these selective HDAC6is is in sharp 

contrast to the effects observed with other pan-HDACis such as panobinostat (LBH589 in 

Figure 5F), among others, therefore removing one of the most critical side effects of non-

selective HDACis or other cytotoxic anticancer drugs.
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Figure 5. SS-208 activity is similar to other selective HDAC6is in cancer cells in vitro. (A) 

SS-208 treatment of SM1 murine melanoma cells resulted in increased Ac-α-Tubulin 

similar to other HDAC6is NextA and TubA. (B) The activity of HDAC6 inhibition with 

SS-208 was dose-dependent as indicated by Western-blot analysis of Ac-α-Tubulin in 

WM164 human melanoma cells. (C) SM1 melanoma cells were treated with SS-208, 

NextA, or LBH589 for 24 h. The levels of Ac-H3 were evaluated by Western-blot analysis. 

(D) SS-208, NextA, and TubA exhibited similar inhibition of deacetylase activity when 

tested in a panel of cell lines of various tissue origins. (E) Similarly, HDAC6is did not 
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induce cell death across the range of concentrations tested. (F) Multiplexed assay indicated 

that pan-HDACi, LBH589 exhibited apoptosis and cytotoxicity at concentrations as low as 

100 nM, while the HDAC6is tested did not affect cell viability up to 10 µM. HDAC6is also 

did not induce apoptosis and cytotoxicity compared to LBH589. 

SS-208 reduces the expression of PD-L1 in melanoma cells. Our group has previously 

reported that the genetic and pharmacological targeting of HDAC6 affected the expression 

of the immunosuppressive molecule PD-L1 (CD274). Abrogation of HDAC6 activity 

results in inactivation of the STAT3 pathways upon treatment with HDAC6is or 

knockdown of HDAC6.50 To further evaluate if SS-208 affects the processes mentioned 

above, we evaluated the activation of the STAT3 pathway by assessing the phosphorylation 

of STAT3 after treatment with SS-208 (5 µM). Western blot results illustrated in Figure 

6A demonstrated that SS-208 efficiently reduced IL-6-mediated Y705 phosphorylation of 

STAT3 and the subsequent downregulation of the PD-L1 expression. HDAC6 inhibition 

was evidenced by the increased levels of Ac-α-Tubulin. Further verification by qRT-PCR 

indicated that IL-6 significantly increased CD274 gene expression by at least 2-fold 

compared to the untreated condition, and SS-208 effectively negated IL-6 induced CD274 

gene expression suggesting that this HDAC6i regulates PD-L1 expression at the mRNA 

level rather than through post-translational modifications at the protein level (Figure 6B). 
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Figure 6. Immunomodulatory role of SS-208 by decreasing the expression of PD-L1 in 

melanoma cells. (A) SM1 murine melanoma cells pre-treated with 5 μM of SS-208 

followed by IL-6 treatment for overnight effectively reduced the expression of 

immunosuppressive molecule PD-L1 at the protein level. (B) SS-208 decreased IL-6 

mediated STAT3 activation measured as Y705 phosphorylation and subsequently PD-L1 

gene expression measured by qRT-PCR.      

SS-208 impairs melanoma tumor growth in immunocompetent mice. The in vivo 

antitumor effect of selective HDAC6is has been extensively investigated.35, 50, 51 

Importantly, this activity needs the presence of an intact host immune system.28 Therefore, 

we wanted to evaluate whether SS-208 could also impair tumor growth in a syngeneic 
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murine model with a functional immune system. To evaluate this possibility, we injected 

immunogenic murine SM1 melanoma cells subcutaneously in the flank of C57BL/6 mice 

and subsequently treated them with SS-208 (25 mg/kg, ip administration) or vehicle after 

one-week post tumor engraftment. As observed previously for other HDAC6is, the tumor 

growth was significantly reduced after treatment with SS-208 (Figure 7A-B), suggesting 

that this Ames-negative selective HDAC6i also exerts its anti-tumor effect by modulating 

the host immune system. To test this hypothesis, we evaluated the composition of different 

cellular components of the TME. Although we did not observe a significant infiltration of 

cytotoxic T cells (CD8+), their presence in the TME was slightly superior to the vehicle 

control (Figure 7C). Among other screened tumor-infiltrating lymphocytes (TILs), the 

infiltration of CD4+ T cells did not change (Figure 7D). However, the infiltration of natural 

killer T cells (NKT) was significantly upregulated in the SS-208 treatment arm (Figure 

7E). 

The anti-tumoral M1 macrophage phenotype has been reported to be associated with better 

prognosis in several malignancies, and there is an active search for agents improving their 

infiltration in tumors90 On the other hand, tumor infiltration of pro-tumoral M2 

macrophages is directly associated with a bad prognosis in cancer.91 In previous studies 

from our group, we observed a significant increase in the ratio of M1 and M2 macrophages 

in tumors treated with selective HDAC6is but not with other non-selective inhibitors.51 As 

expected, this outcome was also observed in the melanomas of the mice treated with SS-

208 (Figure 7F-H), confirming that this compound possesses similar immunological 

properties as previously investigated NextA.48
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Figure 7. In vivo anti-tumor activity of SS-208 is mediated through modulation of tumor 

microenvironment. (A) SS-208 treatment (25 mg/kg, ip) significantly decreased the tumor 

growth compared to the control group in SM1 murine melanoma syngeneic model. (B) 

Tumor growth curves of individual animals in control and SS-208 treatment groups. 

Animals receiving SS-208 treatment consistently showed lower tumor volume during the 

course of study compared to control groups. The decrease in tumor volume in the SS-208 

treatment group was associated with infiltration of intra-tumoral CD8+ T-cells (C), CD4+ 

T-cells (D), and significant increase in NKT-cells (E). SS-208 treatment was associated 

with significant increase in anti-tumor M1 macrophages (F), M2 macrophages (G), and the 

ratio of M1/M2 (H) which is an indication of effective anti-tumor immunity.    

CONCLUSIONS.

We have designed and synthesized a series of HDAC6 inhibitors bearing isoxazole-3-
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hydroxamate instead of phenylhydroxamate as ZBG. By evaluating their inhibitory 

activities at HDAC isoforms, we found that: (a) the amide moiety is an important 

constituent of the connecting unit to retain high HDAC6 potency; (b) bulky caps, like 

napththyl and biphenyl groups, result in better HDAC6 activity but lower selectivity versus 

HDAC1; (c) the replacement of the corresponding phenylhydroxamate leads to the 

significant potency improvement against HDAC6 but the loss of hundred-fold HDAC1 

selectivity. We have thus identified a novel potent and selective HDAC6i, namely SS-208. 

The X-ray structure analysis of the crystallized complex of SS-208 with catalytic domain 

2 from Danio rerio HDAC6 demonstrates that: (a) the hydroxamate moiety coordinates in 

a distinct bidentate manner with the active-site zinc ion, forming a typical five-membered 

chelate complex, in contrast to the preferred monodentate coordination observed in most 

HDAC6 complexes with phenylhydroxamate-based inhibitors; (b) direct and indirect 

engagements are observed between the key amide moiety and amino acid residues in the 

active site that may be responsible for the ligand’s nanomolar HDAC6 potency; (c) the 

interactions between the 3,4-dichlorophenyl cap and the L1-loop pocket is critical for high 

selectivity against HDAC1. Both in vitro and in vivo ADMET profiling and 

pharmacological observation suggest that: (a) SS-208 shows Ames-negative results under 

the testing conditions and no significant inhibition in the hERG assay, and is more 

metabolically stable relative to the original compound 1a; (b) In murine and human 

melanoma cells, SS-208 induces minimal cell death and exhibits marginal effects on 

viability, cytotoxicity, and apoptosis, while significantly increases the levels of Ac-α-

Tubulin; (c) Furthermore, SS-208 efficiently reduces the IL-6-mediated Y705 

phosphorylation of STAT3 and downregulates the expression of PD-L1 at the mRNA 

Page 28 of 75

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



levels in melanoma cells; (d) Finally, SS-208 impairs tumor growth in a murine SM1 

syngeneic melanoma mouse model which is mainly mediated by immune-related antitumor 

activity as evidenced by the increased infiltration of CD8+ and NK+ T cells and the 

enhanced ratio of M1 and M2 macrophages in the TME.

Experimental section.

Chemistry

General information. 1H and 13C NMR spectra were obtained on 400/101 and 500/126 

MHz Bruker spectrometers, except where noted otherwise, using the solvent residual peak 

as the internal reference (chemical shifts: CDCl3, δ 7.26/77.0; DMSO-d6, 2.50/39.52; 

acetone-d6, 2.05/29.84 and 206.26). The following abbreviations for multiplicities were 

used: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet, dd = double 

doublet, dt = double triplet, ddd = double-double doublet, and br s = broad singlet. TLC 

plates (Merck silica gel 60 F254, 250 μm thickness) were used to monitor reaction progress, 

and spots were visualized under UV (254 nm). High-resolution mass spectrometry 

(HRMS) was carried out on a Shimadzu IT-TOF instrument under the following 

conditions: column, ACE 3AQ (50 × 2.1 mm, id); mobile phase, 5 – 100% 

acetonitrile/water containing 0.1% formic acid at a flow rate of 0.5 mL/min for 4 min. Flash 

chromatography was performed on a Combi-Flash Rf system (Teledyne ISCO) with silica 

gel cartridges. Preparative HPLC was used in the purification of all final compounds using 

a Shimadzu preparative LC under the following conditions: column, ACE 5AQ (150 × 21.2 

mm, id); mobile phase: 5 – 100% acetonitrile/water containing 0.05% TFA at a flow rate 

of 17 mL/min for 30 min; UV detection at 254 and 280 nm. Analytical HPLC was used to 

determine the purity of all final products using an Agilent 1260 series instrument under the 
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following conditions: column, ACE 3 (150 × 4.6 mm, id); mobile phase, 5 – 100% 

acetonitrile/water containing 0.05% TFA at a flow rate of 1.0 mL/min for 25 min; UV 

detection at 254 nm. The purity of all tested compounds for in vitro biological studies was 

>95%. The purity of SS-208 for crystallographic and in vivo studies was >98%.

2-(But-3-yn-1-yl)isoindoline-1,3-dione (3). To a stirred solution of 3-butyn-1-ol (2a, 140 

mg, 2.0 mmol), phthalimide (382 mg, 2.6 mmol), and Ph3P (682 mg, 2.6 mmol) was added 

DEAD (525 mg, 2.6 mmol) at 0 °C under an argon atmosphere. The resulting mixture was 

slowly warmed to room temperature and stirred at the same temperature for 2.5 h. Then 

the reaction was quenched with H2O and extracted with EtOAc (20 mL × 3). The combined 

organic extracts were washed with brine (40 mL), dried over Na2SO4, and concentrated 

under vacuum. The crude product was purified by flash chromatography (0 – 50% 

EtOAc/hexane) to afford 3 as a white powder (370 mg, 93%). 1H NMR (400 MHz, CDCl3) 

δ 7.86 (dd, J = 5.5, 3.0 Hz, 2H), 7.73 (dd, J = 5.5, 3.0 Hz, 2H), 3.89 (t, J = 7.1 Hz, 2H), 

2.62 (td, J = 7.1, 2.7 Hz, 2H), 1.96 (t, J = 2.7 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 

168.0, 134.1, 132.0, 123.4, 80.3, 70.3, 36.6, 18.4.

N-(But-3-yn-1-yl)benzamide (5a). General Procedure A: (i) To a stirred solution of 3 

(180 mg, 0.9 mmol) in MeOH (5 mL) was added hydrazine monohydrate (0.06 mL, 1.13 

mmol). The resulting mixture was stirred at room temperature for 16 h. The precipitate was 

filtered off, and the filtrate was diluted with water (5 mL) and acidified to pH = 2 with 2 N 

HCl. The solution was concentrated under vacuum to afford 4 as a white powder. The crude 

product was used directly in the next step. (ii) To a stirred solution of 4 in DCM (5 mL) 

were added TEA (0.37 mL, 2.7 mmol) and benzoyl chloride (252 mg, 1.8 mmol) at 0 °C. 

Then the resulting mixture was stirred at the same temperature for 30 min. The reaction 

Page 30 of 75

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



was quenched with water (5 mL), and the mixture was extracted with DCM (10 mL × 3). 

The combined organic extracts were washed with brine (40 mL), dried over Na2SO4, and 

concentrated under vacuum. The crude product was purified by flash chromatography (0 – 

50% EtOAc/hexane) to afford 5a as a white powder (140 mg, 90%). 1H NMR (400 MHz, 

acetone-d6) δ 7.94 – 7.92 (m, 3H), 7.58 – 7.53 (m, 1H), 7.52 – 7.45 (m, 2H), 3.57 (td, J = 

7.1, 6.0 Hz, 2H), 2.55 (td, J = 7.1, 2.7 Hz, 2H), 2.43 (t, J = 2.7 Hz, 1H). 

N-(But-3-yn-1-yl)-3,4-dichlorobenzamide (5b) was synthesized from 3 (260 mg, 1.3 

mmol) and 3,4-dichlorobenzoyl chloride (543 mg, 2.6 mmol) following General 

Procedure A and was obtained as a colorless solid (220 mg, 70%). 1H NMR (400 MHz, 

CDCl3) δ 7.88 (d, J = 2.0 Hz, 1H), 7.60 (dd, J = 8.3, 2.1 Hz, 1H), 7.52 (d, J = 8.3 Hz, 1H), 

6.41 (s, 1H), 3.61 (q, J = 6.2 Hz, 2H), 2.53 (td, J = 6.3, 2.6 Hz, 2H), 2.07 (t, J = 2.6 Hz, 

1H).

Ethyl 5-(2-Benzamidoethyl)isoxazole-3-carboxylate (6a). General Procedure B: To a 

solution of 5a (140 mg, 0.8 mmol) in EtOAc (2 mL) were added NaHCO3 (201 mg, 2.4 

mmol) and ethyl 2-chloro-2-(hydroxyimino)acetate (367 mg, 2.4 mmol) in a microwave 

reaction tube. The mixture was heated at 100 °C for 1 h in a microwave reactor. After 

completion of the reaction, the solid was filtered off and the filtrate was concentrated under 

reduced pressure. The crude product was purified by flash chromatography (0 – 50% 

EtOAc/hexane) to afford 6a as a colorless oil (140 mg, 61%). 1H NMR (400 MHz, CDCl3) 

δ 7.74 (dt, J = 7.1, 1.3 Hz, 2H), 7.55 – 7.46 (m, 1H), 7.46 – 7.36 (m, 2H), 6.51 (s, 2H), 4.42 

(q, J = 7.1 Hz, 2H), 3.82 (q, J = 6.4 Hz, 2H), 3.19 (t, J = 6.5 Hz, 2H), 1.40 (t, J = 7.1 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 172.7, 167.8, 159.9, 156.6, 134.1, 131.8, 128.7, 126.9, 

102.7, 62.2, 37.9, 27.2, 14.1.
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Ethyl 5-(2-(3,4-Dichlorobenzamido)ethyl)isoxazole-3-carboxylate (6b) was 

synthesized from 5b (220 mg, 0.9 mmol) and ethyl 2-chloro-2-(hydroxyimino)acetate (408 

mg, 2.7 mmol) following General Procedure B and was obtained as a white solid (250 mg, 

78%). 1H NMR (400 MHz, DMSO-d6) δ 8.85 (t, J = 5.5 Hz, 1H), 8.03 (d, J = 1.4 Hz, 1H), 

7.82 – 7.71 (m, 2H), 6.76 (s, 1H), 4.34 (q, J = 7.1 Hz, 2H), 3.60 (q, J = 6.5 Hz, 2H), 3.11 

(t, J = 6.7 Hz, 2H), 1.30 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 173.5, 

164.2, 159.6, 156.1, 134.6, 134.2, 131.3, 130.8, 129.2, 127.5, 102.5, 61.8, 37.4, 26.3, 14.0.

Ethyl 5-(2-(2-Naphthamido)ethyl)isoxazole-3-carboxylate (6c). (i) 5c was synthesized 

from 3 (215 mg, 1.08 mmol) and 2-naphthoyl chloride (246 mg, 1.3 mmol) following 

General Procedure A and was obtained as a white powder (170 mg, 70%); (ii) 6c was 

synthesized from 5c (170 mg, 0.76 mmol) and ethyl 2-chloro-2-(hydroxyimino)acetate 

(344 mg, 2.28 mmol) following General Procedure B and was obtained as a white solid 

(150 mg, 58%).1H NMR (400 MHz, CDCl3) δ 8.25 (s, 1H), 7.86 – 7.77 (m, 4H), 7.57 – 

7.45 (m, 2H), 6.90 (t, J = 5.7 Hz, 1H), 6.50 (s, 1H), 4.38 (q, J = 7.1 Hz, 2H), 3.85 (q, J = 

6.5 Hz, 2H), 3.20 (t, J = 6.6 Hz, 2H), 1.36 (t, J = 7.1 Hz, 3H). 

Ethyl 5-(2-(Biphenyl-3-ylcarboxamido)ethyl)isoxazole-3-carboxylate (6d). (i) 5d was 

synthesized from 3 (215 mg, 1.08 mmol) and biphenyl-3-carbonyl chloride (280 mg, 1.3 

mmol) following General Procedure A and was obtained as a white powder (140 mg, 

52%). (ii) 6d was synthesized from 5d (170 mg, 0.56 mmol) and ethyl 2-chloro-2-

(hydroxyimino)acetate (255 mg, 1.69 mmol) following General Procedure B and was 

obtained as a colorless oil (100 mg, 49%). 1H NMR (400 MHz, CDCl3) δ 7.98 (s, 1H), 7.76 

– 7.65 (m, 2H), 7.58 – 7.51 (m, 2H), 7.45 – 7.38 (m, 3H), 7.36 – 7.30 (m, 1H), 7.06 (t, J = 

5.4 Hz, 1H), 6.47 (s, 1H), 4.35 (q, J = 7.1 Hz, 2H), 3.78 (q, J = 6.5 Hz, 2H), 3.14 (t, J = 6.6 
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Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H). 

5-(2-Benzamidoethyl)-N-hydroxyisoxazole-3-carboxamide (7a). General Procedure C: 

In a round bottom flask, NaOH (160 mg, 4.0 mmol) was dissolved in 50% aqueous NH2OH 

(1.6 mL, approx. 50 equiv.) at 0 °C. A solution of 6a (140 mg, 0.5 mmol) in 1:1 

THF/MeOH (6 mL) was added dropwise and stirring was continued for 30 min while the 

mixture was allowed to warm to room temperature. The solution was neutralized with 2N 

HCl and extracted with EtOAc (15 mL × 3). The comnbined organic layers were washed 

with brine, dried over Na2SO4, and concentrated under vacuum. The crude product was 

purified by flash chromatography (0 – 10% MeOH/DCM) or preparative HPLC and 

lyophilized to afford 7a as a white powder (60 mg, 43%). 1H NMR (400 MHz, DMSO-d6) 

δ 8.68 (t, J = 5.5 Hz, 1H), 7.81 (d, J = 7.1 Hz, 2H), 7.53 (t, J = 7.3 Hz, 1H), 7.46 (t, J = 7.3 

Hz, 2H), 6.63 (s, 1H), 3.60 (q, J = 6.6 Hz, 2H), 3.09 (t, J = 6.7 Hz, 2H). 13C NMR (101 

MHz, DMSO-d6) δ 172.4, 166.4, 157.4, 156.2, 134.3, 131.3, 128.3 (2C), 127.1 (2C), 101.1, 

37.2, 26.3. ESI HRMS calc. for C13H14N3O4: [M+H]+, m/z 276.0979; found: 276.0984.

5-(2-(3,4-Dichlorobenzamido)ethyl)-N-hydroxyisoxazole-3-carboxamide (7b, SS-208) 

was synthesized from 6b (250 mg, 0.7 mmol) following General Procedure C and was 

obtained as a white powder (70 mg, 29%). 1H NMR (400 MHz, DMSO-d6) δ 11.46 (s, 1H), 

9.33 (s, 1H), 8.87 (t, J = 5.3 Hz, 1H), 8.04 (d, J = 1.6 Hz, 1H), 7.83 – 7.72 (m, 2H), 6.63 

(s, 1H), 3.59 (q, J = 6.4 Hz, 2H), 3.09 (t, J = 6.8 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) 

δ 172.3, 164.1, 157.4, 156.2, 134.5, 134.1, 131.3, 130.8, 129.1, 127.5, 101.2, 37.4, 26.1. 

ESI HRMS calc. for C13H12Cl2N3O4: [M+H]+, m/z 344.0205; found: 344.0198. Purity: 

98.8% (254 nm).

5-(2-(2-Naphthamido)ethyl)-N-hydroxyisoxazole-3-carboxamide (7c) was synthesized 
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from 6c (150 mg, 0.44 mmol) following General Procedure C and was obtained as a white 

powder (15 mg, 10%). 1H NMR (400 MHz, DMSO-d6) δ 11.45 (br s, 1H), 9.33 (br s, 1H), 

8.85 (t, J = 5.2 Hz, 1H), 8.41 (s, 1H), 8.03 – 7.88 (m, 3H), 7.90 (d, J = 8.6 Hz, 1H), 7.63 – 

7.57 (m, 2H), 6.66 (s, 1H), 3.66 (q, J = 6.5 Hz, 2H), 3.14 (t, J = 6.7 Hz, 2H). ESI HRMS 

calc. for C17H16N3O4: [M+H]+, m/z 326.1135; found: 326.1137.

5-(2-([1,1'-Biphenyl]-3-ylcarboxamido)ethyl)-N-hydroxyisoxazole-3-carboxamide 

(7d) was synthesized from 6d (100 mg, 0.27 mmol) following General Procedure C and 

was obtained as an off-white powder (30 mg, 32%). 1H NMR (400 MHz, DMSO-d6) δ 

11.47 (br s, 1H), 9.33 (br s, 1H), 8.81 (t, J = 5.6 Hz, 1H), 8.08 (s, 1H), 7.82 (t, J = 7.4 Hz, 

2H), 7.72 (d, J = 7.4 Hz, 2H), 7.56 (t, J = 7.7 Hz, 1H), 7.50 (t, J = 7.6 Hz, 2H), 7.41 (t, J = 

7.1 Hz, 1H), 6.64 (s, 1H), 3.63 (q, J = 6.5 Hz, 2H), 3.12 (t, J = 6.8 Hz, 3H). ESI HRMS 

calc. for C19H16N3O4: [M–H]+, m/z 350.1146; found: 350.1136.

Ethyl 5-(4-Hydroxybutyl)isoxazole-3-carboxylate (8a) was synthesized from 5-hexyn-

1-ol (2b, 200 mg, 2.0 mmol) and ethyl 2-chloro-2-(hydroxyimino)acetate (906 mg, 6.0 

mmol) following General Procedure B and was obtained as a colorless oil (370 mg, 87%). 

1H NMR (400 MHz, CDCl3) δ 6.41 (s, 1H), 4.42 (qd, J = 7.1, 1.3 Hz, 2H), 3.68 (td, J = 

6.3, 1.3 Hz, 2H), 2.84 (t, J = 7.5 Hz, 2H), 1.90 – 1.76 (m, 2H), 1.67 – 1.60 (m, 2H), 1.40 

(td, J = 7.1, 1.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 175.4, 160.3, 156.5, 101.7, 62.3, 

62.2, 31.9, 26.6, 23.9, 14.3. 

Ethyl 5-(3-Hydroxypropyl)isoxazole-3-carboxylate (8b) was synthesized from 4-

pentyn-1-ol (2c, 300 mg, 3.57 mmol) and ethyl 2-chloro-2-(hydroxyimino)acetate (1.6 g, 

10.7 mmol) following General Procedure B and was obtained as a colorless oil (680 mg, 

96%). 1H NMR (400 MHz, CDCl3) δ 6.42 (s, 1H), 4.40 (q, J = 7.1 Hz, 2H), 3.70 (t, J = 6.1 
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Hz, 2H), 2.92 (t, J = 7.6 Hz, 2H), 1.97 – 1.88 (m, 2H), 1.38 (t, J = 7.1 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 175.2, 160.3, 156.5, 101.8, 62.2, 61.3, 30.2, 23.3, 14.2.

Ethyl 5-(4-Bromobutyl)isoxazole-3-carboxylate (9a). To a stirred solution of 8a (100 

mg, 0.47 mmol) in DCM (5 mL) were added CBr4 (232 mg, 0.47 mmol) and Ph3P (184 mg, 

0.47 mmol) at 0 °C. Then the resulting mixture was stirred at room temperature for 1 h. 

The reaction was quenched with water (5 mL) and extracted with DCM (15 mL × 3). The 

combined organic extracts were washed with brine (30 mL), dried over Na2CO3, and 

concentrated under vacuum. The crude product was purified by flash chromatography (0 – 

40% EtOAc/hexane) to afford 9a as a colorless oil (90 mg, 89%).1H NMR (400 MHz, 

CDCl3) δ 6.41 (s, 1H), 4.40 (q, J = 7.1 Hz, 2H), 3.40 (t, J = 6.2 Hz, 2H), 2.83 (t, J = 6.9 

Hz, 2H), 1.89 – 1.87 (m, 4H), 1.38 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

174.7, 160.2, 156.5, 101.8, 62.1, 32.8, 31.8, 26.0, 25.9, 14.2.

Ethyl 5-(4-Oxobutyl)isoxazole-3-carboxylate (9b). To a stirred solution of 8a (150 mg, 

0.70 mmol) in DCM (5 mL) was added pyridinium chlorochromate (300 mg, 1.4 mmol) at 

room temperature. The resulting mixture was stirred at the same temperature for 2 h. Then 

the solid was filtered off and the filtrate was concentrated under vacuum. The crude product 

was purified by flash chromatography (0 – 60% EtOAc/hexane) and 9b was obtained as a 

colorless oil (130 mg, 88%). 1H NMR (400 MHz, CDCl3) δ 9.75 (t, J = 1.1 Hz, 1H), 6.40 

(s, 1H), 4.38 (q, J = 7.1 Hz, 2H), 2.83 (t, J = 7.3 Hz, 2H), 2.53 (td, J = 7.1, 1.0 Hz, 2H), 

2.11 – 1.94 (m, 2H), 1.36 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 200.9, 174.3, 

160.1, 156.5, 101.9, 62.1, 42.6, 25.8, 19.8, 14.1.

Ethyl 5-(3-Bromopropyl)isoxazole-3-carboxylate (9c) was synthesized from 8b (680 

mg, 3.42 mmol), CBr4 (1.70 g, 5.13 mmol), and Ph3P (1.35 g, 5.13mmol) using a procedure 
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similar to that described for the synthesis of 9a and was obtained as a colorless oil (850 

mg, 83%). 1H NMR (400 MHz, CDCl3) δ 6.46 (s, 1H), 4.42 (q, J = 7.1 Hz, 2H), 3.43 (t, J 

= 6.3 Hz, 2H), 3.01 (t, J = 7.3 Hz, 2H), 2.33 – 2.18 (m, 2H), 1.40 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 173.6, 160.1, 156.6, 102.3, 62.3, 31.9, 30.2, 25.3, 14.3.

Ethyl 5-(4-(5,6-Dichloro-1H-indol-1-yl)butyl)isoxazole-3-carboxylate (10a). To a 

stirred solution of 9a (90 mg, 0.33 mmol) in DMF (3 mL) were added 5,6-dichloro-1H-

indole (56 mg, 0.30 mmol) and Cs2CO3 (217 mg, 0.66 mmol) at room temperature. The 

resulting mixture was heated at 80 °C overnight. The reaction was quenched with a sat. 

NH4Cl aqueous solution (5 mL) and extracted with EtOAc (10 mL × 3). The combined 

organic layers were washed with brine (30 mL), dried over Na2SO4, and concentrated under 

vacuum. The crude product was purified by flash chromatography (0 – 30% 

EtOAc/hexane) to afford 10a as a colorless oil (90 mg, 80%). 1H NMR (400 MHz, CDCl3) 

δ 7.68 (s, 1H), 7.39 (s, 1H), 7.08 (d, J = 3.2 Hz, 1H), 6.42 (dd, J = 3.1, 0.7 Hz, 1H), 6.35 

(s, 1H), 4.42 (q, J = 7.1 Hz, 2H), 4.09 (t, J = 6.9 Hz, 2H), 2.80 (t, J = 7.4 Hz, 2H), 1.92 – 

1.85 (m, 2H), 1.77 – 1.65 (m, 2H), 1.41 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) 

δ 174.5, 160.2, 156.6, 134.9, 129.7, 128.3, 125.7, 123.6, 122.1, 110.9, 101.9, 101.3, 62.3, 

46.3, 29.5, 26.4, 25.0, 14.3.

Ethyl 5-(4-(6-Chloro-3,4-dihydroquinolin-1(2H)-yl)butyl)isoxazole-3-carboxylate 

(10b). To a stirred solution of 9b (130 mg, 0.62 mmol) and 14a (104 mg, 0.62 mmol) in 

EtOH/AcOH (5 mL/0.5 mL) was added NaBH(OAc)3 (263 mg, 1.24 mmol) at room 

temperature. Then the resulting mixture was stirred at the same temperature overnight. The 

reaction was quenched with saturated aqueous NaHCO3 solution (5 mL), and the mixture 

was extracted with DCM (10 mL × 3). The combined organic layers were washed with 
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brine, dried over Na2SO4, and concentrated under vacuum. The crude product was purified 

by flash chromatography (0 – 20% EtOAc/hexane) to afford 11b as a colorless oil (130 

mg, 58%). 1H NMR (400 MHz, CDCl3) δ 6.95 (dd, J = 8.7, 2.6 Hz, 1H), 6.88 (d, J = 2.6 

Hz, 1H), 6.42 (d, J = 8.0 Hz, 1H), 6.41 (s, 1H), 4.43 (q, J = 7.1 Hz, 2H), 3.29 – 3.12 (m, 

4H), 2.84 (t, J = 7.3 Hz, 2H), 2.69 (t, J = 6.3 Hz, 2H), 1.94 – 1.88 (m, 2H), 1.80 – 1.72 (m, 

2H), 1.67 – 1.60 (m, 2H), 1.41 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 175.1, 

160.2, 156.5, 143.8, 128.8, 126.8, 124.1, 120.1, 111.5, 101.7, 62.2, 51.1, 49.5, 28.1, 26.7, 

25.7, 25.2, 22.1, 14.2.

Ethyl 5-(4-(6-Chloro-4,4-dimethyl-3,4-dihydroquinolin-1(2H)-yl)butyl)isoxazole-3-

carboxylate (10c) was synthesized from 9b (130 mg, 0.62 mmol) and 14b (121 mg, 0.62 

mmol) using a procedure similar to that described for the synthesis of 10b and was obtained 

as a colorless oil (100 mg, 42%). 1H NMR (400 MHz, CDCl3) δ 7.10 (d, J = 2.6 Hz, 1H), 

6.96 (dd, J = 8.8, 2.6 Hz, 1H), 6.42 (d, J = 9.5 Hz, 1H), 6.41 (s, 1H), 4.43 (q, J = 7.1 Hz, 

2H), 3.32 – 3.19 (m, 4H), 2.85 (t, J = 7.4 Hz, 2H), 1.80 – 1.64 (m, 6H), 1.41 (t, J = 7.1 Hz, 

3H), 1.25 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 175.1, 160.3, 156.5, 142.5, 132.9, 126.6, 

126.1, 120.3, 111.7, 101.8, 62.2, 51.3, 45.9, 36.8, 32.3, 30.6 (2C), 26.8, 25.6, 25.3, 14.3.

Ethyl 5-(4-(2,8-Dichloro-10,11-dihydro-5H-dibenz[b,f]azepin-5-yl)butyl)isoxazole-3-

carboxylate (10d) was synthesized from 18 (100 mg, 0.30 mmol) and ethyl 2-chloro-2-

(hydroxyimino)acetate (135 mg, 0.90 mmol) following General Procedure B and was 

obtained as a light-yellow oil (100 mg, 67%). 1H NMR (400 MHz, CDCl3) δ 7.09 − 7.08 

(m, 4H), 6.96 − 6.93 (m, 2H), 6.31 (s, 1H), 4.43 (q, J = 7.1 Hz, 2H), 3.67 (t, J = 6.6 Hz, 

2H), 3.10 (s, 4H), 2.74 (t, J = 7.4 Hz, 2H), 1.76 − 1.59 (m, 4H), 1.41 (t, J = 7.1 Hz, 3H).

5-(4-(5,6-Dichloro-1H-indol-1-yl)butyl)-N-hydroxyisoxazole-3-carboxamide (11a)  

Page 37 of 75

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



was synthesized from 10a (90 mg, 0.24 mmol) following General Procedure C and was 

obtained as an off-white powder (35 mg, 39%). 1H NMR (400 MHz, DMSO-d6) δ 11.43 

(s, 1H), 9.32 (d, J = 1.6 Hz, 1H), 7.89 (s, 1H), 7.79 (s, 1H), 7.51 (d, J = 3.1 Hz, 1H), 6.51 

(s, 1H), 6.46 (d, J = 3.1 Hz, 1H), 4.22 (t, J = 7.0 Hz, 2H), 2.82 (t, J = 7.5 Hz, 2H), 1.65 – 

1.75 (m, 2H), 1.65 – 1.54 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ 174.3, 157.4, 156.3, 

134.7, 131.3, 127.9, 123.5, 121.5, 121.4, 111.7, 100.6, 100.5, 45.2, 29.14, 25.27, 24.12. 

ESI HRMS calc. for C16H16N3O3Cl2: [M+H]+, m/z 368.0563; found: 368.0555.

5-(4-(6-Chloro-3,4-dihydroquinolin-1(2H)-yl)butyl)-N-hydroxyisoxazole-3-carboxa-

mide (11b) was synthesized from 10b (130 mg, 0.36 mmol) following General Procedure 

C and was obtained as an off-white powder (100 mg, 79%). 1H NMR (400 MHz, DMSO-

d6) δ 11.43 (s, 1H), 6.93 (dd, J = 8.7, 2.6 Hz, 1H), 6.88 (d, J = 2.7 Hz, 1H), 6.55 (s, 1H), 

6.53 (d, J = 8.8 Hz, 1H), 3.29 – 3.16 (m, 4H), 2.84 (t, J = 7.4 Hz, 2H), 2.65 (t, J = 6.3 Hz, 

2H), 1.86 – 1.77 (m, 2H), 1.69 – 1.64 (m, 2H), 1.57 – 1.50 (m, 2H). 13C NMR (101 MHz, 

DMSO-d6) δ 174.5, 157.4, 156.3, 143.8, 128.1, 126.3, 123.8, 118.1, 111.6, 100.5, 50.0, 

48.5, 27.4, 25.7, 24.7, 24.4, 21.3. ESI HRMS calc. for C17H21N3O3Cl: [M+H]+, m/z 

350.1266; found: 350.1256.

5-(4-(6-Chloro-4,4-dimethyl-3,4-dihydroquinolin-1(2H)-yl)butyl)-N-hydroxyisoxazo-

le-3-carboxamide (11c) was synthesized from 10c (100 mg, 0.28 mmol) following 

General Procedure C and was obtained as an off-white powder (100 mg, 94%).1H NMR 

(400 MHz, DMSO-d6) δ 11.43 (s, 1H), 7.07 (d, J = 2.7 Hz, 1H), 6.94 (dd, J = 8.7, 2.6 Hz, 

1H), 6.55 (s, 1H), 6.54 (d, J = 9.0 Hz, 1H), 3.28 – 3.21 (m, 4H), 2.84 (t, J = 7.3 Hz, 2H), 

1.71 – 1.46 (m, 6H), 1.19 (s, 6H). 13C NMR (101 MHz, DMSO-d6) δ 174.5, 163.0, 157.4, 

142.5, 132.5, 126.2, 125.3, 118.4, 111.9, 100.5, 50.2, 44.7, 40.2, 39.9, 39.7, 39.5, 39.3, 
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39.1, 38.9, 36.0, 31.8, 30.2 (2C), 25.6, 24.6, 24.5.ESI HRMS calc. for C19H24N3O3Cl: 

[M+H]+, m/z 378.1579; found: 378.1576. 

5-(4-(2,8-Dichloro-10,11-dihydro-5H-dibenz[b,f]azepin-5-yl)butyl)-N-hydroxyisoxa-

zole-3-carboxamide (11d) was synthesized from 10d (100 mg, 0.20 mmol) following 

General Procedure C and was obtained as a white powder (30 mg, 34%). 1H NMR (400 

MHz, CDCl3) δ 7.09 − 7.07 (m, 4H), 6.95 − 6.92 (m, 2H), 6.37 (s, 1H), 3.66 (t, J = 6.5 Hz, 

2H), 3.09 (s, 4H), 2.72 (t, J = 7.4 Hz, 2H), 1.76 − 1.68 (m, 2H), 1.63 − 1.57 (m, 2H); 13C 

NMR (101 MHz, CDCl3) δ 175.2, 156.0, 154.0, 146.3 (2C), 135.7 (2C), 129.7 (2C), 127.9 

(2C), 126.4 (2C), 121.2 (2C), 100.7, 50.0, 31.7 (2C), 26.8, 26.7, 24.8. ESI HRMS calc. for 

C22H22Cl2N3O3: [M+H]+, m/z 446.1033; found: 446.1030.

3-Chloro-N-(4-chlorophenyl)propanamide (13a). To a round bottom flask charged with 

4-chloroaniline (12, 5.0 g, 39.4 mmol) in acetone (50 mL) was added 3-chloropropanoyl 

chloride (1.9 mL, 19.7 mmol) at room temperature. The resulting mixture was allowed to 

stir for 1 h under reflux condition. The mixture was cooled to room temperature, quenched 

with 2N HCl (30 mL), and extracted with EtOAc (25 mL × 3). The combined organic layers 

were washed with brine (20 mL), dried over Na2SO4, and concentrated under vacuum. 13a 

was obtained as an off-white powder (4.6 g, 54%) and used directly in the next step without 

further purification. 1H NMR (400 MHz, CDCl3) δ 7.56 (br s, 1H), 7.46 (d, J = 8.7 Hz, 2H), 

7.28 (d, J = 8.8 Hz, 2H), 3.87 (t, J = 6.3 Hz, 2H), 2.81 (t, J = 6.3 Hz, 2H). 13C NMR (101 

MHz, CDCl3) δ 167.9, 136.0, 129.8, 129.1 (2C), 121.4 (2C), 40.4, 39.8.

N-(4-Chlorophenyl)-3-methylbut-2-enamide (13b). To a round bottom flask charged 

with 4-chloroaniline (12, 1.27 g, 10.0 mmol) in CHCl3 (20 mL) was added 3,3-

dimethylacryloyl chloride (1.18 g, 10.0 mmol). The resulting mixture was heated to reflux 
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for 2 h. The mixture was cooled to room temperature and quenched with 2N HCl (20 mL), 

and then extracted with EtOAc (20 mL × 3). The combined organic layers were washed 

with brine (20 mL), dried over Na2SO4, and concentrated under vacuum. The crude product 

was purified by flash chromatography (0 – 80% EtOAc/hexane) to afford 13b as a white 

powder (1.00 g, 48%). 1H NMR (400 MHz, CDCl3) δ 7.54 (br s, 1H), 7.47 (d, J = 8.1 Hz, 

2H), 7.22 (d, J = 8.8 Hz, 2H), 5.70 (s, 1H), 2.19 (s, 3H), 1.86 (s, 3H). 13C NMR (101 MHz, 

CDCl3) δ 165.2, 154.0, 136.8, 128.8 (4C), 121.0, 118.4, 27.3, 20.0.

6-Chloro-1,2,3,4-tetrahydroquinoline (14a). (i) In a three-necked flask charged with 13a 

(4.6 g, 21.1 mmol) under an argon atmosphere was added AlCl3 (5.47 g, 42.2 mmol) at 140 

°C. The resulting mixture was stirred at the same temperature for 12 h. Then the reaction 

was cautiously quenched with 1 N HCl (20 mL) at 0 °C, and the mixture was extracted 

with EtOAc (30 mL × 3). The combined organic extracts were washed with brine (20 mL), 

dried over Na2SO4, and concentrated under vacuum. The crude product was purified by 

flash chromatography (0 – 80% EtOAc/hexane) to afford the lactam intermediate as a white 

powder (3.1 g, 17.1 mmol). (ii) To a stirred solution of LiAlH4 (1.95 g, 51.4 mmol) in THF 

(30 mL) were added dropwise a solution of the lactam intermediate (3.1 g, 17.1 mmol) in 

THF (20 mL) at 0 °C. The resulting mixture was stirred at the same temperature for 20 min 

and then heated at reflux for an additional 1 h. The reaction was subsequently quenched 

with water (2.0 mL), 5 N NaOH (2.0 mL), and water (10 mL). The resulting precipitate 

was filtered off and washed with EtOAc (20 mL × 3). The filtrate was washed with brine 

(20 mL), dried over Na2SO4, and concentrated under vacuum. 14a was obtained as a 

colorless oil (2.43 g, 70% over two steps) and used directly in the next step without further 

purification. 1H NMR (400 MHz, CDCl3) δ 6.93 – 6.86 (m, 2H), 6.38 (d, J = 8.0 Hz, 1H), 
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3.77 (br s, 1H), 3.33 – 3.15 (m, 2H), 2.72 (t, J = 6.4 Hz, 2H), 1.94 – 1.88 (m, 2H). 13C NMR 

(101 MHz, CDCl3) δ 143.2, 128.8, 126.3, 122.7, 120.9, 114.9, 41.7, 26.7, 21.6.

6-Chloro-4,4-dimethyl-1,2,3,4-tetrahydroquinoline (14b). (i) To a round bottom flask 

charged with 13b (1.0 g, 4.78 mmol) in Toluene (15 mL) was added AlCl3 (2.50 g, 19.1 

mmol) at room temperature. The resulting mixture was heated at 80 °C for 2 h. Then the 

reaction was cautiously quenched with 1 N HCl (10 mL) at 0 °C, and the mixture was 

extracted with EtOAc (15 mL × 3). The combined organic layers were washed with brine 

(20 mL), dried over Na2SO4, and concentrated under vacuum. The crude product was 

purified by flash chromatography (0 – 80% EtOAc/hexane) to afford the lactam 

intermediate as a brown powder (640 mg, 64%); (ii) To a stirred solution of LiAlH4 (250 

mg, 6.60 mmol) in THF (10 mL) was dropwise added the lactam intermediate (460 mg, 

2.20 mmol) in THF (20 mL) at 0 °C. The resulting mixture was stirred at the same 

temperature for 20 min and then heated to reflux condition for an additional 1 h. The 

reaction was subsequently quenched with water (0.5 mL), 5 N NaOH (0.5 mL), and water 

(2.5 mL). The resulting precipitate was filtered off and washed with EtOAc (20 mL × 3). 

The filtrate was washed with brine (20 mL), dried over Na2SO4, and concentrated under 

vacuum. The crude product was purified by flash chromatography (0 – 20% 

EtOAc/hexane) to afford compound 14b as a colorless oil (370 mg, 86%). 1H NMR (400 

MHz, DMSO-d6) δ 7.05 (d, J = 2.5 Hz, 1H), 6.83 (dd, J = 8.6, 2.5 Hz, 1H), 6.44 (d, J = 8.6 

Hz, 1H), 5.91 (br s, 1H), 3.21 – 3.12 (m, 2H), 1.61 – 1.53 (m, 2H), 1.20 (s, 6H). 13C NMR 

(101 MHz, DMSO-d6) δ 143.1, 130.5, 125.9, 125.3, 118.3, 114.8, 37.0, 36.0, 31.5, 30.3 

(2C).

2,8-Dichloro-10,11-dihydro-5H-dibenz[b,f]azepine (16). To a stirred solution of 10,11-
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dihydro-5H-dibenz[b,f]azepine (15, 500 mg, 2.56 mmol) in CHCl3 (75 mL) was added at 

room temperature pre-dried silica gel (10 g, 2 g per mmol of NCS). The mixture was stirred 

gently, and the reaction vessel covered with foil to exclude light. NCS (685 mg, 5.12 mmol) 

was then added portion wise over 1 h at room temperature. The mixture was stirred at the 

same temperature overnight. After completion of the reaction, excess silica gel was 

removed by vacuum filtration. The filtrate was washed with water and brine, dried over 

Na2SO4, and concentrated under reduced pressure. The crude product was purified by flash 

chromatography using (0 – 10% EtOAc/hexane) to afford 16 as a white solid (500 mg, 

74%). 1H NMR (400 MHz, CDCl3) δ 7.04 − 7.02 (m, 4H), 6.65 (d, J = 6.2 Hz, 2H), 5.93 

(s, 1H), 3.02 (s, 4H). 

2,8-Dichloro-5-(hex-5-yn-1-yl)-10,11-dihydro-5H-dibenzo[b,f]azepine (18). (i) To a 

stirred solution of 16 (300 mg, 1.15 mmol) in DMF (5 mL) was slowly added NaH (60%, 

140 mg, 3.45 mmol). The mixture was stirred at room temperature for 15 min, followed by 

dropwise addition of 1,4-dibromobutane (364 mg, 1.7 mmol). The mixture was stirred at 

room temperature for 1 h. After completion of the reaction, 1 N HCl aqueous solution was 

added to adjust the pH to 6~7. Then the solution was extracted with EtOAc (10 mL × 3). 

The combined organic layers were washed with brine, dried over Na2SO4, and concentrated 

under reduced pressure. The crude product was purified by flash chromatography (0-5% 

EtOAc/hexane) to afford 17 as a colorless oil (200 mg, 43%). (ii) To a stirred solution of 

17 (200 mg, 0.5 mmol) in xylene/DMF (2/2 mL) was added sodium acetylide suspension 

(0.2 mL, 18 wt. % slurry in xylene) under an argon atmosphere at room temperature. Then 

the mixture was stirred at 40 °C overnight. After completion, the reaction solution was 

quenched with water (10 mL), and the mixture was extracted with EtOAc (10 mL × 3). The 
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combined organic layers were washed with brine, dried over Na2SO4, and concentrated 

under reduced pressure. The crude product was purified by flash chromatography (0 − 5% 

EtOAc/hexane) to afford 18 (100 mg, 25%) as a colorless oil. 1H NMR (400 MHz, CDCl3) 

δ 7.09 − 7.07 (m, 4H), 6.97 (d, J = 9.0 Hz, 2H), 3.67 (t, J = 6.8 Hz, 2H), 3.10 (s, 4H), 2.14 

(td, J = 7.0, 2.6 Hz, 2H), 1.89 (t, J = 2.6 Hz, 1H), 1.67− 1.64 (m, 2H), 1.55 − 1.51 (m, 2H).

Ethyl 5-(3-((3,4-Dichlorophenyl)amino)propyl)isoxazole-3-carboxylate (19a) was 

synthesized from 9c (464 mg, 2.85 mmol) and 3,4-dichlorophenol (850 mg, 3.41 mmol) 

using a procedure similar to that described for the synthesis of 10a and was obtained as a 

colorless oil (490 mg, 80%). 1H NMR (400 MHz, CDCl3) δ 7.28 (d, J = 8.9 Hz, 1H), 6.94 

(d, J = 2.8 Hz, 1H), 6.71 (dd, J = 8.9, 2.9 Hz, 1H), 6.43 (s, 1H), 4.41 (q, J = 7.1 Hz, 2H), 

3.96 (t, J = 5.9 Hz, 2H), 3.00 (t, J = 7.5 Hz, 2H), 2.26 – 2.08 (m, 2H), 1.38 (t, J = 7.1 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 174.3, 160.1, 157.7, 156.5, 132.9, 130.8, 124.2, 116.4, 

114.5, 102.0, 66.9, 62.2, 27.0, 23.4, 14.2.

Ethyl 5-(4-(3,4-Dichlorophenyl)butyl)isoxazole-3-carboxylate (19b) was synthesized 

from 25 (18 mg, 0.1 mmol) following General Procedure B and was obtained as a 

colorless oil (20 mg, 58%). 1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 8.2 Hz, 1H), 7.25 

(d, J = 2.0 Hz, 1H), 6.99 (dd, J = 8.2, 2.0 Hz, 1H), 6.40 (s, 1H), 4.55 – 4.46 (m, 2H), 2.83 

(t, J = 7.3 Hz, 2H), 2.61 (t, J = 7.4 Hz, 2H), 1.78 – 1.64 (m, 4H).

5-(3-((3,4-Dichlorophenyl)amino)propyl)-N-hydroxyisoxazole-3-carboxamide (20a) 

was synthesized from 19a (160 mg, 0.47 mmol) following General Procedure C and was 

obtained as a white powder (65 mg, 40%). 1H NMR (400 MHz, DMSO-d6) δ 11.45 (s, 1H), 

9.33 (s, 1H), 7.51 (d, J = 8.9 Hz, 1H), 7.23 (d, J = 2.9 Hz, 1H), 6.96 (dd, J = 8.9, 2.9 Hz, 

1H), 6.60 (s, 1H), 4.06 (t, J = 6.1 Hz, 2H), 2.96 (t, J = 7.5 Hz, 2H), 2.15 – 2.03 (m, 2H). 
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13C NMR (101 MHz, DMSO-d6) δ 173.8, 157.9, 157.5, 156.3, 131.6, 131.0, 122.4, 116.4, 

115.5, 100.7, 67.2, 40.2, 39.9, 39.7, 39.5, 39.3, 39.1, 38.9, 26.4, 22.6. ESI HRMS calc. for 

C13H13Cl2N2O4: [M+H]+, m/z 331.0247; found: 331.0244.

5-(4-(3,4-Dichlorophenyl)butyl)-N-hydroxyisoxazole-3-carboxamide (20b) was 

synthesized from 19b (50 mg, 0.15 mmol) following General Procedure C and was 

obtained as an off-white powder (15 mg, 30%). 1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 

8.1 Hz, 1H), 7.24 (s, 1H), 6.98 (d, J = 7.7 Hz, 1H), 6.45 (s, 1H), 2.82 (t, J = 7.2 Hz, 2H), 

2.60 (t, J = 7.2 Hz, 2H),  1.78 – 1.61 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 175.2, 169.0, 

156.2, 141.9, 132.3, 130.3, 130.3, 129.9, 127.8, 100.8, 34.6, 30.3, 26.8, 26.5. ESI HRMS 

calc. for C14H15Cl2N2O3: [M+H]+, m/z 329.0454; found: 329.0456.

3,4-Dichloro-N-(4-(hydroxycarbamoyl)benzyl)benzamide (20c). (i) To a stirred 

suspension of 3,4-dichlorobenzaldehyde (26, 1.04 g, 6.0 mmol) in water (20 mL) were 

added NH2OH·HCl (0.42 g, 6.0 mmol) and K2CO3 (0.83 g, 6.0 mmol), followed by 

addition of Cu(OAc)2 (20 mg, 0.12 mmol). The reaction mixture was heated to reflux for 6 

h. After completion of the reaction, the solution was extracted with EtOAc (20 mL × 3). 

The combined organic layers were washed with brine, dried over Na2SO4, and concentrated 

under vacuum. The crude product was washed with Et2O to afford amide intermediate 27 

as a white powder (0.80 g, 70%). (ii) To a suspension of 3,4-dichlorobenzamide (27, 0.80 

g, 4.25 mmol) and methyl 4-formylbenzoate (232 mg, 1.41 mmol) in toluene (10 mL) was 

added TFA (325 µL, 4.25mmol) and triethylsilane (677 µL, 4.25 mmol) at room 

temperature. The resulting mixture was heated to reflux overnight. After completion of the 

reaction, the solution was extracted with EtOAc (20 mL × 3). The combined organic layers 

were washed with brine, dried over Na2SO4, and concentrated under vacuum. The crude 
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product 19c containing excess dichlorobenzamide (~800 mg) was advanced in the next step 

without further purification. (iii) Compound 20c was synthesized from the crude compound 

19c (~800 mg) following General Procedure C and was obtained as an off-white powder 

(150 mg, 31% over two steps). 1H NMR (500 MHz, DMSO-d6) δ 11.17 (s, 1H), 9.27 (t, J 

= 6.0 Hz, 1H), 8.99 (s, 1H), 8.13 (d, J = 2.1 Hz, 1H), 7.87 (dd, J = 8.4, 2.1 Hz, 1H), 7.78 

(d, J = 8.4 Hz, 1H), 7.71 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 4.51 (d, J = 5.9 Hz, 

2H). 13C NMR (126 MHz, DMSO-d6) δ 164.0, 164.0, 142.4, 134.5, 134.1, 131.4, 131.3, 

130.8, 129.2, 127.6, 127.2 (2C), 126.9 (2C), 42.6. ESI HRMS calc. for C15H13Cl2N2O3: 

[M+H]+, m/z 339.0298; found: 339.0306.

4-(3-Bromopropyl)-1,2-dichlorobenzene (22). (i) A suspension of LiAlH4 (262 mg, 6.9 

mmol) in THF (23 mmol, 0.3 M solution) was prepared in an ice bath and under an argon 

atmosphere. To this suspension was added dropwise a THF solution (8 mL) of 3,4-

dichlorocinnamic acid (21, 500 mg, 2.3 mmol). After the addition of the substrate solution, 

the resulting mixture was left to warm to room temperature while stirring. Then it was 

heated to reflux for 5 h. The reaction was quenched with water (0.3 mL), 5N NaOH (0.3 

mL), and water (1.5 mL), the precipitate was filtered off, and the filtrate was extracted with 

EtOAc (10 mL × 3). The organic layers were  washed with brine, dried over Na2SO4, and 

concentrated under vacuum. The crude product was purified by flash chromatography (0 – 

50% EtOAc/hexane) to afford the intermediate alcohol as a colorless oil (80 mg, 17%). (ii) 

To a stirred solution of the intermediate (80 mg, 0.40 mmol) in DCM (5 mL) were added 

CBr4 (194 mg, 0.6 mmol) and Ph3P (160 mg, 0.6 mmol) at 0 °C. Then the resulting mixture 

was stirred at room temperature for 1 h. The reaction was quenched with water (5 mL), 

extracted with DCM (10 mL × 3). The combined organic extracts were washed with brine 
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(30 mL), dried over Na2SO4, and concentrated under vacuum. The crude product was 

purified by flash chromatography (0 – 20% EtOAc/hexane) to afford 22 as a colorless oil 

(70 mg, 65%). 1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 8.2 Hz, 1H), 7.29 (d, J = 2.0 Hz, 

1H), 7.04 (dd, J = 8.2, 2.1 Hz, 1H), 3.38 (t, J = 6.4 Hz, 2H), 2.79 – 2.70 (m, 2H), 2.19 – 

2.08 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 140.8, 132.4, 130.5, 130.4, 130.2, 128.0, 

33.7, 33.1, 32.5.

4-(3,4-Dichlorophenyl)butanenitrile (23). To a solution of 22 (70 mg, 0.26 mmol) in 

DMSO (3 mL) were added NaCN (115 mg, 2.36 mmol) at room temperature. Then the 

resulting mixture was heated at 100 °C for 1 h. The mixture was diluted with water (5 mL) 

and extracted with EtOAc (10 mL × 3). The combined organic extracts were washed with 

aqueous FeSO4 solution (10 mL) and brine (10 mL), dried over Na2SO4, and concentrated 

under vacuum. Compound 23 was obtained as a yellow oil (40 mg, 72%) and used directly 

into the next step without further purification. 1H NMR (400 MHz, CDCl3) δ 7.37 (dd, J = 

8.2, 0.8 Hz, 1H), 7.28 (d, J = 1.2 Hz, 1H), 7.03 (dd, J = 8.2, 1.5 Hz, 1H), 2.75 (t, J = 7.5 

Hz, 2H), 2.34 (t, J = 7.0 Hz, 2H), 1.96 (p, J = 7.1 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 

140.0, 132.6, 130.6, 130.4 (2C, overlapping), 127.9, 119.1, 33.5, 26.6, 16.4.

4-(3,4-Dichlorophenyl)butan-1-ol (24). (i) To a stirred solution of 23 (40 mg, 0.19 mmol) 

in EtOH (1 mL) was added 50% w/v aq. NaOH (1 mL) at room temperature. The resulting 

mixture was heated at 80 °C for 3 h. Then the mixture was diluted with water (5 mL) and 

extracted with EtOAc (10 mL × 3). The aqueous layer was separated and acidified with 2N 

HCl to pH = 3–4, then extracted with EtOAc (10 mL × 3). The combined organic layers 

were washed with brine (30 mL), dried over Na2SO4, and concentrated under vacuum. The 

crude carboxylic acid product was obtained as a pink solid (40 mg, 90%) and used directly 
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in the next step without further purification. (ii) To a stirred solution of the carboxylic acid 

(40 mg, 0.17 mmol) in THF (3 mL) was added BF3·THF (1 M in THF, 0.34 mL) at 0 °C 

over 5 min. The resulting mixture was allowed to warm to room temperature overnight. 

The reaction was quenched with 1N NaOH, and the mixture was extracted with EtOAc (10 

mL × 3). The combined organic layers were washed with water (30 mL) and brine (30 mL), 

dried over Na2SO4, and concentrated under vacuum. 24 was obtained as a colorless oil (40 

mg, 98%) and used directly in the next step without further purification. 1H NMR (400 

MHz, CDCl3) δ 7.33 (d, J = 8.2 Hz, 1H), 7.27 (d, J = 1.8 Hz, 1H), 7.01 (dd, J = 8.2, 1.8 

Hz, 1H), 3.66 (t, J = 6.3 Hz, 2H), 2.60 (t, J = 7.5 Hz, 2H), 1.74 – 1.64 (m, 2H), 1.62 – 1.55 

(m, 2H), 1.53 (br s, 1H). 13C NMR (101 MHz, CDCl3) δ 142.6, 132.2, 130.3, 130.2, 129.7, 

127.9, 62.6, 34.8, 32.1, 27.3.

1,2-Dichloro-4-(hex-5-yn-1-yl)benzene (25). (i) To a stirred solution of 24 (40 mg, 0.18 

mmol) in DCM (3 mL) were added CBr4 (90 mg, 0.27 mmol) and Ph3P (70 mg, 0.27 mmol) 

at 0 °C. Then the resulting mixture was stirred at room temperature for 1 h. The reaction 

was quenched with water (5 mL) and extracted with DCM (10 mL × 3). The combined 

organic layers were washed with brine (30 mL), dried over Na2SO4, and concentrated under 

vacuum. The crude product was purified by flash chromatography (0 – 20% 

EtOAc/hexane) to afford the intermediate bromide as a colorless oil (20 mg, 40%). (ii) To 

a stirred solution of the bromide (20 mg, 0.07 mmol) in DMF (2 mL) was added sodium 

acetylide suspension (18 wt. % slurry in xylene, 0.03 mL) under an argon atmosphere. The 

resulting mixture was stirred at 40 °C overnight. The reaction was quenched with water (5 

mL), extracted with EtOAc (10 mL × 3). The combined organic layers were washed with 

brine (30 mL), dried over Na2SO4, and concentrated under vacuum. 25 was obtained as a 
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colorless oil (18 mg, 98%) and used directly in the next step without further purification. 

1H NMR (400 MHz, CDCl3) δ 7.33 (d, J = 8.2 Hz, 1H), 7.28 – 7.25 (m, 1H), 7.01 (dd, J = 

8.2, 2.0 Hz, 1H), 2.59 (t, J = 7.7 Hz, 2H), 2.22 (td, J = 7.0, 2.6 Hz, 2H), 1.95 (t, J = 2.6 Hz, 

1H), 1.74 – 1.70 (m, 2H), 1.58 – 1.51 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 142.4, 132.2, 

130.3, 130.2, 129.7, 127.9, 84.0, 68.6, 34.5, 30.0, 27.8, 18.2.

HDAC 1 and 6 enzymatic assay procedure. HDAC inhibition assays in Table 1 were 

performed by the Reaction Biology Corporation (Malvern, PA) using human full-length 

recombinant HDAC1 and 6, isolated from a baculovirus expression system in Sf9 cells. An 

acetylated, fluorogenic peptide derived from residues 379-382 of p53 (RHKKAc, 50 µM) 

was used as the substrate in the assays. The reaction buffer contained: 50 mM Tris·HCl pH 

8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mg/mL BSA, and a final concentration 

of 1% DMSO. The enzyme was added into wells of the reaction plate and stock solutions 

of compounds were distributed into the enzyme mixture by acoustic technology (Echo550 

instrument; nanoliter range). The plates were spun down and pre-incubated for 5-10 min. 

The substrate was then delivered to all reaction wells to initiate the reaction, which was 

incubated for 2 h at 30 °C. After incubation, developer and trichostatin A (TSA) were added 

to quench the reaction and generate fluorescence. Kinetic measurements were then taken 

for 1.5 h at 15 min intervals to ensure that development was complete. Endpoint readings 

were taken for analysis after the development reached a plateau. Dose response curves were 

generated, and the IC50 value for each compound was extrapolated from the generated plots 

(10-point IC50 curves were generated using a 3-fold serial dilution pattern starting at 30 

µM).

Expression and purification of HDACs1, 4-9, and 11. Large scale expression of human 
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HDACs was carried out in HEK293/T17 cells essentially as described previously.92, 93 

Briefly, transiently transfected cells were harvested three days post transfection and the 

cell pellets resuspended in a lysis buffer (50 mM Tris, 150 mM NaCl, 10 mM KCl, 2 mM 

MgCl2, 10% glycerol, 0.2% NP-40, 2 Units/mL benzonase, pH 8) supplemented with a 

cocktail of protease inhibitors (Roche, Basel, Switzerland). Cells were lysed by sonication 

(30 W; 3 × 20 s) on ice and the cell lysate cleared by centrifugation at 40, 000 × g for 30 

min at 4 °C. Recombinant fusion HDAC proteins were purified via Strep-Tactin affinity 

chromatography (IBA, Göttingen, Germany) with the elution buffer comprising 50 mM 

HEPES, 100 mM NaCl, 50 mM KCl, 10% glycerol, and 3 mM desthiobiotin, pH 7.5. 

Purified proteins were concentrated to 1 mg/mL, aliquoted, flash-frozen in liquid nitrogen 

and stored at -80 °C until further use.  

Determination of inhibitory activity against HDACs1, 4-9, and 11. IC50 values in Table 

2 were determined using a fluorescence-based assay with 10 µM Ac-GAK(Ac)-AMC 

(HDAC 1, 6) or 10 µM Boc-Lys(TFA)-AMC (HDAC 4, 5, 7, 8, 9, 11) as a substrate.94 

Briefly, individual HDACs were preincubated with dilution series of tested inhibitors (0 – 

100 µM) in a 384-well plate in the total volume of 40 µL for 10 min at 37 °C in a reaction 

buffer comprising 50 mM HEPES, 140 mM NaCl, 10 mM KCl, 1 mM TCEP, 0.1% BSA, 

pH 7.4. Deacetylation reaction was started by the addition of 10 µL of a 10 µM substrate 

into the HDAC/inhibitor mixture. Following the 30 min incubation at 37 °C, the reaction 

was terminated by the addition of 25 µL of the trypsin solution (4 mg/mL). Fluorescence 

development by trypsin was carried out at 37 °C for 15 and 60 min for Ac-GAK(Ac)-AMC 

and Boc-Lys(TFA)-AMC substrate, respectively. Released aminomethylcoumarin was 

quantified using a CLARIOstar fluorimeter with the excitation and emission wavelengths 
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set to 365 nm and 440 nm, respectively. Non-linear regression analysis was employed to 

calculate IC50 values using the GraphPad Prism software (10-point IC50 curves were 

generated using a 3-fold serial dilution pattern starting at 100 µM). Reactions without the 

enzyme or the inhibitor were used to define 0% and 100% of the HDAC activity, 

respectively.

drHDAC6 expression and purification. The second catalytic domain of HDAC6 from 

Danio rerio (drHDAC6; amino acids 440 - 798) was expressed and purified essentially as 

described previousl.88 Briefly, the synthetic gene encoding HDAC6 was recombined into 

a Gateway expression plasmid in frame with the TEV-cleavable His-MBP N-terminal tag. 

The fusion protein was expressed in E. coli BL21-Codon plus (DE3)-RIPL at 16 °C 

overnight. The purification protocol comprised the HisTrap HP affinity step (GE 

Healthcare, Chicago, IL, USA), removal of the tag by the TEV protease, affinity 

purification on an amylose resin (New England Biolabs, Ipswitch, MA, USA), ion-

exchange chromatography on HiTrap Q sepharose (GE Healthcare), and size-exclusion 

chromatography on a HiLoad Superdex 75 pg column (GE Healthcare; mobile phase: 50 

mM HEPES, 100 mM KCl, 5% glycerol, 1 mM TCEP, pH 7.5) as the final step. Purity of 

the final protein preparation was > 98% as determined by SDS-PAGE and purified 

drHDAC6-CD2 was concentrated to 10 mg/mL, aliquoted, flash-frozen in liquid nitrogen 

and stored at -80 °C until further use.

Crystallization and data collection. The drHDAC6 stock solution was mixed with 1/20 

volume of the SS-208 solution (80 mM in DMSO), and the crystallization droplets were 

prepared by combining 1 µL of the complex solution with 1 µL of a reservoir solution 

containing 19% PEG 3350 (Sigma Aldrich), 0.2 M KSCN (Hampton research), 0.1 M Bis-
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Tris (Sigma Aldrich) at pH 6.5. To bolster the nucleation step, droplets were streak-seeded 

using the seed stock prepared from crystals of the HDAC6/SAHA complex using a Crystal 

Crusher (Hampton Research). Crystals were grown by the hanging drop vapor diffusion 

method at 283 K. Diffraction quality crystals were vitrified in liquid nitrogen from the 

mother liquor supplemented with 20% (v/v) glycerol. The diffraction data were collected 

from a single crystal at 90 K using synchrotron radiation at the Bessy II beamline MX 14.2 

(Berlin, Germany) equipped with the Pilatus 2M detector at an X-ray wavelength of 0.92 

Å. Data processing was performed with the XDSAPP software package.95

Structure determination and refinement. The difference Fourier method was used to 

determine the structure of the drHDAC6-CD2/SS-208 complex using the drHDAC6/TSA 

complex (PDB code: 5EEK) without the inhibitor and water molecules as a starting 

model.88 Iterative refinement and model building cycles were performed using Refmac 5.8. 

and Coot, respectively.96, 97 Ligand topologies and coordinates were generated with 

AceDRG98 and the inhibitor was fitted into the |Fo| − |Fc| electron density maps in the final 

stages of the refinement. Approximately 2,500 randomly selected reflections were kept 

aside for cross-validation (Rfree) during the refinement process. The final model was 

validated using the MolProbity server.99 The data collection and structure refinement 

statistics are summarized in the Table S4.

Cell transfection, treatments, and BRET measurements. NanoBRET target 

engagement was performed against HDAC6 (CD2) and HDAC1 according to the 

manufacturer’s protocol (Promega) in HEK293 cells (ATCC). Plasmid constructs encoding 

NanoLuc-HDAC6 (CD2) and HDAC1-NanoLuc encoded HDAC open reading frames 

matching previous work.89 HDAC6 (CD2) encoded a GSSGAIA linker between Nanoluc 
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and HDAC6 (CD2), and HDAC1-NanoLuc encoded a SWTWEGNKWTWK linker 

between HDAC1 and NanoLuc. NanoBRET HDAC Tracer (Promega) was added to a final 

concentration of 250 nM and 1000 nM for HDAC6 (CD2) and HDAC1, respectively, 

immediately prior to test compound addition. Tracer concentrations were selected for each 

HDAC such that tracer occupancy did not impart a shift in observed compound IC50 value. 

Serially-diluted test compounds were then added to the cells and allowed to equilibrate for 

2 h prior to BRET measurements.  To measure BRET, NanoBRET NanoGlo Substrate-

(Promega) and Extracellular NanoLuc inhibitor was added per the manufacturer’s protocol, 

and filtered luminescence was measured on a GloMax Discover luminometer equipped 

with a 450 nm BP filter (donor) and 610 nm LP filter (acceptor), using a 0.5 s integration 

time. Milli-BRET units (mBU) are the BRET values × 1000. Competitive displacement 

data were then graphed with GraphPad Prism software using a 3-parameter curve fit with 

the following equation (Equation).

Y=Bottom + (Top-Bottom) / [1+10^(X-LogIC50)].

Mice. Experiments involving mice were performed in accordance with approved protocols 

by the Institutional Care and Use Committee (IACUC) at The George Washington 

University (Protocol A354). C57BL/6 mice were obtained from the Charles River 

Laboratories (Wilmington, Massachusetts, USA). All the in vivo studies performed used 

tumor cells passaged in vivo (mouse to mouse) a minimum of five times before the tumor 

challenge experiment. Once in vivo passaged cells were obtained, mice were injected 

subcutaneously with 1.0 × 106 melanoma cells suspended in 100 µL 1X phosphate buffered 

saline (PBS) (Corning, 21-040-CV). Treatment started once tumors were palpable or as 

indicated in particular experiments. Mice were treated intraperitoneally with SS-208 (25 

Page 52 of 75

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



mg/kg) or vehicle control depending on the randomly assigned treatment group (10 female 

mice per group, 4-6 weeks old). Control mice were injected with 100 µL 1× PBS as vehicle 

control. Mice were treated five days a week until tumors in the control group reached 

maximum size according to our IACUC protocol. Tumor volume was calculated using 

caliper measurements by the formula L × W2/2. 

All animal studies were done with consideration for toxicity in relation to each individual 

agent and using a dose that was previously verified through in vivo testing. However, we 

routinely monitored for early signs of toxicity. Particular focus was given to mortality, 

body weight, and food consumption. At the end-point postmortem evaluation, using gross 

visual examination of organs, was done for each condition.  

Cell culture. In vivo tumors: SM1 cells were originally obtained from the laboratory of 

Dr. A. Ribas at the University of California Los Angeles.100 SM1 tumor cells were passaged 

in vivo directly from mouse to mouse for at least five passages. Tumors were grown and 

selected for optimal and consistent growth rate. When preparing cells for subcutaneous 

injection, mice with a tumor burden measuring approximately 7 mm × 7 mm were 

euthanized. Tumors were extracted and processed under sterile conditions. A cell count 

was used to adjust the cell concentration to 1.0 × 106 per 100 µL of PBS, indicative of the 

volume per mouse injection. These cells were immediately injected into the experimental 

mice, as described above. Cells in excess from the tumor processing were frozen in 90% 

Fetal Bovine Serum (FBS) (Serum Source, FB02-500HI) with 10% DMSO (Sigma-

Aldrich, D2650) and stored in liquid nitrogen for future experiments.

HDACis for cellular studies. SS-208 was kept as a stock solution of 10 mg/mL and diluted 

with a buffer provided by the manufacturer to the concentration used for each particular 
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experiment. Nexturastat A (NextA) was provided by StarWise Therapeutics LLC. 

Tubastatin A (TubA, S8049) was purchased from Selleckchem. The pan-HDACi LBH589 

(50-148-338) was purchased from Biotang Inc. 

Cellular viability and apoptosis assays. Using ApoTox-Glo Triplex Assay® (Promega, 

G6321) viability and apoptosis were measured. SM1 cells were treated with individual 

HDACis along with the recommended assay controls. Pan-HDACi, LBH589 was also used 

as a control on all plates. Following the manufacturer’s protocol, Viability/Cytotoxicity 

reagents were added, and fluorescence was measured at specific wavelengths – i.e., 

400Ex/505Em (viability) and 485Ex/520Em (cytotoxicity). Next, the Caspase 3/7 reagent 

was added, and luminescence was measured at Lm578 (apoptosis). Measurements were 

collected using the SpectraMax 3i multi-mode microplate reader. 

Cellular HDAC inhibition. Using HDAC-Glo I/II Assay® (Promega, G6420) Cells were 

plated at a density of 10,000 cells per/well overnight in a white, flat clear bottom 96 well 

plate. After 24 h, the plate was then treated with the compounds of interest (NextA, TubA, 

and SS-208) at the desired concentrations and incubated at 37 °C and 5% CO2 for 1 h. After 

incubation with the compounds, the developer is added to the substrate, mixed, and added 

directly to the plate, following the manufactured protocol. Immediately after plating, the 

plate was read for an hour and 15 min with a reading done every 2 min, using the 

SpectraMax 3i multi-mode plate reader.

Flow cytometry. Tumor cells were immediately processed into single cell suspensions for 

analysis by flow cytometry. The first panel for flow cytometry was to analyze the 

expression of immune cell surface markers. These cells were stained with phycoerythrin 

(PE) conjugated antibodies in a 96-well format. Antibodies were purchased from BD 
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Biosciences (San Jose, California, USA), Biolegend (San Diego, California, USA), and 

eBioscience (San Diego, California, USA). Tumor cells were stained with anti-mouse 

CD274 (PD-L1) (BD Biosciences, 558091), anti-mouse CD 273 (PD-L2) (Biolegend, 

107205), anti-mouse CD276 (B7-H3) (Biolegend, 124507), anti-mouse B7-H4 (Biolegend, 

139405), anti-mouse Galactin-9 (Biolegend, 137903), anti-mouse CD252 (OX40-L), anti-

mouse CD275 (ICOS-L) (eBioscience, 12-5985-81),  anti-mouse MHC I (H-

2Kb)(eBioscience, 12-5958-80), or anti-mouse MHC II (I-A/I-E) (eBioscience, 12-5321-

81).  After staining for 30 min at room temperature, cells were washed at least three times 

with 1× PBS and resuspended in FACS buffer. 

The second panel for flow cytometry was designed to measure the activity and infiltration 

of Natural Killer (NK) and T-cells. The following antibodies were used: PerCP/Cy5.5 anti-

mouse CD3 (T-cells) (Biolegend, 100218), Alexa Fluor 488 anti-mouse CD4 (CD4+ T 

cells) (Biolegend, 100423), PE/Cy7 anti-mouse CD8a (CD8+ T cells) (Biolegend, 

100766), APC/Fire 750 anti-mouse CD49b (NK cells) (Biolegend, 108922), Brilliant 

Violet 421 anti-mouse CD25 (T-cell activation) (Biolegend, 102034), and  Brilliant Violet 

785 anti-mouse CD45.2 (T-cell activation) (Biolegend, 109839). Finally, the third flow 

cytometry panel measured the activity and infiltration of myeloid cells using the following 

markers: Brilliant Violet 421 anti-mouse/human C11b (Macrophage) (Biolegend, 101236), 

APC anti-mouse CD80 (M1) (Biolegend, 104714), PE/Cy7  anti-mouse CD206 MMR 

(M2) (Biolegend, 141720), Brilliant Violet 630 anti-mouse CD11c (mDC) (Biolegend, 

117339), APC/Fire 750 anti-mouse CD45.2 (MDSC) (Biolegend, 109852), PE anti-mouse 

CD123 [IL-3 receptor (IL-3Rα)] (Biolegend, 106005), Brilliant Violet 603 anti-mouse Ly-

6G/Ly-6C (MDSC) (Biolegend, 108440), FITC anti-mouse H 2 (M2) (Biolegend, 125508), 
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and Brilliant Violet 785 anti-mouse F4/80 (Macrophage) (Biolegend, 123141). After 

staining for 30 min at room temperature, cells were washed with 1× PBS, similar to the 

first panel. Samples were fixed with Life Technologies IC Fixation Buffer (FB001) from 

ThermoFisher Scientific (Waltham, Massachusetts, USA) according to the manufacturer’s 

protocol and resuspended in FACS buffer. 

To determine viability, all flow cytometry panels used LIVE/DEAD® Fixable Aqua Dead 

Cell Stain (L34957) from ThermoFisher Scientific.  Samples were run in a BD Celesta Cell 

Analyzer, recording at least 30,000 events. The results were analyzed using FlowJo 

software 10.4. 

Quantitative real-time PCR. SM1 murine melanoma cells were plated in a 6-well plate. 

Cells were serum starved overnight followed by pre-treatment with 5 µM SS-208 for 1 h. 

Subsequently, treatment with recombinant murine IL-6 (Biolegend, San Diego, CA 92121) 

at 30 ng/mL was performed for overnight. Following the manufacturer’s instructions, Total 

RNA was extracted from cells using the Trizol (Life Technologies, Carlsbad, CA, 92008). 

Samples were processed immediately or stored at -80 °C. Quantification of RNA was done 

using a ND-1000 NanoDrop Spectrophotometer (NanoDrop Technologies, Inc., 

Wilmington, Delaware). The 260/280 ratios were routinely over 1.9. Sample cDNA was 

produced using the iScript cDNA synthesis kit (Bio-Rad, 1708891). Target mRNA was 

quantified using iQ SYBR green Supermix (Bio-Rad, 1708882). Primers targeting PD-L1 

and GAPDH for qRT-PCR were purchased from Invitrogen (Waltham, Massachusetts, 

USA) and the sequences are listed in the previous publication.51 Cycling conditions were 

used as per manufacturer’s instructions. Single product amplification was confirmed by 

melting curve analysis, and primer efficiency was near 100% in all the experiments 

Page 56 of 75

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



performed. Quantification is expressed in arbitrary units, and target mRNA levels were 

normalized to GAPDH expression using the method described by Pfaffl et al101 using 

Microsoft Excel Software (Microsoft, Redmond, WA).

Immunoblotting. Cells were lysed in RIPA buffer (Pierce, 89900) with 1× protease and 

phosphatase inhibitor (Pierce, A32961). Lysates were sonicated in a Bioruptor™ 

(Diagenode, Denville, NJ, USA) in a 4 °C water bath for 8 min (8 cycles of 30 s on, 30 s 

off). Protein concentration was determined using a Pierce BCA Protein Assay Kit (Thermo 

Fisher Scientific, 23225) according to the manufacturer’s protocol. Samples were mixed 

with NuPAGE LDS 4× loading gel (NP0007) and NuPAGE 10× reducing agent (NP0009) 

then placed on a heating block at 100 °C. Next, samples were loaded onto 4-20% (BioRad, 

4561093) or 10% gels (BioRad, 4561033) and transferred to LF PVDF (BioRad, 170-

4274). Membranes were blocked with LI-COR Biosciences (Lincoln, Nebraska, USA) 

Odyssey Blocking Buffer (927-40100). Bands were detected using an Azure Biosystems 

(Dublin, California, USA) Imaging System c600. The antibodies used for immunoblotting 

included: PD-L1 (ProSci, 4059), PD-L2 (ProSci, 4063), total STAT3 (Cell Signal, 12640), 

phosphor-STAT3 (Y705) (Cell Signal, 9138), α-Tubulin (Cell Signaling, 3873), Ac-α-

Tubulin (Cell Signaling, 3971), histone H3 (Cell Signaling 3638), Ac-histone H3 (Cell 

Signaling 9649S), and HDAC6 (Assay Biotech C0226). Bands were analyzed using 

ImageJ (NIH).

Statistical analysis and reproducibility. Experiments were done in triplicate unless 

otherwise noted. Analysis was done using unpaired t-tests with significance at p < 0.05 and 

the Kaplan-Meier survival curves using GraphPad Prism 7. All analyses of cell viability, 

apoptosis, and cytotoxicity were completed using Microsoft Excel Software (Microsoft, 
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Redmond, WA).
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ABBREVIATIONS

ADMET, absorption, distribution, metabolism, excretion, and toxicity; TPSA: topological 

polar surface area; MW: molecular weight; hERG: human Ether-à-go-go related gene; 

DEAD: diethyl azodicarboxylate; PCC: pyridinium chlorochromate; NCS: N-

chlorosuccinimide; TFA: trifluoroacetic acid; DMF, N,N-dimethylformamide; DMSO, 

dimethyl sulfoxide; DCM, dichloromethane; DCE, 1,2-dichloroethane; THF, 

tetrahydrofuran; PD-L1/2: programmed death-ligand 1/2; PD-1: programmed cell death-1; 
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CTLA-4: cytotoxic T-lymphocyte-associated protein 4; MHC: major histocompatibility 

complex; CD25/40/80: Cluster of differentiation 25/40/80. 
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