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Abstract

This paper provides an overview of the synthesis and biological activity of the most representative benzohydroxamic acid-based histone deacetylase inhibitors published to date. Benzohydroxamic acids comprise an important class of HDAC inhibitors, and recently several of these structures have been evaluated in clinical trials for the treatment of a variety of cancers. In this overview, benzohydroxamic acids were divided in four different classes based on their reported selectivity towards zinc-dependent HDACs: a first and major class consists of HDAC6 selective inhibitors, a second class deals with pan-HDAC inhibitors, a third class comprises HDAC8 selective inhibitors and a fourth, minor class includes dual HDAC6/8 selective inhibitors. Through this approach, structure-activity relationships were identified for each class, which could help future researchers in the design and development of novel benzohydroxamic acid-based HDAC inhibitors. 
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1. Introduction

The hydroxamic acid functional group can be considered as a privileged scaffold in several fields of chemistry due to its excellent metal-chelating properties. Metal chelation can occur through a monoanionic hydroxamato form or a dianionic hydroximato form in an O,O’-bidentate fashion. As a consequence, hydroxamic acids are ideal ligands for binding the active site of nickel- or zinc-containing metalloproteins (e.g. histone deacetylases, matrix metalloproteases, ureases and carbonic anhydrases), and they form a class of siderophores (iron-sequestering molecules secreted by microorganisms) as well. Hydroxamic acids are also used in heavy metal extraction procedures, nuclear fuel reprocessing and as chiral ligands in asymmetric synthesis.1[]
 
This review will exclusively focus on the synthesis and biological activity of benzohydroxamic acids as histone deacetylase inhibitors. The development of benzohydroxamic acids indeed involves an important and active field within HDAC inhibitor design, and many research teams from industry and academia are currently participating in this quest. 
Histone deacetylases (HDACs) have been discovered as a class of enzymes which regulate the removal of acetyl groups from lysine residues of histones, consequently playing an important regulatory role in epigenetics.2[]
 In following studies, other proteins have also been identified as HDAC substrates, and therefore these enzymes are more correctly referred to as lysine deacetylases or KDACs.
 ADDIN EN.CITE 

[3]
 In total, four classes of HDACs can be identified (HDAC I-IV). HDAC classes I, II and IV employ Zn2+ as an essential cofactor while HDAC class III, also known as the Sirtuin class, needs NAD+ to exert activity. Since the focus of this review is directed towards hydroxamic acids targeting zinc-containing HDACs, the Sirtuin class will not be discussed here. In total, eleven zinc-containing isoforms have been discovered, which were subdivided via their homology to yeast HDACs (Class I: HDAC1, 2, 3 and 8, Class IIa: HDAC4, 5, 7 and 9, Class IIb: HDAC6 and 10, Class IV: HDAC11).4[]
 Due to the involvement of these isoforms in modern-day diseases such as cancer, neurodegenerative diseases and inflammatory disorders, a lot of effort is currently being devoted to the development of safe and efficient histone deacetylase inhibitors (HDACi’s).
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[5, 6]
 In that regard, several HDACi’s have reached the patient, with vorinostat, the first clinically approved anti-cancer HDACi for the treatment of cutaneous T cell lymphoma, as a leading example.
 ADDIN EN.CITE 

[7, 8]
 HDAC inhibitors typically consist of (i) a zinc-binding group complexing the zinc atom in the catalytic pocket of the enzyme, (ii) a linker unit filling the tubular space between the catalytic pocket and the outer surface of the enzyme, and (iii) a cap-group for interaction with the outer protein surface. This review is oriented towards the medicinal chemistry of benzohydroxamic acids as privileged structures in HDAC research and will encompass the synthesis and biological activities of the most representative HDACi’s bearing a hydroxamic acid zinc-binding group directly connected to a phenyl ring. The biological part will mainly focus on the observed in vitro HDAC1-11 inhibitory activities of the presented structures, whereas further biological applications in the field of oncology, immunology,… will be touched only briefly. This approach will provide insights into the selectivity that can be observed when designing functionalized benzohydroxamic acids and will give an overview of available synthetic routes to obtain this kind of structures. 
2. Benzohydroxamic acid-based HDAC inhibitors
This overview is based on a classification of benzohydroxamic acids in terms of their reported selectivities. As a result, four groups of inhibitors were identified: a major group of HDAC6 selective inhibitors, a group of non-selective pan-inhibitors, and two smaller groups, one consisting of HDAC8 selective inhibitors and one containing dual HDAC6/8 selective inhibitors. When reading the appropriate literature, one will notice that the term ‘selectivity’ is interpreted differently by various authors, and therefore the following questions arose when writing this review. Can one claim an inhibitor to be selective for a specific zinc-containing HDAC isoform if not all IC50-values for each of the eleven HDAC isoforms have been determined? When is an inhibitor selective over another HDAC isoform, in other words, can a certain threshold value be employed? Is determination of the selectivity based on the purified HDAC isoforms an accurate representation of the selectivity, or should the IC50-values be determined based on the selectivity against the in cell existing HDAC complexes?
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[9]
 Can conclusions be made by comparing IC50-values resulting from different assays, or should dissociation constants (Ki) be used? These important questions should be taken into account when reading the chapters below. In order to avoid any ambiguity concerning the interpretation of the term ‘selectivity’, an inhibitor will be denoted here as selective towards another isoform if it holds at least a tenfold lower inhibition value (Ki or IC50) over the other isoform.
2.1. Selective benzohydroxamic acid-based HDAC6 inhibitors

The selective inhibition of HDAC6 is a ‘hot topic’ in medicinal chemistry, exemplified by the impressive group of benzohydroxamic acids presented in Figure 1. When overviewing compounds 1-20, it is noticeable that the majority accommodate a rather voluminous cap-group, para-substituted with respect to the hydroxamic acid functionality and in close proximity to the phenyl linker. This voluminous cap-group is never directly attached to the phenyl linker, implying that at least one atom (carbon or nitrogen) resides between the cap-group and the phenyl unit. This distance is most likely necessary to avoid a steric clash between the large cap-group and the protein, suggesting that this additional atom is part of the linker unit filling the tubular space to the catalytic pocket. Another feature which emerges when inspecting this group of molecules is that several members share the following common structure: a heterocyclic scaffold linked through a methylene bridge to the benzohydroxamic acid unit (structures 9-19).
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Figure 1. Overview of selective HDAC6 inhibitors bearing the benzohydroxamic acid moiety.
For each inhibitor depicted in Figure 1, the biological activity and synthetic pathway will be discussed below.

Table 1. Selective inhibition of HDAC6 by benzohydroxamic acids 1-20 (values in µM).

	Inhibitor
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	1
	4.7
	7.9
	7.8
	>33.3
	>33.3
	0.115
	15.6
	1.9
	>33.3
	-
	-

	2
	-
	0.61
	-
	>33.3
	-
	0.004
	-
	1.15
	-
	-
	-

	3
	2.9
	4.4
	1.7
	>10
	>10
	0.056
	>10
	2.8
	>10
	3.0
	>10

	4
	0.8
	2.2
	2.1
	2.2
	9.5
	0.025
	1.1
	0.4
	5.3
	0.7
	3.7

	5
	2.39
	-
	-
	-
	-
	0.018
	-
	0.58
	-
	-
	-

	6
	74.1
	-
	-
	-
	-
	0.017
	-
	0.18
	-
	-
	-

	7
	>10
	N.C.
	>10
	N.C.
	N.C.
	0.037
	>10
	2.1
	N.C.
	33
	15

	8
	>50
	>10
	-
	-
	-
	0.079
	-
	0.282
	-
	-
	37.1

	9
	-
	0.26
	-
	-
	-
	0.01
	-
	0.53
	-
	-
	-

	10
	16.4
	>30
	>30
	>30
	>30
	0.015
	>30
	0.85
	>30
	>30
	>30

	11
	3.98
	-
	-
	-
	-
	0.0008
	-
	-
	-
	-
	-

	12
	3.62
	7.45
	-
	3.82
	1.57
	0.004
	-
	0.25
	-
	-
	10.5

	13
	12
	>30
	N.C.
	0.6
	0.4
	0.008
	0.1
	1.9
	0.2
	13
	17

	14
	8.1
	24
	24
	>30
	9.1
	0.008
	22
	1.1
	13
	10
	2.4

	15
	9.0
	20.3
	12.5
	0.5
	0.2
	0.0008
	0.03
	0.2
	0.07
	20.4
	12.9

	16
	45.0
	>50
	46.0
	>50
	>50
	0.036
	>50
	2.1
	-
	>50
	>50

	17
	3.02
	6.92
	6.68
	9.39
	11.7
	0.005
	4.46
	0.95
	6.72
	7.57
	5.14

	18
	≥10
	-
	-
	-
	-
	≤0.5
	-
	-
	-
	-
	-

	19
	0.07
	0.16
	0.08
	1.08
	0.22
	0.002
	0.29
	0.15
	0.16
	0.29
	0.34

	20
	-
	-
	-
	-
	-
	0.006
	-
	-
	-
	-
	-


N.C.: IC50-value not calculable. Concentration–response curve shows less than 25% effect at the highest validated testing concentration (100 µM). - : IC50-value not determined.
When presenting an overview on benzohydroxamic acids as HDAC inhibitors, the simplest representative, i.e. benzohydroxamic acid 1 itself, must be included in the discussion as well (Figure 1). The search for selective HDAC6 inhibitors able to penetrate the blood-brain barrier encouraged Wagner and co-workers to design the smallest possible pharmacophore still demonstrating effective HDAC6 selectivity and activity.
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[10]
 Therefore, the concept of ligand efficiency was used, defined as the HDAC6 activity over the number of non-hydrogen atoms, which is a known valuable tool in drug design to compare differently sized molecules with similar activity values. Compounds possessing a high ligand efficiency have a higher probability to demonstrate improved pharmacokinetic properties as central nervous system drugs. In that regard, benzohydroxamic acid 1 (a commercially available hydroxamic acid) has been evaluated as HDAC inhibitor and showed good potency and selectivity for HDAC6 (Table 1) and holds a high ligand efficiency, due to the small size of the molecule. The selectivity of this compound was further confirmed in a Western Blot assay in HeLa cells, measuring the acetylation status of -tubulin (a substrate of HDAC6) and histone H3 (a substrate of class I HDACs). 
In the same study several other substituted benzohydroxamic acids were synthesised as well, with compound 2 demonstrating the most pronounced HDAC6 activity (IC50 = 0.004 µM, Table 1, Scheme 1).
 ADDIN EN.CITE 

[10]
 All benzohydroxamic acids reported in this article bear a carbamoyl group directly linked to the benzohydroxamic acid scaffold, similar as in structure 2, and were prepared via the following procedure (no yields reported). Amide 22 was synthesized from acid 21 using peptide coupling chemistry with HATU (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide hexafluorophosphate) as acid-activating reagent. Subsequently, without purification, ester 22 was treated with an excess of hydroxylamine over twelve hours to yield N-hydroxyphtalamide 2 as a white solid.
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Scheme 1. (a) 2-phenylethylamine (0.84 equiv), HATU (1 equiv), diisopropylethylamine (2.5 equiv), DMF, rt, overnight. (b) NH2OH (30 equiv, 50% in H2O), NaOH (10 equiv), CH2Cl2/MeOH 1/2, 0°C to rt, 12h. (no yields reported)
Lee et al. have developed HPOB 3 (N-hydroxy-4-{2-[(2-hydroxyethyl)(phenyl)amino]-2-oxoethyl}benzamide), a highly selective HDAC6 inhibitor containing a free alcohol and a N-phenylamide in the cap-region (Scheme 2).
 ADDIN EN.CITE 

[11]
 The selective inhibition of HDAC6 is illustrated in Table 1. HPOB demonstrated low nanomolar potency for HDAC6 and micromolar potency for all other zinc-containing HDACs. In a cellular environment, HPOB effectively inhibited HDAC6 by acetylating -tubulin and peroxiredoxin, two known substrates of HDAC6, and little or no acetylation of histone H3 was observed. The researchers also concluded that HPOB caused growth inhibition of normal and transformed cells, but that no cell death was induced. Besides that, HPOB was evaluated in combination therapies with other anticancer drugs and was shown to enhance the antitumor effects of the chemotherapeutics tested (etoposide, doxorubicin and SAHA). 
The detailed synthesis of HPOB 3 can be found in patent literature published in 2013 (Scheme 2).12[]
 Reductive amination of glycolaldehyde with aniline 23 in dichloromethane, using sodium triacetoxyborohydride as reductant, resulted in the formation of -aminoalcohol 24. A following protection of the alcohol with a tert-butyldimethylsilyl group gave silyl ether 25 in an excellent yield. The secondary amine in silyl ether 25 was then coupled to 2-[4-(methoxycarbonyl)phenyl]acetic acid, using EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) as a coupling reagent, and produced amide 26. The ester functionality present in this structure 26 was finally converted to hydroxamic acid 27 and the alcohol protecting group was removed using trifluoroacetic acid. This approach resulted in the synthesis of HPOB 3 in five steps in an overall yield of 36%.
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Scheme 2. (a) i) glycolaldehyde (1 equiv), dichloroethane, rt, 0.5h, Ar(g) ii) sodium triacetoxyborohydride (1.15 equiv), rt, 4h. 72%. (b) TBDMS-Cl (1.1 equiv), imidazole (3 equiv), CH2Cl2, rt, 3h, Ar(g). 92%. (c) 2-[4-(methoxycarbonyl)phenyl]acetic acid (1.5 equiv), EDC (1.5 equiv), CH2Cl2, rt, overnight, Ar(g). 90%. (d) NH2OH (58 equiv, 50% in H2O), KCN (cat.), THF/MeOH (1/1), rt, 16h, Ar(g). 66%. (e) TFA (5% in CH2Cl2), rt, 5 min. 68%.
After the discovery of HPOB 3, the same research group developed a similar selective HDAC6 inhibitor named HPB 4 (N-hydroxy-4-{[N-(2-hydroxyethyl)-2-phenylacetamido]methyl}-benzamide, Scheme 3).13[]
 This molecule has been reported to be as effective as paclitaxel in anticancer activity in tumor-bearing mice and to block the growth of normal and transformed cells, but not to induce cell death of normal cells. Moreover, no toxic side effects were observed when this inhibitor was used. A full HDAC1-11 selectivity screen was performed, and HPB 4 revealed to be 15- to almost 400-fold selective for HDAC6 over the other HDACs (Table 1). 

The detailed synthesis of this inhibitor can again be found in the patent literature (Scheme 3).14[]
 First a mesylation on alcohol 28 was performed to create an appropriate leaving group. The resulting mesylate 29 was then treated with tert-butyldimethylsilyl-protected 2-aminoethanol to synthesize secondary amine 30. This amine 30 could be converted into amide 31 using 2-phenylacetyl chloride. In a final step, amide 31 was transformed into hydroxamic acid 4 using a similar approach as for the synthesis of HPOB 3 (step d, Scheme 2). Overall, this selective HDAC6 inhibitor 4 was obtained in four steps in a combined yield of 17%.
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Scheme 3. (a) mesyl chloride (1.2 equiv), triethylamine (TEA, 1.5 equiv), CH2Cl2, 0°C-rt 1h. (b) 2-TBDMS-ethanamine (1.2 equiv), TEA (1 equiv), DMF, rt, 2h. (c) 2-phenylacetyl chloride (1.2 equiv), TEA (1.8 equiv), CH2Cl2, 0°C to rt, 4h. (d) NH2OH (7.2 equiv, 50% in H2O), KCN (cat.), MeOH, rt, 16h, Ar(g). No individual yields reported, overall yield 17%.
The hydroxamic acid of pteroic acid, structure 5, has been designed to improve the delivery of HDACi’s to solid tumors by targeting the folate receptor, a protein overexpressed in several cancer cells (Scheme 4).
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[15]
 This strategy should augment the delivery of the drug to cancer cells while minimizing its effect on healthy cells. Pteroic hydroxamic acid 5 was shown to be HDAC6 selective (Table 1) but did not demonstrate any cytotoxic activity on KB and HeLa cells up to 100 µM. The authors further established a positive correlation between potency of HDAC1 inhibition and cytotoxicity, pointing to HDAC1 inhibition as the responsible factor for cytotoxic effects in KB and HeLa cells. 

Pteroic hydroxamic acid 5 has been prepared out of folic acid 32 in three steps, but no detailed reaction conditions have been reported in the article for the first two steps (Scheme 4). In the first step, the glutamic acid side chain in folic acid 32 was cyclized to imide 33 using trifluoroacetic anhydride (TFAA). During this reaction the amino functionalities and the free acid were reacted with TFAA forming two amides and an anhydride, respectively. After the addition of ice, one of the amides was retransformed into the free amine, and the free carboxylic acid was regenerated. This resulted in the formation of structure 34, which could be converted to hydroxamic acid 5 after the addition of five equiv of hydroxylamine. Note that during this final step the secondary amine presented in structure 5 was regenerated.
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Scheme 4. (a)* TFAA, THF, rt. (b)* THF, ice. (c) NH2OH (5 equiv, 50% in H2O), DMSO, rt, 5h. 32%. *No detailed reaction conditions are reported.
3-Aminopyrrolidinone-based hydroxamic acids, such as structure 6, have been prepared as a new class of selective HDAC6 inhibitors via scaffold hopping starting from an earlier discovered dual HDAC6/8 selective inhibitor (Scheme 5).
 ADDIN EN.CITE 

[16, 17]
 Thorough structure-activity relationship, drug metabolism and pharmacokinetic studies were performed on this class of compounds and revealed enantiomer 6 to display the best properties in that regard (Table 1). Molecular docking of the compounds revealed that the para-substituted amino group (with respect to the hydroxamic acid functionality) could be involved in hydrogen bonding with HDAC6, rationalizing the excellent potency for this HDAC isoform. 
The chiral synthesis of compound 6 started by a copper-catalysed coupling between (S)-2-methylmethionine 35 and methyl 4-iodobenzoate (Scheme 5). The resulting acid 36 was then further transformed to amide 37 using a coupling reagent and 4-chloroaniline. Ring closure was realized by adding methyl iodide to sulfide 37, furnishing a dimethylsulfonium salt which was intramolecularly displaced by the amide functional group. In a final step, hydroxamic acid 6 was formed out of ester 38 using a hydroxylamine solution in water.
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Scheme 5. (a) methyl 4-iodobenzoate (0.66 equiv), CuI (3.3 mol%), K2CO3 (1 equiv), DMSO, 150°C, 10 min, MW. 90%. (b) 4-chloroaniline (1.2 equiv), HATU (1.2 equiv), TEA (2.5 equiv), DMF, rt, 6h. 60%. (c) i) MeI (4 equiv), CH3CN, rt, overnight ii) NaH (1.2 equiv), DMF, rt, 6h. 70%. (d) NH2OH (12 equiv, 50% in H2O), KOH (cat.), MeOH, 60°C, rt. 70%.
In 2015, benzothiophene-based hydroxamic acids, such as structure 7, have been developed with an amino functionality directly linked to the benzene ring (Scheme 6).
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[18]
 Three representatives in this series showed good potency in both cellular and enzymatic assays and were evaluated in a mutagenicity test, revealing no mutagenicity at first sight. The potential mutagenicity of hydroxamic acids is certainly a matter of concern, since several of these compounds have been reported to be mutagenic, which clearly limits their use as a medicine.19[]
 The HDAC inhibition values of representative example 7 are presented in Table 1 and demonstrate its excellent potency and selectivity. The compounds were also tested for their ability to inhibit the transcriptional activity of activated NF-, AP-1, and GR in A549 cells, because of the reported anti-inflammatory properties of other HDAC6 inhibitors. However, they did not show any transcriptional inhibition in these assays.
The synthesis of benzothiophene-based hydroxamic acid 7 is depicted in Scheme 6. This structure could efficiently be prepared in two steps by first performing a reductive amination on carbaldehyde 39, followed by an ester 40 to hydroxamic acid 7 conversion using an excess of hydroxylamine. The final hydroxamic acid 7 was then obtained in an overall yield of 61%.

[image: image7.emf]S

HN

MeO

O

40

S

H

O

Br

39

S

HN

HN

O

7

OH

Br

Br

a

b


Scheme 6. (a) i) methyl 4-aminobenzoate (1.2 equiv), glacial acetic acid (5 equiv), EtOH/CH2Cl2 (1/1), , 1h. ii) NaCNBH3 (3 equiv), 0°C to rt, 1h. 70%. (b) NH2OH (100 equiv, 50% in H2O), KOH (4M in MeOH, 50 equiv), THF, rt, 10 min. 85%.

Quinazolin-4-one-based HDAC6 inhibitors have been designed and synthesized as novel drug candidates for the treatment of Alzheimer’s disease (Scheme 7).20[]
 It is known that HDAC6 levels significantly increase in the hippocampi of Alzheimer patients and correlate with decreased neuronal survival. Therefore, the quinazolin-4-one moiety was introduced in the structure of these inhibitors, because this moiety is known to exert neuroprotective activity. In this series, the compounds bearing an N-hydroxyacrylamide functionality possessed the best HDAC6 activity and ADME/Tox properties, but also the benzohydroxamic acids demonstrated potent activity and selectivity for HDAC6. From all benzohydroxamic acids tested, compound 8 was judged to be the most selective over the other HDACs, except for HDAC8 (Table 1). The safety of this drug was tested by determining inhibition values for cytochrome P450 (CYP) and the human ether-a-go-go-related (hERG) channel, but similar as for the HDAC6 activity the N-hydroxyacrylamide-substituted compound showed to have a superior and safer profile than benzohydroxamic acid 8. Note that compound 8 does not comply with the tenfold selectivity rule described in the introduction, and should therefore perhaps be better classified as a dual selective HDAC6/8 inhibitor.
The synthesis of hydroxamic acid 8 started with the formation of the quinazolin-4-one moiety by reacting aromatic amino acid 41 with propionyl chloride and subsequently with an appropriate amine under microwave irradiation. Next, chlorinated quinazolin-4-one 42 was subjected to a Negishi coupling using ethyl 4-(bromomethyl)benzoate and zinc, which resulted in the formation of ester 43. After ester hydrolysis, O-benzylhydroxamate formation and hydrogenation, benzohydroxamic acid 8 was obtained in pure form as white needles.
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Scheme 7. (a) i) P(OPh)3 (1.2 equiv), EtCOCl (1.5 equiv), pyridine, 250W, 15 min, MW. ii) Ph(CH2)2NH2 (1.5 equiv), 250 W, 10 min, MW. 47%. (b) i) p-EtO2CC6H4CH2Br (1 equiv), Zn (1.1 equiv), THF, rt, 7h ii) Pd2(dba)3 (2 mol%), [(tBu)3PH]BF4 (8 mol%), NMP, 200 W, 15 min MW. No yield reported. (c) i) LiOH (2.5 M), MeOH/THF 1/5, rt, 4 h. ii) NH2OBn.HCl (1.1 equiv), EDC (1.1 equiv), HOBt (1.1 equiv), TEA (1.1 equiv), CH2Cl2, rt, 20h. iii) Pd (10% on carbon), H2, THF/MeOH 1/4, rt, 5h. 49% in last step.
In 2009, the first selective HDAC6 inhibitor containing a 4-(aminomethyl)benzohydroxamic acid moiety has been reported.
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[21]
 As can be seen in Figure 1, later on many other selective HDAC6 inhibitors 9-19 containing this moiety have been synthesized and biologically evaluated. To gain HDAC6 selectivity, a chiral capping moiety was introduced in the structure of this inhibitor 9. The authors envisaged that this was most rapidly and efficiently accomplished using commercially available chiral starting materials, such as R- and S-amino acids. As such, R-enantiomer 9 was synthesized and exhibited a 26- and 53-fold selectivity for HDAC6 over HDAC2 and 8, respectively (Table 1, Scheme 8). In contrast, the S-enantiomer of compound 9 showed only moderate activity for HDAC6 (IC50 HDAC6 = 0.22 µM) and no HDAC6 over HDAC8 selectivity. Therefore, introducing chirality in the capping region could be an efficient approach to obtain selective HDAC6 inhibitors. 
For the synthesis, first an aromatic nucleophilic substitution of R-phenylalanine across 1-fluoro-2-nitrobenzene 44 was performed.22[]
 Esterification of the resulting acid 45 with iodomethane and potassium carbonate gave methylester 46 in quantitative yield. Hydrogenation of this nitrobenzene 46 and in situ cyclisation afforded 3,4-dihydroquinoxalin-2(1H)-one 47. Functionalisation of the cyclic amino moiety in this structure was achieved via a reductive amination employing 4-formylbenzoic acid, catalytic dibutyltin dichloride, and phenylsilane as reductant. In a final step, acid 48 was converted to hydroxamic acid 9 using hydroxylamine hydrochloride and (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP reagent) as a coupling reagent.
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Scheme 8. (a) R-phenylalanine (1 equiv), K2CO3 (0.77 equiv), EtOH/H2O 5/1, 100 °C, 16h, sealed tube. >95%. (b) MeI (3 equiv), K2CO3 (4 equiv), DMF, rt, 16h. >95% (c) Pd (10% on carbon), H2, MeOH/EtOAc 2/1, rt, 16h. >80%. (d) 4-formylbenzoic acid (1 equiv), PhSiH3 (1.1 equiv), Bu2SnCl2 (0.1 equiv), THF, rt, 16h. >80%. (e) NH2OH.HCl (1.2 equiv), BOP (1.2 equiv), TEA (4 equiv), pyridine, rt, 8h. >50%.
Tubastatin A 10 is one of the most intensively discussed selective HDAC6 inhibitors to date and is frequently used as a positive control for the evaluation of other selective HDAC6 inhibitors. This molecule has been discovered in 2010 via structure-based drug design combined with homology modelling.23[]
 Comparison of two homology models of HDAC1 and HDAC6 revealed that the catalytic channel rim differ greatly between both isoforms and suggested that this channel is wider and shallower for HDAC6 than for HDAC1. Therefore, a bulky and shorter aromatic moiety was proposed to fit this channel to possibly enhance the selectivity of the inhibitor for HDAC6. Indeed, when comparing IC50-values for HDAC1 and 6 of inhibitors bearing an alkyl versus an aromatic linker, the aromatic ones demonstrated the best potency and selectivity. The outstanding selectivity profile of Tubastatin A was further established by determining the IC50-values for HDAC1-11 (Table 1). Furthermore, Tubastatin A 10 conferred dose-dependent protection in primary cortical neuron cultures against glutathione depletion-induced oxidative stress and did not show neuronal toxicity, pointing to the potential use of selective HDAC6 inhibitors as drugs for the treatment of neurodegenerative diseases.
For the preparation, the cap-group was made via a Fisher indole synthesis employing 1-methyl-piperidin-4-one 49 and phenylhydrazine (Scheme 9), and the corresponding tetrahydro--carboline 50 was obtained as a beige solid in an excellent yield. Next, a nucleophilic substitution with methyl 4-(bromomethyl)benzoate yielded ester 51, which was converted to Tubastatin A 10 using hydroxylamine hydrochloride and sodium methoxide as a base. Final purification was done using preparative HPLC and afforded pure Tubastatin A 10 as its trifluoroacetic acid salt. 
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Scheme 9. (a) phenylhydrazine (1 equiv), H2SO4 (conc.), 1,4-dioxane, 0°C to 60°C, 2h. 93%. (b) methyl 4-(bromomethyl)benzoate (1 equiv), KOtBu (1.05 equiv), KI (cat.), DMF, 80°C, 2h, Ar(g). 61%. (c) NH2OH.HCl (6 equiv), NaOMe (25% in MeOH, 8 equiv), MeOH, 0°C to rt, 24h. 31%.
In the following years after the discovery of Tubastatin A, several selective HDAC6 inhibitors have been prepared bearing a very similar structure, with only the heterocycle in the cap-region slightly adapted (Figure 1, structures 11-15). The same research group of Kozikowski developed second generation Tubastatin A analogues, optimizing the activity, selectivity and physiochemical properties by fine-tuning the tetrahydrocarboline cap-group.
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[24]
 They discovered that substitution at the 2-position of the -carboline group was beneficial to obtain more active and selective compounds. This resulted in the design of compound 11 (Table 1, Scheme 10), having an HDAC6 IC50-value of 0.8 nM and a 5000-fold selectivity over HDAC1. In this second paper, also the ability of these compounds to enhance Treg suppression of Teff proliferation, both in vitro and in vivo, was established and warranted the further investigation of selective HDAC6 inhibitors as immunosuppressors.
The preparation of this compound followed a similar approach as for the synthesis of Tubastatin A. First, a Fisher indole synthesis with phenylhydrazine and piperidinone 52 resulted in the formation of the -carboline structure, in which the benzyl group was removed by hydrogenation. The obtained product 53 was then alkylated twice, first on the secondary amino group with 2-bromoacetamide and then on the indole nitrogen atom with methyl 4-(bromomethyl)benzoate. A final conversion of this ester 54, similar as with Tubastatin A, yielded the final inhibitor 11 as its trifluoroacetic acid salt after preparatory HPLC.
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Scheme 10. (a) i) phenylhydrazine (1 equiv), H2SO4 (conc.), 1,4-dioxane, 0°C to 60°C, 2h. 93%. ii) Pd (10% on carbon), H2, EtOH/H2O 7/3, 70°C, 24h. 93%. (b) i) 2-bromoacetamide (1 equiv), TEA (2 equiv), MeCN, 60°C, 2h, Ar(g). ii) methyl 4-(bromomethyl)benzoate (1 equiv), KOtBu (1 equiv), DMF, 80°C, 2h, Ar(g). 50%. (c) NH2OH.HCl (6 equiv), NaOMe (25% in MeOH, 8 equiv), MeOH, 0°C to rt, 16h. 15%.
Another compound structurally related to Tubastatin A is the patented molecule Marb1 12 (Scheme 11).25[]
 In a large series of analogues, Marb1 12 showed to have improved anti-proliferative effects on 42 solid tumor cell lines over the other compounds tested. The selectivity was assayed by determining the IC50-values against a panel of HDACs and showed that Marb1 is a potent and selective HDAC6 inhibitor (Table 1). 
For the synthesis, first the nitro group in compound 55 was reduced to the amine using an acidic hydrochloric acid solution and zinc dust (Scheme 11). This was followed by a Pictet-Spengler reaction on indole 56, resulting in tetrahydro--carboline 57. Urea 58 was then made using N-succinimidyl N-methylcarbamate and could be cyclised employing cesium carbonate in dioxane under reflux. As such, cap-group 59 was obtained and then N-alkylated with tert-butyl 4-(bromomethyl)benzoate. Subsequent deprotection of the tert-butyl group produced the free carboxylic acid 60. Coupling of this carboxylic acid 60 with O-(tetrahydro-2H-pyran-2-yl)hydroxylamine and THP deprotection resulted in the formation of hydroxamic acid 12 in 46% yield. 
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Scheme 11. (a) Zn, CuSO4, HCl (3N), THF/MeOH 1/1, , 2h. 83%. (b) formaldehyde (35% in H2O, 1.2 equiv), MeOH, 60°C, 1h. 86%. (c) N-succinimidyl N-methylcarbamate (1.2 equiv), DIPEA, CH3CN, rt, 16h. 92%. (d) Cs2CO3 (1.2 equiv), dioxane, , 4h, N2(g). 72%. (e) i) tert-butyl 4-(bromomethyl)benzoate (1.1 equiv), NaH (1.1 equiv), DMF, 0°C to rt, till completion, N2(g). 73%. ii) TFA, rt, 15 min. 99%. (f) i) O-(tetrahydro-2H-pyran-2yl)hydroxylamine (4 equiv), BOP (1 equiv), TEA (3 equiv), rt, till completion. 65%. ii) HCl (0.6M in H2O), MeOH, rt, till precipitation. 46%.
In the pursuit of novel types of selective HDAC6 inhibitors, sulfur analogues of Tubastatin A, designated as Tubathians, have also been prepared. After evaluation of a first series of analogues, the replacement of the N-methyl group in Tubastatin A by a sulfone moiety was observed to be superior over the replacement by a sulfide.
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[26]
 Lower IC50-values for HDAC6 inhibition were obtained with these S-oxidized analogues, which could be rationalized by docking studies indicating a possible extra hydrogen bonding interaction of the oxygen atoms with amino acid residues in the cap-binding region. Inspired by these good results, a second series of analogues was made.27[]
 After biological evaluation of both series, sulfone 13 proved to be a highly potent and selective HDAC6 inhibitor (Table 1, Scheme 12) and showed promising preliminary ADME/Tox properties. In this series, also meta-substituted cap-groups with respect to the hydroxamic acid functional group were synthesized, but these molecules did not demonstrate potent activity towards HDAC6.
The synthesis of HDAC6 inhibitor 13 commenced with a bismuth nitrate-catalyzed Fisher indole synthesis between ketone 61 and phenylhydrazine (Scheme 12). The obtained 2,3-dihydrothieno[3,2-b]indole 62 was oxidized to sulfone 63 using three equiv of meta-chloroperbenzoic acid (mCPBA). Nucleophilic substitution of methyl 4-(bromomethyl)benzoate by indole 63 yielded ester 64, using sodium hydride as a base. Final conversion to hydroxamic acid 13 was established by reaction of ester 64 with an excess of hydroxylamine and potassium hydroxide.
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Scheme 12. (a) phenylhydrazine (1 equiv), Bi(NO3)3·5H2O (0.2 equiv), MeOH, , 3.5h. 31%. (b) mCPBA (3 equiv), THF, 0°C to rt, 2h. 52%. (c) i) NaH (1 equiv), DMF, rt, 30 min, N2(g). ii) methyl 4-(bromomethyl)benzoate (1 equiv), KI (0.01 equiv), DMF, 80°C, 2h, N2(g). 60%. (d) NH2OH (50% in H2O, 100 equiv), KOH (4M in MeOH, 50 equiv), THF, rt, 10 min. 25%.
Recently, the same research group has disclosed another benzohydroxamic acid series with a thiaheterocyclic cap-group.28[]
 This time the benzothiazepine core was chosen as a privileged pharmacophoric unit because of its known biological activities and presence in several FDA-approved drugs. Also in this work, sulfide, sulfoxide and sulfone derivatives were evaluated, and again the oxidized sulfur hydroxamic acids proved to be more potent HDAC6 inhibitors than their non-oxidized counterparts. This is most probably due to extra hydrogen bonding of the oxygen atoms on sulfur with the enzyme, which was acknowledged via molecular dynamics simulations. One of these molecules with promising HDAC6 inhibitory activity is structure 14 (Scheme 13). Besides its potency, hydroxamic acid 14 also exhibited excellent selectivity for HDAC6 (Table 1) and did not show mutagenicity in an Ames fluctuation assay.
The synthesis of inhibitor 14 was initiated by means of an aldol condensation between cyclohexanone 65 and paraformaldehyde and resulted in the synthesis of -hydroxyketone 66 in 30% yield. Due to instability problems of the tosyl-activated alcohol, a one-pot tosylation, reductive amination and intramolecular cyclisation was performed on -hydroxyketone 66. To that end, para-toluenesulfonyl chloride was used for the tosylation and 2-aminothiophenol and sodium cyanoborohydride for the reductive amination and cyclisation. This one-pot procedure efficiently generated a mixture of diastereomers of benzothiazepines, from which pure cis-benzothiazepine 67 could be obtained through column chromatography. In a next step this tricyclic structure 67 was functionalized towards ester 68 utilizing high temperatures (120°C), methyl 4-(bromomethyl)benzoate as the electrophile and potassium carbonate as a base without solvent. The sulfur atom in this compound 68 was then oxidized and generated the corresponding sulfone 69. In the last step, the ester moiety was converted to the hydroxamic acid functional group by using the same procedure as for the synthesis of Tubathian 13. 
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Scheme 13. (a) paraformaldehyde (1.07 equiv), K2CO3 (0.015 equiv), H2O, 40°C, 2h. 30%. (b) i) para-toluenesulfonyl chloride (1.5 equiv), pyridine, rt, 16h. ii) 2-aminothiophenol (1 equiv), pyridine, , 45 min. iii) NaCNBH3 (3 equiv), pyridine, , 1h. 17%. (c) methyl 4-(bromomethyl)benzoate (3 equiv), K2CO3 (3 equiv), neat, 120°C, 3h. 64%. (d) mCPBA (77% in THF, 3 equiv), THF, rt, 2h. 73%. (e) NH2OH (50% in H2O, 100 equiv), KOH (4M in MeOH, 50 equiv), THF, rt, 10 min. 25%.

Bicyclic-capped HDAC6 inhibitor 15 substituted with a fluorine atom in the linker has been developed as novel drug for the treatment of the Charcot-Marie-Tooth disease (Scheme 14).29[]
 The rationale behind using selective HDAC6 inhibitors was the recent discovery that HDAC6 can serve as a druggable target for the treatment of this neurological disorder.
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 Several classes of bicyclic-capped benzohydroxamic acids were evaluated, whereof benzimidazole 15 showed best-in-class activity. Not only the potency and selectivity was assessed (Table 1), but also the ADME/Tox and pharmacokinetic properties were determined and compared with those of Tubastatin A. From the obtained data it was concluded that the studied compound showed an improved profile over Tubastatin A for certain parameters.
Benzimidazole 15 has efficiently been synthesized in two steps from 2-methylbenzimidazole 70 (Scheme 14). First, a nucleophilic substitution was performed at nitrogen with methyl 4-(bromomethyl)-3-fluorobenzoate, and secondly, ester 71 to hydroxamic acid 15 conversion was achieved through the use of an excess of hydroxylamine.
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Scheme 14. (a) methyl 4-(bromomethyl)-3-fluorobenzoate (1 equiv), K2CO3 (2 equiv), DMF, 80°C, 2h. 71%. (b) NH2OH (50% in H2O, 50 equiv), NaOH (4 equiv), THF/MeOH 1/1, 0°C to rt, 30 min. 50%.
A screen of different hydroxamic acid structures revealed tetrahydroisoquinoline 16 to have unexpected selectivity for HDAC6 over the other HDAC isoforms (Scheme 15).
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[31]
 The selectivity was attributed to the aromatic linker which more effectively accesses the broad tubular channel to the catalytic pocket, as explained previously for Tubastatin A. Furthermore, the hydrophobic capping group can also interact with the protein surface, further improving the potency and selectivity. Tetrahydroisoquinoline 16 showed to have an excellent selectivity profile (Table 1) and displayed negligible inhibition of matrix metalloproteases (MMP2, 4 and 9 IC50 > 100 µM). Also the aqueous solubility was assessed and shown to be high (2 mM at pH 7.5), and the compound demonstrated a high Caco-2 permeability and a low efflux ratio (A-B = 22 x 10-6 cm s-1 B-A = 1.5 x 10-6 cm s-1).
The synthesis of compound 16 has been performed in a polypropylene deep-well plate without purification of the intermediate ester 73 (Scheme 15). Tetrahydroisoquinoline 72 was used as starting material and connected to N-methylpyrrole-2-carboxylic acid employing N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) as a coupling agent. The resulting ester 73 was used for hydroxamic acid formation by means of hydroxylamine hydrochloride and potassium hydroxide treatment. Purification of hydroxamic acid 16 was accomplished by preparative HPLC and yielded 32% of compound 16 over the two steps.

[image: image16.emf]N

H

O

OH

N

O

N

Me

O

N

O

N

Me

OMe

O

HN

OMe

a

b

72 73 16

HCl


Scheme 15. (a) N-methylpyrrole-2-carboxylic acid (1.15 equiv), HBTU (1.4 equiv), N-methylmorpholine (1.5 equiv), 1,2-dichloroethane, rt, 16h. (b) NH2OH.HCl (2.2 equiv), KOH (4.35 equiv), MeOH, 70°C, 4h. 32% over step a and b.
Another selective HDAC6 inhibitor which has been developed by the group of Kozikowski, besides Tubastatin A and analogues, is Nexturastat A 17 (Scheme 16).
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[32]
 The design of this inhibitor was based on the knowledge that the same structure without a butyl substituent on the urea moiety is a modest inhibitor of HDAC6 that has no selectivity relative to HDAC1 (IC50 HDAC1 = 265 nM, IC50 HDAC6 = 139 nM). The fact that HDAC6 accommodates a broader tubular channel with respect to other HDACs stimulated the researchers to add substituents on both nitrogen atoms of the urea functionality. After evaluation of this class of substituted ureas, it became clear that the presence of a butyl substituent on the nitrogen atom proximal to the hydroxamic acid moiety afforded the compound with the best properties, and as such Nexturastat A 17 was discovered. This molecule displayed high selectivity towards HDAC6 (Table 1) and demonstrated potent inhibition of melanoma cell growth. 
Nexturastat A 17 has been prepared in three steps from methyl 4-formylbenzoate 74 (Scheme 16). The first step comprised a reductive amination employing methyl 4-formylbenzoate 74, n-butylamine and sodium cyanoborohydride mixed in a 5% solution of acetic acid in dichloromethane. In the second step, secondary amine 75 was treated with phenylisocyanate to obtain urea 76. The third and final step consisted of an hydroxamic acid synthesis by adding an excess of hydroxylamine to ester 76 in a basic environment. Nexturastat A 17 was finally obtained via preparative HPLC purification in 68% yield. 
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Scheme 16. (a) n-butylamine (1 equiv), AcOH (5% in CH2Cl2), NaCNBH3 (1 equiv), rt, overnight, Ar(g). 68%. (b) phenylisocyanate (1 equiv), CH2Cl2, rt, overnight, Ar(g). 98%. (c) NH2OH (50% in H2O, 42 equiv), NaOH (8 equiv), THF/MeOH 1/1.6, 0°C to rt, 30 min. 68%.
In a recent publication, benzohydroxamic acids having a structure similar to compound 18 have been patented as selective HDAC6 inhibitors (Scheme 17).33[]
 Structure 18 is one of the compounds which showed a promising activity and selectivity for HDAC6 as compared to HDAC1 (Table 1, IC50-values ≤ 500 nM and ≥ 10 µM, respectively).

The synthesis started with a regioselective Buchwald-Hartwig amination of 2,4-dibromopyridine 77 with pyrazine-2-amine, resulting in the formation of structure 78. Then a straightforward nucleophilic substitution of secondary amine 78 with methyl 4-(bromomethyl)benzoate in the presence of sodium hydride gave ester 79. The 4-bromosubstituent in structure 79 was replaced by a 1,2-oxazole moiety through a Suzuki-Miyaura reaction using an organoboron species and tetrakis(triphenylphosphine)palladium as the catalyst. A final conversion of ester 80 to hydroxamic acid 18 was established by the addition of an excess of hydroxylamine and two equiv of sodium hydroxide.
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Scheme 17. (a) pyrazine-2-amine (1.1 equiv), Cs2CO3 (2.2 equiv), xantphos (5 mol%), Pd2(dba)3 (2 mol%), dioxane, 90°C, overnight, N2(g). 49%. (b) i) NaH (1.2 equiv), DMF, 0°C, 30 min, N2(g) ii) methyl 4-(bromomethyl)benzoate (1.1 equiv), DMF, 50°C, 1.5h, N2(g). 53%. (c) 3,5-dimethyl-4-(tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2-oxazole (1 equiv), Pd(PPh3)4 (10 mol%), Cs2CO3 (2 equiv), DMF/H2O 4/1, 90°C, 2h, N2(g). 18%. (d) NH2OH (50% in H2O, 20 equiv), NaOH (6N, 2 equiv), rt, 1h. 16%. 
In another patent, trisubstituted pyrroles such as compound 19 (Figure 1) have been described as HDAC inhibitors with preferential inhibition of HDAC6 (Table 1).34[]
 This compound showed superior anticancer activity across a panel of 42 different cancer cell lines. No detailed synthesis of this structure was disclosed.
Inspired by the novel HDAC6 selective inhibitor 2-phenylamidonaphthoquinone (NQN-1), benzohydroxamic acid 20 was designed, also bearing the amidoquinone functionality.35[]
 This inhibitor proved to be a strong HDAC6 inhibitor (IC50 = 6 nM) and showed promising toxicity towards acute myeloid leukemia cells, but unfortunately no selectivity data have been reported. Nonetheless, this compound is mentioned here, as the only reported HDAC inhibition value is the one for HDAC6.
The synthesis of amidoquinone 20 started with the selective esterification of one of the carboxylic acid functionalities in bis-acid 81 by using a catalytic amount of thionyl chloride in methanol (Scheme 18). In this manner, mono-ester 82 was obtained, in which the remaining carboxylic acid group was converted to a tetrahydropyranyl-protected hydroxamate in structure 83. Then, hydroxamic acid 84 was formed out of ester 83 employing an excess of hydroxylamine. The next step (step d) comprised the key step of this synthetic pathway, producing amidonaphthoquinone 85 out of hydroxamic acid 84 and 1,4-naphthoquinone. The final step encompassed the deprotection of the tetrahydropyranyl-protected hydroxamate moiety with a catalytic amount of para-toluenesulfonic acid, and delivered the pure hydroxamic acid 20 in 31% yield after preparative reversed-phase HPLC.
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Scheme 18. (a) SOCl2 (cat.), MeOH, rt, 5h. No purification. (b) i) SOCl2 (1.45 equiv), DMF (cat.), CH2Cl2, rt, overnight. ii) NH2OTHP (1 equiv), TEA (1.1 equiv), CH2Cl2, rt, 2h. No yield reported. (c) NH2OH (50% in H2O, 30 equiv), KOH (10 equiv), CH2Cl2/MeOH 1/2, 0°C to rt, overnight. No purification. (d) 1,4-naphthoquinone (1.1 equiv), DIPEA (2 equiv), CH3CN, 70°C, overnight. 35%. (e) TsOH.H2O (0.2 equiv), MeOH, rt, overnight. 31%.
2.2. Benzohydroxamic acid-based pan-HDAC inhibitors
A second important group of benzohydroxamic acids 86-92 is presented in Figure 2. All these structures inhibit multiple zinc-dependent HDAC isozymes simultaneously and display potent anti-cancer activity. Several of them are currently studied in clinical trials as anticancer drugs. In contrast to HDAC6 selective benzohydroxamic acids, these compounds mostly contain a heterocyclic group in the cap-region which is located further away from the benzohydroxamic acid scaffold and which is less space filling then the heterocyclic cap-groups present in HDAC6 selective inhibitors. For each inhibitor presented in Figure 2 the biological activity and synthetic pathway will be discussed.
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Figure 2. Overview of pan-HDAC inhibitors bearing the benzohydroxamic acid moiety.
Table 2. Pan-inhibition by benzohydroxamic acids 86-92 (values in µM).

	Inhibitor
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	Nuc. Ext.

	86a
	0.01
	0.02
	0.01
	-
	-
	0.02
	-
	0.28
	-
	0.02
	-
	-

	87b
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	88c
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	0.044

	89c
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	0.016

	90
	0.01
	-
	0.07
	-
	-
	-
	-
	-
	-
	-
	-
	-

	91
	0.025
	0.029
	0.002
	-
	-
	0.011
	-
	0.28
	-
	-
	-
	-

	92
	0.004
	0.014
	0.011
	-
	-
	0.015
	-
	0.007
	-
	0.020
	-
	0.003


a The presented values are Ki values. b No hHDAC IC50-values are reported, only maize HDAC IC50-values. - : IC50-value not determined.
Abexinostat 86 is one of the benzohydroxamic acids which is currently in phase 2 clinical trials as an anticancer agent and which demonstrated nanomolar dissociation constants for HDAC1, 2, 3, 6, 8 and 10 (Ki = 7 - 280 nM, Table 2), explaining its classification as a pan-HDAC inhibitor. During the design of this molecule, careful optimization of the cap-group appeared to be essential to obtain a drug with excellent in vivo efficacy and pharmacokinetics.
 ADDIN EN.CITE 

[36]
 
The synthesis of Abexinostat 86 has been disclosed in a patent published in 2004 and started with the formation of the 3-substituted (dimethylaminomethyl)benzofuran cap-group 97 (Scheme 19).37[]
 In a first step carboxylic acid 93 was converted to methyl ester 94 using oxalyl chloride and several drops of DMF to form the corresponding acid chloride via the in situ generated Vilsmeier reagent. Subsequently, triethylamine and methanol were used to convert the acid chloride into methyl ester 94. A radical bromination at the benzylic position generated alkylbromide 95, which was transformed to tertiairy amine 96 using dimethylamine. Finally, saponification and acidification generated benzofuran-2-carboxylic acid 97, which was coupled to methyl 4-(2-aminoethoxy)benzoate using the coupling reagents 1-ethyl-(3-dimethylaminopropyl)carbodiimide hydrochloride and 1-hydroxybenzotriazole hydrate (HOBt.H2O) to obtain methyl ester 98. In a final stage, this methyl ester 98 was treated with an excess of hydroxylamine to generate Abexinostat 86. 
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Scheme 19. (a) i) oxalyl chloride (1.1 equiv), DMF (5 drops), THF, rt, 1h ii) MeOH, TEA (9 equiv), rt, overnight. 94%. (b) NBS (1 equiv), AIBN (0.1 equiv), CCl4, , 3h. 99%. (c) dimethylamine (3 equiv in THF, 2M), DMF, rt, 1-2h. 56%. (d) i) NaOH (1N till pH 13), MeOH, rt, 1-1.5h ii) HCl (aq. till pH 3). 99%. (e) i) EDC.HCl (1.4 equiv), HOBt.H2O (1.5 equiv), DMF, rt, 0.5-1h ii) methyl 4-(2-aminoethoxy)benzoate hydrochloride (1 equiv), TEA (1.2 equiv), DMF, rt, overnight. (f) i) NH2OH (excess), NaOH (aq. till pH 10-11), rt, overnight ii) HCl (aq. till pH 7-8). 48% over steps e and f.

Givinostat 87 (also known as ITF2357) represents another benzohydroxamic acid which is currently in phase 2 clinical trials as an anticancer agent. This molecule reduces the production of pro-inflammatory cytokines in vitro (TNF, IL-1, IL-1 and IFN) and has anti-inflammatory effects in vivo.
 ADDIN EN.CITE 

[38]
 Several studies confirmed the anticancer activity of this molecule in multiple tumor cell lines and in patients with hematologic cancers.39[]
 Data of hHDAC inhibition could not be found in the literature, but the compound has been tested against three maize HDACs (HD2, HD-1B and HD-1A) and exhibited low nanomolar potency (IC50’s = 7.5-16 nM) against these isoforms. 
The synthesis of Givinostat 87 started with the amidification of 2,6-naphthalenedicarboxylic acid 99 utilising EDC and HOBt (Scheme 20).40[]
 Lithium aluminium hydride reduction of acid 100 was performed to give access to amino alcohol 101 in an excellent yield of 79%. Nucleophilic addition of the alcohol group of molecule 101 across N,N’-disuccinimidyl carbonate and consecutive addition of 4-aminobenzoic acid resulted in the formation of carbamate 102 in 64% yield. Final conversion of acid 102 to hydroxamic acid 87 was accomplished through acid chloride formation with thionyl chloride and subsequent hydroxylamine addition in a basic environment (NaHCO3, NaOH). 
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Scheme 20. (a) i) EDC.HCl (1 equiv), HOBt (1 equiv), DMF, rt, 2h ii) diethylamine (3 equiv), rt, overnight. 60%. (b) LiAlH4 (3 equiv), THF, , 1h 79%. (c) i) N,N’-disuccinimidyl carbonate (1 equiv), CH3CN, rt, 3h ii) 4-aminobenzoic acid (1 equiv), Na2CO3 (1 equiv), H2O/THF (2/1), rt, overnight. 64%. (d) i) SOCl2 (3 equiv), CHCl3, , 4h ii) NH2OH.HCl (1.2 equiv), NaHCO3 (2 equiv), NaOH (1.2 equiv 1N, H2O), H2O/THF (3/1), rt, overnight iii) HCl (1.5 N, ether), THF. 41%.

Starting from short chain fatty acids, Lu et al. have synthesized a group of hydroxamic acids, of which the benzohydroxamic acids showed the most pronounced HDAC inhibition.41[]
 Aromatic linkers were chosen to increase the structural rigidity and to increase van der Waals contacts with the tube-like hydrophobic region of HDACs. Hydroxamate-tethered phenylbutyrate 88 (HTPB, Scheme 21) was identified as the most promising HDAC inhibitor, exhibiting an IC50 of 44 nM in a HDAC assay using a nuclear extract (derived from DU-145 prostate cancer cells) rich in histone deacetylases. The pan-inhibitory effect of this inhibitor was further proven through Western Blot analysis of acetylated histones H3 and H4 (substrates of class I HDACs), showing a pronounced effect at 1 µM of HTPB. HTPB also reduced cell proliferation of several cancer cell lines (DU-145, AN3CA, SW-48 and HCT-15) at submicromolar concentrations. 
The first step towards the synthesis of HTPB 88 enclosed a carbodiimide coupling of methyl 4-aminobenzoate to 4-phenylbutyric acid 103, yielding ester 104 (Scheme 21). Saponification of this ester employing potassium hydroxide afforded acid 105, which was converted to O-benzylhydroxamate 106 by means of bis(2-oxo-3-oxazolidinyl)phosphordiamidic chloride as coupling reagent and O-benzylhydroxylamine hydrochloride as nucleophile. In a final step, hydroxamate 106 was O-deprotected using hydrogen gas and palladium on carbon, which resulted in the formation of HTPB 88. 


[image: image23.emf]OH

O

a

103

OMe

O

N

H

O

( )

3

( )

3

N

H

O

OBn

N

H

O

( )

3

OH

O

N

H

O

( )

3

b

104 105

106

c

d

N

H

O

OH

N

H

O

( )

3

HTPB (88)


Scheme 21. (a) methyl 4-aminobenzoate (1 equiv), EDC (1.3 equiv), THF, rt, overnight, N2(g). (b) i) KOH/MeOH (2M), 80°C, 1h ii) HCl (2N to pH 3), 0°C. (c) i) TEA (1 equiv), THF, rt, 10 min, N2(g) ii) O-benzylhydroxylamine hydrochloride (1 equiv), bis(2-oxo-3-oxazolidinyl)phosphordiamidic chloride (1.1 equiv), TEA (3 equiv), THF, rt, overnight, N2(g). (d) Pd (10% on carbon), H2 (1 atm), MeOH/THF (1/1), rt, 2h. No yields reported.
In a consecutive study, Lu et al. have further optimized the structure of HTPB 88 by conducting docking studies on the crystal structure of histone deacetylase-like protein (HDLP).42[]
 They observed that HDLP contains a hydrophobic microdomain nearby amino acids Phe-198 and Phe-200 that could be exploited by introducing an extra alkyl group in -position with respect to the amide present in HTPB 88. As a result, they developed AR-42 89 as another promising pan-HDAC inhibitor (currently in phase 1 and 2 clinical trials) against several cancer cell lines.
 ADDIN EN.CITE 

[43-48]
 In this study, also the R-enantiomer of AR-42 was made and showed considerably less HDAC inhibition than AR-42 itself (AR-42 IC50 HDAC nuclear extract = 16 nM, R-enantiomer IC50 HDAC nuclear extract = 84 nM).
Although HTPB 88 and AR-42 89 show a lot of structural similarities, AR-42 was made through a different synthetic pathway (Scheme 22). First, 4-aminobenzoic acid 107 was Boc-protected to give molecule 108, which was subsequently coupled with O-benzylhydroxylamine using the same procedure as for the synthesis of HTPB 88 (Scheme 21, step c). Deprotection of compound 109 lead to the free amine 110, which was treated with (S)-3-methyl-2-phenylbutanoic acid (obtained through chiral resolution). Final deprotection of benzyl-protected hydroxamate 111 formed AR-42 89.
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Scheme 22. (a) Boc2O (1.5 equiv), TEA (1.5 equiv), dioxane/H2O (1/1), rt, overnight. (b) i) TEA (1 equiv), THF, rt, 10 min, N2(g) ii) O-benzylhydroxylamine hydrochloride (1 equiv), bis(2-oxo-3-oxazolidinyl)phosphordiamidic chloride (1.1 equiv), TEA (3 equiv), THF, rt, overnight, N2(g). (c) CH2Cl2/TFA (6/1), rt, 2h. (d) (S)-3-methyl-2-phenylbutanoic acid (1 equiv), EDC (1.3 equiv), THF, rt, overnight, N2(g). (e) Pd (10% on carbon), H2 (1 atm), MeOH/THF (1/1), rt, 2h. No yields reported.
Meta-carboxycinnamic acid bishydroxamide 90 (CBHA, Scheme 23) has a quite peculiar structure as it contains both a benzohydroxamic acid and a cinnamoylhydroxamic acid group, two prevalent scaffolds in HDAC inhibitor design.49[]
 CBHA is denoted as a polar hybrid compound, typically consisting of two polar groups separated by an organic spacer. This polar hybrid structure inhibited HDAC1 and 3 with submicromolar potency (Table 2) and increased the acetylation status of histone H4, which points to the pan-inhibitory activity of this molecule. 

The synthesis of CBHA 90 has been described in a patent, utilizing bis-acid chloride 112 as a starting point (Scheme 23).50[]
 Four equiv of O-trimethylsilyl hydroxylamine, one equiv of acid chloride 112, methanol, and an acid workup were necessary to obtain CBHA 90 in 91% yield. 
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Scheme 23. (a) i) Me3SiONH2 (4 equiv), CH2Cl2, -78°C to rt, 2h, Ar(g) ii)  0.5h iii) MeOH, -78°C to , 0.5h iv) HCl (0.2 N), rt, 2h. 91%.

PAT-1102 91 is a recently discovered orally active pan-HDAC inhibitor with encouraging antitumor activity in mice (Scheme 24).51[]
 The inhibitory activity of this hydroxamic acid has been tested against HDAC1, 2, 3, 6, 8 and a HeLa nuclear extract (Table 2). PAT-1102 was shown to be active in the low nanomolar range against all enzymes (IC50 = 2-29 nM), only against HDAC8 a higher inhibition value was observed (IC50 = 280 nM). Clear dose-dependent acetylation of histones H3 and H4 was detected, comparable with vorinostat, proving the pan-HDAC activity of the inhibitor. The compound was active at low micromolar concentrations against 26 different cancer cell lines, and showed comparable activity in human tumor xenograft models with other inhibitors such as vorinostat and pracinostat (a promising HDAC inhibitor in clinical trials). 
PAT-1102 91 has been prepared in seven steps out of 4-bromobenzaldehyde 113 (Scheme 24).52[]
 First, a Sonogashira coupling produced alkyn 114 in 80% yield. Removal of the trimethylsilyl group resulted in the synthesis of aldehyde 115 (61%), which was reduced to alcohol 116 using sodium borohydride. Alcohol 116 was subsequently converted into a good leaving group by mesylation (91%). Nucleophilic substitution of mesylate 117 with pyrrolidine gave structure 118, but no yields of this reaction were documented in the literature. A yield of 91% was reported for a structurally related compound bearing a dimethylamino group instead of a pyrrolidinyl group. Triazole 119 was then formed using ‘click chemistry’ between methyl 4-(azidomethyl)benzoate and alkyne 118. For the synthesis of the hydroxamic acid functional group an excess of hydroxylamine hydrochloride and sodium methoxide was used and generated PAT-1102 91 (25% yield for the synthesis of a structurally related compound).
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Scheme 24. (a) i) trimethylsilylacetylene (1.5 equiv), bis(triphenylphosphine)palladium(II)dichloride (1 mol%), CuI (2 mol%), diisopropylamine (solvent), 0°C, 0.5h ii) , 3h. 80%. (b) K2CO3 (0.1 equiv), MeOH, rt, 1h. 72%. (c) i) NaBH4 (2 equiv), MeOH, 0°C, 5 min ii) rt, 1h. 61%. (d) mesyl chloride (no equiv reported), TEA (3 equiv), CH2Cl2, 0°C to rt, 12h. 91%. (e) pyrrolidine (2.5 equiv), TEA (2 equiv), 0°C to rt, 12h. 91%*. (f) methyl 4-(azidomethyl)benzoate (0.9 equiv), CuI (0.45 equiv), sodium ascorbate (cat.), DIPEA (1.85 equiv), DMF, rt, 12h. 92%*. (g) i) NH2OH.HCl (100 equiv), NaOMe (150 equiv), MeOH, 0°C, 0.5h ii) rt, 3h. 25%*. *yields reported for closely related derivatives.
Another pan-HDAC inhibitor with a benzohydroxamic acid moiety, which has been evaluated as an anticancer agent, is CRA-026440 92 (Figure 2).
 ADDIN EN.CITE 

[53, 54]
 Determination of the dissociation constants against HDAC1, 2, 3, 6, 8 and 10 revealed CRA-026440 92 to be a pan-HDAC inhibitor (Table 2). Moreover, CRA-026440 92 inhibited ex vivo angiogenesis and reduced the tumor growth in HCT116 or U937 tumor xenograft mice significantly. The synthesis of CRA-026440 92 was described in a patent (compound 29 in the patent), but no exact details were given.55[]

2.3. Selective benzohydroxamic acid-based HDAC8 inhibitors
Looking at the HDAC8 selective benzohydroxamic acids 120-126 presented in Figure 3, the meta-substitution pattern of the cap-group with respect to the hydroxamic acid functionality in four out of seven compounds (120, 121, 125 and 126) is remarkable. Also in PCI-34051 122, a similar meta-substitution-like arrangement can be perceived. Only compounds 123 and 124 do not comply with this meta-orientation condition. Besides that, none of the HDAC6 selective or pan-HDAC inhibitors described above (Figures 1 and 2) contain such a meta-substituted structure (except for the peculiar hybrid polar inhibitor CBHA 90, Figure 2). From each inhibitor presented in Figure 3, the biological activity and synthetic pathway will be discussed.
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Figure 3. Overview of selective HDAC8 inhibitors bearing the benzohydroxamic acid moiety.
Table 3. Selective inhibition of HDAC8 by benzohydroxamic acids 120-126.
	Inhibitor
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	Nuc. Ext.

	120
	-
	20
	18
	-
	-
	-
	-
	0.052
	-
	-
	-
	

	121
	6.3
	-
	-
	-
	-
	0.4
	-
	0.026
	-
	-
	-
	

	122
	4
	>50
	>50
	-
	-
	2.9
	-
	0.01
	-
	13
	-
	

	123
	<10%a
	-
	-
	-
	-
	41%a
	-
	15.7
	-
	-
	-
	

	124
	>100
	-
	-
	-
	-
	55
	-
	0.3
	-
	-
	-
	

	125
	38
	>100
	-
	44
	-
	2.4
	-
	0.07
	-
	-
	-
	54

	126
	>100
	>100
	12
	>100
	-
	14
	-
	0.15
	-
	-
	-
	>100


a Percentage inhibition at 100 µM. - : IC50-value not determined.
Miniaturized high-throughput synthesis and screening has been performed in 96-well plates to discover new selective histone deacetylase 8 inhibitors, such as representative example 120 (Figure 3).56[]
 This high-throughput screening revealed that the hydrazones meta-substituted with respect to the hydroxamic acid functionality showed the best selectivity for HDAC8. As a representative example, compound 120 is highlighted, which demonstrated micromolar inhibition of HDAC2 and 3, and nanomolar inhibition of HDAC8 (Table 3). However, it should be noted that no HDAC6 inhibition data were provided, making this HDAC8 selectivity claim rather premature.
A two-step high-throughput synthesis process has been developed converting a first pool of primary alcohols into aldehydes (aldehyde 127 as an example, Scheme 25), which were further condensed with a second pool of hydrazides (hydrazide 128 as an example) to the corresponding hydrazones (hydrazone 120 as an example). All compounds, hydrazone 120 inclusive, were formed out of 18 hydrazides and 15 aldehydes and obtained in a purity of 90%.
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Scheme 25. High-throughput synthesis of representative example 120. 

Another class of novel benzohydroxamic acids has been developed to obtain a drug with a new mode of action against schistosomiasis.
 ADDIN EN.CITE 

[57]
 This is a major neglected parasitic disease affecting more than 265 million people worldwide. The main goal was to obtain inhibitors for the HDAC8 isoform of Schistosoma mansoni, but from the results it appeared that these inhibitors also potently and selectively inhibited human HDAC8. The most potent inhibitor was structure 121 (Scheme 26, Table 3), having low nanomolar IC50-values for smHDAC8 and hHDAC8 (75 nM and 26 nM, respectively) and low micromolar IC50-values for hHDAC1 and hHDAC6 (6.3 µM and 0.4 µM, respectively). This compound was effective in killing schistosomula in vitro, clearly demonstrating the potential of smHDAC8 inhibitors to address this parasitic infection.

The synthesis of inhibitor 121 started with an esterification of acid 129. The resulting methyl ester 130 was then treated with an acid chloride to give amide 131. Hydrolysis of the ester group in compound 131 and subsequent treatment of the obtained acid 132 with O-(tetrahydro-2H-pyran-2-yl)hydroxylamine and the coupling reagent benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) resulted in the protected hydroxamate, which was liberated using a catalytic amount of hydrogen chloride. This approach produced the target structure 121 in 3.5% overall yield.
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Scheme 26. (a) SOCl2 (3 equiv), MeOH, 0°C to , 1h (b) 4-phenylbenzoyl chloride, DIPEA, THF, rt, till completion. (c) NaOH (1M aq.), MeOH, 50°C, 2h. (d) i) NH2OTHP (1.5 equiv), PyBOP (1.2 equiv), DIPEA (2.5 equiv), THF, rt, overnight. ii) HCl (cat.), THF, rt, till completion. 3.5% for last step, no other yields reported. For step b, no equiv reported.
From a patented series of indole hydroxamic acids, PCI-34051 122 (Scheme 27) demonstrated potent inhibition of HDAC8 and showed to be more than 200-fold selective over five other HDAC isoforms (Table 3). 
 ADDIN EN.CITE 

[58, 59]
 This inhibitor was tested against an array of tumor cell lines and induced caspase-dependent apoptosis in T-cell lymphomas or leukaemia’s, but not in other hematopoietic or solid tumors. Further prove for the HDAC8 selectivity was provided by determining histone and tubulin acetylation via Western Blots. Detectable increases of acetylation of histones and tubulin will appear when a broad-spectrum HDAC inhibitor is administered to a cell. In contrast to this, PCI-34051 did not increase the acetylation level of histones and tubulin up to a concentration of 25 µM in Jurkat cells. Due to this HDAC8 selectivity and the discovered selectivity for T-cell-derived tumors, it could be expected that PCI-34051 122 will be much less toxic than pan-HDAC inhibitors and should thus be further explored in this context.
The synthesis of PCI-34051 122 has been realized in only two steps (Scheme 27). First, a nucleophilic substitution was performed on 4-(methoxybenzyl)bromide by deprotonating methyl 1H-indole-6-carboxylate 133. In this way, N-substituted indole derivative 134 was obtained in 54% yield after column chromatography. The second step comprised an ester to hydroxamic acid interconversion by adding an excess of hydroxylamine and five equiv of sodium hydroxide to ester 134. Hydroxamic acid 122 was thus obtained in an excellent yield (84%) as a white powder.
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Scheme 27. (a) 4-(methoxybenzyl)bromide (1.1 equiv), NaH (1.15 equiv), DMF, rt, 3.5h. 54%. (b) NH2OH (50% in H2O, 33 equiv), NaOH (5 equiv), THF/MeOH 1/1, rt, 1h. 84%.

Compound 123 has been reported as a selective HDAC8 inhibitor with a rather low potency (Scheme 28).
 ADDIN EN.CITE 

[60]
 This para-aminobenzoic acid derivative was the most potent HDAC8 inhibitor described in a series of twelve similar compounds and holds an IC50-value of 15.7 µM for HDAC8 (Table 3). The percentage inhibition at 100 µM for two other isoforms, HDAC1 and 6, was also determined to evaluate the selectivity. Less than 10% of HDAC1 was inhibited at this high concentration, and HDAC6 was inhibited for 41%, demonstrating the HDAC8 selectivity. The HDAC8 selectivity and moderate potency could potentially be improved by synthesizing the meta-substituted analogues in future follow-up studies.
Hydrazine 135 was treated with ice cold carbon disulfide in the presence of potassium hydroxide and subsequently with methyl iodide to generate methyl hydrazinecarbodithioate 136. After heating carbodithioate 136 under reflux together with isatin and a drop of concentrated sulfuric acid, structure 137 was generated. In the following step, compound 137 was treated for 3-4 days with one equiv of 4-aminobenzoic acid, which yielded thiosemicarbazone 138. Final conversion to hydroxamic acid 123 was achieved through the formation of an intermediate anhydride by treatment of carboxylic acid 138 with phenyl chloroformate in the presence of a base. This intermediate anhydride was then added to a solution of hydroxylamine, producing inhibitor 123.
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Scheme 28. (a) i) CS2 (1 equiv), KOH (1 equiv), iPrOH, <10°C, 2.5h. ii) MeI (1 equiv), <10°C, 3.5h. (b) isatin (1.2 equiv), MeOH, H2SO4 (cat.), , 6–7h; (c) 4-aminobenzoic acid (1 equiv), EtOH, , 3–4 days. (d) i) phenyl chloroformate (1 equiv), TEA (1 equiv), THF, rt, 1h. ii) NH2OH, rt, 3h. No yields reported.
By means of careful inspection of HDAC8 crystal structures bound to several types of HDAC inhibitors, a unique sub-pocket has been discovered in the HDAC8 active site.61[]
 This sub-pocket could be exploited for the design of isoform selective HDAC8 inhibitors. In this work, six hydroxamic acids were designed which specifically target this sub-pocket. From these six new hydroxamic acids, naphthalene-containing derivative 124 showed the highest potency and selectivity for HDAC8 (Table 3, Scheme 29).

Deployment of a Suzuki coupling between 4-bromobenzoic acid 139 and naphthalen-1-ylboronic acid provided structure 140 (Scheme 29). In a following step, this acid 140 was converted to acid chloride 141 using thionyl chloride and a catalytic amount of DMF. Without purification, the crude acid chloride was treated with hydroxylamine in water/THF and yielded hydroxamic acid 124 in more than 80% yield over steps b and c.

[image: image32.emf]N

H

O

OH

O

Cl

O

OH

b c

O

OH

Br

a

139 140 141 124


Scheme 29. (a) No reaction details given. (b) SOCl2, DMF (cat.). (c) NH2OH (in H2O/THF), TEA, H2O. Yield >80% for steps b and c. No detailed reaction conditions given.
In another study, a library of potential HDAC8-selective inhibitors has been prepared by using ‘click chemistry’.
 ADDIN EN.CITE 

[62]
 To that end, eight alkynes and fifteen azides were made and reacted with each other to give a collection of 120 triazoles. These structures were then evaluated for their HDAC8 inhibitory properties and their inhibition of HeLa nuclear extract rich in HDAC1 and 2. This assay revealed two meta-substituted benzohydroxamic acids as lead structures for further optimization. Therefore, a second library was designed containing 31 new triazoles bearing this meta-substituted benzohydroxamic acid structure and revealed NCC149 125 as the most potent and selective HDAC8 inhibitor (Table 3, Scheme 30). Molecular docking further revealed that the orientation of the phenylthiomethyl group in structure 125 is important to fit the unique hydrophobic sub-pocket of HDAC8 to confer selectivity. This is the same sub-pocket also observed by Krennhrubec et al., who designed hydroxamic acid 124 (Scheme 29).61[]
 
Esterification of acid 142 employing concentrated sulfuric acid and methanol yielded methyl ester 143. A subsequent Sonogashira coupling with trimethylsilylacetylene gave compound 144, which was hydrolysed to afford acid 145. Next, an EDC/HOBt-mediated coupling was performed with O-(tetrahydro-2H-pyran-2-yl)hydroxylamine, resulting in hydroxamate 146. The tetrahydropyranyl group was removed employing para-toluenesulfonic acid, and the free hydroxamic acid 147 was thus obtained. In a final step through ‘click chemistry’, selective HDAC8 inhibitor 125 was obtained via a cupper-catalyzed coupling between alkyne 147 and azidomethyl phenyl sulfide.
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Scheme 30. (a) H2SO4 (conc.), MeOH, , 30h. (b) trimethylsilylacetylene (1.5 equiv), PdCl2(PPh3)2 (1 mol%), CuI (1.5 mol%), rt, 18h. (c) NaOH (2N, 2 equiv), MeOH, rt, 5h. (d) NH2OTHP (1.5 equiv), EDC (1.2 equiv), HOBt.H2O (1.2 equiv), rt, 24h. (e) TsOH.H2O (0.1 equiv), MeOH, rt, 12h. 68%. (f) azidomethyl phenyl sulfide (1.2 equiv), TBTA (0.1 equiv), CuSO4.5H2O (0.1 equiv), sodium ascorbate (0.5 equiv), DMSO, rt, 1-3 days. 92%.
In an attempt to improve the HDAC8 potency and selectivity of NCC149 125, derivatives in which the triazole moiety is replaced by another aromatic ring (benzene, thiazole, oxadiazole, reversed triazole, thiophene), have been made.
 ADDIN EN.CITE 

[63]
 Evaluation of the potency and selectivity for HDAC8 with enzyme and cellular assays revealed that thiazole 126 (Scheme 31) displayed an improved profile over NCC149 125 (Table 3).
For the synthesis of thiazole 126, -bromoketone 150 and thioamide 153 were made as precursors (Scheme 31). -Bromoketone 150 was formed out of acid 148 by an esterification towards methyl ester 149 and a subsequent -bromination. For the thioamide synthesis, acid 151 was converted to amide 152 by means of oxalyl chloride, dimethylformamide and ammonia, and further into thioamide 153 using Lawesson’s reagent. Cyclisation was performed via a Hantzsch thiazole synthesis and gave thiazole 154 in 78% yield. Final conversion towards hydroxamic acid 126 was accomplished in three steps from ester 154 in 48% overall yield. The three steps involved hydrolysis, O-(tetrahydro-2H-pyran-2-yl)hydroxylamine coupling and tetrahydropyranyl deprotection.
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Scheme 31. (a) H2SO4 (conc.), MeOH, , 26.5h. 97%. (b) Br2 (0.93 equiv), 25% HBr-AcOH (cat.), CHCl3, 0°C to rt, 2h. quant. (c) i) (COCl)2 (2.6 equiv), DMF (cat.), THF, 0°C, 0.5h. ii) NH3 (aq. 25%), THF, 0°C, 1.5h. 83%. (d) Lawesson’s reagent (0.47 equiv), toluene, 80°C, 3.5h. 21%. (e) MS (3Å), EtOH/CHCl3 1/1, 70°C, 3h, N2(g). 78%. (f) i) NaOH (2N aq., 4 equiv), MeOH/THF/CHCl3 2/1/1, rt, 5h. 68%. ii) NH2OTHP (2.85 equiv), EDC.HCl (2.95 equiv), HOBt.H2O (3.04 equiv), DMF, rt, 30h. 96%. iii) TsOH.H2O (0.1 equiv), MeOH, rt, 5.5h. 73%.
2.4. Dual selective benzohydroxamic acid-based HDAC6/8 inhibitors
The last group of benzohydroxamic acid-based HDAC inhibitors comprises three structures 155, 156 and 157, all of them being nanomolar inhibitors of HDAC6 and 8 (Figure 4). Structures 155 and 157 are meta-(like) substituted compounds typically resulting in excellent HDAC8 inhibitory activity. In contrast to what can be expected, para-substituted compound 156 also demonstrated potent activity towards HDAC8. This proves that para versus meta substitution is not an absolute requirement to deliver HDAC6 or HDAC8 selective inhibitors, respectively. For each inhibitor presented in Figure 4, the biological activity and synthetic pathway will be discussed.
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Figure 4. Overview of dual selective HDAC6/8 inhibitors bearing the benzohydroxamic acid moiety.
Table 4. Selective dual inhibition of HDAC6 and 8 by benzohydroxamic acids 155-157.

	Inhibitor
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	155
	6.1
	4.8
	18
	14
	26
	0.021
	8.4
	0.037
	12
	-
	-

	156
	>3
	>3
	-
	-
	-
	0.015
	-
	0.23
	-
	-
	-

	157
	6.31
	>100
	>100
	>100
	>100
	0.05
	30.8
	0.08
	35.0
	>100
	>100


- : IC50-value not determined.

Benzohydroxamic acid 155 (Scheme 32) represents the first discovered, potent and selective dual HDAC6/8 inhibitor.
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 Selective inhibition of these two isoforms is expected to improve the therapeutic window by increasing the biological activity through beneficial additive or synergistic effects, while still keeping possible side effects to a minimum. As can be seen from Table 4, dual selective inhibitor 155 has low nanomolar potency for HDAC6 and 8, and low micromolar potency for the other HDACs tested (HDAC1-5, 7 and 9), clearly demonstrating its dual selectivity and potency. Meta-substitution with a hydrophobic cap-group again proved to be a necessary requirement in this case to obtain potent HDAC8 inhibition. This assumption was also supported by docking studies with HDAC8, were these structures clearly filled the secondary hydrophobic pocket of HDAC8 with their cap-group.
The synthesis of inhibitor 155 has been realized in two steps (Scheme 32). First, the acid functionality in structure 158 was converted to an amide by using HATU as a coupling reagent. Secondly, hydroxamic acid 155 was formed out of ester 159 by employing an excess of hydroxylamine and sodium hydroxide. 
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Scheme 32. (a) aniline (0.91 equiv), HATU (1.4 equiv), DIPEA (2.7 equiv), DMF, rt, till completion. (b) NH2OH (50% in H2O, 30 equiv), NaOH (1M, 10 equiv), CH2Cl2/MeOH 1/2, 0°C to rt, till completion. No yields reported.
From the structure of trichostatin A, a new class of N-acylhydrazones has been designed (e.g. structure 156, Scheme 33) with pronounced HDAC6/8 inhibitory activity.65[]
 As it is known from the literature that meta-substitution within benzohydroxamic acids is usually favourable with respect to HDAC8 inhibition, it was surprising to see that the para-substituted benzohydroxamic acids in this case showed more potent dual HDAC6/8 inhibition. From the derivatives tested, N-acylhydrazone 156 is a representative example demonstrating potent and selective inhibition of both HDAC6 and 8 (Table 4). It was also shown that this class of compounds exhibited pronounced antitumor activity against melanoma and hepatocellular carcinoma cells.
A convergent synthetic approach has been applied for the synthesis of N-acylhydrazone 156. To that end, ester 161 was prepared by oxidizing aldehyde 160 using iodine and potassium hydroxide in methanol. This ester 161 was further converted to the proposed hydrazide 162 by means of hydrazine. In a second parallel pathway, aldehyde 163 was protected using 2,2-dimethoxypropane in an acidic environment. After treatment of the formed acetal-ester 164 with hydroxylamine, hydroxamic acid 165 was obtained in 90% yield. Hydrolysis of the acetal group in structure 165 with aqueous sulfuric acid resulted in the formation of aldehyde 166. In the final step, condensation of aldehyde 166 with hydrazide 162 took place under acidic catalysis and yielded 84% of N-acylhydrazone 156.
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Scheme 33. (a) I2 (3 equiv), KOH (6 equiv), MeOH, 0°C, 10h. 57%. (b) NH2NH2.H2O (10 equiv), MeOH, 70°C, 18h. 95%. (c) 2,2-dimethoxypropane (1.5 equiv), TsOH (0.1 equiv), MeOH, rt, 2h. 82%. (d) NH2OH.HCl (8 equiv), KOH (12 equiv), MeOH, rt, 4h. 90%. (e) H2SO4 (15% w/v aq.), acetone, rt, 2h. 91%. (f) HCl (cat.), EtOH, rt, 2h. 84%.
R-Aminotetralin 157 has been discovered through the generation of a focused library containing hydroxamic acids directly attached to fused bicyclic linkers and various capping groups.
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 In this way, a tetrahydroisoquinoline was identified as a novel lead compound. However, metabolic instability issues of the tetrahydroisoquinoline group urged the researchers to replace this system by an aminotetralin scaffold. As such, a second library was designed and R-aminotetralin 157 was discovered as the most potent and selective inhibitor of HDAC6 and 8 (Table 4). The selectivity was further proven by cellular assays determining the acetylation status of -tubulin and the induction of p21.
The synthesis of R-aminotetralin 157 started with the separation of racemate 167 through chiral supercritical fluid chromatography (Scheme 34). This generated R-enantiomer 168, which was converted to amino ester 169 through a palladium-catalyzed carboxylation and Boc-deprotection. Nucleophilic aromatic substitution gained access towards 2-aminopyrimidin 170, which was converted to hydroxamic acid 157 in a final step employing hydroxylamine.
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Scheme 34. (a) chiral supercritical fluid chromatography. (b) i) Pd(OAc)2 (cat.), 1,3-bis(diphenylphosphino)propane (cat.), TEA (4 equiv), DMF/MeOH 3/10, CO (g), 80°C, 12h. ii) HCl/MeOH (1M), rt, 2h. (c) aryl chloride, DIPEA, DMF, 150°C, 1h, MW. (d) NH2OH (50% in H2O), NaOH, MeOH, rt, 1h. No reaction details reported.
3. Conclusions
Benzohydroxamic acids have been amply shown to be privileged building blocks in medicinal chemistry, especially when introduced as a zinc-binding moiety in the chemical architecture of HDAC inhibitors. This review shows that careful optimization of the part following the benzohydroxamic acid, i.e., the linker region and the cap-group, can give rise to HDAC6 selective, non-selective, HDAC8 selective or dual HDAC6/8 selective inhibitors. When overviewing these four classes, general structure-activity relationships can be proposed for each class, although exceptions are present. The HDAC6 selective class mainly consists of inhibitors having a bulky cap-group in close proximity to the benzohydroxamic acid moiety. The non-selective pan-inhibitors have a rather elongated shape, and the HDAC8 selective inhibitors are mainly meta-(like) substituted with respect to the hydroxamic acid moiety. The last group of selective benzohydroxamic acid-based dual HDAC6/8 inhibitors is small and no class-specific structural properties can be defined at this point. The fact that exceptions on these structure-activity relationships can occur, and the fact that the selectivity data obtained through enzymatic screens (HDAC1-11) always confirmed the selectivity data obtained through more complex cellular screens (histone and -tubulin acetylation, p21 induction), prove the importance of a HDAC1-11 screen as a preliminary tool for lead molecule selection. Although the majority of the inhibitors presented in this overview has been tested for their anti-cancer activity, several other applications have been explored as well. Examples concern the use of benzohydroxamic acid-based inhibitors for the treatment of Alzheimer’s disease, Charcot-Marie-Tooth disease, schistosomiasis and as immunosuppressors. These studies have revealed the potential of benzohydroxamic acids in different therapeutic areas and warrant their further exploration in medicinal chemistry. A significant issue regarding the design of hydroxamic acid-based HDAC inhibitors concerns their potential genotoxicity.19[]
 Some hydroxamic acids have been reported to be genotoxic and others have shown not to be, but so far no univocal explanation is available in that respect.28[, 66]
 Future research should probably focus on the introduction of alternative zinc binding groups, especially when pursuing non-oncology applications. Finally, the synthetic pathways presented here could inspire future medicinal chemists to develop new syntheses to obtain an effective HDAC inhibitor eventually reaching the patient.
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Abbreviations

ADME

absorption, distribution, metabolism, excretion

AIBN

azobisisobutyronitrile

Boc

tert-butyloxycarbonyl

BOP

(benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate
CYP

cytochrome P450

DIPEA

N-ethyl-N,N-diisopropylamine

DMF

dimethylformamide

DMSO

dimethylsulfoxide

EDC

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

FDA

food and drug administration

HATU

1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide hexafluorophosphate

HBTU
N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate

HDAC

histone deacetylase

hERG

human ether-a-go-go-related gene

HOBt

1-hydroxybenzotriazole

HPLC

high-performance liquid chromatography

KDAC

lysine deacetylase

mCPBA

meta-chloroperbenzoic acid

MMP

matrix metalloprotease

MW

microwave

NAD+

nicotinamide adenine dinucleotide

NBS

N-bromosuccinimide

NMP

N-methyl-2-pyrrolidone

PyBOP

benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate

TBDMS

tert-butyldimethylsilyl

TBTA

tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine

TEA

triethylamine

TFA

trifluoroacetic acid

TFAA

trifluoroacetic anhydride

THF

tetrahydrofuran

THP

tetrahydropyran
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