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Abstract: The design of proteolysis targeting chimeras (PROTACs) has become a promising technol-
ogy for modifying a protein of interest (POI) through protein degradation. Herein, we describe the
synthetic pathway to develop N4—(2-amino-4—ﬂuorophenyl)—N 1 -(3-{2-[2-(3-{[2-(2,6-diox0-3-piperidyl)-
1,3-dioxoisoindolin-4-ylJamino}propoxy)ethoxy]ethoxy}propyl)terephthalamide, which was designed
to work as a selective degrader of histone deacetylase-3 (HDAC3). The newly synthesized compounds
were characterized by TH-NMR, 13C-NMR, IR and HRMS. The title compound was tested in vitro
against human class-I HDACs isoforms and showed ICs = 3.4 uM against HDACS3; however, it did
not show degradation for the targeted HDACs.

Keywords: PROTACs; HDAC isoforms; HDAC inhibitors; 2-aminobenzamides

1. Introduction

Class-I histone deacetylases (including HDAC1, 2, 3, and 8 isoforms) are among eleven
zinc-dependent histone deacetylases that catalyze the hydrolysis of acetyl groups from
histone lysine residues [1]. They play an important role in the regulation of gene expression
and cell proliferation [2]. Dysregulation of their epigenetic activity has been involved in a
wide range of diseases [3-5], including cancer [2]. Several HDAC inhibitors (HDACis) have
been developed and identified as potential anticancer therapeutics [6]. Most HDACis share
a common pharmacophoric scaffold consisting of three different parts as follows: a zinc
binding group (ZBG) that is responsible for chelating of zinc ion in the active site of HDACs,
a capping group that usually induce hydrophobic interactions at the rim of the HDAC
enzyme, in addition to a linker connecting both groups [7]. HDACis can be classified
based on their zinc binding groups (ZBG) into different groups, mainly hydroxamates,
2-aminobenzamides, thiols, cyclic peptides, and others [8]. To date, four HDACis have
been approved by US Food and Drug Administration (FDA) for treatment of different
hematological malignancies including the hydroxamate-based vorinostat, belinostat and
panobinostat, in addition to the cyclic peptide romidepsin [9]. Although the hydroxamic
acids exhibit potent ZBG activity, it was observed that hydroxamate-based HDACis lack
isoform selectivity, and this might contribute to the off-target side effect associated with
such drugs [10,11]. It has been reported that 2-aminobenzamides can enhance class- HDAC
selectivity and strongly inhibit HDAC subtypes HDACs], -2, and -3 [12]. Tacedinaline
(Figure 1) is the first reported 2-aminobenzamide-based HDAC inhibitor, which is currently
in a clinical trial (phase II) for treatment of patients with multiple myeloma [13]. BRD3308
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is an analog of tacedinaline with higher selectivity against HDAC3 (IC5p HDAC3 = 64 nM)
(Figure 1) [14].

Tacedinaline BRD 3308 bomalidomide
ICso (HDAC1) 0.9 uM IC59 (HDAC1) 1.08 uM
IC59 (HDAC2) 0.9 uM ICso (HDAC2) 1.15 uM
IC59 (HDAC3) 1.2 uM IC59 (HDAC3) 0.064 uM

(0]
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Compound 5

Figure 1. Design of HDACs-PROTACs. (A) Examples of 2-aminobenzamide-based HDAC inhibitors.
(B) Example of CRBN-based E3 ligase ligand. (C) Our designed HDAC-PROTAC:s.

PROTAC:Ss are hybrid bifunctional molecules connecting a protein of interest (POI)
ligand to an E3 ubiquitin ligase (E3) recruiting ligand using a certain linker [15]. The von
Hippel-Lindau (VHL) and cereblon (CRBN) ligands are the most frequently used E3 ligands
for PROTACs design [16]. Binding of a PROTACs molecule to both a protein of interest
and E3 ligase induce the formation of ternary complex. Formation of such a complex
hijacks subsequent ubiquitination of the target protein and degradation via the ubiquitin-
proteasome system (UPS) [16]. Due to this characteristic mechanism of action, the PROTACs
approach has several advantages compared to conventional inhibitors. Firstly, PROTACs
technology has been demonstrated to overcome the problem of resistance encountered in
most current therapeutics through elimination of the entire target, which results in deletion
of both enzymatic and non-enzymatic activity of the target protein [15]. In addition, the
degradation of a POI through PROTAC is a catalytic process which means that only low
doses of PROTACs are required; therefore, PROTACs are less prone to target overexpression
and mutations [15]. In the past few years, targeting different HDAC isoforms using the
PROTAC approach has attracted great interest. In 2018, we reported the development of
the first Sirtuin-2 deacetylase degrader [17]. Very recently we have also reported the design
of novel HDACS degraders [18].

In the present study, we planned to design a selective degrader for class-I HDACs
isoforms. For the PROTAC design, the 2-aminobenzamide selective HDAC-3 inhibitor
(BRD3308) was chosen and connected to the (CRBN) E3 ligase ligand (pomalidomide)
through a polyethylene glycol linker (Figure 1).

2. Results and Discussion
2.1. Chemistry

To obtain the desired compound, a synthetic strategy was used that involved three
main steps, as shown in Scheme 1. The first step involved synthesis of the HDAC3 inhibitor
part functionalized with carboxylic acid group 3. This intermediate was synthesized via the
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amide coupling reaction between 4-methoxycarbonylbenzoic acid (1) and 4-fluorobenzene-
1,2-diamine (2) using hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU)
as a carboxylic acid activating agent and DIPEA, followed by the alkaline hydrolysis of the
methyl ester using lithium hydroxide to afford the desired carboxylic acid 3. The second
step included the preparation of the pomalidomide connected to the polyethylene glycol
linker functionalized with terminal primary amine intermediate 4. This intermediate was
synthesized according to the previously reported method [19]. Finally, amide coupling
between the obtained carboxylic acid (3) and the pomalidomide-linker-amine 4 was carried
out using the method mentioned above to afford compound 5.

YQ)‘\ HoN" N0 O™y o
j@ T Jij[ CQN%O
NHY

O O
4
(iii)
(0]
Y@)\N/\/\o/\/ ~N0"N"NH o
iou e
NHZ NH

[OJNe]

Scheme 1. The synthetic pathway toward the synthesis of compound 5 involved the synthesis of
intermediates 3 and 4 followed by amide coupling to obtain the final compound. Reagents and
conditions: (i) HATU, DIPEA, DME, RT, 3 h; (ii) LiOH.H,O, THE, H,O, RT, 5 h; (iii); HATU, DIPEA,
DME, RT, 3 h.

2.2. Biological Evaluation
2.2.1. In Vitro HDAC Inhibition Assay

Compound 5 was subjected to in vitro HDAC inhibition activity against human
class- HDACs (HDAC1, 2, and 3) using a fluorogenic peptide derived from p53 (Ac-
RHKK(Acetyl)-AMC) HDAC1-3 isoforms as demonstrated in Table 1 [20]. Compound 5

showed moderate inhibitory activity against HDAC1 and 2, while it showed an ICsy = 3.4 uM
for HDACS.

Table 1. Inhibitory activity of compound (5) against HDAC 1, 2, and 3.

Cpd. No.

HDAC1 HDAC2 HDAC3

Structure (ICso uM) (ICs0 uM) (ICs0 uM)

o}
o) HN/\/\O/\/O\/\O/\/\” !
Nj©\ 180+ 1 140 +1 34+0.1
(6] N
O O

2.2.2. Cellular Testing

In addition, compound 5 was tested against a pancreatic cancer cell line (PSN1). In
order to evaluate the degradation capability of synthesized PROTAC for HDAC1-3, the
cellular levels of HDAC1-3 in PSN1 cell line were analyzed by Western blot. When tested
in human HCT116 cells, compound 5 unfortunately showed no degradation of HDAC1-
3 (data not shown). Further structural modifications might be tested for compound 5
(e.g., using different linkers with different lengths, further ubiquitin E3 ligase ligands)
to obtain the desired degradation activity. In summary, we established a synthetic route
for class I HDAC degraders with good yields that can be used for the development of
further analogs.
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3. Materials and Methods
3.1. General Experimental Information

Materials and reagents were purchased from Sigma-Aldrich Co., Ltd. (Darmstadt,
Germany) and abcr GmbH (Karlsruhe, Germany). All solvents were analytically pure
and dried before use. Thin layer chromatography was carried out on aluminum sheets
coated with silica gel 60 F254 (Merck, Darmstadt, Germany). For medium pressure chro-
matography (MPLC), silica gel 60 (0.036e0.200 mm) was used. The melting points (mp)
were determined on Boétius hot stage apparatus (VEB Kombinat, NAGEMA, Dresden,
GDR). Purity was measured by UV absorbance at 254 nm. The HPLC consisted of a
LiChrosorb®® RP-18 (5 um) 100-4.6 Merck column (Merck, Darmstadt, Germany), two
LC-10AD pumps, a SPD-M10A VP PDA detector, and a SIL-HT autosampler, all from
the manufacturer Shimadzu (Kyoto, Japan). The absorption spectra were recorded with
a SPD-M10A diode array detector Shimadzu spectrophotometer (Kyoto, Japan). Mass
spectrometry analyses were performed with a Finnigan MAT710C (Thermo Separation
Products, SanJose, CA, USA) for the ESI MS spectra and with a LTQ (linear ion trap)
Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) for
the HRMS-ESI (high-resolution mass spectrometry) spectra. IR spectra were taken using
an FTIR, using potassium bromide (KBr) as a supporting material (ATR method). For
the HRMS analyses, the signal for the isotopes with the highest prevalence was given
and calculated. 'H NMR spectra were taken on a Varian Inova 400 using deuterated
DMSO as solvent. Chemical shifts were referenced to the residual solvent signals. The
following abbreviations and formulas for solvents and reagents were used: ethyl acetate
(EtOAc), N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), methanol (MeOH),
tetrahydrofuran (THF), water (H,0O), dichloromethane (DCM), N,N-diisopropylethylamine
(DIPEA), O-(7-azabenzotriazol-1-y1)-N,N,N’,N’-tetramethyluronium-hexafluorphosphate
(HATU) and hydrochloric acid (HCI), trifluoroacetic acid (TFA).

3.2. Experimental Procedures and Characterization of Synthesized Compounds

4-[(2-Amino-4-fluorophenyl)carbamoyl]benzoic acid (3)

A mixture of the 4-methoxycarbonylbenzoic acid (1) (0.145 g, 0.8 mmol, 1 eq.), HATU
(0.35 g, 0.92 mmol, 1.15 eq.) was dissolved in dry DMF (5 mL) and stirred at RT for 30 min.
4-Fluorobenzene-1,2-diamine (2) (0.11 g, 0.87 mmol, 1.1 eq.) and DIPEA (0.7 mL, 4.02 mmol,
5 eq.) were added and the reaction mixture was stirred at RT for 3 h. The reaction mixture
was diluted with EtOAc (15 mL) and the reaction mixture was washed with 1 N NH4Cl
and 1 N NaHCO;, respectively. The organic extracts were washed with brine, dried over
anhydrous NaySQy, filtered and concentrated under vacuum. The residue was purified
using MPLC using (DCM—MeOH) to provide the corresponding amide, which was further
dissolved in a mixture of 10 mLTHF: H,O (1:1); then, lithium hydroxide monohydrate
(87 mg) was added to the solution and the reaction mixture was stirred at RT for 5 h. The
TLC showed that there were no starting materials. Then, the mixture was neutralized
using 1N HCI. The precipitated solid was filtered and dried under vacuum to obtain the
corresponding carboxylic acid 3 as beige amorphous powder; mp. 275-277 °C; yield (0.11
g, 0.4 mmol, 50% over 2 steps); 'H NMR (400 MHz, DMSO—dﬁ) 5 13.20 (s, 1H), 9.71 (s,
1H), 8.04 (q, ] = 8.2 Hz, 4H), 7.15-7.05 (m, 1H), 6.52 (d, ] = 11.2 Hz, 1H), 6.34 (t, ] = 8.4 Hz,
1H), 5.24 (s, 2H); 3C NMR (101 MHz, DMSO-d®) § 167.2, 165.4, 162.8, 160.4, 145.9, 138.8,
133.5,129.6,129.1, 128.5, 119.3, 102.3, 1020, 101.7; IR (KBr, v, cm'): 3321, 3234, 3072, 2849,
2675, 2558, 1683, 1639, 1622, 1612; MS-ESI m/z: 273.18 [M-H]~; HPLC: rt 9.30 min using
MeOH/H;0/0.05%TFA (purity 96.52%); UV-Vis spectra (MeOH/H,O/TFA 50: 50: 0.05),
Amax: 212 nm (e =974 M~! em ™!, log € = 2.99), 226 nm (¢ = 1003 M ! em ™!, log ¢ = 3.00),
256 nm (e =411 M~! cm ™!, log e = 2.61), 287 nm (¢ = 300 M~ cm™1, log ¢ = 2.48).

4-(3-{2-[2-(3-Aminopropoxy)ethoxy]ethoxy}propylamino)-2-(2,6-dioxo-3-piperidyl)-
isoindoline-1,3-dione (4) was synthesized according to the previously reported method
(Supplementary Materials) [19].
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N 4-(2—Amino—4—ﬂuorophenyl)—N L (3-{2-[2-(3-{ [2-(2,6-dioxo-3-piperidyl)-1,3-dioxois-
oindolin-4-ylJamino}propoxy)ethoxy]ethoxy}propyl)terephthalamide (5)

A mixture of compound 3 (0.11, 0.4 mmol, 1.0 eq.) and HATU (0.167 g, 0.44 mmol,
1.1 eq.) was dissolved in dry DMF (5 mL) and stirred at RT for 30 min. Intermediate 4 (0.21 g,
0.44 mmol, 1.1 eq.) and DIPEA (0.35 mL, 2 mmol, 5.0 eq.) were added and the reaction
mixture was stirred at RT for 3 h. The reaction mixture was diluted with ethyl acetate
(30 mL) and the reaction mixture was washed with 1 N NH4ClI and saturated NaHCO;3,
respectively. The combined organic extracts were washed with brine, dried over anhydrous
NaySQy, filtered, and concentrated under vacuum. The residue was purified using MPLC
(Chloroform—MeOH) to provide the targeted compound as yellow amorphous powder;
mp. 96-98 °C; yield (0.12 g, 0.16 mmol, 40.9%); 'H NMR (400 MHz, DMSO-d®) § 11.06 (s,
1H), 9.66 (s, 1H), 8.54 (t, ] = 5.5 Hz, 1H), 8.02 (d, ] = 8.4 Hz, 2H), 7.92 (d, | = 8.4 Hz, 2H), 7.55
(dd, ] =8.5,7.2 Hz, 1H), 7.14-7.05 (m, 2H), 7.00 (d, ] = 6.9 Hz, 1H), 6.64 (t, ] = 5.9 Hz, 1H),
6.53 (dd, ] =11.2,2.9 Hz, 1H), 6.34 (td, ] = 8.5, 2.9 Hz, 1H), 5.23 (s, 2H), 5.03 (dd, | = 12.8,
5.4 Hz, 1H), 3.57-3.42 (m, 12H), 3.39-3.30 (m, 4H), 2.86 (ddd, ] = 17.6, 14.1, 5.5 Hz, 1H),
2.62-2.51 (m, 2H), 2.00 (ddd, ] = 10.6, 7.2, 4.8 Hz, 1H), 1.83-1.71 (m, 4H); 13C NMR (101 MHz,
DMSO-d®) § 173.2, 170.5, 169.3, 167.8, 165.9, 165.4, 146.9, 146.1, 146.0, 137.4, 137.1, 136.7,
132.6,129.1,128.2, 127 .4, 117.5, 110.8, 109.5, 102.6, 102.3, 102.0, 101.7, 70.3, 70.2, 70.1, 70.0,
68.7, 68.7,49.0, 37.2, 31.4, 29.8, 29.3, 22.6; IR (KBr, v, cm~1): 3360, 2870, 1693., 1624, 1511;
HRMS m/z: 733.299 [M + HJ*; calculated C3;H4pFNgOo™*: 733.299; HPLC: rt 12.26 min using
MeOH/H;0/0.05%TFA (purity 96.59%); UV-Vis spectra (MeOH/H,O/TFA 50: 50: 0.05),
Amax: 229 nm (e = 2839 M~! cm ™!, log & = 3.45), 260 nm (e = 1109 M~ ! cm ™!, log & = 3.04),
420 nm (¢ =569 M~! cm~1, log & = 2.76).

3.3. Biological Testing
In Vitro HDAC Inhibition Assay

Recombinant human HDAC1, HDAC2, and HDAC3/NCOR1 were purchased from
ENZO Life Sciences AG (Lausen, CH). The in vitro testing on recombinant HDACs 1-3 was
performed as described in (Supplementary Materials) [12].

Supplementary Materials: The following supporting information can be downloaded online. Syn-
thesis of intermediate 4, in vitro HDAC inhibitory assay and copies of 1H-NMR, 3C-NMR, HPLC,
IR, MS, and UV spectra.
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