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A B S T R A C T

Class I HDACs are considered promising targets for cancer due to their role in epigenetic modifications. The main
challenges in developing a new, potent and non-toxic class I HDAC inhibitor are selectivity and appropriate
pharmacokinetics. The PROTAC technique (Proteolysis Targeting Chimera) is a new method in drug develop-
ment for the production of active substances that can degrade a protein of interest (POI) instead of inhibiting it.
This technique will open the era to produce selective and potent drugs with a high margin of safety. Previously,
we reported different inhibitors targeting class I HDACs functionalized with aminobenzamide or hydroxamate
groups. In the current research work, we will employ PROTAC technique to develop class I HDAC degraders
based on our previously reported inhibitors. We synthesized two series of aminobenzamide-based PROTACs and
hydroxamate-based PROTACs and tested them in vitro against class I HDACs. To ensure their degradation, all of
them were screened against HDAC2 as representative example of class I. The best candidates were evaluated at
different concentrations at various HDAC subtypes. This resulted in the PROTAC (32a) (HI31.1) that degrades
HDAC8 with a DC50 of 8.9 nM with a proper margin of selectivity against other isozymes. Moreover, PROTAC
32a is able to degrade HDAC6 with DC50 = 14.3 nM. Apoptotic study on leukemic cells (MV-4–11) displayed
more than 50 % apoptosis took place at 100 nM. PROTAC 32a (HI31.1) showed a good margin of safety against
normal cell line and proper chemical stability.

1. Introduction

Removal of the acetyl moiety from acetylated lysines of histones and
non-histone proteins is one of the post-translational modifications that
affect gene transcription and gene translation. Histone deacetylases
(HDACs) are a family of enzymes that are responsible for this task. They
consist of 18 isozymes that are classified into four different classes based
on their phylogenic analysis. Among these classes, class 1 consists of four
different isozymes (HDAC1, 2, 3, and 8) that depend on a zinc ion in

their catalytic mechanism to act as erasers for acetyl and acyl groups
[1,2]. HDAC 1, 2, and 3 isozymes are located in the nucleus and they are
part of megadalton co-repressor complexes. HDAC1 and 2 are highly
similar in sequence and structure (85 % of l sequence identity) and both
of them have a high overlap in their biological functions [3]. Although
HDAC3 appears in multi-subunit complexes that differ from other
known HDAC complexes, it has structural and functional characteristics
similar to HDAC1 and 2. Therefore, finding an isozyme-selective in-
hibitor able to distinguish between these three isozymes is considered a
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great challenge [4]. HDAC8 shows sequence similarity to other class I
isozymes, but its localization differs from other class I isozymes due to its
shuttling between nucleus and cytoplasm [5].

Class I HDACs are considered as targets for the treatment of several
diseases, such as neurodegenerative diseases and different types of
cancer. For class I HDACs, no selective inhibitor has been approved until
now. Several aminobenzamide-based inhibitors, such as Entinostat and
Mocetinostat, were discovered to target specific isozymes of HDACs and
they are in clinical trials [6,7]. Regarding HDAC8, several hydroxamate-
based inhibitors were reported and showed selectivity, for example, PCI-
34051, but no HDAC8 inhibitor is approved until now.[8]

Since the challenge of finding a selective modulator for such enzymes
is a matter of interest, new chemical modalities such as targeted protein
degradation (TPD) were employed to obtain a selective degrader rather
than inhibition of such targets. One of the common techniques utilized
to achieve TPD is proteolysis targeting chimeras (PROTACs) [9]. The
design of PROTACs relied on the presence of an E3 ligase ligand linked
by a spacer to an inhibitor part. These hetero-bifunctional molecules can
initiate the ubiquitination process for a protein of interest after forming
a ternary complex between the E3 ligase and the target protein [10].The
use of the PROTAC technique offers another layer of selectivity and
safety compared to the use of an inhibitor alone [11]. This prompted an
increasing number of research groups to employ these techniques on
relevant targets that require selective candidates, including HDACs [12].
The design concept applied for class I HDACs PROTACs is represented in

Fig. 1. The design of PROTACs for HDAC1, 2, and 3 depended mainly on
the use of CI-994 as inhibitor part and VH-032 as E3 ligase ligand. Based
on selected aminobenzamides as inhibitors the JSP PROTAC series was
developed, and among them, JSP016 and JSP014 displayed degradation
of HDAC1 (DC50 = 0.55 and 0.91 μM in HCT-116 cells, respectively),
HDAC3 (DC50 values of 0.53 μM and 0.64 μM), and to lesser extent
HDAC2 [13–15]. The results showed that both PROTACs are not able to
discriminate between individual HDAC subtypes. Another trial to target
Class I HDACs by using alkylhydrazide-based PROTACs and that leads to
a selective HDAC 3 degrader (XZ9002; HDAC3 DC50 = 42 nM in MDA-
MB-468) and (YX862; HDAC8 DC50 = 2.6 nM) [16,17]. Recently, a
highly potent alkylhydrazide-based PROTAC (Z16) was reported for
treatment of hematological malignancies showed a nano- and sub nano-
molar degradation against 4 different types of tumors as shown in Fig. 1.
[18] Further PROTACs for HDAC 1, 2, and 3 were reported using
different E3 ligase ligands, as CRBN, and inhibitors based on different
ZBG, as hydroxamates.[19]

In the case of reported HDAC8-PROTACs, there is a greater variation
in the use of inhibitors that were used for the design concept. The
resulting PROTACs led to good degradation of HDAC8 (Fig. 2). NCC-
149-based PROTAC (I) and PCI-34051-based PROTAC (SZUH280)
showed sub micromolar degradation of HDAC8 (DC50 = 0.7 μM in
Jukart cells and DC50 = 0.58 μM in A549 cells, respectively) [20,21].
PROTAC based on BRD-73954 (ZQ23) showed degradation for HDAC8
(DC50 = 4.95 μM in HCT-116 cells), but HDAC6 (DC50 = 0.147 μM) is

Fig. 1. Representative examples of previously reported aminobenzamide-based PROTACs targeting HDAC1, 2 and 3.
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also degraded to a similar extent. [22] In a previous work, we usedmeta-
substituted benzhydroxamates such as TH42 and developed a HDAC8
selective PROTAC (CRBN-1e, Fig. 2) with degradation of HDAC8 in
neuroblastomas and antiproliferative effects. [23]. Moreover, CT-4
PROTAC was designed based on our previously reported HDAC8 in-
hibitor TH70 displayed a potent HDAC 8 degradation with DC50 = 4.7
nM and it induced 50 % apoptosis in Jurkat cells at 3 µM.[24]

In the current work, we describe the development of several new
PROTACs targeting different isozymes of class I HDACs based on in-
hibitors from our previous research work. Although, our work is focused

on class I HDACs, but for the hydroxamate-based PROTACs we will
consider HDAC6 as it is a possible target.

1.1. PROTAC design concept

Previously, we reported highly potent class I HDAC inhibitors that
are based on the aminobenzamide scaffolds (III–VI) (Fig. 3). The in-
hibitors exhibited nanomolar inhibition against HDAC1, 2, and 3 iso-
zymes [25–28]. (III; HI2.1) showed superior activity when tested in
leukemic cell compared to the reference inhibitor Entinostat.

Fig. 2. Schematic representation of previously reported hydroxamate-based PROTACs targeting HDAC8.

Fig. 3. Previously developed potent inhibitors targeting class I HDACs.
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Regarding hydroxamate-based inhibitors, we reported two inhibitors
(KH16 and KH29) (Fig. 3) that showed 2-digit nanomolar inhibition
against all isozymes of class I HDACs (KH16; HDAC1 IC50 = 13 nM,
HDAC2 IC50 = 34 nM and HDAC8 = 11 nM) and (KH29; HDAC2 IC50 =

26 nM, HDAC3 IC50 = 20 nM and HDAC8 = 49 nM) except HDAC3 in
case ofKH16 showed IC50= 6 nM and HDAC1 in case ofKH29 displayed
IC50 = 9.4 nM (Fig. 3). Both of them showed superiority over SAHA
(pan-HDAC inhibitor) in cellular activity against different leukemia cells
[29,30].

Based on the previously reported aminobenzamide inhibitors, we
report the design of − novel PROTACs (Fig. 4) targeting class I HDACs.
We started with the scaffold of aminobenzamide inhibitors (III–VI) and
connected them to CRBN ligands (pomalidomide and lenalidomide) and
VHL ligands (VH–032). The linker part includes flexible and rigid
aliphatic linkers. In addition, we will synthesize a hydroxamate-based
PROTAC in which the inhibitor part is derived from the highly potent
pyrimidinohydroxamates KH16 and KH29. Also, in these PROTACs
CRBN as well as VHL E3 Ligase ligands are used. All synthesized PRO-
TACs will be tested for their ability to degrade HDAC subtypes as well as
the cytotoxicity against leukemic cells.

2. Results and Discussion

2.1. Chemistry

The synthesis of the targeted compounds will be planned based on
the design in Fig. 4. First, the synthesis of aminobenzamide-based
PROTACs was started through the synthesis of the inhibitor part. In
this initial step, 5-chloropyrazine-2-carboxylic acid (1) was coupled
with two different Boc-protected amino benzamides (2a,b) to give the
expected amides (3a,b). The terminal chloro group in intermediates (3a,
b) can react from one side of piperazine by heating in toluene at 130 ◦C
for 2 h to yield the intermediates (4a,b) as reported [26]. To extend the
inhibitor with different linkers, this could be achieved either through the
reaction of intermediates (4a,b) with succinic and glutaric anhydride in
the presence of TEA or coupling with monomethyl esters of dicarboxylic
acids with different carbon lengths as monomethyl ester of adipic or
suberic acid to obtain the intermediates (5a–h) as shown in Scheme 1.

To get VHL-based PROTACs (7a-f) (Scheme 2) from this series of
aminobenzamide-based PROTACs, intermediates (5b-d) and (5f-h) were
coupled to VHL ligand (6) using HATU in the presence of DIPEA,

followed by Boc deprotection using 4 M HCl in dioxane to obtain the
final PROTACs (7a-f) as HCl salts. Regarding, lenalidomide-based
PROTACs, the lenalidomide derivative (8) was prepared by the reac-
tion of tert-butyl hex-5-ynoate (2 s) with 3-(4-bromo-1-oxoisoindolin-2-
yl)piperidine-2,6-dione (1 s) using Sonogashira coupling (Scheme 1s)
(supplementary data). Lenalidomide (8) was coupled with in-
termediates (4a,b) using HATU and DIPEA and then deprotection of the
tert-butyl group took place by 4 M HCl/dioxane to obtain PROTACs (9a,
b). On the other hand, pomalidomide-based PROTACs were prepared by
the reaction of intermediates (5a,b,e and f) with pomalidomide deriv-
ative (10), prepared as reported [31], with the same coupling conditions
followed by deprotection of the tert-butyl group to possess PROTACs
(11a-d). In order to obtain aminobenzamide-based PROTACs with rigid
linkers, intermediates (4a,b) would be coupled with the pomalidomide
derivative (12), preparation details in supplementary data, using HATU
and DIPEA, and then deprotection to proceed with PROTACs (13a,b)
(Scheme 2).

Second, the synthesis of the hydroxamate-based PROTACs will be
discussed. We have here two types of PROTACs: the PROTACs (22, 23,
and 24 series) (Scheme 4), in which the inhibitor part is without the
capping group in KH16 and KH29. Regarding the synthesis of the in-
hibitor part, we have the challenge of using the protecting group of the
hydroxamate moiety. We have three common protecting groups for the
hydroxamate moiety: tetrahydropyran (THP), benzyl, and trityl. The
trials to involve trityl in the steps of preparation of the starting material
were not successful. Therefore, the choice is limited here to THP and
benzyl. The selection of the protecting group will be based on the choice
of the E3 ligase ligand. In VHL-based PROTACs, the selected protection
group is tetrahydropyran, as the final step of the deprotection of the
benzyl group would be performed through reduction with hydrogen.
This would not be feasible due to the inactivation of the catalytic
palladium with the sulfur atom in VHL. Since this problem would not be
present in the case of cereblon ligands, the use of benzyl is preferred due
to its ease of handling, as it is more stable than THP and can withstand
various conditions.

The synthesis of either THP-protected inhibitor part (16) or benzyl-
protected inhibitor part (18) is displayed in Scheme 3. 2-chloropyrimi-
dine-5-carboxylic acid (14) would be reacted with either THP-
protected hydroxylamine or benzyl-protected hydroxylamine in the
presence of EDCI as a coupling reagent, and the employed base was
dimethyl aminopyridine (DMAP) or N-methyl morpholine (NMM) to

Fig. 4. Schematic representation of the proposed aminobenzamide-based and hydroxamate-based PROTACs targeting class I HDACs.
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give intermediates (15) and (17), respectively. The terminal chloride of
these intermediates would react with one side of piperazine by heating
in toluene at 130 ◦C for 2 h. The given intermediates (16 and 18) would
be attached to the linker part through either reacting directly with acid
anhydride in the presence of TEA or coupling with a monomethyl ester
of dicarboxylic acid to give the THP-protected intermediates (19a,b)
and benzyl-protected intermediates (20a,b) (Scheme 3).

The final VHL-PROTACs (21a,b) (Scheme 4) would be afforded by
the reaction of intermediates (19a,b) with VHL ligand (6) using HATU
and DIPEA, followed by deprotection with 2 M HCl at room temperature
for 16 h. In parallel, CRBN-based PROTACs (22a, b) were prepared by

coupling intermediates (20a,b) (Scheme 4) with CRBN ligand (12) using
HATU and DIPEA, followed by the deprotection of the benzyl group
using catalytic hydrogen in the presence of PEARLMAN’S catalyst. Other
CRBN-based PROTACs (24a,b) (Scheme 4) were synthesized by the re-
action of intermediate (14) with linker-extended CRBN ligands (23a,b),
prepared as reported [32,33], using HATU and DIPEA, and then the
deprotection of the benzyl group as in the previous step.

In the case of PROTACs employing the whole inhibitor of KH29, we
reported here in Scheme 5 the steps of adding the capping group part to
the previous inhibitor part (18). First, N-methylation of 5-methoxy-1H-
indole-3-carbaldehyde (25) using methyl iodide in the presence of NaH

Scheme 1. Synthesis of the intermediates (4a,b, 5a-h); Reagents and conditions: (i) HATU, DIPEA, DMF, 70 ◦C, 16 h; (ii) Piperazine, Toluene, 130 ◦C, 2 h, (iii)
Phthalic or glutaric acid anhydride, TEA, DCM, RT, 3 h; (iv) Monomethyl ester of adipic or suberic acid, HATU, DIPEA, DMF, RT, 1 h; (v) LiOH, H2O, THF, MeOH.

Scheme 2. Synthesis of the final PROTACs (7, 9, 11 and 13 series); Reagents and conditions: (i) HATU, DIPEA, DMF, RT, 1 h, (ii) 4 M HCl, Dioxane, 3 h, RT.
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to afford compound (26) would be subjected to O-demethylation of the
terminal methoxy group using boron tribromide to yield compound
(27). The terminal hydroxyl group would subjected to alkylation with
methyl bromoacetate using cesium carbonate as a catalyst in MW. The

obtained intermediate (28) would be attached to intermediate (18) by
reductive amination using NaCNBH3 in a catalytic amount of acetic acid
to give the required inhibitor part (29). Finally, intermediate (29) was
coupled with different CRBN ligands (12, 30, [34] and 31 [35]) using

Scheme 3. Synthesis of the intermediates (16, 18, 19a-b and 20a-b); Reagents and conditions: (i) H2NOTHP, EDCI, DMAP, DCM, RT; (ii) Piperazine, Toluene, 130 ◦C,
2 h, (iii) H2NOBen, EDCI, NMM, DCM, RT (iv) Phthalic or glutaric acid anhydride, TEA, DCM, 3 h, RT; (v) Monomethyl ester of adipic acid, HATU, DIPEA, DMF, RT,
1 h; (vi) LiOH, H2O, THF, MeOH.

Scheme 4. Synthesis of the final PROTACs (22, 23 and 24 series); Reagents and conditions: (i) HATU, DIPEA, DMF, RT, 1 h; (ii) 2 N HCl, THF, 16 h (iii) PEARLMAN’S
catalyst, H2, RT, 16 h.
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HATU and DIPEA, followed by deprotection of the benzyl group with
catalytic hydrogen in the presence of PEARLMAN’S catalyst to afford the
final compounds (32a–c) (Scheme 6). The reduction process led to the
reduction of the alkyne group into alkane in the case of the final PRO-
TAC (32b).

2.2. Biological Evaluation

2.2.1. In vitro testing of HDAC inhibitory activity
The aminobenzamide-based PROTACs series were subjected to in

vitro assays against HDACs 1.2 and 3. From Table 1, it was observed that
the tested PROTACs were not able to inhibit the HDAC3 isozyme except
11a, 13a, and 13b, as they showed inhibition in the micromolar range.
Concerning HDAC1 isozymes, compounds 7d-f, 9b, and 11b possessed
inhibitory activity in the submicromolar (0.13–0.4 µM), while the best
compound inhibiting this isozyme is 11c with an IC50 of 0.028 µM.
Regarding HDAC 2, four PROTACs (7d-f and 9b) showed inhibition in
the µM range with values of 0.46, 0.49, 0.53, and 0.38 µM, respectively.
The other PROTACs exhibit weak or moderate activity against HDAC2.
Comparing to the reference inhibitors, it can be concluded that some
PROTACs exhibited slightly increased selectivity for HDAC1 (11b and
11c).

For the PROTACs, in which the inhibitor part does not have a
capping group (series 21, 22, and 24), sub micromolar inhibition against

all the isozymes was observed. However, all of them are less potent than
the hydroxamate based inhibitor KH29. While the hydroxamate-based
PROTACs in which the inhibitor part with the capping group (32a-c)
showed 2 nanomolar digit inhibition of all class I isozymes better than
SAHA (Table 2). We also tested all the hydroxamate-based PROTACs for
their inhibition against HDAC6 and they showed sub-micromolar
activity.

2.2.2. Cellular assays to analyze HDACs degrading activities
To evaluate the degradation activity of HDAC PROTACs, two series

of aminobenzamide and hydroxamate were first screened against
HDAC2 in class I HDAC. Treatment of MV-4–11 cells with various
PROTACs at a concentration of 1 μM for 24 h revealed that compounds
32a,

32b, and 32c exhibited significant degradation activity against
HDAC2 at this concentration, with degradation rate of 49.6 %, 55.1 %,
and 62.6 %, respectively (Fig. 5A). To further assess the degradation
activity against class I HDACs, additional tests were conducted on HDAC
1 and HDAC 3. At concentrations of 500 nM and 250 nM, compounds
32a and 32b demonstrated nearly complete degradation of HDAC3. In
addition, PROTACs 32a and 32b also showed relatively better degra-
dation efficiency for HDAC1 than 32c. For example, at a concentration
of 250 nM, the degradation rate of 32a is 65.5 %, while 32c showed
almost no degradation trend (Fig. 5B).

Scheme 5. Synthesis of the intermediate (29); Reagents and conditions: (i) MeI, NaH, DMF, RT, 16 h; (ii) BBr3, DCM, − 10 ◦C, (iii) MeOH, Na2CO3 (iv) Ethyl
bromoacetate, CsCO3, DMF, 3 h, 130 ◦C, MW; (v) NaBH4, MeOH, drops acetic acid, 24 h, RT; (v) LiOH, H2O, THF, MeOH.
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Table 1
In vitro assay results of the aminobenzamid-based PROTACs against HDACs 1,2,3 isozymes. For less promising inhibitors, the inhibition is given in % of the pre-test (n
= 3).

Cpd. No. Structure HDAC1
(IC50 µM)

HDAC2
(IC50 µM)

HDAC3
(IC50 µM)

7a 0 % @0.1 µM
40 % @1 µM
68 % @10 µM

0 % @ 0.1 µM
50 % @ 1 µM
88 % @10 µM

1 % @0.1 µM
26 %@1 µM
71 % @10 µM

7b 0 % @0.1 µM
43 % @1 µM
62 % @10 µM

0 % @0.1 µM
46 % @1 µM
86 % @10 µM

4 % @0.1 µM
27 % @1 µM
71 % @10 µM

7c 0 % @0.1 µM
34 % @1 µM
71 % @10 µM

0 % @ 0.1 µM
41 % @ 1 µM
88 % @ 10 µM

1 % @ 0.1 µM
21 % @1 µM
73 % @10 µM

7d 0.13 ± 0.02 0.46 ± 0.03 0 % @0.1 µM
2 % @1 µM
10 % @10 µM

7e 0.17 ± 0.03 0.49 ± 0.03 0 % @0.1 µM
0 % @1 µM
8 % @10 µM

7f 0.18 ± 0.03 0.53 ± 0.03 0 % @0.1 µM
0 % @1 µM
6 % @10 µM

9a 28 % @0.1 µM
47 % @1 µM
70 % @10 µM

6 % @0.1 µM
52 % @1 µM
87 % @10 µM

5 % @0.1 µM
33 % @1 µM
82 % @10 µM

9b 0.15 ± 0.03 0.38 ± 0.02 3 % @0.1 µM
6 % @1 µM
21 % @10 µM

11a 1.7 ± 0.2 >20 2.3 ± 0.1

11b 0.4 ± 0.1 16 ± 0.2 >20

11c 0.028 ± 0.001 14 ± 2 >20

(continued on next page)
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Hydroxamate-based PROTACs 32a, 32b, and 32c were evaluated in
addition against Class I HDACs and HDAC6 because some previous
hydroxamate based PROTACs showed degradation for both of them [24]
(Fig. 6). Specifically, these compounds effectively degraded HDAC8 and
HDAC6 in MV-4–11 cells at a concentration of 500 nM (Fig. 6). At a
lower concentration of 125 nM, the three PROTACs also significantly
degrade of the HDAC8 expression level (Fig. 6). In contrast, compound
32c was unable to degrade HDAC6 at 125 nM, whereas compounds 32a
and 32b maintained the degradation capacity with degradation rate of
70.4 % and 51.8 %, respectively.

The degradation activity revealed that the hydroxamate-based
PROTACs were more active in degrading HDAC8 than HDAC6. For
instance, at a concentration of 12.5 nM, compound 32a demonstrated
higher activity against HDAC8 (degradation rate: 75.8 %) than HDAC6
(degradation rate: 33.9 %) (Fig. 6). Furthermore, we conducted tests on
PROTACs 32a and 32b to assess their concentration-dependent degra-
dation activity against Class I HDACs (HDAC1-2–3-8) and Class II HDAC
(HDAC6).The DC50 values for the degradation of HDAC8, HDAC1,
HDAC2, and HDAC3 induced by PROTAC 32a were 8.98 ± 2.22 nM,
81.6 ± 6.3 nM, 217.6 ± 21.8 nM, and 64.6 ± 10.6 nM, respectively
(Fig. 7). The PROTAC 32b-induced degradation of HDAC8, HDAC2,
HDAC1, and HDAC3 yielded DC50 values of 52.05 ± 8.16 nM, 154.2 ±

24.3 nM, 536.3 ± 48.2 nM, and 113.7 ± 30.4 nM, respectively (Fig. 8).
Except for HDAC2, 32a has better degradation activity compared to 32b

for other Class I HDACs. The concentration-dependent degradation ac-
tivity of 32a and 32b on HDAC6 were also tested, with DC50 values of
14.3 ± 2.1 nM and 34.2 ± 4.7 respectively, which were also in the
nanomolar range (Fig. 9). The DC50 value demonstrates that compound
32a exhibits a more selective degradation effect on HDAC8 within Class
I HDACs, and also displays notably superior degradation activity to-
wards HDAC6 among Class II HDAC enzymes.

2.2.2.1. Biological tests with leukemic cells. PROTAC 32a possesses a
noteworthy capacity for degrading Class I HDACs(HDAC1-2–3-8), which
is suitable for further evaluation of its degradation mechanism and
antitumor activity. Subsequently, we investigated whether the degra-
dation of HDAC8 induced by compound 32a relied on the proteasomal
pathway. Co-treatment of MV-4–11 cells with the neddylation inhibitor
MLN4924 or proteasome inhibitors MG132 and carfilzomib revealed
that these inhibitors significantly reversed 32a-induced Class I HDACs
degradation (Fig. 10). This finding confirms that compound 32a medi-
ates the degradation of HDACs through the ubiquitin–proteasome sys-
tem (UPS). Furthermore, the apoptotic effect induced by 32a was
evaluated. The Annexin V-FITC and propidium iodide (PI) staining
showed that MV-4–11 cells underwent a significant increase in apoptosis
(Fig. 11), ranging from 11.32 % to 75.05 % upon treatment with 32a
(concentrations range: from 12.5 nM to 150 nM).

Table 1 (continued )

Cpd. No. Structure HDAC1
(IC50 µM)

HDAC2
(IC50 µM)

HDAC3
(IC50 µM)

11d 8 % @0.1 µM
17 % @1 µM
33 % @10 µM

3 % @0.1 µM
2 % @1 µM
4 % @10 µM

n.i.

13a 1.6 ± 0.2 5.3 ± 0.4 2.7 ± 0.1

13b 1.8 ± 0.2 5.9 ± 0.4 2.1 ± 0.1

HI2.1 0.13 ± 0.01 0.28 ± 0.01 0.31 ± 0.01

30d[26] 1.9 ± 0.1 24 ± 2 0 % @ 0.1 µM
15 % @ 1 µM
72 % @10 µM

VI [26] 0.019 ± 0.001 1.1 ± 0.1 1 % @0.1 µM
4 % @1 µM30% @ 10 µM

MS-275 0.93 ± 0.1 0.95 ± 0.03 1.8 ± 0.1

H.S. Ibrahim et al. Bioorganic Chemistry 153 (2024) 107887 

9 



Table 2
In vitro assay results of the hydroxamate-based PROTACs against HDACs 1,2,3,8 isozymes.

Cpd. No. Structure HDAC1
(IC50 µM)

HDAC2
(IC50 µM)

HDAC3
(IC50 µM)

HDAC8
(IC50 µM)

HDAC6
(IC50 µM)

21a 0.316 ± 0.022 0.841 ± 0,049 0.303 ± 0.027 0.117 ± 0.006 0.139 ± 0.016

21b 0.218 ± 0.036 1.01 ± 0,14 0.242 ± 0.016 0.027 ± 0.004 0.125 ± 0.016

22a 0.463 ± 0.079 1.67 ± 0,33 0.284 ± 0.015 0192 ± 0.013 0.164 ± 0.022

22b 0.451 ± 0.120 1.44 ± 0,13 0.216 ± 0.017 0.165 ± 0.017 0.142 ± 0.022

24a 0.261 ± 0.039 0.910 ± 0,046 0.270 ± 0.034 0.217 ± 0.016 0.185 ± 0.033

24b 0.411 ± 0.079 0.320 ± 0,028 0.320 ± 0.028 0.263 ± 0.011 0.0212 ± 0.043

32a 0.029 ± 0.007 0.141 ± 0,022 0.059 ± 0.007 0.042 ± 0.002 0.147 ± 0.016

32b 0.059 ± 0.005 0.152 ± 0.023 0.049 ± 0.005 0.065 ± 0.005 0.099 ± 0.020

32c 0.034 ± 0.005 0.062 ± 0,007 0.034 ± 0.003 0.100 ± 0.010 0.085 ± 0.005

KH29 0.0094 ± 0.0005 0.026 ± 0.001 0.020 ± 0.001 0.049 ± 0.002 0.025 ± 0.001

SAHA 0.101 ± 0.007 0.43 ± 0.009 0.21 ± 0.01 0.42 ± 0.08 0.013 ± 0.001
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2.2.2.2. Cytotoxicity of the most potent PROTACs against HEK239 cells.
Due to concerns regarding the toxic effect of some hydroxamate active
compounds [36], we investigated in addition the cytotoxicity of the
PROTACs (32a and 32b) showing selective degradation against HDAC8.
Both of them showed no cytotoxicity against human HEK239 cells at 50
μM for 24 h with cell viability values of 32a (HI31.1) = 67.4 ± 2.5 %
and 32b (HI31.3) = 75.1 ± 5.1 %.

2.2.3. Chemical stability testing
Since some CRBN-addressing PROTACs based on thalidomide/

pomalidomide have been reported to have problems with chemical
stability in cellular assays, we have tested our PROTACs for stability
using an HPLC-based assay. [37]. The most potent PROTACs were
analyzed under cellular assay conditions and both 32a and 32b were
found to be 96 % and 100 % stable over 72 h at 37 ◦C, respectively
(Table 1s, Fig. 1s, and Fig. 2s, Supplement).

2.2.4. Plasma stability testing
Plasma stability was investigated for the most potent PROTACs 32a

and 32b. To determine the plasma stability the two compounds (10 μM,
final DMSO concentration 1 %) were incubated at 37 ◦C and remaining
amount was tested between 5 min and 6 h using pooled human plasma
(see Methods section for details). The PROTAC 32a showed good plasma
stability (>60 %) over the 6 h period, while the PROTAC 32b, remained
stable for 83 %after 6 h (Fig. 12, Tables 3). The results show that the

stability of CRBN-based PROTACs 32a and 32b is also given in human
plasma and that the compounds can be used for future cellular and in
vivo studies.

3. Conclusion

Two series of aminobenzamide-based PROTACs and hydroxamate
based PROTACs were synthesized and tested for their in vitro assay
against class I HDACs. Some of them showed selectivity compared to the
parent ligand as PROTACs 11b and 11c. Upon testing the degradation
capability of the synthesized PROTACs, it was found that the
hydroxamate-based PROTACs (32a) (HI31.1) showed nanomolar
degradation for HDAC8 with DC50 = 8.98 nM with proper margin of
selectivity against other Class I HDACs (selectivity index, (SI) HDAC1
/HDAC8 9.09), (SI HDAC2 /HDAC8 24.23) and (SI HDAC3 /HDAC8
7.19). In addition, it exhibited a potent degradation effect against
HDAC6, (DC50 = 14.3 nM). Compared to other reported hydroxamate-
based PROTACs, compounds 32a possessed the second most potent
PROTAC towards HDAC 8 after the reported PROTAC (CT-4) with less
selectivity against HDAC6 but in the cellular effect against leukemic cell
it induces 50 % apoptosis in MV4-11 at 100 nM which give superiority
over CT-4. Furthermore, 32a PROTAC showed in further tests that it is
not generally cytotoxic (measured on human HEK293 cells) and it
exhibited good chemical and plasma stability over 6 h. Thus, it is suit-
able PROTACs to investigate the role of HDAC8 degradation in different

Fig. 5. Evaluation of HDAC degradation activities of the designed compounds. (A) HDAC2 protein level was determined in MV-4–11 cells after 24 h incubation with
the designed compounds at 1 μM. (B) The HDAC1 and HDAC3 degradation activities in MV-4–11 treated with compounds 32a–32c (500 nM or 250 nM) for 24 h.

Fig. 6. Evaluation of HDAC6 and HDAC8 degradation activities of compounds 32a-32c in MV-4–11 leukemia cells at various concentrations.
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biological systems.

4. Experimental

4.1. Chemistry

4.1.1. General
All the specifications regarding the standard materials, equipment

and devices used in the experimental methods are included in the sup-
plementary data. In addition, the experimental procedures for synthesis
of intermediates are included in supplementary data.

4.1.2. General synthetic procedures

4.1.2.1. General procedures for amide coupling. A mixture of the appro-
priate carboxylic acid (1.0 eq.) and HATU (1.2 eq.) was dissolved in dry
DMF (5 mL) and stirred at RT for 30 min. The corresponding amine (1.0
eq.) and DIPEA (4.0 eq.) were added and the reaction mixture was
stirred for 1 h at RT. The reaction mixture was diluted with EtOAc: THF
mixture (1:1(v/v)) (15 mL,) was added and the reaction mixture was
washed with 1 N NH4Cl and sat. NaHCO3, respectively. The organic
extracts were washed with brine, dried over anhydrous Na2SO4, filtered
and concentrated under vacuum. The residue was purified by using
MPLC (CHCl3: MeOH) to provide the corresponding amide. Reaction

yields, chromatographic and spectrometric data of the final compounds
are reported below.

4.1.2.2. General procedure for the reaction of amines with acid
anhydrides. A mixture of the appropriate amine (1.0 eq.) and TEA (3.0
eq.), followed by the addition of the required acid anhydride (1.5 eq.)
and the reaction mixture was stirred for 18 h at RT. After the reaction
was finished, the solvent was evaporated. 10 % Citric acid solution was
added to the residue followed by extraction with ethyl acetate. The
organic layer was dried on Na2SO4 and then evaporation of organic
solvent took place and then purification of the crude substance using
MPLC.

4.1.2.3. General procedure for methyl ester hydrolysis. The appropriate
methyl ester (1.0 eq.) was dissolved in THF:H2O (1:1(v/v)), then
LiOH⋅H2O (6.0 eq.) was added, and the mixture was stirred at room
temperature for 4–6 h. After complete ester hydrolysis, Neutralization of
excess basic substances by 1 M hydrochloric acid solution which was
added dropwise to the reaction to liberate the free acid as precipitate.
The obtained precipitate was filtered and washed with methanol and
hexane and the dried and used in the next step without any further
purification.

4.1.2.4. General procedure for cleavage of tert-butyl protecting group.

Fig. 7. The determination of HDAC8 (A), HDAC1 (B), HDAC2 (C), HDAC3 (D) DC50 value in MV-4–11 cells by administration of 32a at varying concentrations for
24 h.

H.S. Ibrahim et al. Bioorganic Chemistry 153 (2024) 107887 

12 



Method 1: The N-Boc-protected aniline derivative (1 mmol) was solu-
bilized at 0 ◦C in dry DCM (5 mL), and then 4 M HCl in dioxane (5 mL)
was added. The reaction mixture was stirred at RT for 30 min. The ob-
tained HCl salt was filtered, washed with methanol and hexane to get rid
of excess HCl and then purified by MPLC or preparative HPLC.

Method 2: In the case of tert-butyl protected acids, we used TFA as
the deprotecting agent. After the completion of the reaction after 4 h, the
solvent was evaporated and the residue was washed with toluene and
hexane. Then the crude product was subjected to purification using
MPLC.

4.1.2.4.1. General method for deprotection of N-benzyl protected hy-
droxyl amine PROTACs. Dissolve (0.1 mmol) of the required benzyl
protected PROTAC in 10 ml methanol, then add 0.02 mmol of PEARL-

MANN’S catalyst. Put the reaction mixture under catalytic H2 for 16 hr. the
completion of the reaction was checked by HPLC. The reaction mixture
was filtered on celite, the solvent was evaporated, and the crude product
was purified by preparative HPLC.

4.1.2.5. General method for deprotection of THP protected hydroxyl amine
PROTACs. Dissolve (0.1 mmol) of the required THP protected PROTAC
in 10 ml methanol, then add 1 ml of 2 N HCl and stir at room temper-
ature until the completion of the reaction. The solvent was evaporated
and the crude product was purified by preparative HPLC.

4.1.3. Synthesis and spectral data of intermediates 5a-h
Synthesis of these intermediates would be performed as reported in

the general method for amide coupling.

4.1.3.1. 4-(4-(5-((2-((tert-Butoxycarbonyl)amino)phenyl)carbamoyl)pyr-
azin-2-yl)piperazin-1-yl)-4-oxobutanoic acid. (5a). Yield (65 %), 1H NMR
(400 MHz, CDCl3) δ 9.63 (s, 1H), 8.95 (d, J = 1.3 Hz, 1H), 7.99 (d, J =

1.4 Hz, 1H), 7.69 (s, 1H), 7.56 – 7.51 (m, 1H), 7.19 (td, J = 7.5, 6.6, 3.8
Hz, 3H), 3.88 – 3.63 (m, 8H), 2.89 – 2.56 (m, 4H), 1.50 (s, 9H).Expect.
MS 498.4, found MS m/z: 500.3 [M + H]+.

4.1.3.2. 5-(4-(5-((2-((tert-Butoxycarbonyl)amino)phenyl)carbamoyl)pyr-
azin-2-yl)piperazin-1-yl)-5-oxopentanoic acid. (5b). Yield (52 %), 1H

Fig. 8. The determination of HDAC8 (A), HDAC2 (B), HDAC1 and HDAC3 (C) DC50 value in MV-4–11 cells by administration of 32b at varying concentrations for
24 h.
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NMR (400 MHz, DMSO‑d6) δ 12.05 (br. s, 1H), 9.42 (s, 1H), 8.28 (s, 1H),
7.51 (dd, J= 8.0, 1.6 Hz, 1H), 7.39 (dd, J= 7.9, 1.7 Hz, 1H), 7.08 (dtd, J
= 25.4, 7.5, 1.6 Hz, 2H),3.40 (m, 4H), 2.53 (m, 4H) 2.37 (t, J = 7.4 Hz,
2H), 2.24 (dt, J = 19.3, 7.4 Hz, 2H), 1.80 (p, J = 7.4 Hz, 2H), 1.44 (s,
9H). Expect. MS 512.6, found MS m/z: 413.4 [M− boc + H]+.

4.1.3.3. 1-(5-((2-((tert-Butoxycarbonyl)amino)phenyl)carbamoyl)pyr-
azin-2-yl)-4-(5-carboxypentanoyl)piperazin-1-ium chloride. (5c). Yield
(73 %),1H NMR (400 MHz, DMSO‑d6) δ 11.96 (s, 1H), 9.98 (s, 1H), 9.00
(s, 1H), 8.74 (d, J = 1.3 Hz, 1H), 8.24 (d, J = 1.4 Hz, 1H), 7.94 (dd, J =
8.2, 1.5 Hz, 1H), 7.32 – 7.15 (m, 2H), 7.11 (td, J= 7.6, 1.6 Hz, 1H), 3.74
(dt, J= 22.9, 5.3 Hz, 4H), 3.58 (dddd, J= 5.3, 4.2, 2.8, 1.4 Hz, 4H), 2.36
(q, J = 4.5 Hz, 2H), 2.22 (q, J = 4.4 Hz, 2H), 1.52 (p, J = 3.6 Hz, 4H),
1.47 (s, 9H).

4.1.3.4. 1-(5-((2-((tert-Butoxycarbonyl)amino)phenyl)carbamoyl)pyr-
azin-2-yl)-4-(7-carboxyheptanoyl)piperazin-1-ium chloride. (5d). Yield

(82 %),1H NMR (400 MHz, DMSO‑d6) δ 11.94 (s, 1H), 9.98 (s, 1H), 9.00
(s, 1H), 8.73 (d, J= 1.3 Hz, 1H), 8.24 (d, J= 1.4 Hz, 1H), 7.97 – 7.91 (m,
1H), 7.27 – 7.16 (m, 2H), 7.11 (td, J= 7.6, 1.6 Hz, 1H), 3.74 (d, J= 20.3
Hz, 4H), 3.59 (dd, J = 6.5, 3.7 Hz, 4H), 2.34 (t, J = 7.4 Hz, 2H), 2.25 –
2.14 (m, 2H), 1.47 (s, 13H), 1.32 – 1.24 (m, 4H). Expect. MS 544.6,
found MS m/z: 455.4 [M− boc + H]+.

4.1.3.5. 4-(4-(5-((2-((tert-Butoxycarbonyl)amino)-5-(thiophen-2-yl)phen
yl)carbamoyl)pyrazin-2-yl)piperazin-1-yl)-4-oxobutanoic acid. (5e). 1H
NMR (400 MHz, DMSO‑d6) δ 12.03 (s, 1H), 10.03 (s, 1H), 9.06 (s, 1H),
8.76 (d, J= 1.3 Hz, 1H), 8.26 (dd, J= 4.6, 1.8 Hz, 2H), 7.53 (dd, J= 5.1,
1.1 Hz, 1H), 7.49 – 7.40 (m, 2H), 7.30 (d, J = 8.4 Hz, 1H), 7.12 (dd, J =
5.1, 3.6 Hz, 1H), 3.76 (dd, J = 30.3, 5.4 Hz, 4H), 3.69 – 3.55 (m, 4H),
2.59 (dd, J = 7.4, 5.6 Hz, 2H), 2.49 – 2.37 (m, 2H), 1.48 (s, 9H). Expect.
MS 580.7, found MS m/z: 481.1 [M− boc + H]+.

Fig. 9. Determination of the HDAC6 DC50 value in MV-4–11 cells following treatment with 32a (A) and 32b (B) at various concentrations over a 24-hour period.

Fig. 10. HDAC1, HDAC2, HDAC3, HDAC8 levels in MV-4–11 cells after treatment with MG132 (250 nM), carfilzomib (100 nM), MLN4924 (100 nM) or combination
treatment with 32a (50 nM or 500 nM) for 24 h.
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4.1.3.6. 5-(4-(5-((2-((tert-Butoxycarbonyl)amino)-5-(thiophen-2-yl)
phenyl)carbamoyl)pyrazin-2-yl)piperazin-1-yl)-5-oxopentanoic acid. (5f).
Yield (63 %),1H NMR (400 MHz, DMSO‑d6) δ 10.04 (s, 1H), 9.08 (s, 1H),
8.76 (d, J= 1.3 Hz, 1H), 8.26 (dd, J= 4.7, 1.8 Hz, 2H), 7.52 (dd, J= 5.1,
1.1 Hz, 1H), 7.47 – 7.39 (m, 2H), 7.30 (d, J = 8.4 Hz, 1H), 7.12 (dd, J =
5.1, 3.6 Hz, 1H), 3.75 (dt, J = 22.3, 5.1 Hz, 4H), 3.65 – 3.53 (m, 4H),
2.35 (t, J= 7.6 Hz, 2H), 2.13 – 1.95 (m, 2H), 1.74 – 1.62 (m, 2H), 1.48 (s,
9H). Expect. MS 594.7, found ESI-MS m/z: 616.8 [M + Na]+.

4.1.3.7. 1-(5-((2-((tert-Butoxycarbonyl)amino)-5-(thiophen-2-yl)phenyl)
carbamoyl)pyrazin-2-yl)-4-(5-carboxypentanoyl)piperazin-1-ium chloride.
(5 g). 1H NMR (400 MHz, DMSO‑d6) δ 10.03 (s, 1H), 9.06 (s, 1H), 8.76
(d, J = 1.3 Hz, 1H), 8.26 (dd, J = 4.3, 1.8 Hz, 2H), 7.53 (dd, J = 5.1, 1.2
Hz, 1H), 7.47 – 7.40 (m, 2H), 7.30 (d, J = 8.4 Hz, 1H), 7.12 (dd, J = 5.1,
3.6 Hz, 1H), 3.95 – 3.69 (m, 4H), 3.60 (dd, J = 6.9, 3.8 Hz, 4H), 2.40 –
2.31 (m, 2H), 2.29 – 2.14 (m, 2H), 1.52 (h, J= 3.8 Hz, 4H), 1.48 (s, 9H).
Expect. MS 608.7, found MS m/z: 608.9 [M]+, 606.9 [M− H]-.

4.1.3.8. 1-(5-((2-((tert-Butoxycarbonyl)amino)-5-(thiophen-2-yl)phenyl)
carbamoyl)pyrazin-2-yl)-4-(7-carboxyheptanoyl)piperazin-1-ium chloride.
(5 h). Yield (92 %),1H NMR (400 MHz, DMSO‑d6) δ 10.03 (s, 1H), 9.06
(s, 1H), 8.80 – 8.73 (m, 1H), 8.26 (dd, J= 6.3, 1.8 Hz, 2H), 7.53 (dd, J=
5.1, 1.1 Hz, 1H), 7.49 – 7.38 (m, 2H), 7.30 (d, J = 8.3 Hz, 1H), 7.16 –
7.07 (m, 1H), 3.75 (dt, J= 21.8, 5.2 Hz, 4H), 3.63 – 3.56 (m, 4H), 2.38 –
2.24 (m, 2H), 2.18 (t, J= 7.3 Hz, 2H), 1.48 (s, 13H), 1.36 – 1.19 (m, 4H).

Fig. 11. Flow cytometric analysis of compound 32a for 24 h to induce apoptosis in MV-4–11 cells.

Fig. 12. Plasma stability of PROTACs 32a and 32b measured for 6 h in human
plasma by HPLC.

Table 3
Plasma stability (%) of PROTACs 32a and 32b tested for 6 h in human plasma.

0 min 5 min 10 min 30 min 60 min 120 min 360 min

32a 100 99 ± 1 95 ± 1 94 ± 1 77 ± 1 80 ± 1 61 ± 1
32b 100 90 ± 3 97 ± 4 97 ± 2 84 ± 1 84 ± 5 81 ± 2
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4.1.3.9. Synthesis of 2-chloro-N-((tetrahydro-2H-pyran-2-yl)oxy)pyrimi-
dine-5-carboxamide. (15). To 20 ml DCM, (3 g, 18.92 mmol, 1 equiv.) of
2-chloropyrimidine-5-carboxylic acid (14) was added, followed by EDCI
(4.35 g, 22.69 mmol, 1.2 equiv.) and the mixture was stirred for 1 h in
order to activate the acid for coupling. At 0 ◦C, O-(tetrahydro-2H-pyran-
2-yl)hydroxylamine (2.34 g, 19.97 mmol, 1.1 equiv.) was added, fol-
lowed by catalytic amount of DMAP (366 mg, 3 mmol, 0.15 eq.), and the
mixture was stirred at 25 ◦C.When the reaction is considered complete,
the solvent is removed under vacuum, The obtained residue was diluted
with ethyl acetate and washed twice with a saturated aqueous sodium
chloride solution. The organic layer was dried with anhydrous sodium
sulfate, filtered and concentrated, Vacuum drying. Purification took
place by MPLC (EtOAc: Hept.) (20 %) to yield the afforded compound.

Yield (49 %),1H NMR (400 MHz, CDCl3) δ 9.07 (s, 1H), 9.00 (s, 2H),
5.04 (s, 1H), 3.95 (d, J = 10.6 Hz, 1H), 3.66 (dq, J = 10.4, 3.5 Hz, 1H),
1.84 (s, 3H), 1.62 (d, J = 9.5 Hz, 3H). Expect. MS 257.7, found MS m/z:
257.8 [M]+.

4.1.3.10. Synthesis of N-(benzyloxy)-2-chloropyrimidine-5-carboxamide.
(17). To 20 ml DCM, add (1.313 g, 8.28 mmol) of 2-chloropyrimidine-
5-carboxylic acid (14) and then EDCI (1.98 g, 10.32 mmol) was added
portion wise and was stirred for 1 h in order to activate the acid for
coupling. At 0 ◦C, O-benzylhydroxylamine (0.85 g, 6.90 mmol) was
mixed withN-methyl morpholine (0.84 g, 8.28 mmol) in 10 ml DCM and
the mixture was added and stirred at 0 ◦C. The reaction was stirred at
room temperature for 16 h. The solvent is removed under vacuum, The
obtained residue was diluted with ethyl acetate and washed twice with a
saturated aqueous sodium bicarbonate solution. The organic layer was
dried with anhydrous sodium sulfate, filtered and concentrated, Vacuum
drying. Purification took place by MPLC,(EtOAc: Hept.) (20 %), to yield
the afforded compound.

Yield (53 %),1H NMR (400 MHz, DMSO‑d6) δ 12.13 (br. s, 1H), 9.01
(s, 2H), 7.49 – 7.30 (m, 5H), 4.94 (s, 2H).

4.1.3.11. Synthesis of intermediates 2-(piperazin-1-yl)-N-((tetrahydro-2H-
pyran-2-yl)oxy)pyrimidine-5-carboxamide (16) and N-(benzyloxy)-2-
(piperazin-1-yl)pyrimidine-5-carboxamide (18). 10 mmol Of either in-
termediate 15 or 17 were added to a 50 ml of toluene and then 30 mmol
of piperazine was add portion wise with stirring at room temperature.
The reaction mixture was heated at 130 ◦C for 2 h. The solvent was
evaporated and the residue was submitted directly to the purification
using MPLC (DCM: MeOH) (7 %)

4.1.3.11.1. 2-(Piperazin-1-yl)-N-((tetrahydro-2H-pyran-2-yl)oxy)py-
rimidine-5-carboxamide. (16). Yield (72 %),1H NMR (400 MHz,
DMSO‑d6) δ 8.72 (s, 1H), 8.66 (s, 2H), 4.94 (d, J= 3.2 Hz, 1H), 4.01 (td,
J= 10.0, 8.5, 4.2 Hz, 1H), 3.75 – 3.68 (m, 4H), 3.55 – 3.43 (m, 1H), 2.74
(s, 4H), 1.74 – 1.64 (m, 3H), 1.52 (dq, J = 9.5, 6.0, 4.9 Hz, 3H). Expect.
MS 307.4, found MS m/z: 308.0 [M + H]+.

4.1.3.11.2. N-(Benzyloxy)-2-(piperazin-1-yl)pyrimidine-5-carbox-
amide. (18). Yield (77 %),1H NMR (400 MHz, DMSO‑d6) δ 8.65 (s, 2H),
7.46 – 7.31 (m, 5H), 4.88 (s, 2H), 3.81 – 3.71 (m, 4H), 2.78 – 2.71 (m,
4H). Expect. MS 313.4, found MS m/z: 314.0 [M + H]+.

4.1.3.12. Synthesis and spectral data of intermediates (19a, 19b, 20a and
20b). They can be synthesized as instructed in the general procedure
amide coupling, methyl ester hydrolysis for 19b, 20a and 20b. For the
synthesis of 19a, follow the general procedure of the reaction of amine
with acid anhydride.

4.1.3.13. 5-oxo-5-(4-(5-(((Tetrahydro-2H-pyran-2-yl)oxy)carbamoyl)
pyrimidin-2-yl)piperazin-1-yl)pentanoic acid. (19a). Yield (44 %),1H
NMR (400 MHz, DMSO‑d6) δ 11.53 (s, 1H), 8.71 (s, 1H), 8.69 (s, 2H),
4.94 (d, J = 3.1 Hz, 1H), 4.01 (td, J = 10.8, 9.5, 5.9 Hz, 1H), 3.86 – 3.70
(m, 4H), 3.60 – 3.46 (m, 4H), 2.82 (q, J = 7.2 Hz, 1H), 2.37 (t, J = 7.4
Hz, 2H), 2.25 (t, J = 7.3 Hz, 2H), 1.77 – 1.64 (m, 5H), 1.58 – 1.47 (m,

3H).

4.1.3.14. 6-oxo-6-(4-(5-(((Tetrahydro-2H-pyran-2-yl)oxy)carbamoyl)
pyrimidin-2-yl)piperazin-1-yl)hexanoic acid. (19b). Yield (48 %),1H NMR
(400 MHz, DMSO‑d6) δ 11.56 (s, 1H), 8.70 (s, 2H), 8.68 (s, 1H), 4.94 (d,
J = 3.2 Hz, 1H), 4.02 (d, J = 9.2 Hz, 1H), 3.85 – 3.73 (m, 4H), 3.59 –
3.47 (m, 4H), 3.05 (qd, J = 7.3, 4.7 Hz, 1H), 2.35 (d, J = 6.8 Hz, 2H),
2.21 (dt, J = 7.7, 3.7 Hz, 2H), 1.71 – 1.66 (m, 3H), 1.51 (dt, J = 7.6, 3.9
Hz, 7H).

4.1.3.15. 5-(4-(5-((Benzyloxy)carbamoyl)pyrimidin-2-yl)piperazin-1-yl)-
5-oxopentanoic acid. (20a). Yield (41 %),1H NMR (400 MHz, DMSO‑d6)
δ 11.64 (s, 1H), 8.67 (s, 2H), 7.46 – 7.30 (m, 5H), 4.89 (s, 2H), 3.80 (dt, J
= 21.7, 5.1 Hz, 4H), 3.56 – 3.48 (m, 4H), 2.35 (dt, J= 16.1, 7.4 Hz, 2H),
2.25 (t, J = 7.3 Hz, 2H), 1.72 (p, J = 7.4 Hz, 2H). Expect. MS 427.5,
found MS m/z: 427.9 [M]+.

4.1.3.16. 4-(4-(5-((Benzyloxy)carbamoyl)pyrimidin-2-yl)piperazin-1-yl)-
4-oxobutanoic acid. (20b). Yield (51 %),1H NMR (400MHz, DMSO‑d6) δ
11.64 (s, 1H), 8.71 (s, 1H), 8.67 (s, 2H), 7.46 – 7.30 (m, 5H), 4.89 (d, J=
2.6 Hz, 2H), 3.80 (dt, J= 29.1, 5.1 Hz, 4H), 3.54 (t, J= 6.7 Hz, 4H), 2.68
(d, J = 15.4 Hz, 2H), 2.63 – 2.53 (m, 2H).

4.1.3.17. Synthesis and spectral data of methyl 2-((3-formyl-1-methyl-1H-
indol-5-yl)oxy)acetate. (28). To a stirred solution of 5-hydroxy-1-
methyl-1H-indole-3-carbaldehyde (27) (0.44 g, 2.5 mmol, 1 equiv.) and
Cs2CO3 (2.22 g, 6.28 mmol, 2.5 equiv.) in 10 ml of DMF, methyl bro-
moacetate (0.77 g, 5 mmol, 2 equiv.) and the reaction mixture was
heated in the microwave at 130 ◦C for 4 h. The mixture was diluted with
60 mL of water and extracted with ethyl acetate three times. The com-
bined organic layers were washed with brine, dried over Na2SO4, and
evaporated under reduced pressure to yield the crude product, which
was purified by the MPLC using n-heptane/ethyl acetate (50 %).

Yield (34 %),1H NMR (400 MHz, DMSO‑d6) δ 9.83 (s, 1H), 8.19 (s,
1H), 7.56 – 7.45 (m, 2H), 6.98 (dd, J = 8.9, 2.6 Hz, 1H), 4.80 (s, 2H),
3.84 (s, 3H), 3.69 (s, 3H). Expect. MS 247.3, found MSm/z: 247.7 [M]+.

4.1.3.18. Synthesis and spectral data of 2-((3-((4-(5-((benzyloxy)carba-
moyl)pyrimidin-2-yl)piperazin-1-yl)methyl)-1-methyl-1H-indol-5-yl)oxy)
acetic acid. (29). To 20 ml methanol, dissolve (0.5 g, 2.0 mmol) of
methyl 2-((3-formyl-1-methyl-1H-indol-5-yl)oxy)acetate. (28) and
(0.63 g, 2.0 mmol) of N-(benzyloxy)-2-(piperazin-1 yl)pyrimidine-5-
carboxamide (18) followed by 1 ml glacial acetic acid and stir at RT
for 2 h. Two equivalent of Sodium cyanoborohydride (4.0 mmol, 0.25 g)
were added to the reaction mixture and stirred at 25 ◦C for 24 hr.
Consequently, the reaction was quenched by addition of 10 ml 1 N
NaOH and stirring for 30 min. The organic layer was separated, washed
with brine and concentrated under vacuum. The obtained solid was
purified using MPLC (CHCl3:MeOH).

Yield (43 %),1H NMR (400 MHz, DMSO‑d6) δ 12.87 (s, 1H), 10.85 (s,
1H), 8.72 (s, 2H), 7.53 (s, 1H), 7.45 – 7.32 (m, 7H), 6.87 (dd, J = 8.9,
2.4 Hz, 1H), 4.89 (s, 2H), 4.67 (s, 2H), 4.42 – 4.38 (m, 2H), 3.77 (s, 3H),
3.51 – 3.21 (m, 8H). Expect. MS 530.6, found MS m/z: 529.2 [M− H]-.

4.1.4. Spectral data of the final PROTACs

4.1.4.1. N-(2-aminophenyl)-5-(4-(5-(((S)-1-((2S,4R)-4-hydroxy-2-((4-
(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-
oxobutan-2-yl)amino)-5-oxopentanoyl)piperazin-1-yl)pyrazine-2-carbox-
amide (7a).. Yield (41 %), 1H NMR (400 MHz, DMSO‑d6) δ 9.61 (s, 1H),
8.96 (s, 1H), 8.71 (d, J = 1.3 Hz, 1H), 8.52 (t, J = 6.1 Hz, 1H), 8.34 (d, J
= 1.4 Hz, 1H), 7.87 (d, J= 9.3 Hz, 1H), 7.48 – 7.32 (m, 5H), 6.92 (td, J=
7.6, 1.6 Hz, 1H), 6.80 (dd, J= 8.0, 1.5 Hz, 1H), 6.62 (td, J= 7.6, 1.5 Hz,
1H), 5.11 (s, 1H), 4.82 (s, 2H), 4.53 (d, J = 9.3 Hz, 1H), 4.46 – 4.31 (m,
3H), 4.21 (dd, J = 15.9, 5.5 Hz, 1H), 3.80 – 3.62 (m, 4H), 3.58 (q, J =
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5.0, 4.2 Hz, 5H), 3.37 (s, 1H), 2.42 (s, 3H), 2.38 – 2.30 (m, 2H), 2.30 –
2.15 (m, 2H), 2.02 (ddd, J = 12.8, 7.7, 2.7 Hz, 1H), 1.89 (ddd, J = 12.9,
8.6, 4.6 Hz, 1H), 1.81 – 1.67 (m, 2H), 0.93 (s, 9H). 13C NMR (101 MHz,
DMSO‑d6) δ 172.38, 172.31, 171.12, 170.18, 162.31, 155.40, 151.88,
148.17, 142.37, 142.05, 139.95, 133.41, 131.61, 130.10, 129.30,
129.09, 127.88, 126.05, 124.87, 124.76, 117.52, 117.25, 69.34, 63.25,
59.16, 56.89, 56.82, 44.64, 44.38, 44.14, 42.11, 40.88, 40.67, 40.63,
40.47, 40.42, 40.26, 40.21, 40.05, 40.00, 39.84, 39.79, 39.58, 39.37,
38.42, 35.61, 34.67, 32.23, 26.85, 21.70, 16.39. Expect. MS 825.0,
found ESI-MS m/z: 823.0 [M− H]-, 847.1 [M + Na]+. HRSM Calcd. for
C42H52N10O6S [M + H]+: m/z = 825.3870; Found: 825.3876. HPLC rt
= 12.41 min (purity 97.2 %).

4.1.4.2. N-(2-aminophenyl)-5-(4-(6-(((S)-1-((2S,4R)-4-hydroxy-2-((4-
(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-
oxobutan-2-yl)amino)-6-oxohexanoyl)piperazin-1-yl)pyrazine-2-carbox-
amide (7b). Yield (38 %),1H NMR (400 MHz, DMSO‑d6) δ 9.61 (s, 1H),
8.96 (s, 1H), 8.71 (d, J = 1.3 Hz, 1H), 8.53 (t, J = 6.1 Hz, 1H), 8.35 (s,
1H), 7.83 (d, J = 9.3 Hz, 1H), 7.48 – 7.27 (m, 5H), 6.92 (td, J = 7.6, 1.5
Hz, 1H), 6.80 (dd, J = 7.9, 1.5 Hz, 1H), 6.62 (td, J = 7.5, 1.5 Hz, 1H),
5.11 (s, 1H), 4.83 (s, 2H), 4.53 (d, J = 9.4 Hz, 1H), 4.41 (ddd, J = 11.2,
6.7, 3.2 Hz, 2H), 4.33 (s, 1H), 4.20 (dd, J= 15.8, 5.5 Hz, 1H), 3.82 – 3.52
(m, 10H), 2.42 (s, 3H), 2.36 (d, J= 7.1 Hz, 2H), 2.26 (t, J= 6.9 Hz, 1H),
2.13 (dd, J = 13.7, 7.0 Hz, 1H), 2.00 (d, J = 8.1 Hz, 1H), 1.89 (ddd, J =
12.9, 8.6, 4.7 Hz, 1H), 1.50 (d, J = 6.6 Hz, 4H), 0.92 (s, 9H). 13C NMR
(126MHz, DMSO‑d6) δ 172.42, 172.38, 171.33, 170.17, 162.31, 155.41,
151.88, 148.17, 142.37, 142.04, 141.30, 139.96, 133.42, 131.61,
130.10, 129.31, 129.09, 127.88, 126.05, 124.86, 124.77, 117.52,
117.25, 69.32, 59.15, 56.77, 44.65, 44.39, 44.19, 42.11, 40.87, 40.59,
40.50, 40.43, 40.33, 40.26, 40.17, 40.09, 40.00, 39.92, 39.84, 39.67,
39.50, 38.40, 35.68, 35.17, 32.48, 26.85, 25.67, 24.81, 16.39. Expect.
MS 839.0, found ESI-MS m/z: 869.1 [M + Na]+. HRSM Calcd. for
C43H54N10O6S [M + H]+: m/z = 839.4027; Found: 839.4027. HPLC rt
= 12.64 min (purity 96.7 %).

4.1.4.3. N-(2-aminophenyl)-5-(4-(8-(((S)-1-((2S,4R)-4-hydroxy-2-((4-
(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-
oxobutan-2-yl)amino)-8-oxooctanoyl)piperazin-1-yl)pyrazine-2-carbox-
amide (7c). Yield (42 %),1H NMR (400 MHz, DMSO‑d6) δ 0.36 (s, 1H),
9.02 (s, 1H), 8.74 (d, J = 1.3 Hz, 1H), 8.55 (t, J = 6.1 Hz, 1H), 8.36 (d, J
= 1.4 Hz, 1H), 7.81 (d, J = 9.3 Hz, 1H), 7.60 (dd, J = 8.1, 1.5 Hz, 1H),
7.46 – 7.34 (m, 6H), 7.31 (td, J = 7.6, 1.5 Hz, 1H), 4.53 (d, J = 9.4 Hz,
1H), 4.46 – 4.36 (m, 2H), 4.33 (s, 1H), 4.20 (dd, J = 15.9, 5.5 Hz, 1H),
3.77 (d, J = 21.6 Hz, 4H), 3.70 – 3.56 (m, 6H), 2.43 (s, 3H), 2.34 (t, J =
7.4 Hz, 2H), 2.29 – 2.16 (m, 2H), 2.03 – 1.96 (m, 1H), 1.93 – 1.81 (m,
1H), 1.55 – 1.41 (m, 4H), 1.38 – 1.13 (m, 4H),0.92 (s, 9H). 13C NMR
(126MHz, DMSO‑d6) δ 172.56, 172.41, 171.45, 170.16, 163.50, 155.46,
152.47, 147.21, 142.96, 140.25, 132.59, 132.14, 132.03, 129.65,
129.37, 129.10, 128.69, 127.92, 127.61, 126.86, 124.65, 69.29, 66.80,
59.14, 56.75, 44.65, 44.37, 44.18, 42.10, 40.57, 40.48, 40.40, 40.31,
40.23, 40.14, 40.07, 39.98, 39.90, 39.81, 39.64, 39.48, 38.41, 35.65,
35.32, 34.59, 32.69, 31.75, 28.97, 26.85, 25.79, 25.06, 15.97. Expect.
MS 867.0, found ESI-MS m/z: 865.9 [M− H]-, 867.1 [M]+, 890.1 [M +

Na]+. HRSM Calcd. for C45H59N10O6S [M + H]+: m/z = 867.4339;
Found: 867.4337. HPLC rt = 12.98 min (purity 98.5 %).

4.1.5. N-(2-amino-5-(thiophen-2-yl)phenyl)-5-(4-(5-(((S)-1-((2S,4R)-4-
hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-
3,3-dimethyl-1-oxobutan-2-yl)amino)-5-oxopentanoyl)piperazin-1-yl)
pyrazine-2-carboxamide. (7d)

Yield (44 %),1H NMR (400 MHz, DMSO‑d6) δ 10.34 (s, 1H), 9.03 (s,
1H), 8.76 (d, J = 1.3 Hz, 1H), 8.55 (t, J = 6.1 Hz, 1H), 8.37 (d, J = 1.4
Hz, 1H), 7.91 – 7.84 (m, 2H), 7.61 – 7.51 (m, 2H), 7.49 (dd, J = 3.6, 1.2
Hz, 1H), 7.45 – 7.31 (m, 5H), 7.13 (dd, J = 5.1, 3.6 Hz, 1H), 5.23 (br s,
3H), 4.53 (d, J = 9.3 Hz, 1H), 4.46 – 4.30 (m, 3H), 4.21 (dd, J = 15.9,

5.5 Hz, 1H), 3.80 (d, J = 5.3 Hz, 4H), 3.68 – 3.52 (m, 6H), 2.43 (s, 3H),
2.39 – 2.14 (m, 4H), 2.14 – 1.98 (m, 1H), 1.89 (ddd, J = 12.9, 8.6, 4.6
Hz, 1H), 1.73 (p, J = 7.5 Hz, 2H), 0.93 (s, 9H). 13C NMR (126 MHz,
DMSO‑d6) δ 172.39, 172.31, 171.15, 170.17, 163.41, 155.47, 152.14,
142.97, 142.60, 140.07, 132.60, 129.94, 129.38, 129.10, 129.05,
127.90, 126.47, 124.47, 123.74, 123.63, 69.32, 59.16, 56.89, 56.80,
44.63, 44.37, 44.13, 42.11, 40.62, 40.53, 40.45, 40.36, 40.28, 40.19,
40.03, 39.86, 39.69, 39.53, 38.42, 35.61, 34.67, 32.24, 26.86, 21.69,
16.25. Expect. MS 907.1, found ESI-MS m/z: 906.8 [M]+. HRSM Calcd.
for C46H55N10O6S2 [M+H]+:m/z= 907.3747; Found: 907.3747. HPLC
rt = 13.90 min (purity 95.9 %).

4.1.5.1. N-(2-amino-5-(thiophen-2-yl)phenyl)-5-(4-(6-(((S)-1-((2S,4R)-
4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-
3,3-dimethyl-1-oxobutan-2-yl)amino)-6-oxohexanoyl)piperazin-1-yl)pyr-
azine-2-carboxamide. (7e). Yield (32 %),1H NMR (400 MHz, DMSO‑d6)
δ 10.38 (s, 1H), 9.07 (s, 1H), 8.76 (d, J= 1.3 Hz, 1H), 8.56 (t, J= 6.1 Hz,
1H), 8.37 (d, J = 1.4 Hz, 1H), 7.89 (d, J = 2.1 Hz, 1H), 7.84 (d, J = 9.3
Hz, 1H), 7.63 – 7.54 (m, 2H), 7.53 – 7.46 (m, 2H), 7.44 – 7.34 (m, 4H),
7.14 (dd, J = 5.1, 3.6 Hz, 1H), 5.32 (br. s, 3H), 4.53 (d, J = 9.3 Hz, 1H),
4.46 – 4.36 (m, 2H), 4.34 (dd, J = 4.7, 2.5 Hz, 1H), 4.20 (dd, J = 15.9,
5.5 Hz, 1H), 3.84 – 3.77 (m, 4H), 3.62 (dt, J= 15.2, 4.3 Hz, 6H), 2.43 (s,
3H), 2.40 – 2.32 (m, 2H), 2.34 – 2.21 (m, 1H), 2.13 (dd, J= 13.9, 7.2 Hz,
1H), 2.03 (ddd, J = 15.3, 7.2, 3.6 Hz, 1H), 1.88 (ddd, J = 12.9, 8.5, 4.6
Hz, 1H), 1.57 – 1.44 (m, 4H), 0.92 (s, 9H). 13C NMR (101 MHz,
DMSO‑d6) δ 172.43, 172.39, 171.35, 170.15, 163.50, 155.48, 152.29,
149.69, 149.46, 147.53, 143.35, 143.01, 141.47, 140.15, 132.54,
131.97, 129.79, 129.39, 129.10, 127.91, 126.76, 124.79, 123.91, 69.30,
66.74, 59.15, 56.78, 44.18, 42.10, 41.94, 40.66, 40.61, 40.45, 40.40,
40.24, 40.19, 40.03, 39.98, 39.82, 39.77, 39.57, 39.36, 38.41, 35.68,
35.18, 32.48, 31.10, 29.53, 26.86, 25.67, 25.19, 24.81, 16.11. Expect.
MS 921.1, found ESI-MS m/z: 920.1 [M− H]-, 920.8 [M]+, 922.0 [M +

H]+. HRSM Calcd. for C45H59N10O6S [M + H]+: m/z = 921.3904;
Found: 921.3904. HPLC rt = 13.96 min (purity 98.9 %).

4.1.5.2. N-(2-amino-5-(thiophen-2-yl)phenyl)-5-(4-(8-(((S)-1-((2S,4R)-
4-hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-
3,3-dimethyl-1-oxobutan-2-yl)amino)-8-oxooctanoyl)piperazin-1-yl)pyr-
azine-2-carboxamide. (7f). Yield (35 %),1H NMR (400MHz, DMSO‑d6) δ
10.36 (s, 1H), 9.05 (s, 1H), 8.76 (d, J = 1.2 Hz, 1H), 8.55 (t, J = 6.1 Hz,
1H), 8.37 (d, J = 1.4 Hz, 1H), 7.89 (d, J = 2.1 Hz, 1H), 7.81 (d, J = 9.3
Hz, 1H), 7.62 – 7.53 (m, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.44 – 7.33 (m,
4H), 7.14 (dd, J = 5.1, 3.6 Hz, 1H), 5.32 (br. s, 3H), 4.53 (d, J = 9.4 Hz,
1H), 4.46 – 4.36 (m, 2H), 4.33 (q, J = 3.5, 2.9 Hz, 1H), 4.20 (dd, J =

15.9, 5.4 Hz, 1H), 3.77 (dt, J = 22.5, 5.4 Hz, 4H), 3.70 – 3.52 (m, 6H),
2.43 (s, 3H), 2.34 (t, J= 7.5 Hz, 2H), 2.25 (dt, J= 14.8, 7.6 Hz, 1H), 2.18
– 2.05 (m, 1H), 2.02 (ddd, J= 10.7, 7.5, 2.6 Hz, 1H), 1.88 (ddd, J= 12.9,
8.5, 4.6 Hz, 1H), 1.47 (dp, J = 19.1, 7.3, 6.7 Hz, 4H), 1.32 – 1.19 (m,
4H), 0.92 (s, 9H). 13C NMR (101 MHz, DMSO‑d6) δ 172.55, 172.40,
171.45, 170.16, 163.47, 155.48, 152.23, 147.62, 143.00, 142.43,
140.12, 132.55, 131.91, 129.84, 129.38, 129.09, 127.90, 126.68,
124.70, 123.86, 122.36, 69.30, 66.81, 63.93, 59.15, 56.75, 50.36,
44.18, 42.10, 40.66, 40.61, 40.46, 40.41, 40.25, 40.20, 39.99, 39.78,
39.57, 39.36, 38.41, 35.66, 35.32, 35.05, 32.70, 28.98, 26.85, 25.80,
25.06, 16.16. Expect. MS 949.2, found ESI-MS m/z: 971.0 [M + Na]+

Calcd. for C49H61N10O6S2 [M + H]+: m/z = 949.4217; Found:
949.4219. HPLC rt = 14.34 min (purity 97.5 %).

4.1.5.3. N-(2-aminophenyl)-5-(4-(6-(2-(2,6-dioxopiperidin-3-yl)-1-oxoi-
soindolin-4-yl)hex-5-ynoyl)piperazin-1-yl)pyrazine-2-carboxamide. (9a).
Yield (38 %),1H NMR (400 MHz, DMSO‑d6) δ 10.98 (s, 1H), 10.31 (s,
1H), 8.74 (d, J= 1.3 Hz, 1H), 8.35 (d, J= 1.4 Hz, 1H), 7.69 (dd, J= 7.6,
1.1 Hz, 1H), 7.64 (dd, J = 7.7, 1.1 Hz, 1H), 7.60 (dd, J = 7.8, 1.7 Hz,
1H), 7.50 (t, J = 7.6 Hz, 1H), 7.44 (dd, J = 7.7, 1.8 Hz, 1H), 7.31 (dtd, J
= 19.3, 7.5, 1.7 Hz, 2H), 5.13 (dd, J = 13.2, 5.1 Hz, 1H), 4.47 (d, J =
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17.7 Hz, 1H), 4.32 (d, J = 17.7 Hz, 1H), 3.78 (dt, J = 23.4, 5.4 Hz, 4H),
3.63 (t, J= 5.3 Hz, 4H), 2.90 (ddd, J= 17.2, 13.6, 5.4 Hz, 1H), 2.54 (t, J
= 7.1 Hz, 5H), 2.46 – 2.40 (m, 1H), 2.09 – 1.95 (m, 1H), 1.83 (p, J = 7.1
Hz, 2H). 13C NMR (101 MHz, DMSO‑d6) δ 173.30, 171.43, 170.86,
168.10, 163.37, 155.45, 144.26, 142.92, 134.57, 132.67, 132.43,
129.37, 129.04, 127.30, 126.81, 123.12, 119.20, 96.35, 77.18, 52.09,
47.43, 44.57, 44.27, 44.13, 40.92, 40.62, 40.46, 40.41, 40.25, 40.20,
40.04, 39.99, 39.79, 39.58, 39.37, 31.64, 24.33, 22.83, 18.94. Expect.
MS 634.7, found ESI-MS m/z: 633.0 [M− H]-, 635.1 [M + H]+. HRSM
Calcd. for C34H35N8O5 [M + H]+: m/z = 635.2730; Found: 635.2720.
HPLC rt = 11.29 min (purity 98.2 %).

4.1.5.4. N-(2-amino-5-(thiophen-2-yl)phenyl)-5-(4-(6-(2-(2,6-dioxopi-
peridin-3-yl)-1-oxoisoindolin-4-yl)hex-5-ynoyl)piperazin-1-yl)pyrazine-2-
carboxamide. (9b). Yield (39 %),1H NMR (400 MHz, DMSO‑d6) δ 10.98
(s, 1H), 10.33 (d, J = 2.3 Hz, 1H), 8.77 (dd, J = 10.8, 1.3 Hz, 1H), 8.36
(d, J = 1.4 Hz, 1H), 7.89 (d, J = 2.2 Hz, 1H), 7.69 (dd, J = 7.5, 1.0 Hz,
1H), 7.64 (dd, J = 7.7, 1.0 Hz, 1H), 7.61 – 7.42 (m, 5H), 7.13 (dd, J =

5.1, 3.6 Hz, 1H), 5.13 (dd, J = 13.3, 5.1 Hz, 1H), 4.47 (d, J = 17.7 Hz,
1H), 4.32 (d, J = 17.7 Hz, 1H), 3.78 (dt, J = 23.4, 5.3 Hz, 4H), 3.63 (t, J
= 5.4 Hz, 4H), 2.86 (d, J= 4.9 Hz, 1H), 2.54 (t, J= 7.1 Hz, 5H), 2.43 (d,
J = 4.4 Hz, 1H), 2.09 – 1.95 (m, 1H), 1.83 (p, J = 7.1 Hz, 2H). 13C NMR
(101MHz, DMSO‑d6) δ 173.30, 171.43, 170.87, 168.11, 163.45, 155.48,
155.45, 144.26, 142.97, 142.51, 134.57, 132.60, 132.43, 129.39,
129.07, 129.04, 126.59, 124.61, 123.82, 123.62, 123.12, 119.21, 96.35,
77.18, 66.80, 52.10, 47.44, 44.57, 44.13, 43.81, 40.66, 40.61, 40.46,
40.41, 40.25, 40.20, 39.99, 39.78, 39.57, 39.36, 31.64, 24.34, 22.83,
22.50, 18.94. Expect. MS 716.8, found ESI-MS m/z: 715.7 [M− H]-,
716.8 [M]+. HRSM Calcd. for C38H37N8O5S [M+H]+:m/z= 717.2608;
Found: 717.2609. HPLC rt = 13.19 min (purity 99.6 %).

4.1.5.5. N-(2-aminophenyl)-5-(4-(5-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-5-yl)piperazin-1-yl)-5-oxopentanoyl)piperazin-1-yl)pyr-
azine-2-carboxamide. (11a). Yield (36 %),1H NMR (400 MHz,
DMSO‑d6) δ 11.05 (s, 1H), 9.60 (s, 1H), 8.71 (d, J= 1.2 Hz, 1H), 8.35 (s,
1H), 7.68 (d, J= 8.5 Hz, 1H), 7.45 (dd, J= 7.9, 1.5 Hz, 1H), 7.33 (d, J=
2.3 Hz, 1H), 7.23 (dd, J= 8.8, 2.3 Hz, 1H), 6.96 – 6.87 (m, 1H), 6.80 (dd,
J= 7.9, 1.5 Hz, 1H), 6.66 – 6.58 (m, 1H), 5.05 (dd, J= 12.9, 5.4 Hz, 1H),
4.82 (s, 2H), 3.75 (dt, J = 22.5, 5.1 Hz, 4H), 3.60 (dd, J = 6.7, 3.5 Hz,
6H), 3.52 (s, 2H), 3.46 (d, J = 5.5 Hz, 2H), 2.97 – 2.76 (m, 1H), 2.64 –
2.51 (m, 3H), 2.41 (dt, J = 7.3, 3.8 Hz, 3H), 2.09 – 1.95 (m, 1H), 1.82 –
1.71 (m, 2H). Expect. MS 736.8, found ESI-MS m/z: 736.6 [M]+, 758.6
[M + Na]+. HRSM Calcd. for C37H41N10O7 [M + H]+: m/z = 737.3160;
Found: 737.3158. HPLC rt = 10.70 min (purity 95.9 %).

4.1.5.6. N-(2-aminophenyl)-5-(4-(4-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-5-yl)piperazin-1-yl)-4-oxobutanoyl)piperazin-1-yl)pyr-
azine-2-carboxamide. (11b). Yield (35 %), 1H NMR (400 MHz,
DMSO‑d6) δ 11.04 (s, 1H), 9.61 (s, 1H), 8.72 (d, J= 1.3 Hz, 1H), 8.35 (d,
J = 1.4 Hz, 1H), 7.69 (d, J = 8.5 Hz, 1H), 7.45 (dd, J = 7.9, 1.5 Hz, 1H),
7.33 (d, J = 2.3 Hz, 1H), 7.29 – 7.20 (m, 1H), 6.92 (td, J = 7.6, 1.5 Hz,
1H), 6.80 (dd, J = 8.0, 1.5 Hz, 1H), 6.62 (td, J = 7.6, 1.5 Hz, 1H), 5.06
(dd, J= 12.9, 5.4 Hz, 1H), 4.82 (s, 2H), 3.86 – 3.40 (m, 14H), 2.87 (ddd,
J = 17.1, 13.9, 5.6 Hz, 1H), 2.62 (s, 4H), 2.49 (d, J= 2.2 Hz, 1H), 2.09 –
1.95 (m, 2H). 13C NMR (101 MHz, DMSO‑d6) δ 173.23, 170.81, 170.74,
170.50, 167.98, 167.43, 166.69, 162.32, 155.40, 155.30, 142.38,
142.04, 134.32, 133.40, 132.70, 129.30, 126.27, 125.39, 124.87,
124.77, 118.88, 118.16, 117.52, 117.25, 108.32, 49.25, 47.86, 47.34,
44.82, 44.16, 41.52, 40.67, 40.62, 40.46, 40.41, 40.25, 40.20, 40.04,
39.99, 39.79, 39.58, 39.37, 31.44, 27.97, 26.09, 22.6. Expect. MS 722.8,
found ESI-MS m/z: 722.7 [M]+. HRSM Calcd. for C36H39N10O7 [M +

H]+: m/z = 723.3003; Found: 732.2992. HPLC rt = 10.65 min (purity
99.5 %).

4.1.5.7. N-(2-amino-5-(thiophen-2-yl)phenyl)-5-(4-(5-(4-(2-(2,6-dioxo-
piperidin-3-yl)-1,3-dioxoisoindolin-5-yl)piperazin-1-yl)-5-oxopentanoyl)
piperazin-1-yl)pyrazine-2-carboxamide. (11c). Yield (41 %),1H NMR
(400 MHz, DMSO‑d6) δ 11.05 (s, 1H), 10.35 (s, 1H), 8.77 (d, J = 1.2 Hz,
1H), 8.38 (d, J = 1.4 Hz, 1H), 7.89 (d, J = 2.1 Hz, 1H), 7.69 (d, J = 8.5
Hz, 1H), 7.61 – 7.53 (m, 2H), 7.51 – 7.42 (m, 1H), 7.33 (d, J = 2.2 Hz,
1H), 7.23 (dd, J = 8.7, 2.3 Hz, 1H), 7.13 (dd, J = 5.1, 3.6 Hz, 1H), 5.06
(dd, J = 12.9, 5.4 Hz, 1H), 3.79 (dd, J = 37.2, 5.7 Hz, 4H), 3.70 – 3.57
(m, 8H), 3.50 (dt, J = 38.1, 5.1 Hz, 4H), 2.87 (ddd, J = 17.3, 14.0, 5.5
Hz, 1H), 2.66 – 2.52 (m, 6H), 2.09 – 1.95 (m, 2H), 1.41 – 1.31 (m, 2H).
13C NMR (101 MHz, DMSO‑d6) δ 173.23, 170.84, 170.74, 170.50,
167.98, 167.42, 163.46, 155.47, 155.30, 143.01, 142.48, 134.32,
133.15, 132.56, 129.38, 129.08, 126.62, 125.39, 124.63, 123.83,
118.89, 118.17, 108.32, 49.25, 44.30, 44.17, 40.98, 40.61, 40.46,
40.41, 40.25, 40.20, 39.99, 39.78, 39.57, 39.36, 31.43, 27.95, 22.63.
Expect. MS 818.9, found ESI-MS m/z: 818.6 [M]+. HRSM Calcd. for
C41H43N10O7S [M + H]+: m/z = 819.3037; Found: 819.3042 HPLC rt =
12.66 min (purity 95.0 %).

4.1.5.8. N-(2-amino-5-(thiophen-2-yl)phenyl)-5-(4-(4-(4-(2-(2,6-dioxo-
piperidin-3-yl)-1,3-dioxoisoindolin-5-yl)piperazin-1-yl)-4-oxobutanoyl)
piperazin-1-yl)pyrazine-2-carboxamide. (11d). Yield (36 %),1H NMR
(400 MHz, DMSO‑d6) δ 11.05 (s, 1H), 10.35 (s, 1H), 8.76 (d, J = 1.2 Hz,
1H), 8.38 (d, J = 1.4 Hz, 1H), 7.89 (d, J = 2.1 Hz, 1H), 7.68 (d, J = 8.5
Hz, 1H), 7.61 – 7.53 (m, 2H), 7.52 – 7.43 (m, 2H), 7.33 (d, J = 2.3 Hz,
1H), 7.23 (dd, J = 8.6, 2.3 Hz, 1H), 7.13 (dd, J = 5.1, 3.6 Hz, 1H), 5.05
(dd, J = 12.9, 5.4 Hz, 1H), 3.79 (dt, J = 22.5, 5.3 Hz, 4H), 3.61 (q, J =

4.3, 3.1 Hz, 8H), 3.56 – 3.42 (m, 4H), 2.86 (ddd, J = 17.3, 13.9, 5.5 Hz,
1H), 2.62 – 2.51 (m, 1H), 2.41 (td, J = 7.2, 3.4 Hz, 4H), 2.09 – 1.94 (m,
1H), 1.76 (p, J = 7.3 Hz, 1H). 13C NMR (101 MHz, DMSO‑d6) δ 173.23,
171.24, 171.14, 170.50, 167.97, 167.41, 163.46, 155.47, 155.31,
142.99, 142.46, 134.31, 132.57, 129.39, 129.08, 126.64, 125.38,
124.66, 123.85, 123.62, 118.92, 118.22, 108.37, 49.25, 47.24, 46.99,
44.59, 44.48, 40.61, 40.46, 40.41, 40.25, 40.20, 39.99, 39.78, 39.57,
39.36, 32.25, 32.17, 31.43, 22.62, 20.87. Expect. MS 804.8, found ESI-
MS m/z: 804.6 [M]+. HRSM Calcd. for C40H41N10O7S [M + H]+: m/z =
805.2880; Found: 805.2879. HPLC rt = 12.60 min (purity 95.6 %).

4.1.5.9. N-(2-aminophenyl)-5-(4-(1-(2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-5-yl)piperidine-4-carbonyl)piperazin-1-yl)pyrazine-2-car-
boxamide. (13a). Yield (31 %), 1H NMR (400 MHz, DMSO‑d6) δ 11.05
(s, 1H), 10.39 (s, 1H), 8.75 (d, J = 1.2 Hz, 1H), 8.38 (d, J = 1.4 Hz, 1H),
7.69 – 7.59 (m, 2H), 7.54 (dd, J = 7.9, 1.5 Hz, 1H), 7.42 (td, J = 7.7, 1.5
Hz, 1H), 7.37 – 7.28 (m, 2H), 7.25 (dd, J= 8.7, 2.3 Hz, 1H), 5.05 (dd, J=
12.9, 5.4 Hz, 1H), 4.06 (d, J = 13.2 Hz, 2H), 3.79 (d, J = 31.0 Hz, 6H),
3.62 (d, J = 5.8 Hz, 2H), 3.12 – 2.99 (m, 3H), 2.93 – 2.80 (m, 1H), 2.55
(ddd, J = 16.5, 12.2, 4.5 Hz, 2H), 1.99 (ddt, J = 12.6, 5.4, 2.7 Hz, 1H),
1.79 – 1.60 (m, 4H). 13C NMR (101 MHz, DMSO‑d6) δ 173.24, 173.07,
170.52, 168.04, 167.40, 166.46, 163.49, 155.48, 155.23, 142.96,
134.50, 132.66, 131.94, 129.42, 128.58, 127.60, 126.87, 125.48,
124.58, 118.21, 108.37, 66.80, 49.21, 47.23, 44.67, 43.87, 40.61,
40.45, 40.40, 40.24, 40.19, 40.03, 39.98, 39.77, 39.56, 39.36, 37.28,
31.43, 27.84, 22.64. Expect. MS 656.7, found ESI-MS m/z: 665.7 [M]+.
HRSM Calcd. for C34H36N9O6 [M + H]+: m/z = 666.2789; Found:
666.2784. HPLC rt = 8.01 min (purity 99.3 %).

4.1.5.10. N-(2-amino-5-(thiophen-2-yl)phenyl)-5-(4-(1-(2-(2,6-dioxopi-
peridin-3-yl)-1,3-dioxoisoindolin-5-yl)piperidine-4-carbonyl)piperazin-1-
yl)pyrazine-2-carboxamide. (13b). Yield (33 %), 1H NMR (400 MHz,
DMSO‑d6) δ 11.04 (s, 1H), 9.76 (s, 1H), 8.79 – 8.71 (m, 1H), 8.37 (d, J=
5.7 Hz, 1H), 7.78 (t, J= 2.6 Hz, 1H), 7.65 (d, J= 8.4 Hz, 1H), 7.38 – 7.27
(m, 5H), 7.05 (dd, J = 5.0, 3.5 Hz, 1H), 6.88 (dd, J = 8.3, 3.5 Hz, 1H),
5.05 (dd, J = 12.9, 5.4 Hz, 1H), 4.07 (d, J = 13.2 Hz, 2H), 3.77 (d, J =

31.0 Hz, 6H), 3.59 (d, J = 5.8 Hz, 2H), 3.12 – 2.99 (m, 3H), 2.93 – 2.80
(m, 1H), 2.53 (ddd, J = 16.5, 12.2, 4.5 Hz, 2H), 2.01 (ddt, J = 12.6, 5.4,
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2.7 Hz, 1H), 1.79 – 1.60 (m, 4H). 13C NMR (101 MHz, DMSO‑d6) δ
173.24, 173.06, 170.52, 168.05, 167.40, 162.66, 155.44, 155.29,
153.45, 145.39, 142.55, 134.51, 133.45, 133.28, 130.57, 129.93,
129.36, 128.70, 125.48, 124.15, 123.58, 122.47, 121.97, 120.71,
118.11, 108.30, 50.29, 49.20, 47.18, 43.82, 42.61, 42.23, 40.64, 40.43,
40.22, 40.01, 39.81, 39.60, 39.39, 37.31, 31.44, 31.32, 27.86, 22.93,
22.83, 22.65. Expect. MS 747.8, found ESI-MS m/z: 747.6 [M]+. HRSM
Calcd. for C38H38N9O6S [M + H]+: m/z = 748.2666; Found: 748.2663.
HPLC rt = 12.86 min (purity 95.2 %).

4.1.5.11. N-hydroxy-2-(4-(5-(((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-meth-
ylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-
2-yl)amino)-5-oxopentanoyl)piperazin-1-yl)pyrimidine-5-carboxamide.
(21a). Yield (26 %),1H NMR (400 MHz, DMSO‑d6) δ 11.07 (s, 1H), 8.96
(s, 1H), 8.76 (d, J = 2.4 Hz, 2H), 8.67 (s, 2H), 8.52 (t, J = 6.1 Hz, 1H),
7.86 (d, J = 9.2 Hz, 1H), 7.45 – 7.32 (m, 4H), 5.09 (s, 1H), 4.52 (d, J =

9.3 Hz, 1H), 4.46 – 4.36 (m, 2H), 4.33 (d, J = 4.1 Hz, 1H), 4.20 (dd, J =
15.9, 5.5 Hz, 1H), 3.79 (dt, J = 21.8, 5.5 Hz, 4H), 3.65 (d, J = 3.6 Hz,
2H), 3.53 (q, J= 10.3, 9.7 Hz, 4H), 2.32 (t, J= 7.6 Hz, 2H), 2.22 (tq, J=
14.4, 7.1 Hz, 2H), 1.99 (s, 1H), 1.89 (ddd, J = 12.9, 8.6, 4.6 Hz, 1H),
1.72 (p, J = 7.4 Hz, 1H), 0.92 (s, 9H).13C NMR (101 MHz, DMSO‑d6) δ
172.36, 172.28, 171.03, 170.15, 163.62, 161.78, 157.52, 151.86,
148.14, 139.93, 131.59, 130.08, 129.07, 127.86, 69.32, 59.14, 56.86,
44.89, 44.01, 42.11, 41.12, 40.61, 40.41, 40.20, 39.99, 39.78, 39.57,
39.36, 38.39, 35.60, 34.68, 32.27, 31.13, 27.16, 26.84, 21.70, 16.38.
Expect. MS 749.9, found ESI-MS m/z: 748.3 [M− H]-, 771.4 [M + Na]+.
HRSM Calcd. for C36H48N9O7S [M + H]+: m/z = 750.3397; Found:
750.3397. HPLC rt = 11.32 min (purity 95.1 %).

4.1.5.12. N-hydroxy-2-(4-(6-(((S)-1-((2S,4R)-4-hydroxy-2-((4-(4-meth-
ylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-
2-yl)amino)-6-oxohexanoyl)piperazin-1-yl)pyrimidine-5-carboxamide.
(21b). Yield (31 %),1H NMR (400 MHz, DMSO‑d6) δ 11.07 (s, 1H), 8.96
(s, 2H), 8.68 (s, 2H), 8.52 (t, J = 6.1 Hz, 1H), 7.83 (d, J = 9.3 Hz, 1H),
7.45 – 7.32 (m, 4H), 5.09 (s, 1H), 4.53 (d, J = 9.4 Hz, 1H), 4.48 – 4.36
(m, 2H), 4.33 (s, 1H), 4.20 (dd, J= 15.9, 5.5 Hz, 1H), 3.78 (dt, J= 24.2,
5.3 Hz, 4H), 3.70 – 3.58 (m, 2H), 3.52 (dd, J = 6.6, 4.0 Hz, 4H), 2.42 (s,
3H), 2.38 – 2.23 (m, 3H), 2.12 (dd, J = 13.8, 7.4 Hz, 1H), 2.00 (dt, J =

7.4, 3.5 Hz, 1H), 1.88 (ddd, J = 12.9, 8.6, 4.6 Hz, 1H), 1.49 (q, J = 6.8
Hz, 4H), 0.92 (s, 9H). 13C NMR (101 MHz, DMSO‑d6) δ 172.36, 172.28,
171.03, 170.15, 163.62, 161.78, 157.52, 151.86, 148.14, 139.93,
131.59, 130.08, 129.07, 127.86, 69.32, 59.14, 56.86, 44.89, 44.01,
42.11, 41.12, 40.61, 40.41, 40.20, 39.99, 39.78, 39.57, 39.36, 38.39,
35.60, 34.68, 32.27, 31.13, 27.16, 26.84, 21.70, 16.38. Expect. MS
763.9, found ESI-MSm/z: 762.9 [M− H]-. HRSM Calcd. for C37H50N9O7S
[M + H]+: m/z = 764.3554; Found: 764.3553. HPLC rt = 11.41 min
(purity 99.9 %).

4.1.5.13. 2-(4-(5-(4-(2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-5-
yl)piperazin-1-yl)-5-oxopentanoyl)piperazin-1-yl)-N-hydroxypyrimidine-5-
carboxamide. (22a). Yield (28 %),1H NMR (400 MHz, DMSO‑d6) δ
11.05 (s, 2H), 9.01 – 8.96 (m, 1H), 8.68 (s, 2H), 7.68 (d, J= 8.5 Hz, 1H),
7.33 (s, 1H), 7.23 (d, J = 8.6 Hz, 1H), 5.05 (dd, J = 12.8, 5.4 Hz, 1H),
4.92 (d, J= 7.2 Hz, 1H), 3.80 (d, J= 21.5 Hz, 4H), 3.65 – 3.38 (m, 10H),
3.00 – 2.69 (m, 2H), 2.40 (t, J = 7.3 Hz, 4H), 2.04 – 1.94 (m, 2H), 1.79 –
1.69 (m, 2H). 13C NMR (101 MHz, DMSO‑d6) δ 173.23, 171.14, 170.50,
167.97, 167.42, 161.81, 157.55, 155.31, 134.31, 125.38, 118.91,
118.20, 108.36, 49.24, 47.23, 46.97, 44.86, 44.48, 44.00, 43.70, 41.12,
40.82, 40.61, 40.45, 40.40, 40.24, 40.19, 39.98, 39.77, 39.56, 39.35,
32.25, 31.43, 22.63, 20.87. Expect. MS 661.7, found ESI-MS m/z: 683.6
[M + Na]+. HRSM Calcd. for C31H36N9O8 [M + H]+: m/z = 662.2686;
Found: 662.2684. HPLC rt = 9.37 min (purity 93.4 %).

4.1.5.14. 2-(4-(4-(4-(2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-5-
yl)piperazin-1-yl)-4-oxobutanoyl)piperazin-1-yl)-N-hydroxypyrimidine-5-

carboxamide. (22b). Yield (34 %),1H NMR (400 MHz, DMSO‑d6) δ
11.05 (s, 2H), 8.96 (br. s, 1H), 8.68 (s, 2H), 7.68 (d, J= 8.5 Hz, 1H), 7.33
(d, J= 2.3 Hz, 1H), 7.23 (dd, J= 8.7, 2.3 Hz, 1H), 5.06 (dd, J= 12.9, 5.4
Hz, 1H), 3.81 (dt, J= 36.2, 5.2 Hz, 4H), 3.70 – 3.49 (m, 12H), 2.87 (ddd,
J = 17.4, 14.0, 5.5 Hz, 1H), 2.61 (s, 5H), 2.61 – 2.50 (m, 1H), 2.00 (ddq,
J = 10.2, 5.9, 2.9 Hz, 1H). 13C NMR (126 MHz, DMSO‑d6) δ 173.24,
170.75, 170.72, 170.51, 167.99, 167.43, 161.84, 157.56, 155.31,
134.33, 125.39, 118.88, 118.16, 108.32, 49.26, 47.12, 46.97, 44.85,
44.46, 43.96, 43.72, 41.30, 40.97, 40.60, 40.51, 40.43, 40.34, 40.26,
40.17, 40.10, 40.01, 39.93, 39.84, 39.67, 39.50, 31.44, 28.04, 27.96,
22.64. Expect. MS 647.6, found ESI-MS m/z: 646.7 [M− H]-. HRSM
Calcd. for C30H33N9O8Na [M + Na]+: m/z = 670.2350; Found:
760.2345. HPLC rt = 9.21 min (purity 97.3 %).

4.1.5.15. 2-(4-(8-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)
amino)octanoyl)piperazin-1-yl)-N-hydroxypyrimidine-5-carboxamide.
(24a). Yield (26%), 1H NMR (500MHz, DMSO‑d6) δ 11.07 (s, 2H), 9.00
(s, 1H), 8.68 (s, 2H), 7.57 (dd, J = 8.6, 7.0 Hz, 1H), 7.08 (d, J = 8.6 Hz,
1H), 7.00 (d, J= 7.0 Hz, 1H), 6.51 (t, J= 6.0 Hz, 1H), 5.03 (dd, J= 12.7,
5.5 Hz, 1H), 3.79 (dt, J= 27.4, 5.3 Hz, 4H), 3.55 – 3.49 (m, 4H), 3.27 (d,
J = 6.8 Hz, 1H), 2.87 (ddd, J = 16.8, 13.7, 5.4 Hz, 1H), 2.62 – 2.50 (m,
2H), 2.33 (t, J= 7.5 Hz, 2H), 2.08 – 1.96 (m, 1H), 1.56 (s, 2H), 1.50 (p, J
= 7.6 Hz, 2H), 1.36 – 1.27 (m, 6H). 13C NMR (101 MHz, DMSO‑d6) δ
173.23, 171.35, 170.53, 169.41, 167.75, 161.81, 157.55, 146.90,
136.72, 132.65, 117.64, 115.36, 110.82, 109.47, 49.00, 44.94, 44.06,
43.73, 42.28, 41.10, 40.62, 40.41, 40.25, 40.20, 40.05, 40.00, 39.79,
39.58, 39.37, 32.73, 31.43, 29.17, 29.10, 29.03, 26.69, 25.11, 22.60.
Expect. MS 620.7, found ESI-MSm/z: 642.8 [M+Na]+. HRSM Calcd. for
C30H37N8O7 [M + H]+: m/z = 621.2785; Found: 621.2795. HPLC rt =
12.14 min (purity 99.5 %).

4.1.5.16. 2-(4-(6-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)
amino)hexanoyl)piperazin-1-yl)-N-hydroxypyrimidine-5-carboxamide.
(24b). Yield (28 %), 1H NMR (400MHz, DMSO‑d6) δ 11.06 (s, 2H), 8.99
(s, 1H), 8.67 (s, 2H), 7.56 (dd, J = 8.6, 7.1 Hz, 1H), 7.08 (d, J = 8.6 Hz,
1H), 6.99 (d, J= 7.0 Hz, 1H), 6.51 (t, J= 6.0 Hz, 1H), 5.02 (dd, J= 12.9,
5.4 Hz, 1H), 3.77 (dt, J= 20.8, 5.3 Hz, 4H), 3.55 – 3.48 (m, 4H), 3.29 (d,
J = 1.2 Hz, 1H), 2.86 (ddd, J = 17.3, 14.0, 5.4 Hz, 1H), 2.59 (d, J = 4.0
Hz, 2H), 2.35 (t, J= 7.4 Hz, 2H), 2.08 – 1.91 (m, 1H), 1.57 (dp, J= 14.8,
7.4 Hz, 4H), 1.42 – 1.30 (m, 2H). 13C NMR (101 MHz, DMSO‑d6) δ
206.90, 173.23, 171.26, 170.52, 169.40, 167.74, 161.81, 157.55,
146.89, 136.73, 132.65, 117.64, 110.81, 109.46, 49.00, 44.94, 44.06,
43.72, 42.21, 41.12, 40.62, 40.46, 40.41, 40.25, 40.20, 40.04, 39.99,
39.79, 39.58, 39.37, 32.65, 31.43, 31.13, 29.01, 26.52, 24.91, 22.61.
Expect. MS 592.6, found ESI-MS m/z: 591.8 [M− H]-,614.8 [M + Na]+.
HRSM Calcd. for C28H33N8O7 [M + H]+: m/z = 593.2472; Found:
593.2476. HPLC rt = 10.81 min (purity 99.1 %).

4.1.5.17. 2-(4-((5-(2-((5-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindo-
lin-4-yl)amino)pentyl)amino)-2-oxoethoxy)-1-methyl-1H-indol-3-yl)
methyl)piperazin-1-yl)-N-hydroxypyrimidine-5-carboxamide. (32a)
(HI31.1). Yield (17 %), 1H NMR (400 MHz, DMSO‑d6) δ 11.04 (s, 2H),
8.63 (s, 2H), 8.12 (s, 1H), 8.01 (t, J = 5.9 Hz, 1H), 7.54 (dd, J = 8.6, 7.1
Hz, 1H), 7.29 (d, J= 8.9 Hz, 1H), 7.23 – 7.15 (m, 2H), 7.01 (dd, J= 11.8,
7.8 Hz, 2H), 6.86 (dd, J= 8.9, 2.4 Hz, 1H), 6.46 (t, J= 5.9 Hz, 1H), 5.02
(dd, J = 12.9, 5.4 Hz, 1H), 4.42 (s, 2H), 3.77 (t, J = 4.9 Hz, 4H), 3.69 (s,
3H), 3.62 (s, 2H), 3.15 (dq, J = 28.4, 6.7 Hz, 5H), 2.85 (ddd, J = 17.4,
14.0, 5.4 Hz, 1H), 2.60 – 2.49 (m, 1H), 2.48 (d, J = 1.9 Hz, 4H), 2.06 –
1.92 (m, 1H), 1.48 (dp, J = 22.3, 7.3 Hz, 4H), 1.26 (h, J = 7.5, 6.5 Hz,
2H). 13C NMR (101 MHz, DMSO‑d6) δ 173.23, 170.52, 169.39, 168.47,
167.75, 163.54, 157.50, 152.17, 146.84, 136.71, 132.90, 132.64,
130.34, 128.64, 117.59, 114.97, 112.02, 110.84, 110.74, 109.49,
103.39, 68.57, 52.49, 49.00, 43.88, 42.22, 40.62, 40.46, 40.41, 40.25,
40.20, 40.04, 39.99, 39.78, 39.57, 39.36, 38.56, 32.90, 31.42, 29.28,
28.80, 24.06, 22.59. Expect. MS 780.8, found ESI-MS m/z: 780.8 [M +
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H]+,802.8 [M + Na]+. HRSM Calcd. for C39H45N10O8 [M + H]+: m/z =
781.3421; Found: 781.3409 HPLC rt = 11.25 min (purity 99.9 %).

4.1.5.17.1. 2-(4-((5-(2-((5-(2-(2,6-Dioxopiperidin-3-yl)-1-oxoi-
soindolin-4-yl)pentyl)amino)-2-oxoethoxy)-1-methyl-1H-indol-3-yl)
methyl)piperazin-1-yl)-N-hydroxypyrimidine-5-carboxamide. (32b)
(HI31.3). Yield (15 %), 1H NMR (400 MHz, DMSO‑d6) δ 11.02 (s, 1H),
10.96 (br. s, 1H), 8.63 (s, 2H), 8.12 (s, 1H), 8.01 (t, J= 5.9 Hz, 1H), 7.53
(dd, J = 7.0, 1.6 Hz, 1H), 7.45 – 7.33 (m, 2H), 7.29 (d, J = 8.8 Hz, 1H),
7.24 – 7.15 (m, 2H), 6.86 (dd, J = 8.8, 2.4 Hz, 1H), 5.10 (dd, J = 13.2,
5.1 Hz, 1H), 4.46 – 4.36 (m, 3H), 4.26 (d, J = 17.2 Hz, 1H), 3.78 (t, J =

5.0 Hz, 4H), 3.69 (s, 3H), 3.64 (s, 2H), 3.12 (dt, J = 13.2, 7.4 Hz, 2H),
2.89 (ddd, J = 17.2, 13.7, 5.4 Hz, 1H), 2.62 – 2.50 (m, 4H), 2.46 – 2.36
(m, 4H), 2.03 – 1.93 (m, 1H), 1.55 (q, J = 7.7 Hz, 2H), 1.46 (p, J = 7.2
Hz, 2H), 1.24 (p, J = 7.6 Hz, 2H). 13C NMR (101 MHz, DMSO‑d6) δ
173.32, 171.49, 168.81, 168.45, 163.54, 161.77, 157.51, 152.18,
140.92, 137.87, 132.90, 131.99, 131.84, 130.39, 128.69, 128.65,
121.03, 112.03, 110.76, 109.36, 103.37, 68.57, 53.17, 52.46, 52.00,
46.66, 43.85, 40.62, 40.46, 40.41, 40.25, 40.20, 40.04, 39.99, 39.78,
39.57, 39.36, 38.56, 32.90, 31.64, 31.59, 29.33, 26.65, 22.94. Expect.
MS 751.8, found ESI-MS m/z: 752.5 [M + H]+,750.6 [M− H]+.HRSM
Calcd. for C39H46N9O7 [M + H]+: m/z = 752.3520; Found: 752.3502.
HPLC rt = 12.58 min (purity 100. %).

4.1.5.17.2. 2-(4-((5-(2-(4-(2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoi-
soindolin-5-yl)piperazin-1-yl)-2-oxoethoxy)-1-methyl-1H-indol-3-yl)
methyl)piperazin-1-yl)-N-hydroxypyrimidine-5-carboxamide. (32c). Yield
(21 %), 1H NMR (400 MHz, DMSO‑d6) δ 11.03 (s, 1H), 10.96 (br. s, 1H),
8.62 (s, 2H), 8.12 (s, 1H), 7.67 (d, J = 8.5 Hz, 1H), 7.34 (d, J = 2.3 Hz,
1H), 7.29 (d, J = 8.9 Hz, 1H), 7.24 – 7.17 (m, 3H), 6.84 (dd, J = 8.8, 2.5
Hz, 1H), 5.06 (dd, J= 12.9, 5.4 Hz, 1H), 4.82 (s, 2H), 3.77 (t, J= 5.1 Hz,
4H), 3.70 (s, 5H), 3.66 (m, 2H), 3.57 (d, J = 23.4 Hz, 5H), 3.44 (m, 4H),
2.87 (ddd, J= 17.3, 14.0, 5.5 Hz, 1H), 2.62 – 2.51 (m, 3H), 2.01 (dp, J=
11.1, 3.8 Hz, 1H). 13C NMR (101 MHz, dmso) δ 173.26, 170.53, 167.97,
167.83, 167.43, 167.22, 166.30, 163.52, 161.59, 157.87, 155.30,
152.35, 134.33, 132.88, 128.67, 125.83, 125.39, 120.57, 119.12,
118.53, 118.31, 112.75, 111.91, 110.80, 108.53, 108.21, 104.43, 67.73,
54.06, 53.19, 52.43, 49.29, 47.69, 47.11, 46.61, 46.54, 43.79, 40.93,
40.65, 40.49, 40.28, 40.23, 40.07, 39.81, 39.60, 39.40, 33.62, 32.96,
31.53, 30.77, 22.65. Expect. MS 764.8, found ESI-MS m/z: 765.5 [M +

H]+.HRSM Calcd. for C38H41N10O8 [M + H]+: m/z = 765.3109; Found:
765.3116. HPLC rt = 10.27 min (purity 99.4 %).

4.2. Biological Evaluation

4.2.1. In vitro HDAC inhibition assay
The in vitro testing on recombinant HDACs was performed as pre-

viously described [38]. Recombinant human HDAC1, 2, 3 and 6 were
purchased from BPS Biosciences. The enzyme inhibition was determined
by using a reported homogenous fluorescence assay [39]. HDAC1 was
incubated for 90 min at 37 ◦C and HDAC2 and 3 for 50 min at room
temperature, with the fluorogenic substrate Fluor-de-Lys RHKK(Ac)-
AMC (Z- (Ac)Lys-AMC) in a concentration of 20.0 mM and increasing
concentrations of inhibitors with subsequent addition of trypsin (1 mg/
mL) and SAHA (20 µM) and further incubation for 45 min at room-
temperature. Fluorescence intensity was measured at an excitation
wavelength of 380 nm and an emission wavelength of 430 nm in a mi-
crotiter plate reader (EnVison 2104 Multilable Reader (PerkinElmer,
Waltham, USA) in Recombinant hHDAC8 was produced by Romier et al.
in Strasbourg [40]. For HDAC6, the substrate (Abz-SRGGK(thio-TFA)
FFRR-NH2) was used as described before [29].

HDAC8 was measured in a continuous manner using the thioacety-
lated peptide substrate (Abz-SRGGK(thio-TFA)FFRR-NH2), which was
described [41]. The fluorescence increase was followed for 1 h with two
reads per min with an excitation wavelength of 320 ± 8 nm and an
emission wavelength of 430 ± 8 nm. Fluorescence intensity was
measured at an excitation wavelength of 355 nm and an emission
wavelength of 460 nm in a microtiter plate reader (BMG Polarstar).

Positive (enzyme, substrate, DMSO and buffer) and negative (substrate,
DMSO and Buffer) controls were included in every measurement and
were set as 100 and 0 %, respectively and the measured values were
normalized accordingly. Inhibition was measured at increasing con-
centration and IC50 was calculated by nonlinear regression with
GraphPad Prism 8.0 software.

4.2.2. Cellular assay
MV-4–11 cells were seeded into 6-well clear plates at a density of 5.0

x 106 cells per well and incubated for 24 h to allow for stabilization.
Following stabilization, the cells were treated with the respective drugs
and incubated for an additional 24 h. Subsequently, the cells were
collected in centrifuge tubes and washed twice with cold PBS to remove
any residual supernatant. To lyse the cells, 60 μL of lysis buffer con-
taining 1 % protease and phosphatase inhibitor was added to the cell
pellet and incubated on ice for 30 min. The lysed cells were then
centrifuged at 4 ◦C for 18 min at 12,000 rpm. The protein concentration
was determined using the BCA protein assay, and the protein extracts
were denatured by incubation at 100 ◦C for 15 min. Equal amounts of
protein (20 μg) were loaded onto a 10–15 % SDS-PAGE gel for separa-
tion. The separated proteins were then transferred onto a PVDF mem-
brane and blocked with 5 % bovine serum albumin buffer for 2 h. The
membrane was incubated with the primary antibody overnight at 4 ◦C
(approximately 12 h) and washed three times with TBST for 10 min
each. Subsequently, the membrane was incubated with the biological
secondary antibodies for 2 h. Finally, the immunoblots were scanned
using the LI-COR Odyssey infrared imaging system for analysis.

The primary antibodies were: HDAC2 (Abcam, ab32117), HDAC1
(Proteintech, 10197–1-AP), HDAC3(Proteintech, 10255–1-AP), HDAC6
(Proteintech, 12834-1-AP), HDAC8(Proteintech, 17548–1-AP), GAPDH
(Sangon Biotech, D110016-0100), β-Actin (Affinity, AF7018).

4.2.3. Apoptosis analysis by flow cytometry
MV-4–11 cells (5.0 × 106 cells/well) were cultivated on six-well

plates, and following treated with compound 32a at 12.5–––200 nM
for 24 h, respectively. The cells were thoroughly washed twice with pre-
cooled PBS, followed by centrifugation to discard the supernatant. They
were then resuspended in 300 μL of Annexin V binding buffer and
transferred to a 15 mL centrifuge tube. Subsequently, 5 μL of annexin V-
FITC and 10 μL of PI were added to the tube and mixed uniformly. The
cells were incubated in the dark for 15 min at room temperature before
being analyzed by flow cytometry.

4.3. Non-enzymatic stability testing

The protocol of this test was proceeded as reported [35].

4.4. Plasma stability

To determine protein binding 10 μM of the given compound was
incubated with 100 μL human pooled plasma (P9523, Sigma Aldrich,
Darmstadt, Germany) and free amount of compound was measured after
5 min by HPLC as described below. For the determination of the plasma
stability, 10 μM of the given compounds were incubated with 100 μL of
human pooled plasma for 5, 10, 20, 30, 60 120 and 360 min at 37 ◦C.
The reactions were stopped by the addition of 300 μL of ACN with
subsequent plasma proteins sedimentation. The samples were subjected
to ultra-centrifugation (5 min, 10,000 RPM/g) using modified PES 30 K
low protein binding centrifugal filter. The filtrate was then analyzed
using HPLC to measure the percentage of the remaining compound and
the degradation products as reported as reported [35].
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Molecular Docking and Biological Characterization of Pyrazine Linked 2-Amino-
benzamides as New Class I Selective Histone Deacetylase (HDAC) Inhibitors with
Anti-Leukemic Activity, Int. J. Mol. Sci. 23 (2022) 369.

[26] E.F. Bülbül, J. Melesina, H.S. Ibrahim, M. Abdelsalam, A. Vecchio, D. Robaa,
M. Zessin, M. Schutkowski, W. Sippl, Docking, Binding Free Energy Calculations
and In Vitro Characterization of Pyrazine Linked 2-Aminobenzamides as Novel
Class I Histone Deacetylase (HDAC) Inhibitors, Molecules 27 (2022) 2526.

[27] M. Abdelsalam, H.S. Ibrahim, L. Krauss, M. Zessin, A. Vecchio, S. Hastreiter,
M. Schutkowski, G. Schneider, W. Sippl, Development of Pyrazine-
Anilinobenzamides as Histone Deacetylase HDAC1–3 Selective Inhibitors and
Biological Testing Against Pancreas Cancer Cell Lines, in: O.H. Krämer (Ed.),
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