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A modular chemistry toolbox was developed for cereblon-directed PROTACs. A variety of linkers was at-
tached to a CRBN ligand via the 4-amino position of pomalidomide. We used linkers of different constitu-
tion to modulate physicochemical properties. We equipped one terminus of the linker with a set of func-
tional groups, e.g. protected amines, protected carboxylic acids, alkynes, chloroalkanes, and protected
alcohols, all of which are considered to be attractive for PROTAC design. We also highlight different oppor-
tunities for the expansion of the medicinal chemists’ PROTAC toolbox towards heterobifunctional mole-
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A major pathway for protein degradation in eukaryotes is
ubiquitin-dependent and relies on the sequential action of
ubiquitin-activating (E1), -conjugating (E2), and -ligating (E3)
enzymes. Out of the variety of human E3 ligases, cereblon
(CRBN) has received particular attention as the primary target
of immunomodulatory imide drugs (IMiDs), i.e. thalidomide,
lenalidomide, and pomalidomide."* IMiDs enhance the inter-
action between CRBN and the lymphoid transcription factors
Ikaros (IKZF1) and Aiolos (IKZF3) what results in the
ubiquitination and the subsequent proteasomal degradation
of these neo-substrates.”™

Tailored heterobifunctional molecules, which are referred
to as proteolysis targeting chimeras (PROTACs), act through
a chemical-induced degradation of disease-causing proteins.
PROTACS recruit an E3 ligase to a protein of interest and in-
duce the wubiquitination and proteasomal degradation
(Fig. 1). The pioneering PROTAC technology has received ex-
ceptional attention in the field of drug discovery.®*°

The molecular architecture of PROTACs comprises a target
ligand and E3 ligase recruiting component, connected via a
variable linker. Current PROTAC developments have been fo-
cused on two E3 ligases, ie. Von-Hippel-Lindau (VHL) and
CRBN. Strong affinity for the IMiD binding site of CRBN was

“ Pharmaceutical Institute, Pharmaceutical Chemistry I, University of Bonn,

An der Immenburg 4, 53121 Bonn, Germany. E-mail: guetschow@uni-bonn.de

b Faculty of Pharmacy, University of Ljubljana, 1000 Ljubljana, Slovenia

¢ Department of Internal Medicine III, University Hospital Ulm,
Albert-Einstein-Allee 23, 89081 Ulm, Germany

4 Pharmaceutical Institute, Pharmaceutical Technology, University of Bonn,
Gerhard-Domagk-StrafSe 3, 53121 Bonn, Germany

t Electronic supplementary information (ESI) available: Fig. S1-S10 and Table
S1; biological and chemical methods; synthetic Schemes S1-S8 and procedures;
log P, "H NMR, **C NMR and MS data. See DOI: 10.1039/c9md00185a

This journal is © The Royal Society of Chemistry 2019

cules, e.g. with biotin, fluorescent, hydrophobic and peptide tags.

achieved with derivatives of lenalidomide,” 4-hydroxy-
thalidomide,"" and 4-aminothalidomide (pomalidomide).'*"?
In numerous cases, the aromatic amino group of the latter
bears the terminal aliphatic linker carbon, while different
functional groups have been employed to connect the other
linker terminus with the target ligand. Examples for such
PROTACs with an N-alkylated pomalidomide unit (Fig. 2) in-
clude degraders of BRD4 (ARV-825),"* multiple kinases (TL12-
186),"> or Bruton's tyrosine kinase (P13I).'®'” CRBN-6-5-5-
VHL containing ligands for two ligases, VHL and CRBN,
caused an unrequited ubiquitin transfer to CRBN and its
degradation.®

Amino- and carboxy-functionalized building blocks can be
utilized for amide coupling reactions to assemble hetero-
bifunctional compounds, as it was also demonstrated for sev-
eral PROTACs, e.g. ref. 14 and 18-21. Chloroalkyl moieties
are easily deployable, through in situ generation of iodo
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Fig. 1 PROTAC-induced degradation of target proteins.

Med. Chem. Commun., 2019, 10, 1037-1041 | 1037


http://crossmark.crossref.org/dialog/?doi=10.1039/c9md00185a&domain=pdf&date_stamp=2019-06-14
http://orcid.org/0000-0001-5638-1955
http://orcid.org/0000-0002-3370-4587
http://orcid.org/0000-0002-4649-0506
http://orcid.org/0000-0002-9376-7897
https://doi.org/10.1039/c9md00185a
https://pubs.rsc.org/en/journals/journal/MD
https://pubs.rsc.org/en/journals/journal/MD?issueid=MD010006

Published on 28 May 2019. Downloaded by RSC Internal on 6/27/2019 2:46:34 PM.

Research Article

N~
iy H

4
N N

ST\ N O O\o/\/o\/\o/\/o\/\R ARV-825

N

Cl
o R
NSO Y\R

Qf;f;ﬂ\”@n\) o

-OH

o

TL12-186

RN ™0 g 15a

P131

N//_s H
ENJ:LNY\/\/O\/\/\/O\/\/\/\R CRBN-6-5-5-VHL
o
HO

Fig. 2 Examples of bifunctional CRBN-directed PROTACs.

analogues under Finkelstein conditions, for reactions with
various nucleophilic partners. There are several correspond-
ing examples in the PROTAC field, e.g. ref. 22.

When reacting haloalkyl groups with sodium azide, the
resulting azido compounds can be subjected to Click
reactions,>* > an exquisitely convenient opportunity to pro-
duce heterobifunctional compounds, e.g. ref. 16, 26 and 27.
As an alternative, Click chemistry would be possible if the
linker structure is terminated with an alkyne moiety.*® A pri-
mary alcoholic group is convertible to esters and ethers, the
latter transformation through Mitsunobu reaction is particu-
larly attractive. Moreover, conversion of terminal alcohols to
sulfonates confers electrophilic properties to the linker, and
sulfonates can be used to generate haloalkyl derivatives, e.g.
ref. 29. The Appel reaction can also be performed to obtain
haloalkyl termini.*®

We have considered the aforementioned functionalities
and designed a series of toolbox compounds. The common
feature of all these toolbox members is the connection of the
linker at the 4-amino group of pomalidomide, as it has al-
ready been successfully realized in a variety of PROTACs
(Fig. 2). Our toolbox compounds with different polyalkylene
ether linkers and several terminal functional groups are
outlined in Fig. 3. We employed distinct synthetic routes to
generate linker building blocks of various chemical nature.

It is well known that the biological activity of PROTACs is
strongly affected by the physicochemical properties of
linkers, in particular their length and hydrophobicity. Accord-
ingly, to address the latter feature, different C/O ratios within
the linker chains have been realized.

Toolbox compounds 1-5 were synthesized through a final
nucleophilic aromatic substitution (SxAr) of 4-fluoro-
thalidomide with the corresponding primary amines under
conditions compatible with the present functional groups. To
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Fig. 3 Toolbox compounds 1-5 with different linkers and various
functional groups (FG).

obtain the linker building blocks for compounds 1, di-tert-bu-
tyl dicarbonate was reacted with excess o,o-diamine and such
a hemiprotected intermediate (Scheme S1, ESIf) was
subjected to the SyAr. Compounds 1 can easily be
deprotected under acidic conditions, employed for amide
bond formations to attach a target ligand and thus be incor-
porated into a PROTAC molecule. With respect to
deprotection, Boc-protected tool compounds 1a-f were supe-
rior to the Cbz analogues 1g-k, which were also synthesized
in the course of our study (see ESIf).

Compounds 2a-d (Scheme S2, ESIf) were newly prepared
in addition to a previously reported series of tert-butyl
protected precursor compounds.*® Prior to SyAr, a free amino
group was liberated by hydrogenolysis of a Cbz group. As ex-
emplified for 2¢ and 2d, succinic acid semi tert-butyl ester
was prepared, connected with the respective mono-Cbz-
protected diamine (Scheme S2, ESIf), Cbz-deprotected and fi-
nally subjected to the SyAr reaction.

For alkyne compounds 3, alkanolamines were used as
starting materials (Scheme S3, ESIt). Tailored alkanolamines
can be prepared by applying a route from diols through semi-
mesylation, azidolysis, and Staudinger reaction.*’ Next, the
Boc-protected intermediates were converted to mesylates,
which in turn were reacted with propargyl alcohol to obtain
the desired alkyne linkers. The acidic conditions necessary
for Boc removal were compatible with the C-C triple bond.

N-Boc-protected alkanolamines were again employed for
the synthesis of chloro compounds 4 (Scheme S4, ESIT). A
Williamson ether synthesis, when carried out with a-iodo-o-
chloroalkanes afforded chloroalkyl building blocks. Through
deprotection and SyAr, compounds 4 were produced which
allow for a variety of further chemical modifications.

This journal is © The Royal Society of Chemistry 2019
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O-Monobenzylated diols were subjected to the mesylation,
azidolysis, Staudinger sequence (Scheme S5, ESI{) and ap-
plied to produce the protected hydroxyl derivatives 5a-c. In
the case of 5d, 6-benzyloxy-1-hexanol was alkylated with
1-bromo-6-chlorohexane, followed by conversion to the corre-
sponding azido and amino compound. The final SyAr reac-
tion provided compounds 5.

The toolbox components 1 and 2, as well as 5, were ap-
proved for deprotection under appropriate acidic or hydro-
genolytic conditions, which are tolerated by the phthalimide
portion.'®?? The entire set of compounds 1-5 represents a valu-
able toolbox and is expected to support the synthetic entry to
new heterobifunctional probes and degraders of therapeutically
relevant proteins. The SMILES strings and calculated TPSA
values for all compounds are given in Table S1 (ESIT).

In the following section, we describe a few possible appli-
cations of these chemical tools for the generation of biologi-
cally applicable molecules. Biotinylation, the functional ap-
pendage of a biotin moiety to a bioactive compound,
represents an attractive opportunity to elucidate and charac-
terize intracellular binding partners. Biotin labelling takes
advantage of the exceedingly strong interaction between bio-
tin and either avidin or streptavidin.**** Only one bio-
tinylated thalidomide analogue was accomplished so far by
introducing a linker-connected biotin at the glutarimide ni-
trogen. This compound was developed for efforts towards the
identification of thalidomide's targets.>> However, for CRBN-
related research, the molecular architecture of the probe is
not suitable since the CRBN binding moiety is rendered inop-
erative with a substituent at this position.’®***® Instead, we
tethered biotin to one of our chemical tools, i.e. 1b, and re-
ceived the biotin-labelled, cell-permeable 6 (Fig. 4, Scheme
S6, ESIT) with a preserved affinity for CRBN (Fig. S1, ESIt).

Similarly, we prepared the fluorescently labelled com-
pound 7 (Fig. 4, Scheme S6, ESIf) by introducing coumarin
343, a prototypical 7-donor-substituted coumarin, established
for activity-based probing and intracellular imaging.’”*' Ab-
sorption and emission spectra of 7 were recorded from solu-
tions in CH,Cl,, MeOH and phosphate buffered saline (PBS)/
DMSO and Stokes shifts between 36 nm and 51 nm were
obtained (Fig. S2, ESI}). Fluorescently labelled IMiDs, e.g. cy-
anine 5-coupled thalidomide, were shown to be exceptionally
helpful in biomedical research, such as for the quantification
of protein-compound interactions.>

The strategy of hydrophobic tagging relies on the recogni-
tion of a hydrophobic moiety, appended to the surface of a

Fig. 4 CRBN-addressing probes 6 and 7 with a biotin and fluorescent
tag.

This journal is © The Royal Society of Chemistry 2019
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protein. The hydrophobic attachment mimics a denatured
protein folding state, engages the cellular quality machinery
and induces proteasomal degradation. When a small bioac-
tive molecule is fused to a hydrophobic moiety, it can trigger
the degradation of a specific target protein.**™*° As a continu-
ation of our PROTAC studies aimed at the degradation of
CRBN,'®*? we intended to investigate whether the attach-
ment of a hydrophobic tag via a linker to a CRBN ligand
would also induce CRBN degradation. For this purpose, we
selected five chemical tool compounds, 1b-f, and coupled
them to 1-adamantaneacetic acid (Fig. 5, Scheme S7, ESI}).
The adamantane cage constitutes a well-established hydro-
phobic tag with excellent stability which has repeatedly been
employed for the design of cell-permeable degraders.**™*®

An HPLC-based method was employed to determine logP
values of hydrophobically tagged compounds 8 and those of the
corresponding Boc-protected precursors 1b—f. The same shift to
a higher hydrophobicity was observed for all adamantane ana-
logues (Fig. S3, ESIT). We also determined partition coefficients
for the new derivatives 2a-d (Fig. S4, ESIT) and eight previously
described PROTAC precursors (Fig. S5, ESIf). The latter logP
profiles were compared with literature values of the consequent
CRBN-VHL PROTACs."® A similar trend of the linker to influ-
ence the log P value was found in both subseries.

To study the ability of chimeras 8a-e for hydrophobic tag-
ging of CRBN and inducing its degradation, MM1S cells were
treated with each compound and western blot analyses were
performed for CRBN and the neo-substrate IKZF1. No de-
crease of the CRBN protein level was observed after a 16 h
treatment with any of the compounds at concentrations of
100 nM and 1 puM (Fig. 6). This finding suggests that the hy-
drophobic tag in compounds 8 did not cause proteasomal
CRBN degradation, unlike the correspondingly incorporated
second CRBN and VHL ligand in 15a (ref. 32, Fig. 2) and
CRBN-6-5-5-VHL,'® respectively. However, IKZF1 levels were de-
creased in all cases, clearly indicating the cellular uptake of
these compounds. Compound 8a decreased IKZF1 levels to a
somewhat stronger extent than pomalidomide as it was shown
at lower concentrations (Fig. S6, ESIt) and by analysing the
time course of IKZF1 degradation (Fig. S7, ESIY).

In line with these data, the hydrophobically tagged com-
pound 8a exhibited higher toxicity for the IMiD-sensitive multi-
ple myeloma cell line MM1S than for LP1 cells (Fig. S8, ESI}).
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Fig. 5 Hydrophobically tagged CRBN ligands 8.
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Fig. 7 CRBN ligand coupled to a linker (2d) and to a cell-penetrating
peptide (9).

Hydrophobically tagged compounds of type 8 might be useful
tools to study CRBN-dependent degradation of other cellular
proteins, for example chaperons which recognize the hydro-
phobic tag and might be subjected to ubiquitination.

In order to investigate whether a peptidic label can be
employed to facilitate cellular uptake of CRBN ligands, we
designed a compound with a CRBN ligand as cargo which
was linker-connected to a cell-penetrating peptide. The penta-
peptide VPMLK based on the N-terminal sequence of the Bax
binding domain of the human protein Ku-70 is a known
membrane permeable peptide of very low toxicity."”*® The
peptide is synthetically accessible through Fmoc solid-phase
chemistry.*® In order to generate the peptide as tert-butyl es-
ter, we accomplished a new convergent solution-phase syn-
thesis. After cleaving the N-Cbz group of the peptide and the
tert-butyl ester of the toolbox compound 2d, both building
blocks were combined. Final C-terminal deprotection pro-
vided the pomalidomide-peptide conjugate 9 (Fig. 7, Scheme
S8, ESIt). An effect of 9 on the cellular protein level of the
pro-apoptotic protein Bax was not observed. However, we
took advantage of the neo-substrate degradation to estimate
the cellular uptake of 9 in comparison with pomalidomide
and compound 2d. These three CRBN binders are clearly dis-
tinguished by their physicochemical properties, but did all
induce IKZF1 degradation (Fig. S9, ESIT). Although 9 was not
superior to pomalidomide and 2d (Fig. S10, ESIT), we still
consider the utilization of cell penetrating tags to be a prom-
ising opportunity for PROTAC development.

1040 | Med. Chem. Commun., 2019, 10, 1037-1041
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The comprehensive chemical toolbox introduced herein
was developed to take account of the different chemistries of
target protein ligands onto which the toolbox compounds
have to be coupled. The set of compounds is expected to be
useful owing to its broad applicability for PROTAC design.
Moreover, toolbox members can be employed to generate
heterobifunctional molecules beyond protein degraders,
which was demonstrated in this study.
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