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The Petasis borono-Mannich reaction was employed for an alternative entry towards three-branched
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cereblon ligands. Such compounds are capabable of making multiple interactions with the protein
surface and possess a suitable linker exit vector. The high-affinity ligands were used to assemble
DOI: 10.1039/d2cb00223] prototypic new molecular glues and proteolysis targeting chimeras (PROTACs) targeting BRD4 for
degradation. Our results highlight the importance of multicomponent reactions (MCRs) in drug discovery

rsc.li/rsc-chembio and add new insights into the rapidly growing field of protein degraders.
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MCRSs represent an attractive approach to synthesize biologically
relevant molecules." Prominent examples of such complexity-
generating transformations are the Biginelli, Strecker, Ugi, and
Petasis reaction.” Due to the rapid and catalyst-free access to
structural diversity, these reactions were successfully applied in drug
discovery campaigns.> Among the reaction types mentioned above,
the Strecker synthesis is a powerful tool to prepare biogenic and
non-natural o-aminoacids.* In the classical Strecker protocol,” an
amine (or ammonia) attacks the carbonyl carbon of an aldehyde to
form an iminium ion, followed by the nucleophilic attack
of cyanide, leading to a highly functionalized o-aminonitrile. Sub-
sequent hydrolysis provides the desired amino acid. Although this
reaction type generates tailor-made amino acids, two common
limitations are safety concerns regarding the use of highly toxic
cyanides and the need to hydrolyze the nitriles, which might limit
the scope of the reaction.” An alternative approach towards a-amino
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acids is the Petasis borono-Mannich reaction, which utilizes amines,
aldehydes, and boronic acids as the nucleophile component.®
This boron-based MCR combines a diverse substrate scope with
other merits such as mild reaction conditions and wide avail-
ability of starting materials.

Our previous work has been devoted to mechanistic investiga-
tions of anti-myeloma agents such as the immunomodulatory
drugs (IMiDs) pomalidomide and lenalidomide (Fig. 1),” as well
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Fig. 1 Compilation of IMiDs, CELMoDs, and PROTACs.
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as medicinal chemistry in the field of targeted protein degradation
with particular focus on PROTACs that hijack the E3 ligase
cereblon (CRBN).'*** Recently, a new class of CRBN ligands has
been coined, i.e. CRBN E3 ligase modulators (CELMoDs), which
are typically based on aminoglutarimide as the core binding
moiety,”” ' and to which examples such as iberdomide (CC-220,
Fig. 1) and mezigdomide (CC-92480) belong.'®**** The structural
elongation in iberdomide compared to lenalidomide enabled
additional interactions with CRBN or ligase substrates leading to
a more pronounced degradation of the CRBN neosubstrates,
namely the transcription factors Ikaros (IKZF1) and Aiolos (IKZF3).
Recent medicinal chemistry projects also generated libraries of
molecular glues with extended side chains, which induced pro-
nounced degradation of G1 to S phase transition 1 protein
(GSPT1)**?® or Helios (IKZF2).”” The work reported in this manu-
script aims at developing three-branched high-affinity CRBN
ligands via MCRs. The expected high affinity of these ligands
might be accompanied by increased cellular potency of CELMoDs
or PROTACs that can be derived from such entities.

Visual inspection of the co-crystal structure of CC-220 in
complex with CRBN (Fig. 2A) revealed further interactions of
the morpholine ring with the protein surface and suggested the
benzylic carbon between the morpholine nitrogen and the
aromatic side chain of CC-220 as a convenient anchor point
for a third branch as an exit vector. To demonstrate the
importance of making such additional interactions with the
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Fig. 2 (A) The crystal structure of CRBN in complex with CC-220 (PDB:

5V30)!® reveals a possible exit vector for linker attachment. (B) Strategy

towards three-branched CRBN recruiters: stepwise increase of the ligand

size and incorporation of an exit vector by multicomponent reactions.
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surface of CRBN, we designed a series of related aminoglutar-
imides whose structural expansion ranged from the acetyl
derivative 1 to the CC-220 analogue 5 (Fig. 2B and Scheme S1,
ESIt). Increased molecular size, as well as higher polarity,
accompany the fragment growth. Sets of experimentally deter-
mined (Table 1) and calculated physico-chemical properties
(Table S1, ESIT) are provided. The former set comprises distribu-
tion coefficients at pH 7.4 (logD) to rate the lipophilicity, the
permeability surrogate CHI determined by immobilized artificial
membrane (IAM) chromatography, and human serum albumin
(HSA) binding values. Predicted ADME properties (Table S1, ESIt)
encompass topological polar surface area (TPSA) values, solubility
as well as permeability and hERG binding descriptors. Concerns
regarding the latter should be validated experimentally.

To determine relative binding affinities of these IMiD analo-
gues, we used a custom thermophoresis-based competitive CRBN
binding assay. Therein, the dose-dependent out-competition of a
fluorescent cereblon ligand (the reporter BODIPY-uracil) is quan-
tified, and affinity values (IC5, and K;) are derived from binding
curves (Table 1 and Fig. S1, ESIt).>® In this assay, acylated
derivatives 1 and 2 exhibited significantly lower affinity than
lenalidomide (3). In comparison, compounds 4 and 5, capable of
forming additional interactions with CRBN via the aromatic side
chain, showed the highest affinity. With an anilinic nitrogen
present in 2-5, these compounds contain a possible degron
needed to induce degradation of neosubstrates such as IKZF3.
Their impact on causing the proteasomal destruction of IKZF3 at
a concentration of 10 pM in OPM2 cells is reported in Table 1. As
expected, most compounds showed significant degradation of
the CRBN neosubstrate IKZF3 (Fig. S2, ESIt).

The first attempt to add a third branch to 5 was via an MCR
yielding the racemic wo-aminonitrile 6 (Scheme S1, ESIt). Its
synthesis was achieved by reacting semi-protected terephthal-
aldehyde, morpholine, and potassium cyanide under typical
Strecker conditions. Subsequently, this building block was coupled
to lenalidomide via reductive amination. Importantly, robust CRBN
affinity was maintained for this highly functionalized derivative 6

Table 1 Overview on experimental physicochemical properties, CRBN
binding data, and neosubstrate degradation for the series of aminoglutar-
imides 1-6

%HSA % IKZF3°
Cmpd logD;.,* CHIjpp” binding* IC5o? (uM) K (uM) deg
1 n.d.f n.d. n.d. 481 4+ 340 247 + 177 20
2 -1.7 -1.1 4.0 107 £ 85 52 + 44 4
3¢ -0.4 4.4 12 189 £ 1.5 6.40 £ 0.8 84
4 2.2 28.5 89 79+1.7 0.7+£09 60
5 1.6 22.5 86 8.6 1.1 1.1 £ 0.6 93
6 2.0 25.3 90 105+ 1.6 2.0£ 0.8 57

“ Distribution coefficients at pH 7.4 were estimated by an HPLC-based
method. ® Chromatographic hydrophobicity index values referring to
IAM chromatography (CHI. values), an estimate for drug-membrane
interactions and permeability.*® ° Protein binding values were esti-
mated by an HPLC-based method. ¢ Affinity values determined in a
competitive MST assay as described in the Method sections (see ESI).
¢ Percentage of degraded IKZF3 after 24 h treatment of 10° OPM-2 cells
per mL with 10 pM of each compound.’ Not determined.é CRBN
binding data taken from ref. 29.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Table 1). However, hydrolysis of the nitrile failed under basic and
acidic conditions due to the decomposition of the three-branched
moiety. Despite good CRBN affinity and potent activity on neosub-
strates of 6, this structure lacked an opportunity to explore further
structure-activity relationships (SARs) of three-branched CRBN
ligands. By employing a linear synthetic strategy, we tried to attach
a Boc-methylamino functionality at the outer phenylene carbon,
which might be amenable for derivatization (Scheme S2, ESIY).
However, this sequence was not only disadvantageous due to its
complexity but also failed at later stages. Given the synthetic
difficulties that we encountered, we considered the Petasis MCR
to be highly suitable for synthesizing the desired three-headed tail.
In a more recent modification of the borono-Mannich reaction,
solvents of increased acidity were tested.*® The use of hexafluor-
oisopropanol (HFIP) significantly accelerated reaction conversions
and extended the substrate scope of the Petasis reaction. We
employed these conditions to react glycolic acid with morpholine
and 4-(bromomethyl)benzeneboronic acid in HFIP at room tem-
perature (Scheme 1). The in situ generated amino acid was
esterified by adding EDC and a catalytic amount of 4-dimethyl-
aminopyridine (DMAP) to give building block 7. Regioselective
alkylation of lenalidomide at the anilinic nitrogen®" provided the
activated ester 8, which represented an excellent starting point
for further SAR investigations. For instance, 8 was reacted with
excess n-propylamine under very mild conditions to give amide
derivative 9 in good yield after a 4 h reaction time. Compound 9
exhibited the highest affinity measured in our array of com-
pounds, and greater than the affinity we previously obtained for
iberdomide,> despite being synthesized as a racemic mixture via
this sequence. Among all derivatives tested, 9 also showed the
highest impact on cell viability decrease in multiple myeloma cell
lines (Fig. 3) and other malignant hematopoietic cell lines tested
(Fig. S3, ESIt). Global proteome analysis of the effects of the
CRBN-directed molecular glue 9 was performed using diaPASEF-
based mass spectrometry®? in MM.1S cells upon treatment with
the compound at 0.1 mM for three hours. Of the total of 7170
unique proteins identified, IKZF1 and IKZF3 appeared as the
most significantly downregulated proteins (Fig. 4), thus further
explaining the impact on cell viability of MM.1S cells.
Motivated by the outstanding activities of 9, a fluorogenic
reporter 11 based on this new scaffold was synthesized by
utilizing the amino-functionalized BODIPY derivative 10.>* 11
showed a lower affinity than 9 (Table 2), but could be successfully
utilized in the competitive MST assay (Fig. S4, ESIt). Delighted by
the ease of the synthetic entry via the Petasis reaction and the
high affinity of three-branched amide derivatives, we aimed at
developing chimeric degrader molecules based on this ligand. In
the case of VHL-based PROTAC molecules, specific modifica-
tions at the E3 recruiting unit resulted in entities with enhanced
ligase affinity, which often translated to improved cellular target
degradation.''* By combining 9 with different mono-protected
bis-amines, the linker-connected derivatives 12a-12d were
obtained in excellent yields. After cleavage of the Boc protecting
group in acidic media and subsequent HATU-mediated cou-
pling to JQ1, a well-studied bromodomain inhibitor,*> BRD4-
targeting PROTACs 13a-13d containing different linker shapes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The Petasis borono-Mannich reaction enabled the synthesis of
active ester 8, a versatile building block for the synthesis of tool com-
pounds and PROTACs targeting the E3 ligase CRBN.

were realized. Similar to a JQ1-derivative with two stereogenic
centers,’® diastereomeric differentiability was not evident in the
chromatographic and spectroscopic data. For this set of PRO-
TACs, physicochemical properties, and BRD4 degradation were
determined (Table 2). Increasing the molecular structure of the
CRBN ligand significantly elevated lipophilicity and was accom-
panied by higher HSA binding values. Among the four new
PROTAC:s tested, 13a-13d induced pronounced degradation of
BRD4 (Fig. 5A), and appropriate control experiments demon-
strated the involvement of the ubiquitin-proteasome system
(Fig. 5B). Quantitative proteomics of the 6886 proteins detected
confirmed an apparent down-regulation of JQ1-targeted proteins
BRD2/3/4. In contrast, IMiD off-targets remained deregulated
(Fig. S5, ESIT). However, iberdomide-type PROTACs 13 were less
active compared to highly advanced thalidomide-based PROTACs
such as ARV-825 and dBET6.>”*® We presume that an extended
set of linkers may further improve the efficacy PROTACs derived
from our new CRBN-binding chemotype.

The work that we report herein impressively demonstrates
the power of three-component reactions to provide tailor-made

RSC Chem. Biol., 2023, 4, 229-234 | 231
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Fig. 3 CellTiter-Glo luminescent cell viability assay upon a 96 h treatment
with lenalidomide (LEN), CC-220, or three-branched compounds 6 and 9
in the respective multiple myeloma cell lines. Data are shown as mean +
s.d. (n = 3).
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Fig. 4 diaPASEF quantitative proteomics for molecular glue 9. MM.1S cells
were treated with compound 9 at 0.1 uM for 3 h. Bioconductor's limma
package was used to perform statistical analysis of degrader treatment
compared to DMSO vehicle treatment. The identified proteins were plotted
as log 2 fold change (PROTAC/DMSO) versus —log 10 of the p-value. Proteins
with —log10 (p-value) > 3 (p-value < 0.001) and log 2 fold change > 0.6
or < —0.6 (translating to 1.5-fold up- or down-regulation) were considered to
have significantly changed in abundance. Data are the mean of biological
duplicates.
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Table 2 Overview on physicochemical properties and cellular activities of
three-branched CRBN ligands and PROTACs

9% HSA DCs,’ % BRD4”
Cmpd logD;,* CHIuy” binding® Ki/Ks* (uM)  (nM) deg.
9 1.7 21.1 81 02+0.7 ndf n.d.
11 3.2 n.d. n.d. 11.0 + 13.5" n.d. n.d.
13a 3.1 34.5 94 n.d. 6.1+2.4 95
13b 2.5 29.6 91 n.d. 88 + 53 38
13¢ 2.5 29.2 90 n.d. 162 + 41 22
13d 2.5 28.7 90 n.d. 83 + 80 52

“ Distribution coefficients at pH 7.4 were estimated by an HPLC-based
method. ® Chromatographic hydrophobicity index values referring to
IAM chromatography (CHI;ay values), an estimate for drug-membrane
interactions and permeability.*® ° Protein binding values were esti-
mated by an HPLC-based method. ¢ Affinity values determined in a
competitive MST assay as described in the Method sections (see ESI).
¢ Concentration at which 50% of BRD4 has been degraded after 24 h
treatment of Namalwa cells with each compound ranging from 0.1 to
1000 nM./ Percentage of degraded BRD4 after 24 h treatment of
Namalwa cells with 0.1 pM of each compound. ¢ Not determined.
" Affinity was determined as a Kq via initial fluorescence and is reported
in place of the K;.

A
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Fig. 5 (A) PROTACs 13a—13d induced degradation of BRD4. Western blot

analysis of BRD4 protein levels in Namalwa cells treated with compounds
for 24 h. DCsq values were obtained by fitting the mean intensities to a
dose-response model (Hill slope = 1). The signal was normalized with total
protein stain and against DMSO. Data are shown as mean + s.d. (n = 3). (B)
Confirmation of proteasome-based mechanism of BRD4 degradation
upon ARV-825 and 13a treatment. Namalwa cells were treated for 24 h
with ARV-825 or 13a (+, 0.1 uM; ++, 1 uM) alone and with MG132 (5 puM).

synthetic products. So far, MCRs have attracted little attention
in the field of E3 ligase ligand discovery and optimization.***°
With the aid of the Petasis reaction, easy access to three-winged
substances with excellent CRBN binding affinities was realized.
Their effects on neosubstrates, such as IKZF3, seem to be
highly correlated with the affinity data. It was possible to show
that chimeric degraders can be assembled via this novel exit
vector. Active ester 8 is an excellent starting point for further
research into structure-degradation relationships of three-
branched CRBN modulators and PROTACs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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