
A Modular Chemistry Platform for the Development of a 
Cereblon E3 Ligase-based Partial PROTAC Library

Chelsi M. Almodóvar-Riveraa, Zhen Zhanga, Jingyao Lia, Haibo Xiea, Yu Zhaoa, Le Guoa, 
Marissa G. Mannhardta, Weiping Tanga,b

aLachman Institute for Pharmaceutical Development, School of Pharmacy, University of 
Wisconsin-Madison, 777 Highland Avenue, Madison, WI 53705

bDepartment of Chemistry, University of Wisconsin-Madison, 1101 University Avenue, Madison, 
WI 53706

Abstract

Proteolysis Targeting Chimeras (PROTACs) are a promising therapeutic strategy to selectively 

promote the degradation of protein targets by exploiting the ubiquitin-proteasome system. Among 

the limited number of E3 ligase ligands discovered for the PROTAC technology, ligands of 

cereblon (CRBN) E3 ligase such as pomalidomide, thalidomide, or lenalidomide are the most 

frequently used for the development of PROTACs. Our group previously reported that a phenyl 

group could be tolerated on the C4-position of lenalidomide as the ligand of CRBN to develop 

PROTACs. Herein, we report a modular chemistry platform for the efficient attachment of various 

ortho, meta, and para substituted phenyls to the C4-position of the lenalidomide via Suzuki 

cross-coupling reaction, which allows the systematic investigation of the linker effect for the 

development of PROTACs against any target. We examined the substrate scope by preparing 

twelve lenalidomide-derived CRBN E3 ligase ligands with different linkers.
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Here we described a modular platform for the synthesis of ortho-, meta-, and para- substituted 

phenyl-connected lenalidomide-derived CRBN E3 ligase ligands and a partial PROTAC library 
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under Suzuki cross-coupling conditions. This method allowed us to systematically introduce 

linkers with subtle differences in length and orientation to examine their effect for the activity of 

PROTACs against any potential targets.
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Introduction

Proteolysis targeting chimeras (PROTACs) are heterobifunctional small molecules that can 

degrade a protein of interest (POI) by employing the ubiquitin (Ub)-Proteasome System.1 

These molecules consist of a linker bound by two ligands. One of the ligands binds to the 

POI and the other one binds to an E3 ubiquitin ligase.2 The simultaneous binding forms 

a ternary complex which initiates an E1-E2-E3 ubiquitin ligase cascade to enable targeted 

protein’s polyubiquitination followed by proteasome degradation of the POI.2 Since the 

PROTAC molecule is used catalytically, the PROTAC molecule recycles and promotes the 

process continuously.

Although the PROTAC technology has been applied to a variety of disease-associated 

proteins, only a handful of E3 ligase ligands have been successfully discovered. Among 

them, CRBN and von Hippel-Lindau (VHL) are the two most widely used E3 ligase 

ligands for the development of PROTACs.3 Specifically, CRBN E3 ligase ligands have been 

more commonly used in PROTACs for the degradation of protein targets related to many 

diseases, such as cancer, neurodegenerative diseases like Alzheimer’s disease, and immune 

disorders.4,5 Although there are extensive patent literature on various CRBN ligands,6 no 

detailed structure activity relationship were disclosed in these patents. Most of the frequently 

used CRBN ligands still hold limitations7 such as low potency, permeability, or poor 

selectivity and efforts on improving them are actively pursued.8,9 Moreover, the chemistry 

developed for the assembly of CRBN ligands with various linkers bearing diverse properties 

is also limited.1,3,10,11 This is particularly important for the development of PROTACs, 

as the types of linkers and their attachment points are essential for the pharmacological 

properties of PROTACs, such as potency, selectivity, solubility, and metabolic stability.12

To date, most of the CRBN E3 ligase ligands in PROTACs rely on pomalidomide, 

4-hydroxythalidomide, alkyl-based thalidomide, and lenalidomide derivatives (Figure 1).5 

Because lenalidomide lacks a carbonyl group in the phthalimide ring, which contributes 

to the better chemical and metabolic stability over pomalidomide or thalidomide,13 

lenalidomide-based ligands are found more often over pomalidomide-derived ligands in the 

development of PROTAC type of degraders, when better stability is more important than 

other parameters.1,5

A recent study involving the development of a cell-based target engagement assay by our 

group suggests that lenalidomide-based analogs with a phenyl substituent displayed high 

affinity and better selectivity to CRBN over thalidomide (Figure 2).14 These compounds 

containing the phenyl substituent had an activity comparable to pomalidomide, yet they do 
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not degrade IKZFs neo-substrates like pomalidomide or thalidomide.14 Moreover, ortho, 

meta, or para substitutions of the phenyl ring did not decrease the activity significantly14 

indicating the possibility of the introduction of new phenyl-connected linkers at any of these 

positions for the development of PROTACs, which will allow the systematic evaluation of 

the effect of linker to the activity of PROTACs.

Optimizing commonly used synthetic conditions for PROTACs could benefit their 

applications as chemical probes and therapeutics. Most current lenalidomide-based E3 ligase 

ligands have linkers attached to the C4- or C5- position of the phthalimide ring.10 However, 

compared to pomalidomide-based ligands, the synthesis of lenalidomide-based PROTACs 

can be limited since the decrease of the phthalimide ring’s electrophilicity made some 

methods such as SNAr not accessible.10 In addition, some cross-coupling reactions, which 

are widely used in PROTAC synthesis to attach linkers to the bicyclic ring, can lead to the 

hydrolysis of the cyclic imides.

Existing alkyl linkers in lenalidomide-based PROTACs have been focused on introducing 

alkynes followed by reduction.5 Recently, a palladium-catalyzed Buchwald-Hartwig 

amination protocol was reported for the synthesis of lenalidomide-based PROTACs from 

aryl bromides (Scheme 1A).10 A similar Suzuki cross-coupling strategy was reported by 

using an isoindolinone boronic acid intermediate to introduce an ester to the phthalimide 

ring of lenalidomide-based analogs, which can be used for the attachment of amine linkers 

after hydrolysis (Scheme 1B).15

We herein describe the development of a modular chemistry platform for the direct 

attachment of phenyl groups to the phthalimide moiety of lenalidomide-based ligands by 

Suzuki cross-coupling. This strategy provides an opportunity to introduce ortho, meta, and 

para substituted phenyl groups to lenalidomide, which allows systematic evaluation of the 

effect of the attachment positions to the property of PROTACs against various targets. 

Finally, we applied some of the lenalidomide-based ligands with phenyl substitutions to the 

creation of a pre-assembled partial PROTAC library composed of twelve compounds that 

can later be used in the synthesis of full PROTAC libraries for any protein of interest.

Results and Discussion

We first prepared the iodolenalidomide derivative 2, a key intermediate for the Suzuki 

cross-coupling reaction. The synthesis of the iodo-lenalidomide intermediate 2 was achieved 

in three steps as previously reported14,16 from commercially available starting material 1 
(Scheme 2). Because more diverse aryl iodides are available than aryl boronic acids, we 

decided to replace the iodide in 2 by a boronic ester functional group so that we can couple 

it with various functionalized aryl iodides if necessary. We adapted the cross-coupling 

reaction condition reported in the literature for this transformation17 (Scheme 3). Essentially, 

a palladium-catalyzed coupling reaction using a pinacol ester diboron and aryl halides can 

afford various arylboronic esters.17

First, applying the previously published standard conditions17 with iodo-lenalidomide 2 as 

starting material led to no reaction after 24 h (Scheme 3). Thus, we decided to start our 
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optimization process by examining various parameters. Increasing the temperature from 80 

°C to 100 °C gave a major byproduct. Careful analysis of this byproduct suggests that a 

Suzuki cross-coupling was taking place under these conditions and a dimerization product 3 
was formed as indicated by LC-MS (Scheme 3).

The observation of dimerization product 3 suggests that Suzuki cross-coupling reaction 

between an aryl iodide and an aryl boronic ester can occur under the above condition 

with a mild base. Previously, we had to use a strong base such as potassium carbonate 

and aqueous solution to promote the cross-coupling reaction and significant amount of 

hydrolysis byproduct was observed (Scheme 4A),14 which has also been reported by 

others.18 We had to treat the resulting mixture with CDI to re-cyclize the hydrolysis product 

to imide.14 Not surprisingly, a low yield (~20%) was often obtained for the final product. To 

test the applicability of the new Suzuki coupling condition with a mild base, we synthesized 

a model CRBN E3 ligase ligand 4 based on the phenyl linker (Scheme 4B). Since in our 

previous conditions we had set the temperature to 90 °C, we decided to test our new Suzuki 

cross-coupling conditions using the same temperature for comparison. Excitingly, our results 

showed that the new Suzuki coupling conditions improved the yield of product 4 from 20% 

to 58%. Compared to our previously used Suzuki coupling conditions (Scheme 4A), the new 

condition with a mild base (Scheme 4B) did not lead to any hydrolysis product.

Next, we synthesized a small library of twelve lenalidomide derived-compounds with 

linkers on the ortho-, meta-, or para- positions to the terminal phenyl ring (Scheme 5). 

Most strategies for PROTAC linker synthesis rely on amines, amides, ethers, or C-C 

bonds.19 Our strategy would allow the introduction of various linkers to the ortho-, meta-, 

and para- position of the phenyl ring by incorporating a Boc-amine or tert-butyl ester, 

phenol, or aldehyde to the phenyl boronic ester or boronic acid motif, which can then 

be further elaborated to PROTAC linkers. Notably, since most of the twelve compounds 

were relatively polar, we changed the solvent from DMSO to DMF to avoid any extraction 

workup procedure to remove the solvent after completing the reaction. Moreover, setting the 

temperature to 100°C allowed for reaction completion after 12 h.

Finally, we selected three compounds (5, 6, and 7) from the small library to create a 

partial PROTAC library. Specifically, we designed our partial PROTAC library based on 

the two-stage strategy recently reported by our group.20 Although many PROTACs have 

been successfully developed for a wide range of protein targets, the synthesis of these 

types of bifunctional molecules can be very time-consuming. The two-stage approach can 

significantly speed up the synthesis process and facilitate the rapid screening of E3 ligase 

ligands with a variety of different linkers.20 The first stage involves the reaction of a 

pre-assembled library of E3 ligase ligands with linkers containing a terminal aldehyde in 

a 1:1 ratio with a POI ligand containing a hydrazide moiety to form PROTACs with an 

acylhydrazone linkage.20 Importantly, the resulting products in DMSO solution can be used 

for screening without any further manipulation including purification step since water is the 

only byproduct.20 The acylhydrazone bond can then be changed to an amide bond for higher 

stability and more drug-like properties in the second stage.20

Almodóvar-Rivera et al. Page 4

Chembiochem. Author manuscript; available in PMC 2024 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Before initiating the synthesis, we confirmed the binding affinity of compounds 5, 6, and 7 
to CRBN using a well-established fluorescent polarization assay.21 These three compounds 

showed Kds of 231 nM for 5, 218 nM for 6, and 100 nM for 7, respectively, while the the 

thalidomide-based probe has a Kd of 122 nM (Figure 3). It is consistent with our previous 

results from the cell-based assay.14

It is well known that the linker plays a significant role in the ternary complex formation 

and activity of PROTACs.20,22 We sought to choose compounds 5, 6, and 7 for the synthesis 

of a pre-assembled CRBN E3 ligase partial PROTAC library by systematically examining 

the length and orientation of the linker. Compounds 5, 6 and 7 contained a terminal 

Boc-protected amine, which could be easily deprotect and used to attach an alkyl linker 

containing a terminal aldehyde via an amide coupling reaction. Particularly, we considered 

that the relatively short partial linker length of these compounds provides the opportunity 

for systematic examining the substitution pattern on phenyl groups at both ends of the alkyl 

group. We then removed the Boc group to form a primary amine followed by an amide 

coupling with a ortho-, meta-, or para- formylbenzoic acid (Scheme 6). We then prepared a 

small CRBN partial PROTAC library with a relatively short alkyl linker containing a meta or 

para terminal benzaldehyde that can be further used to react with a hydrazide group in any 

protein of interest ligand.

Conclusion

In summary, we described a modular chemistry platform for the introduction of substituted 

phenyls to the C4-position of the lenalidomide-derived analogs under an improved Suzuki 

cross-coupling condition. We demonstrated that the formation of Suzuki-cross coupling 

product without hydrolysis of the imide was possible with a mild base. This provides the 

access to various phenyl substituted lenalidomide analogues. The partial PROTAC library 

can be used for the synthesis of a full PROTAC library for any protein target and allow us 

to systematically examine the effect of length and orientation of the linkers with a relatively 

short distance.
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Experimental Section

Example synthesis of 4-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-4-yl)benzaldehyde

To a solution of 2 (100 mg, 0.270 mmol) in DMF (1.3 mL, 0.2 M) was added 4-

formylphenyl boronic acid (80 mg, 0540 mmol), PdCl2(dppf) (10 mg, 5 mol%) and KOAc 

(80 mg, 0.81 mmol) at room temperature. Then, the reaction mixture was stirred for 12 

h at 100 oC. Afterwards, the solvent was concentrated and the sample was diluted with 

DCM. The crude product was purified by flash column chromatography using an elution 

gradient of 0–10% MeOH in DCM as mobile phase and a 12 g silica column as stationery 

phase. Finally, the desired fractions were combined and concentrated to afford the desired 

compound (33 mg, 35% yield).

1H NMR (400 MHz, DMSO-d6) δ 10.98 (s, 1H), 10.10 (s, 1H), 8.07 – 8.01 (m, 2H), 7.89 – 

7.78 (m, 4H), 7.70 (t, J = 7.6 Hz, 1H), 5.16 (dd, J = 13.3, 5.1 Hz, 1H), 2.99 – 2.85 (m, 1H), 

2.64 – 2.54 (m, 1H), 2.51 – 2.37 (m, 1H), 2.00 (ddd, J = 10.6, 4.8, 2.6 Hz, 1H). 13C NMR 
(101 MHz, DMSO-d6) δ 193.32, 173.34, 171.37, 168.17, 144.31, 140.14, 136.06, 135.94, 

133.10, 132.33, 130.48, 129.58, 129.41, 123.59, 52.10, 47.68, 31.63, 22.85.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of pomalidomide (A), 4-hydroxythalidomide (B), alkyl-based thalidomide (C), 

and lenalidomide (D).
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Figure 2. 
Structure of C4-lenalidomide-derived substituted phenyl ring.
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Figure 3. 
Kds of compounds 5, 6, and 7.
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Scheme 1. 
Current methods for the synthesis of lenalidomide-derived CRBN E3 ligase ligands with an 

attachment.
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Scheme 2. 
Synthesis of key iodide-lenalidomide starting material 2.
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Scheme 3. 
Optimization of the Suzuki cross-coupling reaction using 2 (1 eq), bis(pinacolato) diboron (2 

eq), PdCl2(dppf) (5 mol %), KOAC (3 eq), and DMSO or 1,4-dioxane as solvents (0.2 M).
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Scheme 4. 
Suzuki cross-coupling model reaction.

Almodóvar-Rivera et al. Page 15

Chembiochem. Author manuscript; available in PMC 2024 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 5. 
Suzuki cross-coupling conditions and substrate scope of lenalidomide-derived CRBN E3 

ligase ligands. [a] Isolated by flash column chromatography.
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Scheme 6. 
Partial PROTAC library synthesis and substrate scope starting from compounds 5, 6, or 7 
obtained from the Suzuki cross-coupling reactions.
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