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ABSTRACT: An asymmetric Ni-catalyzed reductive cross-coupling of ⍺-substituted imides and (hetero)aryl halides has been developed to 
synthesize enantioenriched ⍺-aryl imides, a commonly found structural motif in bioactive molecules and proteolysis-targeting chimeras 
(PROTACs) designed for targeted protein degradation (TPD). Employing a two-strategy approach with judiciously designed functional group 
pairings of the electrophiles allows for the coupling of either electron-rich or electron-deficient aromatics and heteroaromatics in good yields 
and enantioselectivities. 

INTRODUCTION 
Stereogenic ⍺-aryl imides are found in a variety of bioactive com-
pounds, and have recently garnered interest owing to their promis-
ing potencies as selective inhibitors for various diseases.1,2 In the 
early 21st century, Tilley and coworker disclosed the efficacy of im-
ide-derived antagonists in blocking VLA-4 binding to VCAM, guid-
ing research for asthma and rheumatoid arthritis.3 In 2018, Rossello 
and coworkers enhanced MMP-12 inhibition by installing a cyclic 
imide onto a known analog, offering promising prospects for treat-
ment of cardiovascular diseases and lung inflammation (Figure 1a).4 

Specifically, ⍺-aryl glutarimides have garnered significant attention 
in the field of targeted protein degradation (TPD) as more chemi-
cally stable analogs for immunomodulatory drugs (IMiDs) such as 
thalidomide, pomalidomide, lenalidomide, and avadomide (Figure 
1b).5–7 These molecules are commonly integrated into the designs of 
proteolysis-targeting chimeras (PROTACs), which are heterobi-
functional small molecules consisting of two covalently linked pro-
tein-binding moieties (Figure 1c).8–10 The electron-withdrawing 
phthalimide moieties of glutarimides such as thalidomide result in 
configurational instability of these molecules, leading to issues such 
as racemization and hydrolysis of the glutarimide moieties within the 
body, thereby impacting their cell efficacies.11,12 To address this is-
sue, ⍺-aryl and heteroaryl imides were pursued as potential alterna-
tives, with the aim of broadening the chemical space of the analogs 
while improving stability.13,14 

 
Figure 1. Selected examples of bioactive chiral ⍺-substituted imide 
derivatives. 
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Prior routes to a-arylglutarimides typically require multistep se-
quences that incorporate the arene prior to imide formation. A com-
mon approach involves the synthesis of a-aryl cyanoesters, which 
are then hydrolyzed and cyclized under acidic conditions to form the 
glutarimide moiety (Scheme 1a).13,15 A second approach functional-
izes a 2,6-dibenzyloxypyridine by Suzuki cross-coupling followed by 
simultaneous debenzylation and hydrogenation to produce the glu-
tarimide (Scheme 1b).12 Although these approaches provide access 
to the a-arylglutarimides, the incorporation of functional groups 
early in the synthesis can limit the diversity of pendant structures, 
making rapid analog generation more cumbersome. Additionally, if 
the functional groups are sensitive to acid or prone to reduction, re-
taining the desired functionality through imide formation steps be-
comes significantly more challenging. Moreover, neither strategy al-
lows for direct access to enantioenriched products, rendering the in-
vestigation of the pivotal role of chirality in their biological proper-
ties challenging.16 
To address these issues, we have developed a modular Ni-catalyzed 
reductive cross-coupling reaction to prepare ⍺-arylglutarimides 
(Scheme 1c). This approach enables modular incorporation of a 
wide array of aryl motifs, thereby aiding investigations into the struc-
ture activity relationship (SAR) for IMiD modifications.  
Scheme 1. Previously reported strategies and our proposed 
strategy and synthetic utility. 

 

RESULTS AND DISCUSSION 
We initiated studies on the cross-coupling between 3-chloropiperi-
dine-2,6-dione and 4-iodotoluene (1a and 2a, respectively, Table 1). 
By screening several ligand scaffolds commonly used for asymmetric 
Ni-catalysis, such as BiOX, BOX, and PyOX,17 we determined that 
4-heptylBiOX (L1) provided the highest enantioselectivity (see SI). 
With NiBr2×diglyme as the Ni pre-catalyst, Zn0 as the terminal re-
ductant, and 30% DMA/THF as the solvent, the desired cross-cou-
pled product can be obtained in 85% yield and 94% ee (Table 1, en-
try 1). This co-solvent system provided an optimal balance between 
reactivity and enantioselectivity, outperforming either DMA (entry 
2) or THF (entry 3) as the sole solvent. With BiIM ligand L2, which 
was recently reported as a more effective ligand than BiOX ligands 

in related reactions,18 3a was formed in 61% yield and 61% ee (entry 
4). The Ni loading can be further reduced to 7.5 mol % with only a 
modest decrease in ee (entry 5). However, further reducing the load-
ing to 5 mol % resulted in a decrease in yield (entry 6). Use of the 
soluble organic reductant, tetrakis(dimethylamine)ethylene 
(TDAE), failed to provide any of the desired product (entry 7).19  
Table 1. Optimization of reaction conditions for the reductive 
cross-coupling between a-chloroimides and aryl iodides. 

  

 
Entry Deviation from standard 

conditions 
yield 

3a (%)a 
ee 3a 
(%) 

yield 4 
(%)a 

1 none 85 94 9 

2 DMA as solvent c 75 91 21 

3 THF as solvent c 25 92 40 

4 L2 instead of L1 61 61 16 

5 Ni/L1 7.5/8.25 mol % 85 93 9 

6 Ni/L1 5/5.5 mol % 76 93 11 

7 TDAE instead of Zn0 0 -- 0 

8 no Ni/L1 0 -- 97 

9 5 instead of 1a 0 -- 51 

10 4-BrPhMe (7a) instead 
of 2a 

<10 -- 33 

a Determined by 1H NMR versus 1,3,5-trimethoxybenzene as internal 
standard. b Determined by SFC using chiral stationary phase. c 3.0 equiv 
of Zn0 powder used. 

A control experiment performed in the absence of Ni/L1 afforded 
no cross-coupled product, suggesting that the C(sp2)–C(sp3) bond 
formation is mediated by nickel. However, under the same condi-
tions, the protodehalogenation product 4 was observed in 97% yield, 
likely by direct reduction of 1a by Zn0 (entry 8). These studies sug-
gest that 1a can be directly reduced by Zn0, although they do not re-
veal if this process interfaces with productive C–C bond for-
mation.20,21,22 Use of ⍺-bromoimide 5 instead of 1a failed to give any 
of the desired product and was converted to substantial amounts of 
4 (entry 9) and only minimal yield of 3a was observed when 4-bro-
motoluene (7a) was employed instead of 2a (entry 10).  
To evaluate the scope of the reaction, a variety of aryl iodides were 
coupled with 1a under standard conditions (Figure 2, Method A). 
The yields of the cross-coupled products were found to be sensitive 
towards the electronics of the arene coupling partners. For electron-
rich aryl iodides (2a, 2c, and 2d), the coupled products 3a, 3b, and 
3c were formed in yields >80%. Ortho- (2l) and meta-tolyl (2m) 
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substrates were coupled with good yields and comparable levels of 
ee. The reaction tolerates functional groups such as boronic pinacol 
ester (2j) and triflate (2k), which can serve as handles for further 
derivatization of the arene. Electron-rich heterocycles (2z and 2aa) 
also coupled smoothly in excellent yields, whereas 7-azaindole deriv-
ative 3ab was formed in lower, but serviceable yield. 
Through these scope studies, we observed that the yields of 3 de-
creased correspondingly with the increase in electron-withdrawing 
strength of the functional groups at the para position (2g-2i) or meta 
position (2n-2p). 4-Iodopyridine derivatives, such as 2v and 2w, 
also underwent coupling in relatively low yields. In these cases, in-
creased amount of biaryl homocoupling were generally observed, 
which we attribute to their faster rates of oxidative addition relative 
to the activation rate of the C(sp3) electrophile 1a. We also evaluated 
the cross-coupling of 1a with 4-bromobenzotrifluoride (7h) under 

otherwise exact conditions. This reaction also furnished low yield of 
coupled product (19% yield 3h); however, in this case with full con-
version of a-chloroimide 1a and unreacted 7h was recovered. In this 
instance, we hypothesized that 1a is activated too quickly relative to 
the aryl bromide, leading to increased amount of 4.  
Given the increased commercial availability and generally lower 
prices of aryl bromides,23,24 we became interested in developing con-
ditions that would couple these substrates. We recognized that the 
rates oxidative addition of aryl bromides are generally slower than 
their aryl iodide counterparts,25 and would require an imide coupling 
partner with a well-matched rate of activation. Drawing from prior 
literature, we hypothesized that imides with a-sulfonates could be 
converted in situ to the a-haloimide;26–29 this would serve to keep the 
concentration of the a-haloimide low, thus effectively decreasing 
the overall rate of activation. 

 
Figure 2. Substrate scope of (hetero)aryl halides. qNMR yields are provided versus 1,3,5-trimethoxybenzene as internal standard. ee was 
determined by SFC using a chiral stationary phase. a 3.0 equiv of Zn0 used. 
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Table 2. Optimization of reaction conditions for the reductive 
cross-coupling between imide a-mesylates and aryl bromides. 

 
Entry Deviation from standard 

conditions 
yield 

3h 
(%)a 

ee 3h 
(%) 

recov-
ered 6a 

(%)a 

1 30% DMA/THF, no 
NaI, 21 h 

0 -- 57 

2 30% DMA/THF, 1 
equiv NaI, 21 h 

13 76 45 

3 5% DMA/THF, 2 h c 69 87 11 

4 5% DMA/THF, 3 h 73 80 5 

5 none 74 90 8 

6 24 h 72 86 0 

7 no Ni/L1, 5% 
DMA/THF, 3 h c 

0 -- 12 

a Determined by 1H NMR versus 1,3,5-trimethoxybenzene as internal 
standard. b Determined by SFC using chiral stationary phase. c 1.0 equiv 
5h was used. 

Thus, we investigated the cross-coupling between a-mesylate 6a 
and aryl bromide 7h. Under identical conditions to those used for 
the a-chloroimide–aryl iodide coupling, no product was formed 
(Table 2, entry 1), suggesting that neither the Ni catalyst nor zinc 
could directly activate a-mesylate 6a. However, addition of 1 equiv-
alent of NaI turned on reactivity for the system, forming the desired 
cross-coupled product in 13% yield and 76% ee (entry 2). Increasing 
the NaI loading to 6 equivalents and reducing the DMA/THF ratio 
from 30% to 5% was found to be critical in improving reactivity (en-
try 3, see SI for optimization details). However, extending the reac-
tion time from 2 h to 3 h did not result in substantial further conver-
sion of starting material to product (entry 4), and it was found that 
product 3h was slowly epimerized under reaction conditions leading 
to formation of 3h with decreased ee. Additional screening of sol-
vents determined that DME suppresses racemization, resulting in 
74% yield of 3h with 90% ee after 4 h reaction time (entry 5). The 
effect of this solvent change can be further corroborated by extend-
ing the reaction time to 24 h, where only a slight decrease in ee was 
observed (entry 6). In the absence of Ni/L1, no cross-coupled prod-
uct was observed, but again protodehalogenation product 4 was ob-
served in 53% yield. 
The scope of aryl bromides was then evaluated using this new set of 
conditions (Figure 2, Method B), enabling the direct comparison 
and assessment of the complementarity of this approach for access-
ing electron-deficient substrates. Substrates bearing electron-with-
drawing groups such as ester and cyano groups at either the para 

(7g-7i) or meta position (7o, 7p, 7r) underwent coupling with 
higher yields than in Method A, albeit with a slightly reduced ee. 
Mildly electron-donating groups such as para-methyl (7a) resulted 
in comparable yields, yet further increase in the donating strength of 
the substituents led to decrease in yield (7b and 7c). This observa-
tion highlights how the judicious matching of C(sp3) and C(sp2) 
electrophile activation can be used to obtain good yield of a broad 
array of a-arylimide products. 
In the case of heteroaryl bromides, 3-pyridyl (7s-7u, 7x) or 4-pyridyl 
(7v and 7w) substrates were well tolerated in the reaction and af-
forded in good yields. We note that the enantioselectivity of several 
of the products was observed to be substantially lower, likely due to 
their increased propensity to epimerization under the reaction con-
ditions. Pyrimidine substrates such as 7y can also be coupled in 44% 
yield and 82% ee. The reductive cross-coupling between imide a-
mesylates and heteroaryl bromides thus serves as a promising com-
plementary strategy to access electron-deficient arene substrates, 
greatly expanding the chemical space for SAR studies of a-het-
eroaryl glutarimide derivatives. 
In many Ni-catalyzed cross-couplings, the C(sp3) coupling partner 
undergoes oxidative addition through a radical mechanism involving 
halogen atom transfer.30 In the case of a-haloimides, Zn0 can also ac-
tivate the imide, which may undergo further reduction to the Zn-
enolate. To probe the intermediacy of a radical species, the reaction 
was conducted in the presence of TEMPO under the standard reac-
tion conditions. No cross-coupled product was observed; instead, 
the TEMPO adduct of the glutarimide (8) was detected by LC-MS, 
which is consistent with a radical pathway. We also note that this re-
action tolerates the unprotected imide; it is likely that the acidic N-
H would quench any zinc enolate. Although this might be a process 
that gives rise to 4, it seems unlikely that it is catalytically relevant. 

Based on previous reports of BiOX×Ni-catalyzed reductive cross-
coupling reactions,22,31,32 we propose the following mechanism for 
the reaction. For the ⍺-chloroimide–aryl iodide system, upon the re-
duction of the L1×NiBr2 precatalyst, the resulting L1×NiIX complex 
is partitioned between two cycles. Oxidative addition of the aryl hal-
ide by L1·NiI followed by reduction can give an L1×NiIIArX species.33 
This process can occur either through the reduction of a transient 
NiIII species by Zn0 or L1·NiIX.22,32,34 Simultaneously, the ⍺-
chloroimide can be activated either via XAT by the L1·NiIX com-
plex,20,35 or through Zn-mediated reduction,21 resulting in the gener-
ation of a cage-escaped radical a-imidoyl radical. This radical can be 
captured by the L1×NiIIArX species, followed by reductive elimina-
tion to yield the final product. 

For the ⍺-imide mesylate–aryl bromide system, a time course analy-
sis was conducted monitor the recovery of starting materials and the 
formation of byproducts across different time points. Initially, there 
was an accumulation of aryl iodide, which decreased at later time 
points. This conversion of aryl bromide to the corresponding iodide 
is ascribed to a halogen exchange reaction mediated by the Ni com-
plex.36 We also determined that independent treatment of imide ⍺-
mesylate 6a with 1 equiv of NaI in 5% DMA/DME afforded the  
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Figure 3. (a) Radical trap experiments and investigation of in situ halide exchange. (b) time course study.   

corresponding ⍺-iodoimide in a 47% yield at 3 h; however, this spe-
cies was not observed at different time points in the Ni-catalyzed re-
action, indicating the rapid consumption of such highly reactive spe-
cies. We therefore propose that activation of the mesylate is not di-
rectly mediated by the Ni complex; instead, it is slowly converted to 
the ⍺-haloimide in situ, which is then further activated by the Ni 
complex or Zn0 to generate the cage-escaped radical. Analogously, 
capture of the cage-escaped radical by the L1×NiIIArX species and 
subsequent reductive elimination affords the final product. 

CONCLUSION 
In conclusion, we have developed a Ni-catalyzed asymmetric reduc-
tive cross-coupling between ⍺-substituted imides and aryl halides. 
This transformation enables the facile assembly of highly enantioen-
riched ⍺-arylimide motifs, which can serve as a powerful tool for 
elaboration towards PROTACs and other bioactive molecules. The 
reaction was found to be highly sensitive towards activation rates of 
either C(sp2) or C(sp3) coupling partners, where pairing of well-
matched electrophiles was crucial for high cross-selectivity. Collec-
tively, these conditions enable the cross-coupling of both electron-
rich and electron-deficient arenes and heterocycles, and we antici-
pate that it will find applications in further medicinal chemistry stud-
ies. 
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