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ABSTRACT: Herein, we describe nickel oxidative addi-
tion complexes (Ni-OACs) of drug-like molecules as a 
platform to rapidly generate lead candidates with en-
hanced C(sp3) fraction. The potential of Ni-OACs to ac-
cess new chemical space has not only been assessed in 
C(sp2)–C(sp3) couplings but also in additional bond-for-
mations without recourse to specialized ligands and with 
improved generality when compared to Ni-catalyzed re-
actions. The development of an automated diversification 
process further illustrates the robustness of Ni-OACs, 
thus offering a new gateway to expedite the design-make-
test-analyze (DMTA) cycle in drug discovery.	
 

The high attrition rates of small molecules make early 
phases of drug discovery via conventional multistep se-
quences time-consuming, resource intensive and expen-
sive.1 These problems might be alleviated by new tech-
niques that rapidly and reliably incorporate sp3 hybridized 
carbons – molecular fragments that improve several mo-
lecular attributes that contribute to clinical success2 – at 
late-stages in advanced intermediates, thus accelerating 
structure-activity relationship (SAR) explorations3 while 
increasing the likelihood of compounds entering clinical 
trials and being approved for medicinal use. 

Scheme 1. C(sp2)–C(sp3) Linkages in Medicinal Chemistry. 

 

Recently, nickel catalysis has offered new vistas for forg-
ing C(sp2)–C(sp3) architectures via one- or two-electron 
manifolds.4 However, the majority of active molecules in 
medicinal chemistry contain nitrogen, sulfur or oxygen 
atoms that might bind the nickel center.2,5 Indeed, special-
ized tailor-made ligands, high-throughput experimenta-
tion campaigns and/or several rounds of optimization are 
oftentimes required to enable Ni-catalyzed cross-cou-
plings (Scheme 1).4 In practice, such vulnerabilities con-
tribute to the perception that new Ni-mediated approaches 
might be necessary for de novo synthesis or late-stage 
functionalization with drug-like molecules. 

Scheme 2. Ni-OAC For C(sp2)–C(sp3) Diversification. 

 
There is ample consensus that a subtle balance of all in-
dividual steps within the catalytic cycle is critical for suc-
cess.4,6 Among these, catalyst (pre)activation and oxida-
tive addition are key for success given that such reactions 
precede bond-formation (Scheme 2). Consequently, we 
envisioned that stoichiometric nickel oxidative addition 
complexes (Ni-OAC) could rapidly and reliably access 
molecular diversity with drug-like scaffolds, as (a) para-
sitic bimolecular pathways commonly present in Ni-cata-
lyzed reactions would be minimized,7 (b) we might 
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obviate the need for optimizing the nickel catalyst and lig-
and,4 while avoiding the prerequisite for catalyst turno-
ver. Given the propensity of Ni complexes to operate via 
one- or two-electron manifolds,4 we anticipate Ni-OACs 
might constitute an alternative to two-electron Pd-based 
processes for C-N or sp2–sp2 couplings8 by rapidly ac-
cessing analogues with increased fraction of sp3 hybrid-
ized carbons as well as new chemical space that would be 
difficult to access otherwise. In addition, such a technique 
might facilitate the likelihood that reactions might occur 

in advanced synthetic intermediates, thus accelerating 
structure-activity relationship (SAR) studies while lower-
ing the overall costs that are typically associated with 
conventional synthetic sequences and/or lengthy optimi-
zation campaigns in the early phases of drug discovery.1 
Herein, we report the realization of this goal, culminating 
in a broadly applicable platform – even in the context of 
an automated diversification approach in continuous 
flow9 – that might expedite the access to lead candidates. 

Scheme 3. Preparation of Ni-OACs from Advanced (Het)ArCl.a 

 
a (Het)ArCl (1.0-1.30 equiv), Ni(cod)2 (1.0 equiv), PCy3 (2.0 equiv), 2-MeTHF (0.40 M), rt, 2-24 h; 1a-1g: Isolated yields, average 
of two runs.  b1.64 mmol scale. c (Het)ArCl (0.5 equiv), Ni(cod)2 (1.0 equiv), PCy3 (1.6 equiv), THF (0.018 M), rt, 12 h. X-ray crystal 
structures of 1a-1h (thermal ellipsoids at the 50% probability level). Hydrogen atoms have been omitted for clarity.

We began our study by accessing Ni-OAC from antima-
larial drug chloroquine (Scheme 3).10 Its choice was not 
arbitrary, as chloroquine possesses structural features that 
might be problematic in classical catalytic cross-cou-
plings, such as the presence of both tertiary and secondary 
amines that possess hydrogen bond-donors or acceptors, 
a coordinating 4-aminopyridine moiety and a non-acti-
vated heteroaryl chloride.4,5 Notably, exposure of chloro-
quine to Ni(cod)2 and PCy3 in 2-MeTHF at rt followed by 
simple filtration cleanly delivered 1g in 70% yield. The 
robustness of the protocol was assessed in a gram-scale, 
obtaining 1g in an improved 92% yield. The stability of 
1g is illustrated by the lack of apparent decomposition or 
loss of purity under air after 3 months, as judged by NMR 
spectroscopy. This protocol was then applied to a series 
of advanced heteroaryl chlorides possessing nitrogen 
binding sites. As shown in Scheme 3, the synthesis of Ni-
OACs could be accomplished by utilizing chlormezanone 
(1a), sulfonamides (1b), hydroxychloroquine (1f) or lo-
ratadine (1h) with equal ease. The presence of nitrogen-

containing heterocycles in the vicinity resulted in either 
mononuclear Ni-OAC 1c or 1d possessing caffeine or py-
rimidine backbones, or dinuclear complexes (1e’) con-
taining pyrrolo[3,2-b]-pyridine cores. The structure of the 
latter was univocally determined by X-ray crystallog-
raphy. At present, we believe the formation of either mon-
onuclear or dinuclear complexes might be dictated by the 
geometry and solubility of Ni-OAC.11 

Prompted by the modularity and chemoselectivity of or-
ganozinc reagents,12 we wondered whether these reagents 
could be employed as coupling partners with Ni-OACs 
1a-h to forge advanced C(sp2)–C(sp3) architectures 
(Scheme 4).13 Indeed, this turned out to be the case and 
coupling of Ni-OAC 1g with commercially available (3-
ethoxy-3-oxopropyl)zinc(II) bromide proceeded at rt in 
1:1 THF/DMA, giving rise to 8 in 69% yield. These re-
sults were benchmarked by exposure of chloroquine un-
der previously reported Ni-catalyzed cross-couplings of 
alkyl organozinc reagents with aryl halides with 
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DPEPhos, PPh3 or terpyridine ligands, among others, re-
sulting in traces of 8.14,15 This observation stands as a tes-
tament to the impact that Ni-OACs might have for gener-
ating molecular complexity in medicinal chemistry when 
promoting late-stage diversification. Then, we tested the 
generality of our approach on a diverse set of Ni-OACs 
with (3-ethoxy-3-oxopropyl)zinc(II) bromide. As ex-
pected, the catalytic performance provided lower yields, 
if any, of products.14 In contrast, the Ni-OACs either used 
as isolated solids (1a-1g) or generated in situ (1h) resulted 
in the targeted C(sp2)–C(sp3) linkages in synthetically-
useful yields (Scheme 4). 

Scheme 4. C(sp2)–C(sp3) Architectures via Ni-OAC.a,b 

 
a Conditions A: 1a-h (0.10 mmol), (3-ethoxy-3-oxopro-
pyl)zinc(II) bromide (3.0 equiv), THF/DMA 1:1 (0.13 M), rt, 
14 h; Isolated yields, average of two independent runs. b Condi-
tions B: 1a-g (0.10 mmol), 1-(bromomethyl)-3-methoxyben-
zene (4.0 equiv.) previously passed through a Zn column at 40 
ºC, THF, 70 ºC, 12 h; Purification via normal phase chromatog-
raphy. 

Given the paucity of commercially available organozinc 
reagents, their propensity to decompose in solution after 
prolonged reaction times,12,13f,16 and the good solubility 
observed for Ni-OACs 1a-g in common organic solvents 
(Scheme 3), we wondered whether we could implement 
an automated diversification approach in continuous 
flow.16 If successful, such a technique would not only en-
able a faster and reliable access to C(sp2)–C(sp3) linkages, 
but would also broaden the chemical space accessible 

through this approach. To this end, we designed an acti-
vated packed-bed reactor containing Zn metal that gener-
ated organozincs in situ from alkyl halides prior to cou-
pling with 1a-g. As a proof-of-concept, (3-methoxyben-
zyl)zinc(II) bromide was generated from 1-(bromome-
thyl)-3-methoxybenzene, and reacted with 1a-e and 1g 
(Scheme 4). Convinced about the relevance of our plat-
form for drug discovery campaigns, we then focused our 
attention on building up a library synthesis with 1g as a 
surrogate of a drug-like scaffold. To this end, the library 
synthesis was carried out using Janssen’s modular auto-
mation platform including sample preparation (Quantos 
Chronect), reaction execution (Vapourtec), scavenging 
(Extrahera), liquid-liquid extraction (Tecan), purification 
and analysis (Waters) and post-purification workflows 
(Tecan) with minimal, if any, human intervention 
(Scheme 5).16d-e 

Scheme 5. End-to-End Automated (Continuous) Workflow. 

 
It is worth noting that the alkyl halides utilized in our 

continuous flow automated process possess moieties typ-
ically utilized in SAR explorations of early drug discov-
ery programs16d,18,19 such as ethers (9, 15, 22), sulfona-
mides (16, 23), fluorine atoms (17, 19, 20, 21), amides 
(27), azetidines (25, 29), piperidines (24), sulfones (26), 
nitrogen-containing heterocycles (18, 19, 20) or amino-
acid derivatives (28) (Scheme 6). While moderate yields 
were obtained in some cases, automated protocols priori-
tize speed, throughput and quality for obtaining sufficient 
quantities for biological testing while minimizing human 
intervention. This has been demonstrated by performing 
head-to-head comparison of standard purification tech-
niques with automated reverse-phase HPLC showing sig-
nificantly increased isolated yields.14 The results of 
Schemes 4 and 6 demonstrate that a single set of reaction 
conditions can be applied across a diverse set of nucleo-
philes and advanced intermediates without re-optimiza-
tion. This is noteworthy given that Ni-catalyzed reactions 
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oftentimes require lengthy optimizations of the reaction 
parameters, including ligands or nickel precatalysts.4 
Therefore, a protocol based on Ni-OACs holds promise 
for accessing complex architectures in sufficient quanti-
ties for biological testing. 

Scheme 6. Automated Diversification in Continuous Flow.a 

 
a Conditions: organozinc precursor (10.0 equiv), flow through 
activated Zn column at 40 ºC before mixing with 1g (0.10 
mmol) in THF/DMF 1:1 (0.10 M) at 80 ºC for 20 min. b X = Br. 
c X = I. d Purification via normal phase chromatography. e Puri-
fication via automated reverse-phase HPLC. 

Complementary techniques that allow for a broad and 
efficient exploration of chemical space are critical in me-
dicinal chemistry programs.19 Thus, we turned our atten-
tion to study the viability of conducting decarboxylative 
couplings of chloroquine-Ni-OAC (1g) by employing pri-
mary or secondary redox-active NHP-esters derived from 
simple carboxylic acids.20 As shown in Scheme 7, com-
pounds bearing azetidines (23 or 30) could be obtained in 
synthetically useful yields. These results should be as-
sessed against the challenge that is addressed, as 

structures of type 30 are currently beyond reach in 
Negishi-type cross-couplings.21 Given the paucity of 
these structures in classical cross-couplings, the ability to 
access these scaffolds show the potential that Ni-OACs 
might have in modern decarboxylative couplings. 
Prompted by the popularity of cross-electrophile cou-
plings for accessing C(sp2)–C(sp3) architectures,4i,22 we 
turned our attention to study the viability of utilizing Ni-
OACs for these purposes. As shown in Scheme 7, Ni-
OAC 1g reacted smoothly with a diverse set of activated 
or unactivated primary or secondary alkyl bromides with 
Zn as reductant, thus obviating the need for well-defined 
organozincs or redox-active esters. Furthermore, this ap-
proach was found to be particularly suited for substrates 
prone to parasitic b-hydride elimination such as 15. Par-
ticularly important is the preparation of 30 and 31, com-
pounds that were obtained in traces, if any, under the pro-
tocol shown in Scheme 6,14 thus constituting a testament 
to the flexibility that one-electron endeavors based on Ni-
OAC might have in drug discovery. 
 
While one might argue that the cost of stoichiometric 
amounts of metals might hamper the utility in medicinal 
chemistry, it is worth mentioning that the cost of one 
equivalent of nickel and ligand on a drug discovery scale 
is much lower than that of a densely functionalized drug-
like scaffold.23,24 Given that the majority of Ni-catalyzed 
cross-electrophile couplings or decarboxylation events 
require nitrogen-containing ligands, we believe our re-
sults suggest that Ni-OACs containing phosphine-type 
ligands might offer an operationally-simple platform for 
the rapid and reliable diversification of pharmaceutically-
relevant scaffolds by allowing couplings that are chal-
lenging to conduct in a catalytic manner. Specifically, we 
found that our C(sp2)–C(sp3) bond-forming events could 
be extended to cyanations, trifluoromethylations or Su-
zuki-Miyaura arylations by exposing the corresponding 
Ni-OAC to either CuCN, Zn(CF3)(DMPU)2 or PhB(OH)2 
under mild conditions, resulting in the formation of 32-35 
(Scheme 7, bottom). In contrast to conventional Ni-cata-
lyzed cross-couplings, these transformations do not re-
quire the inclusion of a particular ligand for the reactions 
to occur. This observation cannot be underestimated, as 
the ability to reliably access molecular diversity from a 
common reaction intermediate without the need for opti-
mization offers an untapped potential in medicinal chem-
istry settings, allowing for the rapid exploration of poten-
tial drug-type candidates.
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Scheme 7. Ni-OACs in Alternate Bond-Forming Reactions. 

 
a 1g (0.1 mmol), alkylBr (0.15 mmol), Zn dust (0.2 mmol), MgCl2 (0.115 mmol) and pyridine (0.2 mmol) in DMA (1 mL) at 80 ºC 
for 1 h; Purification via automated reverse-phase HPLC. b 1g (0.053 mmol), redox active ester (0.13 mmol) and Zn dust (0.21 mmol) 
in DMA (0.2 mL) at 60 ºC for 16 h; Purification via automated reverse-phase HPLC. NHP = N-hydroxyphthalimide. c 1g or 1d (0.053 
mmol) and CuCN (0.13 mmol) in ACN (0.5 mL) at 70 ºC for 16 h; Purification via automated reverse-phase HPLC. d 1d (0.054 
mmol), Zn(CF3)2(DMPU)2 (0.11 mmol) and CuI (5.4 umol) in DMF (0.5 mL) at 70 ºC for 16 h; Purification via automated reverse-
phase HPLC. e 1g (0.05 mmol), PhB(OH)2 (0.15 mmol) and K3PO4 (0.15 mmol) in THF (1 mL) at rt for 16 h. 

In summary, this work suggests that Ni-OACs might of-
fer a new entry point in late-stage diversification from ad-
vanced intermediates.25 Reactions with bench-stable Ni-
OACs can be applied in an automated diversification ap-
proach, and are characterized by their simplicity and 
broad utility across a variety of counterparts without re-
course to specialized ligands or lengthy optimizations, 
thus expediting the access to lead candidates in drug dis-
covery campaigns. Given that Ni-OACs can be utilized in 
six different cross-couplings, our results hold promise to 
accelerate SAR explorations in medicinal chemistry in 
the early phases of drug discovery, thus impacting the 
cost, resources and time investments required to advance 
drug candidates to clinical trials. Further studies into the 
exploitation of Ni-OACs are currently underway. 
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