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Abstract 

 Earth-abundant metal (EAM) catalysis can have profound impact in the pharmaceutical industry in 

terms of sustainability and cost improvements from replacing precious metals like palladium, as well as 

harnessing the differential reactivity of first-row metals that allows for novel transformations to enable more 

efficient routes to clinical candidates. The strategy for building these capabilities within the process group 

at Bristol Myers Squibb is described herein, with the general plan of building a reaction screening platform, 

demonstrating scalability, and increasing mechanistic understanding of the reaction and catalyst activation. 

The development of catalytic transformations utilizing nickel, cobalt, and iron is described while highlighting 

the importance of collaboration with internal and external groups to advance EAM catalysis and impact our 

portfolio. The challenges and benefits of working with first-row transition metals, including metrics for the 

implementation of EAM catalysis, such as cost, process mass intensity (PMI), commercial availability of 

catalysts and ligands, are discussed. 

 

Keywords: earth abundant metal catalysis, base metal catalysis, cross coupling, nickel, cobalt, iron, 
sustainability 

 

Introduction 

The importance of transition metals in the synthesis of modern pharmaceutically relevant compounds 

is difficult to overstate.1 Key bond formations made possible by transition metal catalysis enable synthetic 

disconnections that would otherwise be difficult or impossible,2 often leading to shorter, more efficient and 

ideally more sustainable3 syntheses of drug candidates and pharmaceutical products. These 

transformations are routinely used in medicinal chemistry,4 including parallel library synthesis,5 and have 

been applied extensively on large scale,6 including commercial manufacturing routes for approved drugs.7 

While the chemical processes mediated by transition metals and their associated substrate pools will 

undoubtedly continue to evolve and expand,8 the continued central role of catalysis in the discovery, 

development and large-scale synthesis of drug candidates and marketed medicines seems all but certain. 
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Given the importance of transition metal-catalyzed processes in the development of routes to drug 

candidates, the process department at Bristol Myers Squibb (BMS) has a dedicated catalysis group to 

accelerate and enhance applications of catalysis across the portfolio, which has been operating 

continuously for nearly 15 years. During this time, the group has collaborated extensively with colleagues 

in both the process development and discovery chemistry organizations, leveraging state of the art tools 

and techniques, such as automation and high-throughput experimentation (HTE),9 to investigate a diverse 

array of metal-catalyzed transformations to enable the advancement of our pipeline. A retrospective 

analysis of the individual reactions studied by the group over this time period reveals that the most heavily 

utilized transformations are C–C cross-coupling (predominantly Pd-catalyzed Suzuki–Miyaura couplings10 

of arylboronic acids and esters), C–N coupling (predominantly Buchwald–Hartwig couplings with Pd 

catalysts11) and borylation (predominantly Pd-catalyzed Miyaura borylation of aryl halides with diboron 

reagents12). For each of these reaction types, >50 unique substrates from our internal portfolio have been 

investigated in detail, and dozens of developed process have been executed on multi-kilogram scale.13 It 

is important to emphasize both the prevalence of borylation reactions and the dominance of Suzuki–

Miyaura coupling (SMC) relative to other C–C cross-coupling technologies. These interrelated trends are a 

result of the stability and wide commercial availability of neutral organoboron coupling partners, as well as 

the mild reaction conditions for SMC that lead to high functional group tolerance,14 all of which are highly 

attractive features for applications in complex molecule synthesis. It should also be noted that the 

preference for SMC over other cross-coupling technologies for C–C bond formation appears to be quite 

general across the pharmaceutical industry.6,9c 

As the capabilities and knowledge base of our catalysis group has matured, we have become 

increasingly interested in building our understanding of Earth-abundant metals (EAMs) and evaluating their 

potential to impact our portfolio. In this Perspective, we discuss recent and ongoing efforts to complement 

our existing capabilities for the discovery and implementation of precious metal-catalyzed processes 

(typically utilizing Pd catalysts) with technologies that enable the development of transformations catalyzed 

by EAMs, namely Ni, Co and Fe. In line with the drivers noted about heavily favoring the use of neutral 

organoboron coupling partners, much of our efforts with EAMs have focused on methods that generate 

these species as products or utilize them as reactants under mild conditions. A central theme that will be 

highlighted throughout the manuscript is the establishment of highly productive collaborations—both 

internal to BMS and with external academic collaborators—that have been essential to our efforts to build 

capabilities in EAM catalysis. Specifically, as a complement to the dedicated catalysis group at BMS, we 

recently began operating a broader catalysis community of practice (our Catalysis CoP) to facilitate the 

sharing of knowledge related to the development of catalytic processes, to democratize research efforts, 

and to expand our collective catalysis capabilities. In addition, we have established highly productive 

collaborations with two leading academic research groups in the field of EAM catalysis, Prof. Keary Engle’s 

group at the Scripps Research Institute and Prof. Paul Chirik’s group at Princeton University. Finally, though 

BMS is not a participating company, we would like to acknowledge the impactful collaborative work that is 



being done by the precompetitive alliance for nonprecious metal catalysis at AbbVie, Boehringer Ingelheim 

and Pfizer,15 which has led to a number of advances in the field of EAM catalysis and has inspired and 

influenced many of our own efforts in this area. 

Motivations. Several recent reviews discuss the opportunities and challenges for developing catalytic 

transformations using Earth-abundant first-row metals,16 which we will accordingly mention here only briefly. 

On one hand, the significantly higher terrestrial abundance17 and lower cost (from both a financial and 

environmental standpoint) of Earth-abundant first-row metals compared to late second- and third-row 

precious metals is a key factor motivating research to replace precious metal catalysts with EAMs. As an 

example, the cost (on a per mol basis) of Ni is nearly three orders of magnitude lower than Pd, with a similar 

difference in the estimated global warming potential (GWP) for the production of 1 kg of Ni compared to 1 

kg of Pd (6.5 vs. 3,880 kg equivalents of CO2).18,19 It has also been noted that the ligands that enable 

productive catalysis with EAMs, such as Ni, are in many cases simpler and less expensive than those 

involved in Pd-catalyzed process, which in some cases can be a critical factor impacting both the cost and 

sustainability of a chemical process.20 A complementary and equally important driver for EAM catalysis is 

the unique properties of EAMs that enable them to catalyze transformations that are challenging for 

precious metals, such as the activation of less reactive C–O bonds,21 cross-couplings involving C(sp3)-

hybridized coupling partners8 or entirely new reaction manifolds, such as metallaphotoredox catalysis22 and 

the combination of transition metal catalysis with electrochemistry.23,24 As will be highlighted in more detail, 

these features of EAM catalysis have the potential to impact route invention by enabling new disconnections 

and through an expanded pool of starting materials. 

Toxicity and safety. A detailed discussion of metal toxicity is beyond the scope of this Perspective, and we 

instead direct the reader to a series of publications by Ananikov and coworkers that compare the toxicity of 

various Earth-abundant and precious metals.25 In brief, it has been noted that the toxicity of a metal depends 

on a number of factors, including route of exposure, oxidation state, particle size, and coordination sphere 

that in turn influence solubility, bioavailability and cellular transport pathways, thereby complicating any 

attempts at a generalized comparison of the toxicity of Earth-abundant and precious metals.25a In the 

context of the synthesis of pharmaceutically relevant molecules, the International Council for Harmonisation 

of Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines for elemental impurities 

establishes limits for the amount of residual metal in active pharmaceutical ingredients (APIs).26 While the 

permitted daily exposure (PDE) for each element depends on the route of administration and dosage, for 

oral drugs with daily doses of <10 g per day, the permissible levels of catalytically-relevant transition metals 

range from 5 ppm for Co to 300 ppm for Cu (Table 1); notably, there are currently no specified limits for 

either Fe or Mn.  

 

 



Table 1. Permitted daily exposure (PDE) for selected elemental impurities according to ICH guidelines. 

    Oral Parenteral Inhalation 

Element Class 
PDE 

μg/day 
Dose-adjusted 

ppm 
PDE 

μg/day 
Dose-adjusted 

ppm 
PDE 

μg/day 
Dose-adjusted 

ppm 
Co 2A 50 5 5 0.5 3 0.3 
Ni 2A 200 20 20 2 5 0.5 
Pd 2B 100 10 10 1 1 0.1 
Cu 3 3000 300 300 30 30 3 
                
No PDE limits:  Fe, Mn      

 

It has been suggested that a possible complication of implementing nickel-catalyzed processes on large 

scale is that nickel(II) chloride, nickel(II) nitrate and other nickel(II) salts, as well as various nickel(0) species 

such as Ni(cod)2, are classified as restricted substances under the REACH27 regulations of the European 

Union (EU) and European Chemicals Agency (ECHA). As a result, certain uses for substances on this list 

are restricted in the EU, which could potentially limit the applications of nickel catalysis in an industrial 

setting in Europe. However, at present the restricted uses for nickel are exclusively associated with 

piercings and other articles that come into direct and prolonged contact with exposed skin.28 Similarly, while 

several cobalt salts, including cobalt(II) chloride, cobalt(II) nitrate and cobalt(II) acetate have been 

recommended for inclusion in the REACH Authorisation List,29 there are currently no restricted uses for 

these species. While worker safety should never be compromised, all of these salts are non-volatile and 

can be safely handled using appropriate engineering controls and personal protective equipment (PPE). 

On the other hand, the vast amount of CO2 emissions associated with the mining of precious metals, such 

as Pd,18 pose a significant threat to the entire planet, including global human health, that cannot be easily 

mitigated in a similar manner. 

Metal remediation. As a result of the prevalence of Pd-catalyzed transformations in modern pharmaceutical 

synthesis, various methods have been developed to aid in its removal from reaction streams in order to 

meet the strict limits for residual Pd content in APIs (see Table 1),30 sometimes involving expensive 

scavengers or resins. Unfortunately, reliance on these technologies for metal remediation generally 

increases process complexity and cost. In contrast, while more thorough studies are needed, there are 

encouraging reports in the literature suggesting that residual Ni can, in many cases, be removed from 

process steams by simple aqueous washes.31 Thus, there is the potential for EAM catalysis to minimize 

both the financial and processing burdens for metal removal following reaction completion. 

 

Earth-abundant metals as replacement for Pd 

Ni-catalyzed borylation. The first step in our quest to build EAM capabilities at BMS was to define the 

philosophy on how we would implement this initiative within our process chemistry group. Our goal was to 



develop reaction platforms that could be leveraged to evaluate transformations utilizing EAMs relevant to 

our current and future portfolio. We saw the evolution of development as follows: 1) strategic selection of 

the transformation, 2) development of a screening platform, 3) mechanistic investigations to support 

scalability and robustness, and 4) application to our portfolio. This workflow for constructing our overall 

program has been successful in building foundational knowledge of the transformations and allowing us to 

quickly evaluate the feasibility of any transformation of interest with EAMs. It should be noted that the latter 

three activities are interconnected, and we envisioned that work toward different aims would often be 

conducted in parallel. 

As mentioned previously, the three main types of transition-metal catalyzed transformations developed 

in our process chemistry group since 2012 are: C–C cross-coupling, C–N cross-coupling, and C–X 

borylation reactions. Therefore, we decided that it would be most practically useful to build capabilities for 

one of these three transformations first, as we knew these reaction types would continue to be a vital part 

of our portfolio. Accordingly, the decision was made to pursue nickel-catalyzed borylation reactions as an 

entry point to EAM catalysis. We chose to start with nickel as we thought it would be most similar to 

palladium in terms of its general reactivity in a given transformation and the similarity of ligands and metal 

precursors for the transformation.32 The borylation reaction entailed catalyst systems that seemed unlikely 

to proceed through odd-electron chemistry, further drawing parallels to palladium catalysis. The borylation 

reaction itself fixes one of the coupling partners as the diboron reagent, limiting the amount of potential 

variability in the early stages of development. There is also only a narrow pool of diboron coupling partners 

for this transformation, and we believed that the learnings from one diboron reagent would help inform 

development of the others. Although there are not many examples of utilizing nickel on scale for borylation 

reactions,31a a recently published methodology from Molander showed broad scope of substrates under 

mild reaction conditions,33 which we thought could potentially translate to complex pharmaceutically 

relevant intermediates. 

Our initial ventures into EAM catalysis centered on a key project in our portfolio, the development of an 

inhibitor to Bruton’s Tyrosine Kinase (BTK).34 At that time, the program was projected to need metric tons 

of BMS-986142 (Scheme 1, left) to support clinical trials and future commercialization, meaning the 

utilization of an EAM could have immediate cost-savings impact on our portfolio. The installation of the 

bottom arene ring was achieved through an asymmetric SMC reaction,34b where the corresponding boronic 

acid was prepared utilizing palladium catalysis (Scheme 1, top right). These conditions had been scaled to 

prepare over 200 kg of the boronic acid, and therefore this borylation reaction was chosen for our foray into 

nickel-catalyzed borylation reactions. 



Scheme 1. Structure of BTK Inhibitor BMS-986142 (left) and Borylation to Key Intermediate (right) 

 

During this initial phase of reaction exploration, we decided to focus on developing a borylation reaction 

that would be robust, scalable, and economically feasible (i.e., commercially available ligands, catalysts, 

and reagents). After determining the viability of nickel as a catalyst for the borylation reaction, we sought to 

understand the impact of the source of nickel precatalyst on the reaction. We made the strategic decision 

that our initiative would focus on the utilization of inexpensive and readily available nickel(II) salts as 

precatalysts, such as NiCl2•6H2O and Ni(NO3)2•6H2O. With these precatalysts, the impact of solvent, ligand, 

and base on the transformation was investigated. The results of the optimization led to a set of reaction 

conditions that afforded the desired boronic acid in 96 liquid chromatography area% (LCAP, 220 nm) at the 

end of the reaction, with the desired product isolated in 80% yield utilizing 0.5 mol % of Ni(NO3)2•6H2O as 

the precatalyst (Scheme 1, bottom right).35 If the program had moved forward, the implementation of this 

nickel-catalyzed borylation would have led to a more sustainable process and an estimated cost savings of 

$12 million per year.36 

With the success of this reaction for the BTK substrate, we wanted to better understand the impact of 

reaction variables across an array of substrates. We evaluated a panel of both portfolio relevant and 

commercially available aryl (pseudo)halides using HTE and analyzed the results across this large data set 

to identify a collection of ligands that were most likely to yield the product. This curated pool of ligands 

served as our screening platform for evaluating newly encountered substrates for nickel-catalyzed 

borylations. This screening platform can be rapidly employed to determine the viability of a nickel-catalyzed 

borylation. If a substrate does not perform well in this screening platform, it will be a very challenging 

substrate for nickel. We have continued to refine this screening platform based on our learnings since the 

initial publication, and the screening conditions shown here reflect the platform that we are currently 

employing to evaluate nickel-catalyzed borylations (Figure 1). Having developed the screening platform, 

we started to think about other experimental data that would help build confidence in the robustness of 

nickel-catalyzed borylations. Therefore, we performed a series of experiments to evaluate the stability of 

tetrahydroxydiboron under an array of conditions (with various solvents, bases, and nickel sources) to 

understand the ideal order of addition for this transformation, which we learned was addition of the base 



last. Further, we sought to understand the remediation of nickel and found that in most cases a large amount 

of nickel (up to 95%, from a concentration of 1800 ppm with no wash to <80 ppm) could be removed through 

a single aqueous wash, with a second aqueous wash further reducing residual nickel to <10 ppm.35 
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Figure 1. Screening platform for nickel-catalyzed borylations. 

The ability to rapidly identify and develop conditions for nickel-catalyzed borylation enabled the scalable 

synthesis of a radiolabeling precursor for the 18F-analog of our IDO1 inhibitor linrodostat (BMS-986205),37 

which entered phase III clinical trials for the treatment of bladder cancer.38 Aryl pinacolboronate 1a (Scheme 

2) was initially synthesized in milligram quantities by palladium-catalyzed borylation of heteroaryl iodide 2, 

which in turn was prepared through a ten-step sequence that included a late-stage SFC resolution of four 

stereoisomers. With a deadline of three months to deliver material to the clinic, we could not utilize this 

route because the requisite heteroaryl iodide was not available in sufficient quantities, and the synthesis of 

additional material could not be completed in time. Therefore, we sought to prepare boronate ester 1a from 

readily available aryl fluoride 3, the final isolated intermediate in the commercial linrodostat process.39 

Taking inspiration from a previous report from the Martin group on the borylation of aryl fluorides,40 we 

leveraged our internal knowledge on nickel-catalyzed borylations to develop reaction conditions that were 

scaled to 100 g to effect the borylation of the penultimate compound in the route to linrodostat in 71 area% 

(HPLC area). The intermediate boronic acid (1b) was purified by prep-LC, followed by condensation with 

pinacol and subsequent amide bond coupling to afford >20 g of the desired pinacol ester 1a. This material 

was then transferred to our radiolabeling group, who converted it to the 18F-labeled linrodostat41 (Scheme 

3) for imaging studies in mice, monkeys and humans.42 Notably, while the initial focus for our screening 

platform was to enable the substitution of palladium with nickel for Miyaura borylation of aryl 

(pseudo)halides, aryl fluorides represent a substrate class that is unreactive with palladium catalysis. 



Scheme 2. Comparison of Borylation Conditions for [18F]-Linrodostat Precursor 

 

Scheme 3. Generation of Radiolabeled Linrodostat 

 

This screening platform has been applied to investigate the nickel-catalyzed borylation of every relevant 

substrate in our portfolio since its inception in 2018, and there are several on-going portfolio projects that 

utilize a nickel-catalyzed borylation that we look forward to sharing in the near future. For one such program, 

a second-generation route that implements a nickel-catalyzed borylation of an aryl sulfamate afforded the 

desired boronate ester in 85% yield on 22 kg scale (eq 1) and has led to a 45% reduction in raw material 

costs through use of the phenol precursor to the aryl sulfamate as the starting material. Sulfamates are 

intriguing substrates for nickel-catalyzed borylations as they are stable to many different reaction conditions 

and unreactive in other types of transition metal catalysis, including under palladium-catalyzed borylation 

conditions. Thus, as with the aryl fluoride borylation discussed above, this application of nickel-catalyzed 

borylation is another example where the novel properties and reactivity of nickel can be harnessed to 

achieve a transformation that is beyond the reach of palladium. The manuscripts describing the 

development of this route and process are in preparation. 



 

We have amassed data from over 1600 reactions from the optimization and investigation of nickel-

catalyzed borylation reactions. With this large data set, we sought to utilize machine learning to further our 

understanding of this transformation and also shed light on future directions.43 We first wanted to determine 

if we could identify trends in the data based on ligand. Interestingly, analysis of top ligands and their average 

yield are: Cy-JohnPhos (62%), P(p-F-C6H4)3 (61%), PPh2Cy (60%). While Cy-JohnPhos (Figure 2) was the 

top ligand for the several borylations (see above), we learned we should include these other two ligands in 

initial screening to see how effective they are in a given transformation. Though all three ligands are readily 

available in bulk quantities, there are potentially significant cost savings from testing these other two 

ligands. (The three ligands cost $1.1/mmol, $0.75/mmol, and $0.32/mmol, respectively). It is worth noting 

that the lack of intellectual property (IP) around simple ligands that have been studied for decades, such as 

P(p-F-C6H4)3 and PPh2Cy, is also an advantage as it obviates any licensing considerations and provides 

freedom to operate for processes that are developed using these ligands. However, more recently 

developed ligands and (pre)catalysts for EAM catalysis do not always enjoy this advantage as a result of 

an increasing trend to patent more readily, which can complicate their use on scale. 

 

Figure 2. Biaryl monophosphine ligands investigated for nickel-catalyzed borylation using machine 

learning. 



Having identified effective ligands, we wanted to understand what attributes of the ligand were important 

for reactivity. Modeling of the yields versus ligand descriptors from the kraken database44 showed that 

highest yields were obtained for ligands with nbo_bds_e_avg_boltz >0.205 and vbur_qvbur_max_min 

<16.5 and for quadrant representing nbo_bds_e_avg_boltz >0.205 and Pint_P_max_boltz >32. These 

values can be confirmed as including top performing ligands: Cy-JohnPhos, P(p-F-C6H4)3, PPh2Cy, P(p-

Anis)3, and CX-PCy. These parameters also identify new ligands that could perform well within this space: 

CPhos, S-Phos, RuPhos, CM-Phos, PPh2tBu, PPhCy2, and PPh2(o-Anis).43 We are currently following up 

on these ligands to determine if they are suitable ligands for nickel-catalyzed borylations. 

In addition to understanding the factors that impact ligand performance, models were built to predict 

the conversion based on substrate and ligand. The models based on substrate were evaluated against 

hold-out aryl (pseudo)halides. (Hetero)aryl sulfamates performed poorest in these models, presumably due 

to the majority of data in the model coming from halide substrates, whereas aryl chlorides performed 

reasonably well against actual yields. The predictions based on ligand utilized a proximity-based ligand 

space guided search with eight ligands expected to perform well and four expected to perform poorly. The 

results of this model were as expected, with PBn3 and PEt3 performing worst and P(p-CF3-C6H4)3, CX-

POMeCy, CX-PInCy, and CM-Phos as the top-performing ligands.43 We are continuing to evaluate and 

refine these models as we collect data on the nickel-catalyzed borylation of new substrates. 

In defining our strategy for building knowledge around the most heavily utilized transition metal-

catalyzed transformations, we have successfully built a screening platform for nickel-catalyzed borylations 

that can be easily implemented to test a new substrate of interest. To gain knowledge around robustness 

and scalability, we needed to understand catalyst activation to ensure that we will have a productive catalyst 

when we are running a borylation on kilogram scale.45 Initial studies on the binding of phosphine ligands to 

NiX2 salts in methanol showed that coordination does not occur. Alternatively, the addition of methanol and 

DIPEA to NiCl2•6H2O led to the formation of [Ni(OMe)2]n as a coordination polymer in reaction solvent (eq 

2).46 The coordination polymer is not soluble in common organic solvents and is not catalytically active, 

which could cause significant issues on scale by introducing a catalyst deactivation pathway. 

 

The stoichiometric reduction of Ni(II) salts with diboron reagents was next investigated. The addition of 

increasing equivalents of B2(neo)2 in the presence of DIPEA/MeOH led to increased formation of Ni(0) 

metal, with 8 equiv of B2(neo)2 giving >99% yield of Ni black. In a catalytic reaction, the diboron species is 

present in significantly higher excess relative to nickel so complete precatalyst reduction should be rapid 

and efficient. The diboron-mediated reduction of nickel(II) parallels our prior learnings of the catalyst 



activation of a palladium-catalyzed borylation from our JAK2 program, which showed that catalyst activation 

could also be mediated by the diboron reagent.47 To demonstrate that the reduction of Ni(II) salts with 

diboron reagents can also result in Ni species that could be catalytically active and do not plate out as Ni 

black, we trapped the Ni(0) species that forms with a wide variety of ligands. One example shows that the 

addition of triphenylphosphine leads to formation of tetrakis(triphenylphosphine) nickel(0) in 75% yield 

(Figure 3).45 

 
Figure 3. Reduction of Ni(II) with B2(neo)2. 

The understanding of catalyst activation, coupled to the screening platform and application to our 

portfolio completes the platform for development that we established. Therefore, we wanted to compare 

metrics between a palladium- and nickel-catalyzed borylation, using the BTK aryl bromide as a 

representative substrate (Table 2). In addition to the improvements in sustainability by utilizing nickel in 

place of palladium, there are drastic improvements to the cost relative to the metal, ligand and diboron 

reagent. Most notably, replacing palladium with nickel effectively eliminates any appreciable cost 

contribution from the metal. Even at a catalyst loading of 1 mol % Pd there is still a significant cost difference 

between the two processes, with the palladium process being >2.5x the cost of the nickel process. When 

decreasing to 0.1 mol % loading with Pd, the largest contributor to overall cost becomes the diboron 

reagent. While the largest impact to cost for the nickel-catalyzed process is also the diboron reagent, this 

transition occurs at a significantly higher catalyst loading. This model assessment reinforces our belief that 

we should develop robust chemistry with the lowest catalyst loading tolerable to have the largest impact to 

cost and sustainability. 

  



Table 2. Cost comparison for Pd and Ni-catalyzed borylation processes for BTK Inhibitor BMS-986142. 

  Pd(OAc)2 Process NiCl2•6H2O Process 

Metal Loading 2 mol % 1 mol % 0.1 mol % 0.5 mol % 
Cost/kg of Boronic Acid $784  $392  $39  $0.53  

          
Ligand Loading 4 mol % 2 mol % 0.2 mol % 1 mol % 

Cost/kg of Boronic Acid $138  $70  $7  $56  
          

Diboron Loading 1.5 equiv 1.5 equiv 1.5 equiv 1.2 equiv 
Cost/kg of Boronic Acid $271  $271  $271  $216  

          
Total cost from 

Metal/Ligand/Diboron per kg 
of Boronic Acid 

$1,193  $733  $317  $273  

 

Telescoped Ni-catalyzed borylation/Pd-catalyzed C(sp2)–C(sp2) Suzuki–Miyaura coupling. Since the first 

demonstration of a nickel-catalyzed borylation on our BTK program, we have developed a screening 

platform, built mechanistic understanding around catalysis robustness, and executed the borylation on 

kilogram scale within our portfolio. We next looked to build upon this foundation by developing a telescoped 

nickel-catalyzed borylation/palladium-catalyzed SMC process. As the (hetero)arylboron species is rarely 

the desired product, implementing a telescoped process has significant advantages in terms of yield, cycle 

time, and sustainability. Furthermore, in most cases the impurities observed in a borylation reaction are 

similar to those in a SMC reaction. Molander has previously demonstrated a telescoped palladium-

catalyzed borylation/palladium-catalyzed SMC process,48 and this sequence has been applied on multi-

kilogram scale at BMS for the synthesis of an LPA-1 antagonist.49 Percec has demonstrated a nickel-

catalyzed borylation of aryl halides with in situ generated neopentylglycol borane followed by a palladium-

catalyzed SMC, but this required the borylation stream to be concentrated to dryness,50 which is not 

practical on process scale. In collaboration with the Frantz group at The University of Texas at San Antonio 

(UTSA), we developed a nickel-catalyzed borylation/palladium-catalyzed SMC reaction sequence that does 

not require an intermediate workup operation. Utilizing Cy-JohnPhos as a ligand for the nickel-catalyzed 

borylation, addition of aqueous base followed by the subsequent (hetero)aryl halide and Pd(A-taPhos)2Cl2 

led to the synthesis of a library of biaryl compounds starting from aryl iodides, chlorides, bromides, and 

sulfamates (Scheme 4).51 Moreover, we have developed and scaled a nickel-catalyzed 

borylation/palladium-catalyzed SMC process within the current BMS portfolio. Optimizing on HTE scale at 

10 µmol, followed by development at 5 g, demonstration at 50 g, and execution at 1.7 kg, we demonstrated 

that the same yield, purity, potency, and metal remediation could be achieved for this transformation across 

scales. We look forward to sharing the full details of the development of this telescoped process in due 

course. 



Scheme 4. Telescoped Nickel-Catalyzed Borylation/Palladium-Catalyzed Suzuki–Miyaura Coupling 

 

The further development of this telescoped process is the next step in our continued evolution of 

utilizing nickel in Miyaura borylation reactions. As noted previously, there are significant advantages of 

utilizing nickel in terms of sustainability and cost; however, several challenges remain. One important point 

to note is that all borylation reactions generate hydrogen gas from the decomposition of the diboron reagent 

in protic solvents, regardless of the identity of the metal catalyst used.52 The process group at Eli Lilly 

recently published an article detailing this hydrogen generation in a palladium-catalyzed 

borylation/palladium-catalyzed SMC telescope sequence.53 Therefore, care should be taken when 

conducting these reactions, as hydrogen can accumulate quickly and build pressure if the reaction is 

performed in a sealed system. Another challenge that remains is substrate scope. Several types of 

substrates are generally problematic for nickel catalysis, including those with di-ortho-substitution, which 

are generally unreactive, and polyhalogenated arenes, where chemoselectivity is often poor.54 We will 

continue to try to improve conversion and selectivity for these challenging substrates; however, palladium 

will also play an important role in the continued development and scale-up of borylation reactions in process 

chemistry, as its reactivity complements that of nickel. 

Ni-catalyzed C(sp2)–C(sp2) Suzuki–Miyaura coupling. With our work on nickel-catalyzed borylation serving 

as a foundation, we next sought to build our capabilities and understanding of nickel-catalyzed C(sp2)–

C(sp2) SMC. These investigations built upon several decades of key advances in this area, dating back to 

seminal studies in the late 1990’s from Percec,55 Kobayashi,56 Miyaura57 and Indolese.58 While early works 

employed exogenous reductants such as Zn55 or n-BuLi57 to reduce a Ni(II) precatalyst in situ to an active 

Ni(0) catalyst, later studies demonstrated that Ni(II) precatalysts could be reduced directly under the 

reaction conditions,58-59 presumably via double transmetallation of the arylboron coupling partner. However, 

despite key advancements in the past decade, high catalyst loadings (5–10 mol %) and a large excess of 

the arylboron coupling partner are frequently required for high yields.60 Notably, a common limitation of 

nearly all prior art was the use of inorganic bases with poor solubility in organic solvents, such as K3PO4 



and K2CO3, often in conjunction with small yet highly specific amounts of water that is either intentionally 

added or adventitiously present in the inorganic base.59,61 From the standpoint of reproducibility, robustness 

and scalability, each of these features were significant drawbacks that we sought to overcome. We 

considered that the ideal solution would involve the identification of a modular, air-stable precatalyst that 

readily undergoes activation and promotes cross-coupling at low catalyst loadings using a soluble base 

with tolerance for a wide range of water levels62 (Figure 4).  

 

 

Figure 4. Limitations and design goals for Ni-catalyzed C(sp2)–C(sp2) Suzuki–Miyaura coupling. 

Our initial studies leveraged our experience using readily available and inexpensive Ni(II) salts as 

precatalysts for nickel-catalyzed borylation35,45,51 to develop a screening platform for nickel-catalyzed SMC. 

As additional design criteria, we sought to identify homogeneous reaction conditions that were broadly 

suitable for a range of heterocyclic coupling partners. As in our nickel-catalyzed borylation work, the key to 

realizing these objectives proved to be the use of methanol as a co-solvent. Specifically, we found that a 

variety of simple mono- and bis-phosphine ligands gave productive cross-coupling for a range of coupling 

partners with NiCl2•6H2O as precatalyst and DBU as an inexpensive, soluble organic base in a mixture of 

9:1 2-MeTHF:MeOH or 9:1 DMAc:MeOH at 80 °C (Figure 5).63 This platform enabled us to successfully 

identify ligands capable of promoting cross-coupling with a variety of (hetero)aryl chloride, bromide, iodide 

and triflate electrophiles, and aryl pinacolboronate, aryl neopentylglycolboronate, and (hetero)arylboronic 

acid nucleophiles. The scalability of the reaction conditions employed in the screening platform was 

demonstrated by the coupling of the chloride-containing antipsychotic perphenazine on a 6 g scale, which 

proceeded in 83% yield using 4.5 mol % NiCl2•6H2O/DPPF as catalyst (eq 3). Notably, it was observed that 

the residual Ni was readily purged via simple aqueous washes, resulting in <100 ppm Ni in the isolated 

product.64,65 

 



 

Ligands (12): 
PPh3 DPPE DCEPhos 
DPPF S-Phos Ph-XPhos 
DCPP CgMe-PPh P(p-Anis)3 
DPPB A-caPhos P(3,5-CF3-C6H3)3 

 

Figure 5. Screening platform for Ni-catalyzed C(sp2)–C(sp2) Suzuki–Miyaura coupling. 

 

Despite the success of the screening platform in generating lead conditions for nickel-catalyzed SMC, 

we identified several limitations that we sought to improve upon. Because of the high affinity of MeOH for 

NiX2 species, there is the potential for displacement of the phosphine ligands from the Ni(II) precatalyst 

prior to generation of the active catalyst, which could lead to a mixture of different Ni-containing species 

and catalyst activation pathways. Additionally, there is also the possibility for any ligand-free NiX2 species 

to form inactive [Ni(OMe)2]n oligomers in the presence of base and methanol, as uncovered in our 

investigations into the diboron-mediated reduction of Ni(II) salts (vide supra).45 Finally, while the use of DBU 

and MeOH enabled us to avoid the challenges of insoluble inorganic bases with low water tolerance, it also 

resulted in the formation of aryl methyl ether species as a byproduct in many cases. Because all of these 

limitations could be linked to the use of NiCl2•6H2O as a precatalyst and the requirement of MeOH as a co-

solvent for optimal performance, we sought to identify a more robust yet general and widely available nickel 

precatalyst that would not require an alcohol co-solvent. 

While Pd-catalyzed SMCs commonly employ water as a co-solvent,66 such conditions are rare for 

nickel.67 A potential explanation for this is suggested by the elegant mechanistic studies performed by 

Grimaud and co-workers, which point to the facile formation of off-cycle Ni μ-hydroxo-dimer species that do 

not readily undergo transmetallation with organoboron nucleophiles.68 We hypothesized that a weak amine 

base might enable more robust water-tolerant conditions by minimizing the amount of Ni hydroxide species 

present in the reaction mixture. To test this hypothesis, we prepared the Ni(DPPB)(o-Tol)Cl complex and 

investigated the effect of base and water on the relative amounts of the L-Ni(Ar)Cl oxidative addition 

complex and Ni μ-hydroxo dimer species formed in solution. Our studies revealed that these species are in 



equilibrium in the presence of DIPEA and solvent quantities of water, thus setting the stage for the 

development of a catalytic reaction system using these conditions.69 We were inspired by the development 

over the past decade of discrete Ni(II) oxidative addition complexes, containing bisphosphine ligands such 

as DPPF61b and DPEphos,70 which readily enter the catalytic cycle under the SMC reaction conditions. This 

led us to select Ni(PPh3)2(o-Tol)Cl as a modular, air-stable and commercially-available precatalyst that 

enables in situ catalyst generation with a variety of bisphosphines through ligand exchange. In the course 

of our optimization studies, we determined that the inclusion of neopentyl glycol as a stoichiometric additive 

often led to a significant increase in the reaction rate, presumably due to in situ formation of a neopentyl 

glycol boronate ester that undergoes faster transmetallation under the reaction conditions.71 The conditions 

shown in Scheme 5 were successfully applied to the coupling of a range of (hetero)aryl chloride and 

(hetero)arylboronic acid substrates with a variety of functional groups and electronic properties. The 

methodology was also effective for a number of complex pharmacologically-relevant molecules, including 

rivaroxaban and perphenazine, with the coupling of the latter compound providing 88% yield on a 50 g 

scale with just 0.5 mol % Ni. 

Scheme 5. Ni-catalyzed C(sp2)–C(sp2) Suzuki–Miyaura Coupling with Amine Base and Water as a Co-

solvent 

   

 

Ni-catalyzed C–N coupling. In line with the prevalence of C–N couplings throughout the history of our 

catalysis group, most frequently utilizing palladium catalysts, a current area of focus for our EAM catalysis 

efforts is in building our capabilities and understanding of nickel-catalyzed C–N coupling processes. 



Because these efforts are in a much earlier stage relative to our work in nickel-catalyzed borylation and 

C(sp2)–C(sp2) SMC, we will summarize here only briefly some of the challenges and goals for these studies 

(Figure 6). We also note that, notwithstanding the impressive advances from Prof. Dawei Ma’s group and 

others in the last several decades,72 the substrate scope for copper-catalyzed C–N coupling is traditionally 

limited to aryl iodides and bromides, whereas nickel catalysis has shown more promise for engaging less 

reactive aryl chlorides and phenol derivatives. However, a common limitation for both metals is the frequent 

use of poorly soluble inorganic bases such as K2CO3, Cs2CO3 and K3PO4, which present challenges for 

scalability and robustness,73 or strong inorganic bases such as NaOt-Bu and KOt-Bu, which lead to limited 

functional group tolerance. The field has made significant advances over the last decade based on the 

development of new methodologies and ligands by the Hartwig, Buchwald, and Stradiotto groups, which 

demonstrate good functional group tolerability and utilize bench-stable nickel precursors.74 Notably, the 

Stradiotto group has elegantly shown that a soluble-dual base strategy75 can be readily applied to a variety 

of challenging nickel-catalyzed C–N couplings such as those involving primary and secondary amides76 

and β-fluoroalkylamines.77 We are now beginning to look at these reaction conditions through the lens of 

scalability and exploring the importance of the nature of nickel precatalyst, as many are not commercially 

available. Our strategy remains the same for this bond disconnection: 1) develop the screening platform 2) 

understand the scalability and 3) continually evaluate for utilization in our portfolio. 

 

Figure 6. Challenges and design goals for Ni-catalyzed C–N coupling. 

As noted above, remarkable advances have recently been made in copper-catalyzed C–N and C–O 

couplings, due in large part to the work of the Ma group, among others.72 As a results of these efforts, 

couplings of aryl iodides and bromides can now be coupled with much lower catalyst loadings and under 

far milder conditions compared to the original Ullmann–Goldberg reports dating back to the early 1900s,78 

and (hetero)aryl chlorides are now emerging as viable substrates for copper-catalyzed C–X couplings. At 

BMS, a copper-catalyzed C–N coupling of a heteroaryl bromide was utilized for the development of a 

commercial synthesis of the HIV attachment inhibitor BMS-663068 (fostemsavir),7c now marketed as 

Rukobia by ViiV Healthcare for the treatment of HIV/AIDS. Given our prior experience with large-scale 

applications of copper catalysis as well as the ongoing advances in the field, we plan to evaluate both 

copper and nickel catalysts in parallel as alternatives to palladium catalysts for future C–X couplings in the 



BMS portfolio, with an eye towards process-friendly conditions employing soluble bases and readily 

available ligands and precatalysts for each metal. 

Ni(0) precatalyst development. Through our studies on the nickel-catalyzed C(sp2)–C(sp2) SMC, we learned 

the importance of evaluating various nickel precatalysts to determine which is ideal for a given 

transformation. For a nickel-catalyzed borylation, the reduction of a Ni(II) halide precatalyst to an active 

ligated Ni(0) species is almost instantaneous, and therefore utilizing these simple, easily available Ni(II) 

halide salts is preferred for these reactions. However, we learned that the formation of [Ni(OMe)2]n can pose 

challenges to developing scalable processes with the Ni(II) halide salts, particularly for transformations 

where the Ni(II) to Ni(0) reduction process is less facile compared to the diboron-mediated pathway. These 

insights prompted us to reflect on the guiding principles for developing an ideal nickel precatalyst, with initial 

focus on Ni(0) species, and became a main objective in our on-going collaboration with the Engle lab at 

The Scripps Research Institute.79 

The importance of collaborations between academia and industry cannot be overstated. Over the last 

ten plus years, BMS has collaborated with The Scripps Research Institute across medicinal and process 

chemistry, where we have driven excellence in industry-academic collaborations to create value, both in 

terms of scientific knowledge, portfolio value, and future innovations. The collaboration has investigated 

many facets of chemistry and chemical biology; a significant part of this long-standing collaboration has 

focused on catalysis with Profs. Yu, Blackmond, and Engle, spanning palladium and EAM such as copper 

and nickel. Our collaboration with the Yu lab has focused on innovation aimed towards new reaction 

methodology, mainly mediated by palladium, with a lens toward our discovery team.80 Multiple transition-

metal catalyzed mechanistic interrogations have been completed with the Blackmond lab, for example 

impacting the process route to fostemsavir through investigation of an Ullmann coupling7c and building 

understanding of stereospecificity in a rhodium-81 or ruthenium-catalyzed82 hydrogenation relevant to our 

portfolio. Further, we reported the importance of catalyst activation of palladium(II) precatalysts in the 

formation of a bis-phosphine mono-oxide palladium complex for a direct arylation from our JAK2 program.83 

This catalyst activation pathway has been realized in several portfolio projects for other palladium-catalyzed 

transformations, leading to the execution of robust, scalable processes. More recently, a Nature Chemistry 

comment by Schultz and Campeau from Merck discusses how to bridge the gap between academic and 

industrial research and how collaborations can impact the field of drug development.84  

BMS’s goal for academic collaborations with respect to our EAM platform has been to build foundational 

knowledge across different first-row metals by establishing relationships with leaders in the field to advance 

mechanistic understanding and develop novel catalysts and transformations that can be applied to the BMS 

portfolio. Productive collaborations benefit both groups in industry and academia. Our process group has 

expertise in developing robust, scalable chemistry, and we also have advanced technologies and 

capabilities such as high-throughput experimentation, automation, and high-speed analytical chemistry to 

rapidly assess a given transformation. The academic groups have expertise in a specific area of chemistry, 



and the ability to investigate novel reactivity with curious, motivated students and post-docs working toward 

an aligned goal. Academic groups also have access to instrumentation not common in process chemistry 

(for example, Mössbauer spectroscopy, cryo-EM, low-temperature EPR spectroscopy, magnetic circular 

dichroism spectroscopy). Furthermore, each group of academic and industrial chemists has their own 

existing network of collaborators that can be utilized to expand capabilities. For example, we collaborated 

with solid-state NMR experts to understand the decomposition of metal alkoxides as a project with the 

Engle lab.85 In our on-going collaboration on Ni(0) precatalysts, we have collaborated with Song Lin’s group 

to understand the oxidation/reduction potential of these complexes and are currently collaborating on an 

electrochemical project with Julien Vantourout.  
The collaboration between BMS and the Engle lab has been highly productive and encompasses more 

than nickel catalysis; however, the rest of the collaboration is outside the scope of this perspective. The 

goal of the Ni-precatalyst project was to find an air-stable replacement for Ni(cod)2. Although commonly 

employed in many transformations, Ni(cod)2 is not suitable for large-scale manufacturing because of its 

extreme air sensitivity.86 Notably, a recent search of OPRD did not yield any examples of Ni(cod)2 being 

implemented as a catalyst on kilogram scale. However, the utility and usefulness of Ni(cod)2 and its impact 

to the field of nickel catalysis is undeniable. For example, around the same time as the development of the 

nickel-catalyzed borylation on our BTK inhibitor project, the first BMS process methodology using nickel 

catalysis was developed.87 Drawing inspiration from the known reactivity of isatoic anhydrides in 

cycloadditions,88 as well as precedent to form atropisomers in similar reactions employing isocyanates with 

rhodium catalysts,89 we attempted to synthesize the C–N chiral axis via nickel catalysis (Scheme 6). 

Although proof-of-concept data was obtained for the synthesis of the necessary fragment in high yield, the 

correct enantiomer proved challenging to access with high levels of stereoselectivity. However, if a ligand 

was discovered to overcome the enantioselectivity issue, a replacement for Ni(cod)2 would be required to 

scale this chemistry. 

Scheme 6. Ni-catalyzed Synthesis of Quinazolinediones from Isatoic Anhydrides and Isocyanates 

  

In addition to this example from the BMS portfolio, we realized the broader impact of an air-stable Ni(0) 

precatalyst across academia and industry. Recently, the Garg lab has demonstrated a wax capsule 

approach to utilizing Ni(cod)2, where the complex is encapsulated in paraffin and handled outside the 



glovebox,90 a strategy first developed by Buchwald for glovebox-free handling of palladium catalysts and 

cross-coupling reagents.91 Although this approach is effective for lab scale procedures on the benchtop, it 

is not feasible for large-scale production of pharmaceutical intermediates. Therefore, we defined guiding 

principles for a Ni(0) precatalyst: 1) prepared from readily available starting materials, 2) accessibility via a 

short number of steps, 3) low cost, 4) compatibility in transformations of interest, 5) air and moisture stability. 

In parallel to our work investigating 18-electron Ni(0) complexes, which builds upon and draws inspiration 

from the nickel–olefin complex research by Wilke,92 the Cornella group has reported a series of 16-electron 

Ni(0) tris(stilbene) precatalysts.93,94 
Given the widespread use of Ni(cod)2 in academia, our investigation initially focused on complexes that 

were isostructural and isoelectronic to Ni(cod)2, possessing the same “ligandless” characteristic that allows 

association of a diverse array of phosphine, NHC, and nitrogen-based ligands. This logic led us to focus 

attention on Ni(cod)(L) complexes, where the capping ligand L is more strongly coordinating than cod and 

more electron-withdrawing, thus making the nickel center less prone to oxidation by O2, a principal 

deactivation pathway with Ni(cod)2 in air. To this end, we explored a series of substitution reactions of 

Ni(cod)2 with different monodentate and bidentate capping ligands95 that were hypothesized to be later 

displaceable by phosphines or related ligands. We found capping ligands containing an embedded electron-

poor diene motif cleanly displaced one equiv of COD, leading to identification of our first lead, Ni(cod)(DQ) 

(Scheme 7, DQ = duroquinone), a complex first prepared by Schrauzer in the 1960s from Ni(CO)496 but 

never previously investigated as a precatalyst. Analysis of this complex has shown that it is remarkably 

thermally stable and robust to air, heat, and water, unlike its precursor, Ni(cod)2, thus meeting one of the 

guiding principles for Ni(0) precatalyst development.97 

We then sought to determine if Ni(cod)(DQ) would meet the remaining guiding principles. Ni(cod)(DQ) 

can be prepared from Ni(cod)2 via the addition of one equiv of DQ; however, for a more scalable approach, 

it can be readily prepared from Ni(acac)2, making it accessible in a short number of steps. In terms of cost, 

Ni(acac)2 costs <$20/mol, demonstrating the low cost to prepare this complex. Further, Ni(cod)(DQ) has 

been commercialized by MilliporeSigma, Strem, and SinoCompound, and it has been integrated into 

SinoCompound’s “Nickel Acceleration kit.” Lastly, Ni(cod)(DQ) was shown to be an effective catalyst in a 

variety of model transformations spanning different ligands, solvents, bases, temperatures, including SMC, 

C–N coupling, borylation, C–H activation, and alkene hydroarylation. We were excited to see that 

Ni(cod)(DQ) could be utilized as replacement for Ni(cod)2 in a model system for the cyclization from the 

BTK project (Scheme 7), where a longer reaction time of 40 h led to complete conversion. 

 

 

 

 



Scheme 7. Development of Air-Stable Ni(0) Precatalyst: Ni(cod)DQ 

 

The widespread availability of Ni(cod)(DQ) has facilitated its rapid adoption.98 As a notable example, 

Strotman and colleagues at Merck have developed an aryl nitrile isotope exchange reaction that employs 

Ni(cod)(DQ) as the catalyst of choice.99 Despite the generality of Ni(cod)(DQ), it is not without limitations. 

In our most recent work, we have attempted to address limitations of Ni(cod)(DQ), namely the poor reactivity 

in cases involving more weakly coordinating ligands that are unable to displace DQ and enter the catalytic 

cycle, by developing a screening kit of structurally diverse Ni(cod)(L) complexes bearing different capping 

ligands with different coordination properties (Figure 7).100 With this library of Ni(0) precatalysts, we are 

continuing to understand their relative physical properties and ability to serve as precursors for an array of 

chemical transformations. 

 

Figure 7. Ni(0) precatalyst toolkit. 

A focus of the collaboration between the Engle lab and BMS has been on the advancement of 

difunctionalization of alkenes utilizing Ni-catalysis. This endeavor has been very productive, leading to a 

series of publications and pushing the state of the art in the directing-auxiliary-free diarylation of alkenyl 



amides,101 carboxylates102 and ketones,103 for example. Through our work in this field, we learned the 

importance of an electron-deficient olefin, showcasing the ability of Ni(cod)(DMFU) to serve as a catalyst 

in challenging diarylations.104 While the initial goal of the precatalyst project was to develop Ni(0) complexes 

that were more stable but otherwise functionally equivalent to Ni(cod)2, we and others98c have found that 

quinone-ligated nickel centers possess unique reactivity in important reactions, such as the aforementioned 

difunctionalization of alkenes, or nickel-catalyzed C–N couplings, which is a phenomenon we are now 

exploring in depth through our collaboration. 

Throughout our development of nickel-catalyzed borylations, SMC and C–N couplings, we have 

focused on scalable, robust reaction conditions. A key component to these methodologies is the choice of 

nickel precatalyst (Table 3). Although Ni(II) halides are the cheapest, most widely available sources for 

nickel catalysis, we have learned that they are not ideal for every type of reaction. When catalyst activation 

is rapid and irreversible, as is the case of borylation reactions, these precursors are very effective. However, 

in the case of SMC reactions we have found that oxidative addition complexes of nickel allow for low catalyst 

loading with co-solvent amounts of water. In terms of Ni(0) sources that are commercial, for glovebox usage 

and small-scale methodology, Ni(cod)2 has its strengths. However, the development of more air-stable 16- 

and 18-electron Ni(0) catalysts that have been demonstrated to facilitate a large number of transformations 

will hopefully transition the field toward the use of these scalable Ni(0) precatalysts. There is additional 

understanding needed for the Ni(cod)(L) species regarding catalyst activation and applicability toward 

pharmaceutically relevant substrates, and those studies are currently underway.105 

 

Table 3. Comparison for Ni precatalysts. 

 Ni(II) salts Ni(0)(cod)(L)  Source Homoleptic Ni(0) Source   Ni(II) OAC 

Benefits Inexpensive, widely 

available, air- and moisture-

stable 

Obviates challenges of 

Ni(II) to Ni(0) reduction 

Obviates challenges of 

Ni(II) to Ni(0) reduction 

Air-stable, Ni(II) to Ni(0) 

reduction occurs under 

reaction conditions 

Limitations Can be poorly soluble in 

organic solvents, prone to 

formation of [Ni(OR)2]n 

oligomers, reduction to Ni(0) 

can be challenging 

Can be air-sensitive, 

stabilizing ligands may 

inhibit catalysis 

Can be air-sensitive, 

stabilizing ligands may 

inhibit catalysis 

Activation consumes one 

coupling partner and 

generates organic by-

product; ligand exchange 

may not be facile 

Availability 

on kg scale 

Yes No No No* 

 

Moving left from Group 10. The vast majority of EAM catalysts that have been developed for C(sp2)–C(sp2) 

SMC to date utilize nickel. While copper catalysts have also been reported,106 they tend to operate at high 

temperatures (usually ≥80 °C and often ≥120 °C) and are generally limited to more reactive (and less widely 

available) aryl iodides or activated aryl bromides.107 Given these limitations, we considered that earlier first-



row transition metals, such as cobalt and iron, might possess untapped potential for SMC with possibly 

milder conditions and broader scope. However, there are several additional challenges to contend with 

when working with first-row metals that lie to the left of nickel on the periodic table. Because of their 

increased oxophilicity, cobalt and iron have a higher propensity toward catalyst deactivation by aggregation 

of metal hydroxide and alkoxide complexes.108 Cobalt and iron complexes are also more likely to exist in 

high-spin states compared to nickel, which adds another layer of complexity and can limit the application 

of traditional spectroscopic tools such as NMR. Below we briefly highlight a pair of studies from the Chirik 

group related to cobalt and iron-catalyzed SMC, which illustrate some of the challenges and unique features 

of earlier first-row metals and also provided key learnings that influenced the research focus for our 

subsequent collaboration.  

Transmetallation to Co(I) and Co-catalyzed C(sp2)–C(sp2) Suzuki–Miyaura coupling. In a prelude to the 

formal collaboration between BMS and the Chirik group, studies conducted in the Chirik lab with funding by 

the ACS Green Chemistry Institute Pharmaceutical Roundtable showed that a well-defined cobalt 

bis(phosphino)pyridine (PNP) pincer complex could undergo stoichiometric transmetallation from boron to 

cobalt with neutral organoboron reagents. Furthermore, this complex was also capable of promoting 

catalytic C(sp2)–C(sp2) SMC of a series of aryl triflates and heteroarylboronate esters under relatively mild 

conditions (Scheme 8a).109 Although the substrate scope was modest, this was the first cobalt catalyst that 

had been shown to promote catalytic C(sp2)–C(sp2) SMC. Notably, the starting (PNP)Co(I) alkoxide 

complex is a tetrahedral, high-spin species whereas the product of transmetallation is a planar, diamagnetic 

low-spin Co(I) complex, suggesting spin state changes may occur during the catalytic cycle. Subsequent 

to this initial report, work by the Duong group using a Co(II)/terpyridine catalyst system expanded the scope 

of Co-catalyzed C(sp2)–C(sp2) SMC to include a variety of (hetero)arylboronic esters and (hetero)aryl 

halides (Scheme 8b).110 Key to the success of the reactions reported by Duong was the use of KOMe as 

base and aryl neopentyl glycolboronate nucleophiles. Subsequent to the initiation of the BMS–Chirik 

collaboration in 2019, the Bedford group in 2021 disclosed a Co(II)/NHC catalyst for the coupling of aryl 

chlorides and aryl neopentyl glycolboronates (Scheme 8c).108e The Chirik and Duong studies provided 

important insights into Co catalysis that were influential in our initial work to develop catalysts for Co-

catalyzed C(sp2)–C(sp3) SMC (vide infra), while the Bedford studies revealed a number of key trends, such 

as the importance of the relative stoichiometries of base and arylboron species, which we have also 

observed and applied in our own work. 

 

 

 

 

 



Scheme 8. Co-catalyzed C(sp2)–C(sp2) Suzuki–Miyaura Coupling 

 

Transmetallation of neutral arylboronate esters to Fe(II) complexes. The Chirik group also demonstrated 

the first transmetallation of neutral organoboronate ester nucleophiles to an iron alkoxide complex (Scheme 

9). The (iPrPDI)FeOEt complex, prepared by protonolysis of an iron alkyl precursor with ethanol, undergoes 

rapid transmetallation with both (2-benzofuranyl)BPin and (2-benzofuranyl)BNeo in C6D6 at room 

temperature.111 As previously observed with cobalt, this transmetallation is accompanied by a change in 

the spin state of the iron complex from high-spin (S = 3/2) to low-spin (S = 1/2). It is also noteworthy that 

the iron alkoxide complex was monomeric and did not undergo aggregation. While the resulting 

(iPrPDI)FeOEt(aryl) complex was found to undergo facile conversion to (iPrPDI)FeX2 complexes upon 

reaction with a variety of aryl and alkyl halide electrophiles, accompanied by low yields (<15%) of cross-

coupled product, this work was critical in laying a foundation for the application of Suzuki-type 

transmetallation from boron to iron with neutral organoboronate nucleophiles in the future development of 

iron-catalyzed C(sp2)–C(sp3) cross coupling methods (vide infra). 

Scheme 9. Transmetallation of Neutral Organoboronate Esters to an Iron(II) Alkoxide Complex 

 

 



New transformations enabled by Earth-abundant metals 

As noted in the introduction, a complementary driver for building capabilities with EAMs lies in their 

ability to mediate transformations that are challenging or not currently possible with precious metals, such 

as palladium. While the nickel-catalyzed borylation of less reactive aryl sulfamate electrophiles (vide supra) 

can be considered to fall under this umbrella from the perspective of being a challenging C(sp2)–O bond 

cleavage for palladium, we note that the type of bond that is formed in this process (i.e., C(sp2)–B) is 

extremely well established for palladium catalysis. In contrast, both the cleavage of C(sp3)–X bonds and 

the formation of C(sp2)–C(sp3) bonds are generally challenging with palladium,112 often requiring highly 

reactive nucleophiles such as organomagnesium or organoborane species,113 and with the substrate scope 

almost exclusively limited to primary C(sp3)–X electrophiles.10 On the other hand, a number of examples 

employing more synthetically valuable secondary C(sp3)–X electrophiles have been reported using EAM 

such as nickel,114 including BMS’s collaboration with the Baran lab on the develop of the C(sp2)–C(sp3) 

cross-coupling of redox-active esters.115 Combined with recent reports of the preparation of more complex 

C(sp3)–X electrophiles utilizing EAM,116 such as the BMS collaboration with the Yu lab on the copper-

catalyzed bromination of C(sp3)–H bonds,117 the ability to assemble and elaborate complex, 

pharmaceutically-relevant substrates has greatly expanded in the last few years. 

Our interest in identifying mild methods for C(sp2)–C(sp3) bond formation was driven by both the 

ongoing general shift toward C(sp3)-rich molecules in the medicinal chemistry community, which has been 

correlated with increased chances of success in the clinic118 and improved solubility,119 as well as by the 

specific needs of our own internal portfolio. In particular, the identification of a series of antagonists of toll-

like receptors 7/8/9 (TLR 7/8/9) by our BMS discovery colleagues120 prompted us to undertake a systematic 

evaluation and critical comparison of known methods for C(sp2)–C(sp3) bond construction in the context of 

the synthesis of indole 5 (Scheme 10).121 This core structure was originally prepared by a two-step 

sequence involving palladium-catalyzed C(sp2)–C(sp2) SMC of bromoindole 4 and a commercially available 

alkenyl-B(pin) coupling partner, followed by palladium-catalyzed reduction of the newly introduced 

alkene.120 We were encouraged to find that several existing technologies enabled installation of the C(sp2)–

C(sp3) bond in a single step, namely nickel-catalyzed SMC, nickel-catalyzed cross-electrophile coupling, 

and nickel-catalyzed electrochemical coupling. We subsequently investigated each transformation in detail 

to determine how effective they would be for the forging the key C(sp2)–C(sp3) bond under optimized 

conditions and how amenable each process would be to implementation on a large scale. 

Scheme 10. Original Two-step Synthesis of TLR 7/8/9 Antagonist Indole Core 5 

 



Optimization of the nickel-catalyzed SMC was based around the work of the Fu group, where the use 

of alkoxide bases together with N,N-ligands forged C(sp2)–C(sp3) bonds in high yield.122 For the challenging 

coupling from our portfolio, we were able to develop reaction conditions that provided the desired product 

in a modest 41% yield (Scheme 11a). In addition to the low yield, this transformation utilized Ni(cod)2 as 

the precatalyst, which is unsuitable for scale-up for reasons explained earlier in this perspective. Two 

separate cross-electrophile couplings were then investigated, both utilizing bromoindole 4 as one 

electrophilic partner and either the piperidinyl bromide123 or piperidinyl tosylate124 as the other partner. The 

alkyl bromide performed moderately better than the alkyl tosylate (79% vs 64%, Scheme 11b-c); however, 

both reaction conditions utilize Mn0 as a stoichiometric reductant, as we were unable to find a soluble 

reductant that worked well for this transformation. Although we previously scaled a cross-electrophile 

coupling to 7 kg with our colleagues at BBRC, this reaction was performed in specialized equipment to 

ensure proper mixing of the dense, solid Mn0, and this was the highest scale the reaction could be 

performed.125 Therefore, there are scale limitations of this transformation when using stoichiometric 

heterogeneous reductants,126 in addition to the moderate-to-good yields obtained with our specific coupling. 

The electrochemical cross-electrophile coupling was also investigated in detail with a series of 

substrates.127 One key learning was that the reaction performs best with the same halide on both coupling 

partners as well as the electrolyte to prevent scrambling of the halides on the electrophiles. Although 68% 

yield was obtained for this method (Scheme 11d), the implementation of these conditions on large scale 

would require the use of novel technology as well as a sacrificial anode (and subsequent stoichiometric 

salt). 

Scheme 11. Application of Known Methods for C(sp2)–C(sp3) Bond Construction to the Synthesis of Indole 

5 

 

After extensive efforts to apply these known methodologies to our challenging transformation, we 

concluded that the operational concerns of the new technologies did not outweigh the benefits of having a 

direct, single-step bond formation in this case. It is important to note that these transformations are vitally 

important for the advancement of the field and that our specific transformation proved to be among the most 



challenging examples. We will continue to investigate these transformations whenever we can apply them 

to our portfolio. In a similar vein, through the same disconnection one could envision a series of 

metallaphotoredox transformations to forge the desired for C(sp2)–C(sp3) bond.22 Unfortunately, screening 

with the alkyl- and heteroaryl bromide coupling partners in a metallaphotoredox reductive coupling manifold 

with the reported Ni/Ir dual catalytic system128 was not very successful and afforded the product in only 47 

LCAP.121 Alternatively, a decarboxylative coupling129 with the heteroaryl bromide and alkyl acid coupling 

partner was investigated with a series of photocatalysts, and even with N-Boc protection of the indole (which 

was required for any appreciable reactivity), the highest amount of product observed was 34 LCAP.121 

Our team has continued to investigate this key bond formation utilizing metallaphotoredox 

transformations, with a focus on identifying new bond-forming technologies as well as improvements to the 

conditions for existing technologies. Through a collaboration with our colleagues in discovery chemistry, 

we developed a Ni/photoredox-catalyzed coupling of alkyl pinacolboronates and (hetero)arylbromides that 

can operate in both batch and flow modes.130 When applied to the synthesis of the TLR indole core, these 

conditions afford the desired cross-coupled product 5 in 78% solution yield (eq 4) with low catalyst loadings 

of an inexpensive Ni(II) salt and pyridyl-imidazole ligand and an organic photoredox catalyst,131 providing a 

promising path forward for utilizing metallaphotoredox catalysis on difficult C(sp2)–C(sp3) bond formations. 

 
 

Co-catalyzed C(sp2)–C(sp3) Suzuki–Miyaura coupling. After a thorough examination of the state-of-the-art 

methods for forging C(sp2)–C(sp3) bonds utilizing nickel catalysis with potentially scalable reaction 

conditions, it was clear that there was a need for further exploration into this type of bond formation. To that 

end, we started a collaboration with Paul Chirik at Princeton University, with the goal of developing novel 

methodology utilizing EAMs. We decided to investigate whether cobalt would be a viable catalyst for C(sp2)–

C(sp3) SMC, which had not yet been demonstrated in the literature. The collaboration began with the design 

of a substrate ladder of nucleophile and electrophile pairs, where each step of the ladder increases 

complexity with the top step being our desired C(sp2)–C(sp3) coupling reaction (Figure 8). While primary 

and secondary aliphatic alkyl halides are the most common electrophiles reported in the literature with 

copper132 and nickel catalysts for C(sp2)–C(sp3) SMC, we were cognizant of the ubiquity of saturated 

heterocyclic rings,133 most notably piperidines,134 in small molecule drugs. Accordingly, we chose to start at 

the middle of the ladder with the coupling of a piperidinyl bromide electrophile and an electron-neutral 

phenyl boronate nucleophile, which allowed us to focus on understanding the importance of the class 

variables in the reaction with pharmaceutically-relevant coupling partners. 



 

 

Figure 8. Substrate ladder for C(sp2)–C(sp3) cross-coupling. 

Optimization of this transformation led to the discovery of the first-generation system for cobalt-

catalyzed C(sp2)–C(sp3) SMC, which utilized trans-N,N′-dimethylcyclohexane-1,2-diamine (DMCyDA) as a 

ligand for this reaction (Scheme 12). The discrete catalytic precursor (DMCyDA)CoBr2 could be readily 

prepared to simplify reaction setup. This complex, along with KOMe as the base in DMAc, afforded the 

desired coupling across a range of substrates in 37–73% yield. Interestingly, other diamine ligands were 

unsuccessful in this reaction with yields of <40%. The use of neopentyl glycol boronate nucleophiles was 

vital for productive catalysis, as both phenylboronic acid and phenylpinacol boronate ester afforded the 

product in 11% and 5% yield, respectively, under the standard reaction conditions.135 We were also able to 

build preliminary understanding of impurity formation, wherein the elimination product is a background 

reaction from the alkoxide base and bromopiperidine, and the reduction product presumably occurs from 

quenching of the alkyl radical before it undergoes cross coupling. 

 
 
Scheme 12. Conditions for the First-Generation (Diamine)Co-Catalyzed C(sp2)–C(sp3) Cross-Coupling 

 

 



The DMCyDA-CoBr2 system demonstrated that cobalt could facilitate a C(sp2)–C(sp3) SMC reaction; 

however, there were several limitations with this first-generation system. In addition to the high catalyst 

loading of 15 mol %, the exact nature of the active catalyst was ill-defined. Furthermore, analysis of the 

reaction profiles indicated a significant amount of C–Br reduction by-product, suggesting that the cobalt 

effectively generates the alkyl radical but hydrogen atom abstraction from the solvent is competitive with 

alkyl radical capture and productive cross-coupling. Therefore, we set out to expand our evaluation of the 

ligand space by exploring additional N,N ligands (bipyridine, diamine), as well as various N,O ligands 

including 8-hydroxyquinoline (QNOL) derivatives. To conduct these studies rapidly and efficiently, we 

leveraged the HTE capabilities at BMS, highlighting a powerful capability that industrial partners are often 

uniquely able to bring to industry–academia collaborations. We were pleased to see that relative to the 

DMCyDA, the L,X-type N,O ligand 2,5,7-trimethyl-QNOL afforded the product in similar yield with only 4% 

of the reduction product (relative to 18% with the diamine). The background elimination accounted for the 

remaining mass balance, suggesting that L,X-type N,O ligands were a promising new ligand class for this 

transformation meriting further exploration. Evaluation of a broader set of L,X-type N,O-ligands revealed 

that one class in particular led to generally high conversion to desired product with low reduction by-product 

at 5 mol % catalyst loading: phenoxyimine (FI) ligands (Scheme 13).136 It should be noted that these ligands 

have previously been utilized in early transition metal “post metallocene” polymerization catalysts.137 

Scheme 13. Evolution Toward L,X-type N,O Ligands for Co-catalyzed C(sp2)–C(sp3) Suzuki–Miyaura 
Coupling 

 

The (FI)Co-catalyzed C(sp2)–C(sp3) SMC shows a broader substrate scope compared to the first-

generation diamine system, and the reactions can also be conducted with lower catalyst loadings and well-

defined precatalysts (Scheme 14). In preliminary mechanistic investigations, radical clock and trapping 

experiments are consistent with the intermediacy of electrophile-derived radicals in these couplings, and 

we have evidence suggesting the formation of borate species under the reaction conditions, although their 

role is unclear.135-136 Nonetheless, a number of mechanistic questions remain, including 1) the mechanism 

of catalyst activation, 2) the mechanism of transmetallation, 3) the order in each substrate as well as the 



base and cobalt catalyst and 4) the structure of [Co] intermediates. Detailed mechanistic studies of (FI)Co-

catalyzed C(sp2)–C(sp3) SMC are currently underway, and we look forward to sharing the results of this 

work in due course. 

Scheme 14. Second-Generation (FI)Co-catalyzed C(sp2)–C(sp3) Suzuki–Miyaura Coupling and Key 

Mechanistic Questions 

 

Fe-catalyzed C(sp2)–C(sp3) Suzuki–Miyaura coupling. In addition to nickel and copper, iron catalysts have 

also been reported to catalyze C(sp2)–C(sp3) Suzuki-type cross coupling of organoboron species, albeit 

with some limitations. In 2009, Bedford and coworkers reported the iron-catalyzed cross-coupling of benzyl 

bromides with sodium and potassium tetraarylborates (only one of the four aryl groups undergoes 

productive coupling), with the arylborate species employed in a slight excess (1.25 equiv).138 In 2010, the 

Nakamura group demonstrated that lithium alkyl borates, prepared from aryl- and alkenylboronic acid 

pinacol esters and a stoichiometric alkyllithium activator (t-BuLi or n-BuLi), can undergo iron-catalyzed 

cross coupling with alkyl halides in the presence of a magnesium(II) halide additive using a bulky bis-

phosphine ligand.139 Bedford and coworkers subsequently showed that the couplings of t-BuLi-derived 

lithium alkyl borates could be conducted with simple bis-phosphine ligands or with Fe(acac)3 with no added 

ligand.140 However, the requirement of a stoichiometric amount of a pyrophoric alkyllithium species141 for 

activation of the organoboron species presents significant safety concerns for large-scale operation and 

effectively negates several of the principal advantages of SMC compared to other cross-coupling methods, 

namely the ease of handling and air- and moisture-tolerance of the nucleophilic species. 

The current state of the art in iron-catalyzed C(sp2)–C(sp3) SMC is arguably the catalyst system recently 

developed by Byers and co-workers, which is the first to allow the direct use of neutral, unactivated 

arylboronic esters. The Byers catalysts are based on L,X-type N,N ligands and utilize LiNMeEt as base in 

benzene solvent (Scheme 15a).142 Unfortunately, the use of a strong, non-commercially available lithium 

amide base141 and a highly toxic solvent pose significant barriers for utilization of this technology in large-

scale applications. Inspired by our success with (FI)Co-catalyzed C(sp2)–C(sp3) SMC, as well as previous 

studies in the Chirik group demonstrating stoichiometric boron to iron transmetallation from neutral 

organoboronate esters (Bneo, Bpin) to discrete iron alkoxide complexes (vide supra),111 we sought to 



determine whether FI ligands might enable iron-catalyzed C(sp2)–C(sp3) SMC using milder alkoxide 

bases.143 After evaluating a series of (FI)Fe(alkyl) complexes as precatalysts, we successfully identified 

conditions that enable both aryl pinacol boronate and aryl neopentyl glycol boronate esters to be coupled 

with a variety of alkyl halides (Scheme 15b).144  

Scheme 15. Fe-catalyzed C(sp2)–C(sp3) Suzuki–Miyaura Coupling 

 

Outlook. Although the C(sp2)–C(sp3) cross-coupling has precedent with nickel (as well as palladium, copper 

and iron), developing complementary methodologies with other available metals is important to drive the 

EAM field forward. Each methodology has its own strengths and weaknesses in terms of substrate scope 

capability. There is no universal methodology for C(sp2)–C(sp3) cross-coupling, and it is not a solved 

problem, especially in the context of complex pharmaceutically relevant substrates for the cross-coupling. 

While the cobalt and iron catalysts developed to date though the BMS-Chirik collaboration are not yet 

capable of effecting C(sp2)–C(sp3) cross-coupling with unprotected indole substrates, these systems have 

not yet reached the maturity of the more established nickel systems and thus a head-to-head comparison 

is still premature. It should also be noted that while organoboronic acids and pinacol boronate esters are 

more commercially available compared to other organoboron derivatives, many routes to drug candidates 

require de novo synthesis of a functionally complex boronate species that then undergoes further 

transformation. The optionality at this stage to investigate the borylation and subsequent reactivity with 

various organoboron species, including boronic acids, pinacol boronate esters, and neopentyl glycol 

boronates, is an important process to develop the most synthetically useful route to a given drug candidate. 

Although the preparation of boronic acids utilizing tetrahydroxydiboron is the most sustainable in terms of 

atom economy,145 the per mole cost of each diboron reagent is similar, and the choice of boronate for each 

project is more impacted by stability and reactivity of the specific organoboronate species. Therefore, 

continuing to investigate these transformations is a shared responsibility from academia and industry to 

continue to move the field forward and allow for these impactful, novel transformations to be utilized on 

kilogram scale routes to drug candidates. 



Another important aspect when developing this chemistry is the sustainability of all parts of the 

reaction—from solvent to base to ligand to metal.3 The focus of our initial efforts at BMS has been on the 

advantages of utilizing EAMs in place of less abundant metals, such as palladium, mainly because both 

systems (in the context of the methodologies we have developed with C(sp2)–X electrophiles) rely on 

phosphine ligands to catalyze the desired transformation. However, when we compare sustainability across 

various methodologies with different EAMs, we can also analyze the impact of ligand choice. Perhaps 

unsurprisingly, there is a direct correlation between the process mass intensity146 (PMI, kg of total material 

used to produce 1 kg of product) and cost.147 This same analysis can also be applied to the synthesis of 

ligands. We generally do not think about the routes to ligands but rather whether they are commercially 

available or not, but in the case of the C(sp2)–C(sp3) cross-coupling methodologies discussed in this 

Perspective, there is a dramatic difference in the complexity of the ligand syntheses. For example, in our 

studies on the application of this methodology to the TLR 7/8/9 core, the top ligand for the nickel-catalyzed 

cross-coupling was bathophenanthroline.121 Although commercially available, this ligand costs $4840/kg 

and is prepared in three steps in moderate yield (Table 4). The overall PMI for this ligand synthesis, which 

also uses harsh reaction conditions, is >50.148 Alternatively, the FI ligands can be prepared in a single step 

using inexpensive, easily sourced starting materials, and the purification is a direct-drop crystallization in 

methanol. Simply mixing the two reagents, aging, and filtering yields the desired ligand in 90% yield with a 

PMI of 7.6, demonstrating the increased sustainability from utilizing these ligands. The ease of this 

synthesis makes FI ligands attractable for large scale synthesis. A library of FI ligands can also be readily 

prepared using this approach.  

Table 4. Comparison ligands for Ni- and Co-catalyzed C(sp2)–C(sp3) SMC. 

 Ni catalysis Co catalysis 

Ligand Bathophenanthroline149 4-OMePh-FI 

Synthetic Route 

 

 

Number of steps 3 1 

Yield (PMI) 15% (>50) 90% (7.6) 

Commercial 
Availability Yes No 

Cost $4840/kga $15/kgb 



$1600/mol $3.41/mol 
a Cost based on the lowest price listed from catalog vendor websites b Estimated cost based on the raw 
materials used to synthesize 4-OMePh-FI 

Metric based decisions, utilizing factors like cost, greenness,150 PMI, number of steps, etc., are at the 

core of process development. The ability to use EAM catalysis has positive implications in each of those 

metrics. We set out to build an EAM platform within the BMS process chemistry group by strategically 

choosing a transformation, building a screening platform and mechanistic understanding, and then 

investigating applications to our portfolio. Over the span of a few years, we have established the ability to 

implement several different examples of EAM catalysis on kilogram scale in our portfolio.  

The advancement of EAM catalysis in the last decade has been remarkable. As a field, we are just 

starting to break the ice on fundamental understanding of these underexplored modes of catalysis, and the 

future is very bright. Discovering new reactivity of EAMs to impact the way in which complex molecules are 

assembled is only one promising future for EAMs. The ability to expand current methodologies, such as 

those discussed in this perspective, is another. Miyaura borylation reactions, Suzuki–Miyarua couplings, 

and C–N couplings will continue to be vital to developing scalable routes to drug candidates, and continuing 

to improve the robustness, catalyst loading, and substrate scope compatibility is needed for EAM catalysis 

to become the go-to way to forge these bonds in industry. 

Perhaps most importantly, no group can do it alone in academia or industry. The goal of this perspective 

was to not only explain the philosophy and development of EAM catalysis at BMS but to showcase the 

importance of collaboration: both internal and external to BMS. Within BMS, we have established strong 

ties among the network of catalysis experts in the process development group as well as with our discovery 

colleagues to understand the future portfolio. The real-world chemical challenges of industry can help frame 

critical and fundamental questions of reactivity—partnership between industrial and academic minds is 

critical to solving these challenges, and when we work together, the possibilities are endless.  
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