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Many drug molecules, much like a pair of hands, have defined 
stereochemistry, meaning a specific orientation of the substi-
tuents in space. Chemists are challenged to discover methods 
to synthesize only one enantiomer of drug molecules rather 
than synthesize both and then separate. Metal catalysts, 
histo rically based on precious metals like rhodium, have been 
tasked with solving this challenge. Recently, a paper published 
in Science by the group of Professor Paul J. Chirik at  Princeton 
University (USA) in collaboration with scientists from the 
MSD Research Laboratories (USA) demonstrated that a more 
Earth-abundant metal – cobalt – can be used to synthesize 
the epilepsy medication Keppra (levetiracetam) as just one 
enantiomeric form. Professor Chirik said: “The main findings 
of the paper are that cobalt is more active and selective than 
the patented rhodium route and operates in a greener solvent, 
methanol, than the current method. Our paper demonstrates 
a rare case where an Earth-abundant transition metal can sur-
pass the performance of a precious metal in the synthesis of 
single-enantiomer drugs.”

One of the members of Professor Chirik’s team, Dr. Max 
Friedfeld, said: “In re-evaluating a catalyst system we devel-
oped in 2013, where it was demonstrated that cobalt could be 
used in hydrogenation to make single enantiomers of  organic 
molecules, we identified certain criteria that limited the use-
fulness of the system. These detractions included relatively 
high catalyst loading (indicating a relatively inefficient catal-
yst), non-trivial catalyst synthesis steps (making wide-spread 
adoption less likely and lowering catalyst tunability), and the 
use of ultra-pure (anhydrous) non-coordinating solvents.” 

The authors wanted to develop a system that was more ro-
bust and easy to use. “We wanted to accomplish a large-scale 
hydrogenation with cobalt to show how efficient the catalyst 
was,” explained Dr. Friedfeld. Professor Chirik remarked: “Our 
2013 experiments were important demonstrations of prin-
ciple but involved relatively simple and not medicinally  active 
compounds. The solvents used in those studies were also 
 hydrocarbons that required specialized handling. We were in-
spired to push our demonstration of principle into real-world 
examples and demonstrate that cobalt could outperform pre-
cious metals and work under more environmentally compa-
tible conditions. Our new paper demonstrates just that and 
also reports that the method can be practiced on a pilot scale.”

“In the new work reported in Science (Scheme 1), the team 
used high-throughput experimentation and analysis tech-
niques coupled with traditional organometallic synthesis to 
develop a catalyst system that can be used in the synthesis 
of levetiracetam on 200 g scale using very low catalyst load-
ing (0.08% catalyst relative to substrate),” said Dr. Friedfeld. He 
continued: “This catalyst system contains three commercially 
available components and can be prepared simply and in situ 
without any purification. The catalyst components are the 
 cobalt chloride salt, the organic supporting framework for the 
cobalt ion, and zinc, which serves to reduce the cobalt. The 
reaction takes place in methanol, a commonly used industrial 
solvent that can be processed and safely disposed of easily. By 
studying the coordination chemistry of the cobalt catalyst, we 
were able to determine the role of zinc and the favorable oxi-
dation state for catalysis.” 

The work used the synthesis of a generic drug as a case 
study to learn about how to make very efficient base metal 
catalysts. “In the process of optimizing this chemistry, we 
made important discoveries in terms of reaction conditions 
and catalyst activation,” remarked Mr. Michael Shevlin, one 
of the researchers from the MSD Research Laboratories. He 
continued: “We were able to show that in this case we could 
teach an earth-abundant metal how to do chemistry that was 
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previously conducted with precious metals, and that we could 
actually get more reactivity from cobalt than was previously 
possible with rhodium. In the process, we showed that these 
new reaction conditions produced orders of magnitude more 
cobalt catalysts that could perform asymmetric hydrogena-
tion, and that these conditions were generally useful across 
many catalysts with several different substrates.”

The collaboration between MSD and Princeton was cru-
cial, with the authors commenting that they would not have 
made the same types of advances without it. The Catalysis Lab 
in Process Research & Development uses high-throughput ex-
perimentation tools adapted from biology and biochemistry 
for chemical research. “Instead of trying just a few experi-
ments to test a hypothesis, we can quickly set up large arrays 
of experiments that cover orders of magnitude more chemi-
cal space,” explained Mr. Shevlin. He continued: “We’ve used 
these tools for years in our lab for pharmaceutical R&D, and 
they’re just as powerful for doing fundamental chemistry re-
search.” Being different types of chemists that approach pro-
blems with fundamentally different perspectives also helped. 
“The biggest strength of the Catalysis Lab is that we have the 
tools to quickly discover and optimize new chemical reactions 
and the experience to be able to implement them as robust 
processes on manufacturing scale,” explained Mr. Shevlin. He 
continued: “The Chirik group is really good at being able to 
understand the fundamental behavior of catalysts, particular-
ly base metal catalysts that are very difficult to study. The syn-
ergy is tremendous; scientists like Max Friedfeld and  Aaron 
Zhong can conduct hundreds of experiments in our lab, and 
then take the most interesting results back to Princeton to 
study in detail. What they learn there then informs the next 
round of experimentation here.”

As with much research, there were a few unexpected find-
ings along the way. “We were surprised to learn that one of 
the catalyst components, zinc, was so effective at generating 
active catalysts,” said Dr. Friedfeld. He explained further: 
“One challenge we had with the original system was that 
when we used high-throughput experimentation techniques 
with a harsh catalyst activator, we only generated a couple  of 
 active  catalyst species. While these species were highly  active 
and  selective, it felt like we were searching for a needle in a 
haystack – out of hundreds and hundreds of combinations 
searched, only a few were good catalysts. With zinc, how-
ever, catalyst activation goes through a different mechanism 
and is much more effective at generating active catalysts. This 
is depicted in Figure 2 of the Science paper. Then, it was like 
 searching for a needle in a sewing shop!”

It was also a surprise that these reactions performed best 
in protic solvents such as methanol.  Mr. Shevlin noted: “Many 

base metal catalysts in low oxidation states react with protic 
solvents and decompose.  But our reduced cobalt catalysts not 
only tolerate methanol, they’re an order of magnitude more 
reactive in it than they were in aprotic solvents like THF or 
toluene.” 

Professor Chirik recalled the first unexpected event  during 
the work: “We were surprised to see that the phosphine    
ligand – the key source of stereochemical information – fell 
off the  starting cobalt complex! In catalysis, this usually trans-
lates on to poor performance and most likely catalyst death. 
Cobalt is special; we learned that the phosphine falling off was 
reversible – meaning that under the activation of conditions 
provided by the zinc, the catalyst can heal itself. This is a spe-
cial consequence of the light transition metal where changes 
in electronic states by one enable molecules to come and go 
from the cobalt, keeping it active (“alive”) in the catalytic re-
action.”

The group was also surprised to learn that cobalt worked 
most optimally in green solvents like alcohols. For a decade, 
catalysts based on earth-abundant metals like iron and cobalt 
required very dry and pure conditions, meaning the catalysts 
themselves were very fragile. By operating in methanol, not 
only is the environmental profile of the reaction improved but 
the catalysts are much easier to use and handle. This means 
that cobalt should be able to compete or even outperform pre-
cious metals in many applications that extend beyond hydro-
genation.

Turning to the significance of the work, Mr. Shevlin said: 
“Base metals are orders of magnitude less expensive than pre-
cious metals, but the chiral ligands we use on the metal are 
even more expensive than precious metals, and that cost is 
unlikely to change because chiral ligands are complex mole-
cules that take many synthetic steps to make. The real mo-
tivation for base metal catalysis in my opinion is that there’s 
also risk involved with using precious metals in industrial 
processes because their availability is limited by scarcity and 
their prices are tied to a volatile market. In contrast, cobalt 
is so  abundant that it’s essentially free when used in catal-
ytic quantities.  In this work, we’ve shown that cobalt has the 
potential for similar, maybe even better performance than 
 rhodium.” Further, Dr. Friedfeld remarked that the work is sig-
nificant because they were able to harness one-electron oxida-
tion state  changes at the metal catalyst (normally considered 
deleterious to reactivity) to activate the catalyst components, 
achieving high reactivity and enantioselectivity in a way that 
is operationally simple to achieve. He commented: “We hope 
this will inspire other chemists to use this catalyst system for 
alkene hydrogenation reactions they’re working on, and to 
consider applying toward other catalytic reactions.” Professor 
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Chirik agreed and highlighted an important prin ciple in green 
chemistry, namely that the more environmentally friendly 
 solution can also be the preferred one chemically. He said: 
“Here the catalyst is based on an earth-abundant metal but 
is also faster and operates in a greener solvent than rhodium. 
It tells the community – precious metals beware – after 50 
years, cobalt and other first row metals can not only com pete, 
but because of the way electrons flow in a unique manner, 
they offer new opportunities!”

Mr. Shevlin pointed out: “Many topics in chemistry are 
considered “solved problems”, but chemistry that works 
on simple molecules on small scale in an academic lab isn’t 
 necessarily practical to implement on an industrial scale for 
making complicated molecules. So much of modern catalysis 
was developed with precious metals because they have use-
ful reactivity and it’s relatively easy to study their behavior. 
But using some of the rarest and most expensive elements on 
earth isn’t a great way to make complicated molecules in a 
cost-effective manner.  Earth-abundant metals are much less 
studied, so there’s a wealth of new chemistry waiting to be 
discovered. The best way to do that is with modern techniques 
like high-throughput experimentation and collaborations 
 between labs with complementary expertise.”

Professor Chirik would like readers to take away the 
 message that chemists are continually working to improve the 
synthesis of important drug molecules. “We are concerned 
about the environment, reducing waste and learning how to 
discover more effective medicines in a faster more sustainable 
way,” he remarked, continuing: “We are also still uncovering 
the secrets of the periodic table and learning how to take 
 advantage of them for the benefit of society.”

Professor Chirik concluded: “This is a great example of an 
academic–industrial collaboration and highlights how com-
bination of the very fundamental – how do electrons flow dif-
ferently in cobalt versus rhodium? – can inform the applied –  
how to make an important medicine in a more sustainable 
way. I think it is safe to say that we would not have discovered 
this breakthrough had the two groups at MSD and Princeton 
acted on their own.”
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