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Abstract: Scaling up syntheses from mg to kg quantities is a complex endeavor. Besides adapting laboratory
protocols to industrial processes and equipment and thorough safety assessments, much attention is paid to
the reduction of the process’ environmental impact. For processes including transition metal catalyzed steps,
e.g., cross-coupling chemistry, this impact strongly depends on the identity of the metal used. As such, a key
approach is the replacement of single-use with reusable heterogeneous catalysts. Transition metal single-atom
heterogeneous catalysts (SAC), a novel class of catalytic materials, might exhibit all the necessary properties to
step up to this task. This article shall discuss current applications of SAC in cross-coupling chemistry from the
point of a process chemist and shed light on the NCCR Catalysis contribution to the field. Investigations of the
stability–activity–selectivity relationship of SACs in combination with early-stage life-cycle assessments (LCA) of
potential processes lay the foundation for large-scale application tailored catalyst synthesis. Ultimately, prevailing
challenges are highlighted, which need to be addressed in future research.
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technologies in this regard. Identification of decomposition events
and knowledge about heat release and transfer within the reaction
mixture build the necessary foundation for determining a safe op-
eration space.[7] Furthermore, the chemical processes (including
the reaction but also pre- and post-reaction treatment of substrates
and waste) are developed and optimized with industrial equip-
ment and safety standards in mind, which can both significantly
differ from a laboratory environment. This includes optimization
of reaction parameters (e.g., reaction temperature, solvent use,
stoichiometry of reagents) but also replacing complex and expen-
sive process steps such as flash chromatography with ‘simple’
crystallizations or distillations. Now, what is the current state of
science and what can we expect regarding the development of
new industrial processes using SAC? Where does the SAC con-
stitute an added value? Based on experience and discussions with
researchers from industry, three opportunities for industrial ap-
plications come to mind:
• Route finding and scouting – pre-selection of routes by CASP

tools feasible for SAC
• Synthesis enabling & optimization – development and use of

SAC as novel catalytic systems
• Process development – catalyst recycling and application of

continuous flow chemistry

2.1 SACs in Cross-coupling Reactions
Classical cross-coupling chemistry is traditionally dominated

by highly specialized homogeneous organopalladium systems.[8]
However, the demand for more sustainable processes and the
awareness of resource depletion led to an increasing effort to re-
place precious metal based organometallic catalysts with earth-
abundant and solid-supported (heterogeneous) alternatives.
Nonetheless, the replacement of Pd with cheap and sustainable
metals is far from trivial. SACs are a young member within the
heterogeneous catalyst family. They consist of catalytically active
centers which are atomically distributed on the surface of a solid
carrier.[9] The systematic synthesis of transition metal SACs has
been made possible only through advances in atomic-resolution
characterization, such as scanning transmission electron micros-
copy, which allows distinction between metal atoms and clusters
on a solid support.[10]The ability to tailor the coordination environ-
ment of the active center through the carrier synthesis and choice
of deposition method creates opportunities to reach selective
activity similar to that of homogeneous catalysts. Additionally,
the spatial isolation of the centers on solid surfaces theoretically
enables a maximum atom utilization, although affected by active
site accessibility. Published work on this topic only emerged in
the last 5 years (Table 1), illustrating the incredibly early state of
research in this field. Owing to the ease of procedure, most stud-
ies utilized the Suzuki reactions as an application example, with
a rather limited metal scope compared to the efforts that were

Fig. 2. Schematic overview for developing a reaction from research
stage to an industrial viable process.

1. Introduction
Identifying a compound of interest – be it in academia or indus-

try – is generally followed by a comprehensive study of chemical
and physical properties, making accessibility to the compound an
important factor. Relying on the output of inefficient small-scale
synthesis routes might be feasible for laboratory screenings, but at
the latest when thinking about commercialization or clinical trials,
the availability of large product quantities needs to be ensured.
However, scaling up a synthesis from mg to g or even kg quanti-
ties is not a straightforward task. Synthesis protocols can rarely
be transferred from the lab to an industrial plant without adapta-
tions. Additionally, with increasing scale the ‘how’ of a reaction
becomes as important as the final result, as the chemical industry’s
environmental impact is an ever-growing topic of concern. This
imposes limitations on the process chemist regarding the choice
of reagents and synthetic approaches. Thus, an important part of
process chemistry is the modification of reactions and process
parameters to balance efficiency and sustainability.

Two key concepts in this regard are the implementation of
catalytic transformations and the utilization of continuous flow
processing. In 2018, the ACS Green Chemistry Institute
Pharmaceutical Roundtable made two noteworthy additions to
their list of ‘Key Green Chemistry ResearchAreas’,[1] i) the devel-
opment of effective and versatile methodology utilizing cheap and
sustainable metals, and ii) catalyst immobilization without sig-
nificant loss in kinetics. Both concerns are directly linked to the
progressing depletion of precious metal deposits and the aware-
ness about the environmental impact of their extraction.[2]A new
class of heterogeneous metal catalysts that could address both
concerns simultaneously are single atom heterogeneous catalysts
(SACs, see Fig. 1).[3–5]

2. Process Chemistry and SAC
Scaling up a synthesis from (milli-)gram to kilogram quanti-

ties towards a safe, robust, and sustainable process is a complex
endeavor and generally involves multiple steps (see Fig. 2).[6]The
work is often preceded by route finding and scouting to find al-
ternative, shorter, and ideally convergent syntheses to the target
molecule. Nowadays, this work is supported by new and some-
times open-access Computer-aided Synthesis Planning (CASP)
tools. Still, it requires a lot of chemical knowledge and experi-
ence in evaluating and selecting promising synthesis routes. An
important aspect of Process Chemistry & Development – besides
the scale increase and sustainability – is the safety of a process
and the underlying chemistry. A thermal process safety assess-
ment comprising of e.g., differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA) or reaction calorimetry are key

Fig. 1. Palladium single-atoms supported on nitrogen doped carbon
utilized for the Sonogashira cross-coupling of iodobenzene and phenyl-
acetylene.
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made for homogeneous catalysis so far.[32,33] There are only a few
examples of other cross-coupling reactions, e.g. two recent studies
of the Sonogashira-Hagihara reaction or Sun et al. with computa-
tional work on the Mizoroki–Heck coupling.

The carrier materials for the single-atoms were either carbon-
based (e.g., nitrogen-doped mesoporous carbon, Entry 10, or
exfoliated graphitic carbon nitride, Entry 2), metal oxides (e.g.,
ZnO-ZrO

2
, Entry 3, or FeO

x
, Entry 11), metal–organic frame-

works (MOFs, Entry 13) or metal–organic polyhedral materials
(MOPs, Entry 9). Looking at the experimental procedures of the
catalytic activity evaluation, with a few exceptions, in most cases
aryl iodide or bromides are used and converted in presence of a
carbonate base.

Compared to the accumulated work on homogeneously cata-
lyzed cross-couplings, an immense knowledge void concerning
the application potential of SAC in organic chemistry has yet to be
filled.[34,35] Pioneering efforts demonstrated the importance ofmulti-
disciplinarity to gain a mechanistic understanding on the atomic
scale through a combined approach of in-depth catalyst character-
ization, detailed investigation of the materials’ catalytic activity and
density-functional theory (DFT) derived system modeling.[12]

2.2 Application of SACs in Flow Chemistry
Recently, the application of continuous flow chemistry in

process development and production has become very popular.
Although the pharmaceutical industry still largely relies on mul-
tipurpose batch or semi-batch reactors, it is evident that interest
is arising toward continuous flow manufacturing of organic mol-
ecules, including heterogeneous catalysis using SACs.[36]Among
the examples of cross-coupling reactions in Table 1, there are just
two evaluating SACs in fixed bed flow reactors.A continuous test

of multiple hours on-stream in the Suzuki reaction evidenced con-
stant activity, verifying the absence of leaching.[12] Fu et al. used
a Pd1/C3N4/rGO catalyst in form of a fixed bed in a flow reac-
tor and observed for the SAC catalyst the same reactivity for the
Suzuki reaction as in batch operation and 10 h on-stream without
loss of catalytic activity.[15]

2.3 Catalyst Stability
An important aspect in the process development of catalytic

processes using heterogeneous transition metal catalysts is metal
leaching into the reaction solution. Not only does this negatively
affect the performance of the catalyst in subsequent reactions, but
it also raises the question about the origin of catalytic activity as
the leached metal species could act as an in situ generated homo-
geneous catalyst. The dissolved Pd atoms can also partially re-
deposit on the carrier material, either in form of nanoparticles or
single-atom species.[37] The fact that solid-supported and leached
metal species experience different coordination environments will
inevitably decrease the system’s selectivity. Understanding if,
how, and in what quantities leaching occurs is essential to develop
robust and scalable processes. This makes a thorough empirical
investigation of the SAC stability in varying chemical environ-
ments necessary. The resulting data will build the foundation for
future identification of structure related descriptors to predict the
catalysts’ stability-activity-selectivity profile.

3. Sustainability
Solvents often make up the largest part of a reaction mixture,

so it is very important to use sustainable and non-toxic solvents,
so-called ‘green solvents’. Looking at the list of solvents used in
SAC-catalyzed cross-coupling reactions so far (Table 1), a trend

Table 1. Overview of SAC catalyzed cross-coupling reactions

Suzuki-Miyaura Reaction
Entry Metal Carrier Aryl-X Reagent Additive Solvent
1 Pt[11] Sulfur-doped carbon Br, I Cs

2
CO

3
THF

2 Pd[12] Graphitic carbon nitride Br, I K
2
CO

3
PPh

3
DME/H

2
O 1:1

3 Pd[13] ZnO-ZrO
2

Br, I K
2
CO

3
EtOH/H

2
O 3:2

4 Pd[14] CeO
2

Br, I K
2
CO

3
EtOH/H

2
O 2:1

5 Pd[15] Carbon nitride/reduced graphene oxide I aq. NaOH THF
6 Pd[16] Ti

0.87
O

2
Br, I K

2
CO

3
DMF/H

2
O 1:1

7 Pd[17] Nitrogen-doped carbon I K
2
CO

3
DME

8 Ni[17] Nitrogen-doped carbon I K
2
CO

3
THF

9 Pd[18] Zr-MOP-BPY Br Na
2
CO

3
MeOH/H

2
O 1:1

10 Pd[19] Nitrogen-doped carbon Cl, Br, I NaOH TBACl H
2
O

11 Pd[20] FeO
x

Br K
2
CO

3
EtOH/H

2
O 2:1

12 Pd[21] Phosphomolybdic acid/ZrO
2

I K
2
CO

3
EtOH/H

2
O 2:1

13 Pd[22] UiO-66-NH
2
(MOF) Br, I K

2
CO

3
iPrOH/H

2
O 1:3

Sonogashira-Hagihara Reaction
14 Pd[23] TiO

2
I K

2
CO

3
EtOH

15 Pd[24] Nitrogen-doped carbon I NEt
3

PPh
3
, CuI MeCN

Mizoroki–Heck Reaction
16 Pd[25] Carbon-doped boron nitride Cl

Ullmann Reaction
17 Pd[26] Gold alloy Cl, Br, I NaOH H

2
O

18 Cu, Fe, Cu/Fe[27] Graphitic carbon nitride I Cs
2
CO

3
CuI DMF

19 Cu[28] Nitrogen-doped graphene I K
3
PO

4
EtOH

20 Ni[29] Triazine/pyridine covalent organic frameworks Br DABCO DMA
21 Ni[30] Carbon nitride Br, I, Cl Quinuclidine DMA

Glaser Hay Reaction
22 Cu[31] Nitrogen-doped carbon - MeCN/H

2
O 1:1
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LCA will take on an important role in pinpointing early on
where the SACs will be able to make difference, and to reveal
sustainability weak spots in potential implementations. However,
if we talk about sustainability, we must also apply appropriate and
standardized ways to calculate metrics, otherwise their compari-
son becomes meaningless.[43]

A wealth of opportunity and open questions that can only be
addressed through an interdisciplinary approach, combining cata-
lyst design and optimization, sophisticated analytics and charac-
terization of catalyst materials, synthesis and implementation on
larger scale, and sustainability assessment – competencies well
represented in NCCR Catalysis.
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[5] S. Mitchell, E. Vorobyeva, J. Pérez-Ramírez, Angew. Chem. 2018, 130,
15538, https://doi.org/10.1002/ange.201806936.

[6] N. G. Anderson, ‘Practical Process Research and Development - A guide for
Organic Chemists’, Academic Press, Oxford, 2012.

[7] F. Stoessel, ‘Thermal Safety of Chemical Processes: Risk Assessment and
Process Design (Second Edition)’, Wiley VCH, 2020.

[8] J. Magano, J. R. Dunetz, Chem. Rev. 2011, 111, 2177,
https://doi.org/10.1021/cr100346g.

[9] S. K. Kaiser, Z. Chen, D. Faust Akl, S. Mitchell, J. Pérez-Ramírez, Chem.
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Fig. 3). This is assuming negligible leaching of palladium into the
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3
)
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