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rth-abundant metals as
a replacement for Pd in cross coupling reactions†

Michael U. Luescher, *a Fabrice Gallou *a and Bruce H. Lipshutz *b

Substitution of onemetal catalyst for another is not as straightforward as simply justifying this change based

on the availability and/or cost of the metals. Methodologies to properly assess options for reaction design,

including multiple factors like a metal's availability, cost, or environmental indicators have not advanced at

the pace needed, leaving decisions to be made along these lines more challenging. Isolated indicators can

lead to conclusions being made in too hasty a fashion. Therefore, an extensive life cycle-like assessment

was performed documenting that the commonly held view that methods using earth-abundant metals

(and in this case study, Ni) are inherently green replacements for methods using palladium in cross-

coupling reactions, and Suzuki–Miyaura couplings, in particular, is an incomplete analysis of the entire

picture. This notion can be misleading, and unfortunately derives mainly from the standpoint of price,

and to some degree, relative natural abundance associated with the impact of mining of each metal. A

more accurate picture emerges when several additional reaction parameters involved in the compared

couplings are considered. The analysis points to the major impact that use of organic solvents has in

these couplings, while the metals themselves actually play subordinate roles in terms of CO2-release into

the environment and hence, the overall carbon footprint (i.e., climate change). The conclusion is that

a far more detailed analysis is required than that typically being utilized.
Introduction

In reading any paper these days in most journals containing
transition metal-mediated synthetic organic chemistry claiming to
reduce our dependence on “precious metal catalysis”; . well, as
a search using SciFinder indicates, this is really about palladium;
not platinum; not gold; palladium. What actually drives such
statements?1 The answer is oen the same: given the occurrence
and relative amounts of Pd involved, the chemistry community is
too dependent upon this one precious metal for metal-catalyzed
couplings due to its limited availability. Hence, one usually inter-
prets this to mean, in either the short2 or long term,3 that Pd must
be replaced with “earth-abundant”metals such as Ni, Cu, and Co.
Additional justication for switching to a base metal then shis to
the one parameter with which virtually all users can identify: cost.
What is cited as proof that switching to earth-abundant metal
catalysis makes unequivocal economic sense? Answer: catalog
pricing, showing how much less costly each of these EAMs is
compared with palladium.4 And while there are many exciting
scientic advances emerging from development of new method-
ologies employing EAMs, the focus on cost, natural abundance,
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25
and occasionally the pollution originating from mining and
rening, rather than the overall science associated with eachmetal
is so pervasive that it has led to a long and (seemingly) impressive
list of “supporting evidence”, further advancing these concepts.
Thus, in addition to the many individual papers continuously
promoting the notion palladium catalyzed methods are inherently
inferior,1 there are now thematic issues noting collaborations
highlighting earth-abundant metal usage (complete with tabular
surveys comparing costs).5 The “short cuts” taken over the years
have led to conclusions that may well be misguided, as docu-
mented herein, surrounding use of EAMs. Part of this equation
may well be a reection of an overall inability to accurately
measure additional metrics or indicators like the environmental
impact of such widespread processes, potentially pointing to
severe deciencies in education and tools in these particular
aspects of green and sustainable chemistry.

What drives the interest to abandon methods using palla-
dium or other platinum group metals (PGMs)?6 Could it really be
just on the basis of the up-front cost differentials between Pd
salts and those of cheaper metals? Is the available evidence so
overwhelming that the move away from palladium is truly
compelling, whether focusing on cost, relative abundance, or
environmental issues associated with accessing each metal (i.e.,
mining)? Direct 1 : 1 comparison of palladium and nickel along
the lines shown in Fig. 1 would, in fact, lead to this conclusion.
However, these numbers reect a 1 : 1 relationship comparing 1
kg of palladium with 1 kg of nickel and their environmental
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Direct, 1 : 1 comparison of environmental indicators for the production of 1 kg of virgin (i.e., freshly mined, from ore) Ni and Pd.9
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View Article Online
footprint for the preparation of virgin metal including the
mining footprint. Looking at the reports comparing Ni-catalysis
and Pd-catalysis, the same catalyst loadings or the same
amount of solvents are usually assumed, neglecting the fact that
palladium loadings oen are considerably lower, for example.
Therefore, how much stock can be placed in these numbers?
Does any process chemist making anything at scale use as much
Pd as is typically needed with Ni? The answers to these questions
are, or should be, obvious. In other words, is it possible thatmost
of the discussion surrounding replacement of palladium in
synthesis by EAMs for environmental reasons could actually be
misleading, and maybe improperly stated in terms of the bigger
picture? There are those who have already started to ask the same
question.7 So, is earth-abundant metal chemistry the path
forward to a greener future? Again, the numbers populating
Fig. 1 would appear to say so; the footprint for Pd, according to
indicators used from the European Footprint (EF) model,8 is
orders of magnitude greater than for Ni. But wait; is this
conclusion the same aer examining the many other variables
associated with using each metal?

Firstly, what needs to be appreciated is that any discussion
involving both PGMs and base metals (EAMs) have many vari-
ables that the chemistry community today is starting to evaluate
to a greater extent. In the past and as mentioned before, due to
the availability of limited data, consideration of variables such
as price, natural abundance, and access unequivocally indi-
cated that use of EAMs is highly preferred. An accurate, full
picture did not emerge until recently when additional, impor-
tant data can be taken into account. For example, use of lower
loadings of Pd catalysts can reduce environmental differences
between metals, and while such analyses oen still favor base
metals, different recovery techniques might help to reduce the
gap even more. Secondly, as will be shown, use of different
reaction media is actually the major determining factor.

To address conicting arguments of availability, cost, envi-
ronmental issues, endangered status, etc.; that is, to get at the
reality of earth-abundant metal usage in organic synthesis, it
seems timely to do an analysis that uses up-to-date information
and indicators. Availability and cost, for example, are simple
indicators and their usage is rather straightforward. Environ-
mental metrics, however, are oen limited to process mass
intensity or other mass-based metrics. To better do justice to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
environmental side of such an argument, life cycle inventory data
should be included in a meaningful comparison. In other words,
factors that are not normally considered in the analysis,
including, e.g., solvent incineration as waste, for example. What
about the actual amounts of metal needed, and the associated
ligands? Or what about residual metal content in the products,
especially regarding drugs where the regulatory authority (i.e.,
the FDA) imposes limits, typically requiring removal (taking
valuable time and adding cost, not to mention generation of
more waste) to meet their stringent standards?9 These, and
several other factors (e.g., energy demands, as reaction temper-
atures are typically higher using Ni; functional group tolerance,10

etc.) are rarely part of the calculus leading to a conclusion as to
which type of catalysis should actually be pursued. The effects of
these parameters on climate change and the environment loom
large, and can no longer be ignored. Hence, these parameters
can play important roles and suggest that, in their absence, an
innate discrimination against Pd by the greater chemistry
community may lead to an inaccurate conclusion.

Chemists have started to appreciate the value of utilizing,
when possible, more extensive metrics associated with environ-
mental issues. A life cycle assessment (LCA), while more time-
consuming and costly, is now recognized as the premier
approach to evaluating the “greenness” of any process.11 And
while this may, today, be a reasonable approach mainly in
industrial circles, nonetheless, an LCA is rapidly becoming the
gold standard going forward. Nothing approaching this type of
fact-nding mission yet exists for EAM usage, at least to our
knowledge. Therefore, it is the intention of this perspective to
provide more insight behind this alternative, Ni-based approach
to group 10 metal-catalyzed cross coupling chemistry showcased
using one example of each type of catalysis from literature cases.
Isn't it time to nd out whether using base metal catalysis as
practiced today and encouraged for tomorrow makes sense
under all circumstances, as one might believe reading todays
literature, or do cases exist in which PGMs and their protocols
factually offer more environmentally friendly alternatives? The
conclusions that come forth from unbiased calculations is that
the use of earth abundant (and also endangered)12 metals in
place of existing cross coupling technologies that rely on (lower
loadings of) palladium in alternative reaction media is NOT
inevitably the best solution; not in terms of cost, nor in terms of
Chem. Sci., 2024, 15, 9016–9025 | 9017
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the environment and overall impact on sustainability, and
certainly not in terms of climate change.13 In other words, the use
of Ni in organic solvents, as practiced today, might not be the
best way forward and palladium can offer greener solutions. The
important message of this perspective is to look at as much data
as possible and not follow single metrics to make judgements as
different scenarios can lead to different outcomes. And adopting
thismessage, Ni-catalysis is not inherentlymore environmentally
friendly than PGM-catalysis as one is oen made to believe.

The data

To illustrate the point made earlier, we selected two literature
reports focused on the most common, by far, group 10
metal-catalyzed reaction in the pharmaceutical industry:
a Suzuki–Miyaura cross coupling, catalyzed by either Ni or Pd,
both leading to the same product. Having the reports selected,
we should also mention that while earth-abundant metal
catalysis continues to be developed in this direction, with nickel
leading themove away from use of palladium, other metals have
Scheme 2 Suzuki–Miyaura coupling using ppm Pd taken from the paper
data according to ref. 17 are used for framedmaterials. Reagents, solvents
considered.19

Scheme 1 Reaction taken from the paper in Organic Letters and all
other reactions considered for this example. Specific data according to
ref. 17 are used for framed materials. Reagents, solvents, additives and
all other materials used in the outlined reactions are also considered.16

9018 | Chem. Sci., 2024, 15, 9016–9025
made an appearance, such as cobalt14 and more recently, Fe.15

However, these reports are relatively few in number and do not
in any way change the outcome of this study. The model reac-
tion associated with the paper appearing in Organic Letters on
this topic is representative of this goal (Scheme 1).16

According to a recently published LCA-like method to deter-
mine the environmental footprint of reactions,17 we looked at the
mass balance for preparation of the catalyst, including the prep-
aration of the ligand, both coupling partners, including the
preparation of the boronic acid from 3-bromothiophene, and the
Suzuki–Miyaura reaction as reported, and normalized everything
to the preparation of 1 kg of nal product, 5-(thiophen-3-yl)
pyrimidine, as functional unit, serving as reference basis for all
calculations in this impact assessment (Scheme 1). Using this
approach the consumption of energy is also included for the
preparation of all material's while the energy consumption for the
performed reactions themself are excluded. It is also worth noting,
that the indicator for climate change (total) used in Fig. 3 contains
the generated CO2-pollution for all material production back to
a material's cradle, including the power consumption therein
according to the cut-offmodel used in the ecoinvent database,18 as
all other indicators do, and an estimated xed value of CO2-
pollution for a material's incineration. The other reaction, repre-
sentative of an alternative technology relying on well-established
ligated Pd catalysis derives from a study appearing in Science,19

where ppm levels of palladium catalysis are employed in the same
coupling (Scheme 2). Here, the mass balance for the preparation
of the surfactant, the preparation of the nanocatalyst and the
needed SPhos ligand, the substrates as mentioned above, and the
coupling reaction itself are all evaluated. Also as above, everything
is normalized to the preparation of 1 kg of the coupling product.

These published literature (unoptimized) procedures indi-
cate that in order to prepare 1 kg of heterobiaryl product using
each process as described, 18.9 g of NiCl2 are needed at a cost of
$17.40, while 0.50 g of (higher molecular weight) Pd(OAc)2 is
needed costing $36.50. As will be shown, however, that while
in Science and all other reactions considered for this example. Specific
, additives and all other materials used in the outlined reactions are also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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these numbers reect what is surely anticipated (i.e., that using
Ni is far less costly than is Pd), the more meaningful reaction
parameter is that water (and not organic solvent) serves as the
reaction medium.20 Couplings in water, where both the reaction
partners and ligated catalysts are insoluble, is enabled by the
(representative) designer surfactant TPGS-750-M present at the
two weight percent level (i.e., 20 mg mL−1 of water).21 None-
theless, as the data unequivocally conrm, factors such as use
of a surfactant and many others, including the choice of metal,
are of little-to-no consequence in terms of impact on cost, and
notably, climate change and sustainability, and in general, the
overall analysis (vide infra) looking at the selected examples.

Cost analyses

While nickel is much more “earth-abundant” relative to palla-
dium,22 its price in any catalog and at any quantity should not
even be a consideration in any analysis of its present or future
prospects for replacing palladium as the premier PGM for
catalysis in organic synthesis. The use of a Ni(II) salt (quantity-
wise) represents an extremely small component of the overall
picture, which includes not just the nal Suzuki–Miyaura
coupling but also the preparation of the nickel catalyst itself
(Scheme 1 and Fig. 2), which is also the case for catalytic
amounts of Pd(II)(OAc)2 (Scheme 2 and Fig. 2). While it is correct
to state that the relative cost of Pd can bemuch greater than that
of Ni,23 in terms of all the parameters involved in converting
reaction partners to a targeted product over an entire sequence
of several steps involved, both metals are insignicant. The
metal costs remain neglectable in this case even when the
amount of Pd catalyst is increased by a factor of ten; that is, to
(unsustainable) loadings characteristic of many currently used
Fig. 2 Relative costs associated with the numerous parameters involved
calculation also includes the preparation of all materials needed for the Su
prepare the coupling reagents, the catalysts, the surfactant, and all othe

© 2024 The Author(s). Published by the Royal Society of Chemistry
couplings which, on occasion, may even be stoichiometric in
palladium.24 Instead, what should be the focus of attention is
the role that solvents play in determining categories of true
consequence, such as toxicity, ionizing radiation, impact on
ozone and water resources, and acidication, and most notably,
their impact on climate change. That is, the total environmental
footprint of both processes, rather than the footprint of metal
usage alone, is signicant by comparison (vide infra; Fig. 3).

The numbers in Fig. 3 (which have varying units and hence,
cannot be directly compared, column-to-column) do point out that
for the processes involved, all reactions presented in Schemes 1
and 2, where post-reaction handling and waste treatment for the
nal Suzuki–Miyaura coupling are (assumed) to be the same
(extraction, purication via column chromatography, and incin-
eration), palladium has, in fact, a slightly higher footprint than
does nickel, if treated individually (top half). Looking at the
Suzuki–Miyaura couplings as a whole and all needed steps upfront
according to Schemes 1 and 2, however, where organic solvent
usage is higher, as is substrate usage in Ni catalysis, the micellar
catalysis approach in water is roughly 45–50% “greener” in terms
of the total carbon footprint (bottom half; see “climate change
(total)”, in particular).

These numbers get even more lopsided against use of EAM
catalysis when the details associated with using water as the
gross reaction medium in the Suzuki–Miyaura reaction are
considered. For group 10 metal-catalyzed couplings leading to
products that are usually solids (as routinely observed in the
pharmaceutical industry). These, as noted previously,25 partici-
pate in molecule-by-molecule exchange between micellar
arrays. This occurs through the water, where, being water-
insoluble, they precipitate. In other words, a “recrystalliza-
tion” takes place automatically, in which case the “workup”
for Suzuki–Miyaura couplings. As for the entire assessment, this cost
zuki reactions presented in Schemes 1 and 2. This includes the costs to
r materials needed in these reactions.

Chem. Sci., 2024, 15, 9016–9025 | 9019
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Fig. 3 Environmental footprint for just metal usage in the entire process (top), and for the entire processes itself according to Schemes 1 and 2
(bottom). All indicators other than climate change represent the environmental burdens of material production (andmarket distribution). Climate
change (total) contains an additional indicator for waste treatment (incineration).
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oentimes involves nothing more than a simple ltration.
While this difference in purication is obvious (i.e., no extrac-
tion and/or chromatography is needed), just what such a cost
savings might be will vary and is not included in this analysis.
Nonetheless, this will add further to the baseline differential in
terms of total carbon footprint, already at ca. 45–50%.

The energy invested per reaction is yet another reaction
variable that has not been included in the tabular survey illus-
trated in Fig. 1–3. In the given example relying on aqueous
micellar catalysis (Scheme 2) the implication is that couplings
are taking place at much higher concentrations that exist within
the inner micellar cores,26 whereas traditional bond formations
in organic solvents are impractical under these conditions (i.e.,
reactions cannot be stirred). This leads to milder reactions
conditions, and aside from the obvious lower reaction temper-
atures and hence, less energy being invested, another important
outgrowth is the impact of temperature on the resulting
impurity prole. Cleaner reactions characteristic of chemistry
in water translates as well into a time savings associated with
product isolation/purication, which can also lead to benets
on total solvent use and overall cost. Thus, the savings in time,
energy investment, and use of resources for product cleanup are
also not quantied herein, and yet, clearly add to the case dis-
favoring use of EAMs in organic solvents.

And what about residual metals in the product of a Ni- or Pd-
catalyzed coupling? All regulatory authorities make it very clear
9020 | Chem. Sci., 2024, 15, 9016–9025
that only 20 and 10 ppm per day per dose is allowable for Ni and
Pd, respectively.27 Using 1–5 mol percent nickel virtually guar-
antees that removal of residual nickel will be needed should
a cross coupling en route to an API be used at a later stage of its
synthesis. On the other hand, with lower Pd loadings associated
with couplings run in water, levels of Pd found in an API are
independent of when in the sequence the coupling is performed,
since the products having residual levels of Pd above the FDA
allowance are very rare.28 This consideration undoubtedly adds
evenmore cost to the bottom line when using an EAM as catalyst.

How are safety issues to be quantied? Flammable and toxic
organic solvents are routinely stored in large holding tanks on
a manufacturing site. This raises questions as to, e.g.,
government-imposed limits placed on infrastructure, which
might then dictate exactly where, how, and to what extent a target
compound (i.e., quantity) can be made at a given location. Effi-
ciency, and thus, economics are likely to be impacted if such
restrictions exist (i.e., the economy of scale may be limited).

Then there is the question regarding waste generation and
disposal. The rules that exist in any location throughout the
world vary, and could certainly place additional limitations on
production. Using aqueous media may ease many of these
concerns, but each situation is likely to be unique. Nonetheless,
what is clear from this analysis is that chemistry in water vs. use
of petroleum-based organic solvents (or solvents obtained from
any source, including biorenewables) is the key factor that
© 2024 The Author(s). Published by the Royal Society of Chemistry
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determines the impact of the catalysis on climate change, and to
a much lower extent the choice of metal, earth-abundant or
otherwise. Water-based chemistry offers, in contrast, a high
potential in this regard as already demonstrated at Novartis.29

Hence, the baseline differential of 45–50% is likely to be even
greater when, on a case-by-case basis, all of these additional
factors are considered. Indeed, amore likely number favoring use
of Pd (or any metal) in water is far north of 50%. Having said this,
we would like to acknowledge that the effect onto the indicator
for climate change thorough the contribution of PGMs is oen
not representative for their actual effect on a process' pollution as
resource depletion and other factors are excluded. However, we
believe that the carbon footprint can be used to guide chemists.
Climate change and sustainability

A closer look at the data in Fig. 3 (both top and bottom) reveals
that the total impact on climate change associated with the two
processes is far from equal. The value of consequence for the Ni-
Fig. 4 Normalization30 and weighting31 for the factors impacted by a m

Fig. 5 Relative weighting of factors involved in both Ni- and Pd-catalyzed
to Schemes 1 and 2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
catalyzed reaction stands at ca. 2326 kg CO2 per kg nal
product, while that for the Pd-catalyzed coupling is roughly
1554 kg CO2 per kg product. By contrast, the corresponding data
associated with the metal-only footprint (Fig. 3, top) is 0.19 kg
CO2 per kg product for Ni versus 2.4 for Pd. These values, again,
illustrate the relatively small, almost trivial overall impact
associated with the choice of metal selected for these Suzuki–
Miyaura reactions. Looking at the other environmental indica-
tors outlined, each with its unique physical unit, it becomes
clear that the different categories cannot be compared with
each other. To understand each category's relative impact and
to get a single score for the process' overall “greenness”, the
results in each category can be normalized and then weighted to
afford unitless values generating a single numerical score
(Fig. 4). We would like to note that reducing any assessment to
a single score removes an important level of detail. The relative
importance of each indicator can be seen as a function of
priorities of a person assessing the process. Individual indica-
tors allow for geographic or personal priorities to be considered.
etal-catalyzed coupling.

Suzuki–Miyaura couplings and the steps leading up to them according

Chem. Sci., 2024, 15, 9016–9025 | 9021
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A single score also has its benets. For example, it can be used
in communications with stakeholders having different scien-
tic backgrounds, or to compare impacts of multiple processes
in a larger portfolio.

Applying normalization30 and weighting31 factors as outlined in
Fig. 4, to the initial analysis that led to the data provided in Fig. 3,
now leads to comparison values for the two methodologies (i.e.,
using Ni catalysis, as in the Organic Letters paper,16 and the lower
loadings associated with the Pd-catalyzed technology in water, as
described in the Science paper),19 shown in Fig. 5. The impact
associated with each factor leads to the stand-alone conclusion for
the reaction sequences investigated: climate change is the most
important outcome, and substantially so. It is followed by resource
use, fossils, then metals and minerals, and then by particulate
matter formation. The sum total of all factors points to the net
differential between the two synthetic approaches: 19.48 Eco-
Points for Ni catalysis in organic solvents, and the preparation
of the materials leading up to the Ni-catalyzed Suzuki reaction
(Scheme 1), vs. 12.09 using Pd catalysis in water (Scheme 2),32 or
a >60% change against Ni. Moreover, as noted above, these
numbers represent a minimum differential, since several param-
eters are not easily included.

Conclusions

This discussion hopefully convinces the reader that the overall
picture being put forth encouraging a switch to earth-abundant
metals, and nickel, in particular, as a replacement for
Fig. 6 Pictorial summary of the overall environmental impact of the pro

9022 | Chem. Sci., 2024, 15, 9016–9025
palladium in cross-couplings, and perhaps other types of
processes, is not necessarily valid from an environmental
perspective (as summarized in the spider diagram; Fig. 6, which
is representative of a relative comparison). Using a straightfor-
ward LCA-like assessment17 that includes the many reaction
variables and environmental issues involved clearly indicate that
cost considerations, natural abundance, and/or the argument
focused on the environmental impact of metal mining used so
frequently in many literature reports have to be put into
perspective; that is, the points made in all of these papers and
symposia are oentimes not the key determining factors. Rather,
it may be ideal going forward to further develop EAM catalysis
using water as the reaction medium.33 It should also be appre-
ciated that not all Ni-based catalysis is aimed at this one goal;
rather, there is a growing number of outstanding EAM-catalyzed
technologies being developed for other purposes (e.g., photo-
catalysis, Csp3–Csp3 couplings, asymmetric synthesis, biocatalysis,
etc.) many of which are not amenable to palladium catalysis.34

Hence, one overall conclusion might be that Ni or other non-
noble catalysis (such as that based on Cu, or Co, etc.) for cross-
coupling chemistry is better regarded as complementary to,
and not a replacement for, Pd.35 Clearly, a more careful and
extensive rather than supercial analysis including data-based
environmental indicators along with additional factors such as
the sustainable development goals (SDGs),36 as well as health and
safety concerns, resource scarcity, and energy consumptionmust
be taken into account prior to drawing conclusions. This recently
developed tool for such an analysis at Novartis17 has helped in
cesses in Schemes 1 and 2 using Ni (in red) vs. Pd (in green).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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providing additional insight regarding various processes, and
enabling opportunities for developing chemistry guided towards
more impactful directions based on the use of better and broader
environmental metrics being applied to this and other important
topics. It is hoped, therefore, that this contribution will trigger
the inclusion of such assessment in future efforts by the chem-
istry community reecting greater accuracy and practicality.
Indeed, looking to the future, where climate change is especially
in focus, we may have no choice!

Bottom line

The data obtained via this LCA-like analyses unequivocally
document that by focusing on replacing palladium with earth-
abundant metal (EAM) alternatives based solely on catalog
pricing and availability is only a partial evaluation that can be of
little consequence, especially from the overall standpoint of
sustainability. That is, catalysis in organic solvents leads to
a signicant negative impact on climate change relative to any
metal catalyst, precious or earth-abundant. Their use in water,
however, translates into less environmentally costly processes.
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