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ABSTRACT: This Review examines parts per million (ppm) palladium concentrations in catalytic cross-coupling reactions and
their relationship with mole percentage (mol %). Most studies in catalytic cross-coupling chemistry have historically focused on the
concentration ratio between (pre)catalyst and the limiting reagent (substrate), expressed as mol %. Several recent papers have
outlined the use of “ppm level” palladium as an alternative means of describing catalytic cross-coupling reaction systems. This led us
to delve deeper into the literature to assess whether “ppm level” palladium is a practically useful descriptor of catalyst quantities in
palladium-catalyzed cross-coupling reactions. Indeed, we conjectured that many reactions could, unknowingly, have employed low
“ppm levels” of palladium (pre)catalyst, and generally, what would the spread of ppm palladium look like across a selection of studies
reported across the vast array of the cross-coupling chemistry literature. In a few selected examples, we have examined other metal
catalyst systems for comparison with palladium.

KEYWORDS: palladium, ppm palladium, cross-coupling, Suzuki−Miyaura, Kumada, Negishi, Stille, Heck, Sonogashira, cyanation,
direct arylation, Buchwald−Hartwig amination cross-coupling, quantification, synthesis, catalysis

■ INTRODUCTION

Cross-coupling reactions are a central cog in the chemical
machinery needed to access complex targets such as natural
products,1−3 pharmaceuticals,4−6 or agrochemical chemical7−9

structures, found in both academic and industrial settings.10

Significant research has been aimed at making each (cross-
coupling) reaction more efficient and environmentally friendly.
This can be accomplished using less hazardous solvents,
reducing the total reaction volume, considering the total
energy demand and carbon sustainability, changing the
(pre)catalyst (including catalytic design and engineering),11,12

or reducing the amount of (pre)catalyst used.11,13 We use the
term (pre)catalyst to indicate that a chemical change needs to
occur in the initial stages of the reaction, whether it be an
intentional change or not, for the delivery of the active catalyst
species.
The most common (pre)catalysts applied to these reactions

are oftentimes based on precious metals with Pd being the
metal catalyst of choice in many applied processes. Pd catalysts
typically outperform more abundant earth metals such as Ni,
Fe, Mn, Cu, or Co although the gap is narrowing.14−16 What is
clear is that Pd cost is emerging as a significant barrier,
particularly for the agrochemical sector. While great progress
with earth-abundant metal catalysts has been made, the current
go-to catalytic processes often still involve Pd. One of the
issues is that Pd is embedded in patents or current processes,
as a keystone in a particular route that cannot be (easily)
changed, although adaptions might be possible. On the other
hand, the wider field working on earth abundant catalysis17−19

arguably needs to grapple with high metal catalyst loadings that
are typically needed for applied transformations (that is
accessing more complex synthetic targets). These high

loadings could prove problematic at later process stages during
separation and increase the risk of downstream contamination.
Associated are the challenges in improving catalytic perform-
ance, particularly from an industrial practical perspective,
which our group has experienced working in the field of
manganese(I) C−H bond functionalization catalysis.20−23

For the field of Pd cross-coupling chemistry, understanding
and harnessing catalyst speciation is important. As an example,
by varying the amount of PPh3 ligand with Pd(OAc)2, a
ubiquitous (pre)catalyst, one can alter the reaction outcome of
a Suzuki−Miyaura cross-coupling (SMCC) involving a
dihalogenated pyridine, switching arylation site-selectivity
from C2 to C4.24 The addition of two equivalents of PPh3
with Pd(OAc)2 forms a PdI species, which then forms a highly
active competent cross-coupling Pd3-cluster catalyst upon
addition of R-X.24−26 Such changes in Pd catalyst speciation,
while complicated and oftentimes confounding, offer new
opportunities in catalyst design, potentially allowing low
catalyst loadings (and low ppm Pd) to be accessed more
readily. The exploitation of Pd catalyst speciation in altering
established reaction outcomes represents a fascinating
opportunity.
Recent work, described in several insightful papers,27−45

outlines the use of “ppm level” palladium (“sustainable levels”)
as one of several propositions for the improvement of various
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catalytic reactions. One study showed that a Stille reaction
employing micelles27 operated at low Pd (pre)catalyst loadings
at the sub-ppm level (Scheme 1). Each stock solution (500 or

1000 ppm), for both catalyst and ligand, was prepared before
an aliquot (25 μL) of each was added to a vial containing each
reaction component, giving a mean Pd concentration of 4.2
ppm in the final mixture.
Furthermore, a dual Cu and Pd catalyst system was used for

a SMCC reaction (Scheme 2).34 For optimization, the

following conditions were employed: water, mild conditions,
catalyst recycling, and the use of “ppm levels” of Pd. Pd(OAc)2
(200 ppm) was added to Cu(OTf)2 and ligand (0.5 mmol
each). This equates to ∼23 ppm, taking into consideration all
other reagents and solvent (1.1 mL, 0.145 mol) added, which
is an important detail. While this reaction Pd catalyst ppm
value is low, several of our subsequent analyses (i.e., historical
studies, vide infra), around 20% of the papers examined,
employed a similar concentration of Pd (pre)catalyst or lower;
i.e., the amount of reaction moles is not meaningful outside the
context of the scale of a specific reaction.
Another SMCC reaction39 exploited a newly designed ligand

(N2Phos) and “ppm level” Pd to improve the reaction
conditions (Scheme 3). A stock Pd catalyst solution of
∼2500 ppm (equivalent to ∼1000 ppm) enabled the use of 0.1
mol % Pd catalyst in SMCC reactions (1 ppm).
In a further SMCC reaction, improvements were made using

a palladacycle (pre)catalyst.44 The reaction used a stock

catalyst/ligand solution made up to 10 000 ppm Pd before
being added to the reaction, giving an overall Pd concentration
of 300 ppm. Neither the molar ratio nor the mass used to make
up the stock solution were stated. We were able to examine the
experimental details within the supporting information and
determine that the reaction was performed using 232 ppm,
which is similar from the 300 ppm reported (based on mass).
Generally, the sustainability of a process will largely depend

on the scale of operation. Use of “ppm level” palladium (in
isolation) does not necessarily describe a sustainable process.
For that, additional context is required. For research groups,
small scale operations will use comparatively low levels of
palladium (regardless of using “ppm level” palladium
terminology) and will continue to be sustainable, particularly
if waste palladium is collected and regenerated, while large
scale Pd catalysis operations may not be sustainable unless the
utilization of Pd aligns with production supply and demand.
Given that previous studies have outlined that Pd is used in

ppm levels for efficient and selective catalysis, our interest in
the wider field of Pd catalysis was stimulated. For this reason, it
was decided that an expanded study into the levels of Pd used
in cross-coupling reactions was significant to the broader field,
as the use of ppm is not widely applied in this field
(interestingly, ppm is more widely used in atmospheric
chemistry to describe gaseous components).46,47 Thus, this
Review aims to outline a new way of looking at catalytic
reactions and detailing the concentration of Pd in the reaction
system rather than focusing entirely on substrate to catalyst
ratio (which is important in itself). The amount of catalyst
used, in relation to the entire system, is key to understanding
the reaction including all side reactions and side products, in
addition to understanding the formation and evolution of Pd
nanoparticles. Side products are rarely discussed, and many
papers typically only mention the percentage yield of the major
product. If side products are mentioned, then it is generally
only the main side product, e.g., E/Z products during a Heck
reaction. Side product distribution is complex in many catalytic
reactions. The size,48 activity,49 and stability50−52 of nano-
particles is dependent on the concentration of metal added
into a reaction. In addition, a change in the amount of
(pre)catalyst will also change the concentration of active sites,
which is important in the determination of the rate/TOF of
fundamental kinetics, arguably making the concentration of
catalyst a sensible metric, accompanying the ratio of (pre)-
catalyst to substrate (mol %). Palladium nanoparticle size
formation can be varied by changing the initial concentration
of palladium ions.53 Smaller nanoparticles are generally seen as
more active as they have increased surface area and, depending
on their shape, may have more active (defect) sites.54 For
example, 1.8 nm palladium nanoparticles can efficiently
catalyze a Suzuki−Miyaura cross-coupling reaction to gain
almost 70% conversion.55

For this study, ppm was calculated as a molecular quantity;
i.e., 1 ppm of catalytic Pd species is 1 molecule in every 1 × 106

total molecules in the reaction. This metric was chosen
because many of the papers examined failed to present the
experimental data in a standardized and suitable format. Often,
reaction “quantities” are provided as “eq” or only “mmol” with
masses of reagents omitted either in part or completely. This
made it difficult to calculate traditional ppm values, so
molecular ppm was established as a fair comparison across
all papers/studies.56−64 Using molecular quantities can enable
easier visualization when considering catalytic mechanisms

Scheme 1. Stille Reaction in Water Using a PPh3-Based
Palladacycle (4.2 ppm)27

Scheme 2. SMCC Reaction Using 200 ppm Pd and
Cu(OAc)2

Scheme 3. SMCC Reaction of Aryl Bromide and Aryl
Boronic Acid Using Pd(OAc)2 and N2Phos in Water and
Toluene39

Organic Process Research & Development pubs.acs.org/OPRD Review

https://doi.org/10.1021/acs.oprd.2c00051
Org. Process Res. Dev. 2022, 26, 2240−2269

2241

https://pubs.acs.org/doi/10.1021/acs.oprd.2c00051?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00051?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00051?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00051?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00051?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00051?fig=sch3&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.2c00051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


rather than a percentage of substrate moles. It may also be
easier to relate to other molecular parameters, e.g., TOF, where
the information is provided. Pd concentration can be shown in
terms of molarity. However, this only relates palladium to the
total solvent volume and does not account for any other
species in the reaction mixture.
An example calculation for molecular ppm is given in

Scheme 4.65

The total number of moles was calculated from each species
including solvent.

+ + + × + ×

+ =

0.0005 0.00055 0.0015 5 10 1 10

0.059 0.0613

10 9

Then, the mole contribution of catalyst compared to the
total number of moles was calculated:

÷ = ×x5 0.0613 8.16 10 (8.16 ppb)10 9

Multiplication by 1 × 106 gives the molecular ppm of
(pre)catalyst:

× × =8.16 10 1 000 000 0.00816 ppm9

The data discussed in this Review is not an exhaustive
picture of all cross-coupling reactions but draws on a selection
(as representative examples) from each catalytic reaction
across the literature. For each paper, the experimental
procedure(s), tables/schematics, and associated supporting
information (where available) were analyzed for the reaction
details to calculate the total Pd catalyst ppm. Due to
differences in data location and written form, accurate data
extraction using scripted methods proved unfeasible. We
further noted discrepancies between experimental procedures
depending on journal (publisher) and/or author preference.

Scheme 4. Stille Cross-Coupling Reaction of Aryl Halide
and R-Tributyltin Using Pd(OAc)2 as Catalyst, DABCO as
Ligand, Bu4NF as Activator, and Dioxane as Solventa

aFor this reaction 0.0001 mol % Pd (pre)catalyst was used, correlating
to 0.00816 ppm (8.16 ppb).

Figure 1. A summary diagram of all the Pd-catalyzed transformations (along with the year of first report, the mol %, and calculated molecular ppm)
explored in this Review. *We recognize Migita and co-workers contributions to the discovery of the reaction of aminostannanes with
organohalides.64 **The year of the first widely applied reactions.
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Experimental data was thus mined by manually searching,
sorting, and assessing original published documentation, where
the overall Pd (pre)catalyst ppm values were (re)calculated for
a completed reaction system (including all reagents, substrates,
catalyst, and solvents).
Herein, we report an analysis of “ppm-Pd” literature for

popular cross-couplings (Figure 1): Suzuki−Miyaura, Kuma-
da−Corriu, Stille, Negishi, Sonogashira, Heck, cyanation,
direct arylation, and Buchwald−Hartwig amination reactions.
Calculations from a specific paper, for each reaction, relate Pd
(pre)catalyst mol % to molecular ppm.

■ OBSERVATIONS AND DISCUSSION

There is a general expectation in modern chemistry journal
articles to give the necessary experimental information in a
presentable manner. Indeed, this is the case for many of the
papers that we have analyzed. However, when undergoing a
more detailed and thorough examination, discrepancies in
reporting were noticeable. One of the main differences is the
location of where the experimental data are reported: whether
it is included in the main article text, e.g., in the main
discussion text, a specific experimental section, a figure/table/
scheme, or within an associated supporting information file
(Figure 2). The journal often specifies where the data is placed

and can be in a single place or multiple places. In addition to
this, experimental data is reported using various unit formats,
most often displayed in “mmol” but also reported using “eq”
(equivalents) of each reagent with some authors reporting only
in “g” (or “mL” for liquids). On rare occasions, some of these
essential data were missing entirely (particularly in papers prior
to the mid-2000s). From our perspective and following this
study, we believe the following considerations could be made
in reporting experimental data. If this process was stand-

ardized, then it could make future automated mining of data
easier and more precise. We feel the subsequent points could
be followed when writing experimental methods for journals.

• Include all data values: all reagent masses, equivalents,
and molar quantities, catalyst/substrate ratio (mol %),
volume (mL) if liquids present, ppm of catalyst in the
global reaction accounting for all species, catalyst
turnover numbers (TONs; defined as the number of
moles of substrate converted to product relative to the
number of moles of catalyst used), and catalyst turnover
frequencies (TOFs; defined as the number of moles of
substrate converted to product relative to the number of
moles of catalyst used per unit time, in seconds).66

• While it is helpful to have the above details in the main
text of a paper, e.g., below figures, tables, or schemes, or
in the experimental section, this is not always necessary.
An arguably easier searchable resource for these details is
the associated paper supporting information or the
appendix within an openly accessible PhD thesis.

An easier method to search for the necessary information is
to compile a complete database of all reaction conditions and
data values in a separate document, e.g., Excel or LIMS. This
not only makes it easier to manually search but also ensures full
accessibility for automated searches. A recent paper by Fitzner
et al. highlighted how reaction databases can provide useful
data about specific reactions, for example, in Buchwald−

Hartwig cross-couplings. A total of 62 000 reactions in the
patent literature (from CAS, Reaxys, and USPTO) were
sorted, analyzed, and interpreted, showing skewed yield and an
imbalance in reagent diversity. In addition, they found
preferred solvents, bases, and ligands used for the Buch-
wald−Hartwig cross-coupling reaction.67

■ DATA EXTRACTION AND ORGANIZATION

To efficiently aid data extraction, a program was written in
MATLAB. The most time-consuming part of the data
extraction process was finding solvent details to calculate the
total moles of each reaction component. The process was
simplified by creating a small database of solvent names,
molecular weights, and densities that could be quickly and
easily referenced to help calculate the final Pd ppm values.
Initial coding made use of the MATLAB script functionality
and only allowed the solvent reference and calculations to
occur. This was subsequently upgraded to MATLAB app
functionality (Figure 3) to sort the data into the required
spreadsheets, calculate the required values, and allow greater
flexibility of use (available as part of our Supporting
Information).
The MATLAB app allows the user to select the reaction

type, as a dropdown menu, before selecting the number of
reagents (up to a maximum of five). Subsequently, the number
of moles and reagent ID can then be entered. Alongside these,
the catalyst ID, mol % value (in relation to the first reagent),
and the solvent ID with its volume are chosen. Once these
have been entered, the user may then calculate the in-reaction
Pd ppm, which is displayed in the table alongside the total
reaction moles. From here, the created table can be exported
using the save functionality into a master Excel workbook
where the data is stored, on the basis of the selected reaction
name, and appended from the previous entry. The newly
added data is also collated in the form of a list that autoupdates
graphs in the Excel workbook. A DOI check for repeat papers

Figure 2. A pie chart outlining the total percentage of journals, from
publishers of the papers used in this study. The inner chart shows the
number of journals which fall into sources a, b, or c. Data in each
paper could be found in either in the text (a) − including below
figures/tables or in the papers’ experimental section (b), in associated
supplementary information (c), or in both (a) and (b). For example:
for the publisher ACS (gray section), ppm data came from 8 different
journals (outer ring). Within those (inner ring) experimental data
from one journal could be found in the paper’s text (a‑1), four
journals provided it in the associated supplementary information
(b‑4) and three journals with the information in the text and
supplementary information (c‑3).
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also occurs to inform the user if the paper has been added
previously. An open-source version of the app has been created
using Python script (Supporting Information). This version
includes slight improvements to the original MATLAB app
(Supporting Information). An Excel file package for data
storage is also part of the Supporting Information.
The data observations for each reaction can be made either

individually or by comparison with each other. Note that most
of the data presented here was gathered by searching the Web
of Science for key terms related to each reaction (reaction
name, palladium cross-coupling, palladium catalysis, palladium
chemistry), being mindful of the author keywords and
keywords plus sections. In addition, papers were chosen on
the basis of the year published to try and formulate a range of
dates from initial year of reaction publication (see Supporting
Information). The Web site www.organic-chemistry.org also
played a role in finding suitable, albeit recent, papers to be used
in this study. The book Applications of Transition Metal
Catalysis in Drug Discovery and Development: An Industrial
Perspective68 proved invaluable in identifying relevant named
catalytic reactions from an industrial perspective, particularly
those amenable to larger scale reactions. A minimum of 40
papers (for each reaction) was deemed to be representative
due to time constraints (noting again that each paper was
manually examined). This is not an exhaustive list, and this
study has the potential to be ongoing. One difficulty we
encountered was how to find papers that use a named catalytic
reaction but do not mention so explicitly. We recognize that
SciFinder, Reaxys, or similar structural databases might help in
the future here. All data extracted from the papers are
summarized in Figure 4, separated into each reaction, and
represented as box and whisker plots for each mol % range
with a line of best fit.
The numbers below each box indicate the total number of

data points within each mol % range. For most reactions, there
is a large skew in the data points toward lower mol % values,

namely, 0−1 and 1−2 mol %. The 4−5 mol % category is
common for Stille, Suzuki−Miyaura, and Heck reactions. The
5+ mol % category is used less often, which includes transition
metals other than Pd, e.g., where Cu, Ni, and Fe are typically
located (in this study). This can be ascribed (generally) to the
lower catalytic activity of some of these systems, whereby the
catalyst loading must be increased to see a similar performance
level to that of Pd (note: again, we recognize there will be
exceptions in the literature).
Concentration can have profound effects on reaction

outcomes such as conversions and yields. Often, from the
gathered data, solvent was the main constituent of each
reaction, largely comprising 60−95% of the total molecular
makeup for each reaction. This, as expected, had a large knock-
on effect on catalyst ppm where a high catalyst mol % did not
necessarily have large ppm values (i.e., the reaction was thus
conducted using a low concentration of limiting reagent).
There were a number of entries where solvent was not
included as a reaction component and, as such, the total Pd
molecular ppm is high. For example, 2433 ppm Pd was used in
a solventless Negishi cross-coupling employing mechano-
chemically activated zinc.69

When it comes to determining the relative amounts of each
component in a reaction, particularly in terms of catalysis, mole
percent (mol %) or equivalents (eq or equiv) are most used
where the catalyst is in a ratio with the main reaction substrate.
This is useful for a few reasons:

(1) Provides the exact amount per mole of substrate

(2) Easy to relate to reaction relationships

(3) Easy for subsequent reaction calculations

However, other reaction components are less typically
considered and may have effects on the overall reaction
outcomes (e.g., product conversion, yield, selectivity). For
higher catalyst loadings, we can anticipate that side reactions of
the catalyst and/or ligands are more likely, i.e., leading to the
generation of noticeable side products derived from the
catalyst system. Reaction solvents typically make up the
molecular bulk of the reactions. Indeed, how different solvents
can change Pd catalyst speciation has been shown.70,71 Reagent
solubility may play a role in why solvent is the molecular bulk
of reactions or where reaction conditions are close to those
described in the original manuscript procedure. Solvent
selection is also a crucial factor to consider. In addition to
Pd catalyst speciation changes, which may affect reaction
pathways, different solvents can even increase or decrease
reaction selectivity and/or reaction rate. Solvent molecules
tend to be smaller (for the most part) than the reagent(s) or
catalyst species, so the addition of 1 mL, for example, can add a
significant number of extra molecules into the reaction
medium, impacting the global reaction rates.
Experimental detail is most often recorded using mmol of

each reagent along with the total volume of solvent (mL for
small scale and L for large scale) added, which does not hint at
the proportion of solvent in the system. Calculations using
solvent density and molecular weight show that the largest
proportion of molecules are derived from the solvent,
depending on the solvent used. As an example, there is, on
average, 108 times as many molecules of solvent as the limiting
reagent (indicated by analysis of the Suzuki−Miyaura cross-
coupling reaction data).
Regarding mol % usage, 5 mol % catalyst is often a popular

choice. This is shown mainly in Suzuki−Miyaura (22%),

Figure 3. MATLAB app designed as part of this study to aid the user
in sorting and calculating the Pd ppm levels in cross-couplings.

Organic Process Research & Development pubs.acs.org/OPRD Review

https://doi.org/10.1021/acs.oprd.2c00051
Org. Process Res. Dev. 2022, 26, 2240−2269

2244

https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.2c00051/suppl_file/op2c00051_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.2c00051/suppl_file/op2c00051_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.2c00051/suppl_file/op2c00051_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.2c00051/suppl_file/op2c00051_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.oprd.2c00051/suppl_file/op2c00051_si_003.xlsx
http://www.organic-chemistry.org
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.2c00051?fig=fig3&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.2c00051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Negishi (24%), Stille (26%), Heck (29%), and direct arylation
(42%) reactions, where all have a high proportion of mol %
values within the 4−5 mol % category (one example at 5 mol
%). The remaining reactions: Sonogashira, Kumada, Buch-
wald−Hartwig amination, and cyanation (20% of papers
examined) are within the 4−5 mol % range.
The employment of lower Pd catalyst loadings to these

systems is potentially more susceptible to deactivation from
uncontrollable contaminants in reagents/solvents/additives
that are likely to interact with catalytic species. On the other
hand, too much metal catalyst can make the removal from the
final products more cumbersome. This is typically a problem
on large scale where industry needs to develop new methods to
reduce the level of Pd in active ingredients. It is necessary to
remove Pd from final reaction mixtures or product
compounds, where difficulties can occur depending on
molecular structure and other parameters.42,72,73

There is a significant importance in the removal of Pd from
reactions and during product purification. Effective Pd removal
can be achieved using functionalized silica adsorbents or
functionalized resins alongside more conventional workup/
purification procedures. One such procedure by Magano et al.
used SiliaMetS Thiol during the purification of a naphthale-
nopiperazine HCl salt. The crude product was contaminated
with 1300−1600 ppm Pd. After treatment with SiliaMetS
Thiol, the product was recovered in a 90% yield with only 2
ppm Pd. The reaction here used a Buchwald−Hartwig
amination transformation with 2 mol % PdCl2(dtbpf) (7.6
ppm).74

Allmendinger and co-workers75 have shown how to prepare
and apply different functionalized resins while scavenging
heavy metals from reaction mixtures. The most effective
consisted of a combination of silica resins and polyamines,
mainly in apolar solvents. As scavenging brings an additional

Figure 4. Stacked box and whisker plot outlining each named reaction during this study. Calculated catalyst ppm (molecular) is shown on each y-
axis. Each box and whisker plot relates to a range of mol % values: red, 0−1; orange, >1−2; yellow, >2−3; green, >3−4; blue, >4−5; purple, 5+.
The average ppm values in each category fit to the dotted line of best fit. Each box and whisker plot comprises the box, the interquartile range
(middle 50% of data); central line, median value; whiskers, the total range of data; cross, mean value.
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processing step, it must be compared to other alternatives to
check viability. Reaction Pd can be removed by optimizing the
reaction conditions, i.e., reduced Pd catalyst loading, or using
other reaction processes such as product salt formation (if
products are basic). It is worthwhile to examine multiple step
reaction processes, as downstream transformations may assist
in Pd removal.
Similarly, the use of polymer-supported ethylenediamine has

been shown to be successful when removing residual Pd0 and
PdII from a Suzuki−Miyaura cross-coupling reaction. In this
work, the crude product contained 2000−3000 ppm palladium,
which was initially reduced to 100−300 ppm using the
supported scavenger and subsequently reduced again to <10
ppm via product salt formation.76

The effectiveness of metal scavengers has been shown to
change under specific conditions. These relationships were
determined using the design of the experiments (variables =
temperature, scavenging time, amount of scavenger, and
concentration of Pd in solution) with a Buchwald−Hartwig
reaction. For example, at a higher temperature and longer
scavenging time, the amount of scavenger needed to remove
90% of the reaction palladium increased to 1.2 mol equiv
compared to 1 mol equiv when lower temperature and time
were used. Pd scavenging from reactions is evidently a complex
process where the initial amount of Pd used may play a role in
the effectiveness of the scavengers.77

In general, reaction Pd ppm level does not appear to change
with reaction scale and follows the same general trend as the
rest of the data; higher mol % typically gives a higher molecular
ppm. Often, equal reaction equivalents to those performed on
small scale, which generally have low ppm levels, are used.
From the larger scale reactions found, 75% were Suzuki−
Miyaura with the final 25% consisting of Kumada (17%) and
Stille (8%) reactions. The Kumada reactions made use of low
catalyst loadings (0.1 and 1 mol %) while being performed on
a 10 and 2 mol scale, respectively, where calculated ppm levels
were 175 and 180. In contrast to this, a single large scale Stille
reaction employed 5 mol % loading on a 1.8 mol scale,
equating to a reaction ppm level of ca. 2345, which is
significantly higher than the average ppm for all cross-coupling
reactions (typically 815 ppm).
Extracted data from our study has shown that the most

popular choices of (pre)catalyst are Pd(OAc)2, Pd2(dba)3,
Pd(PPh3)4, and Pd(dppf)Cl2, which were used in ∼45% of all
papers. Many entries in the <1 mol % category are often more
specialized (pre)catalysts, e.g., [XantPhos Pd(allyl)]Cl or solid
supported nanoparticles. Pd(OAc)2 was used in 83% of papers
describing direct arylation.
The relation of reaction yield to molecular ppm is rather

difficult to achieve from this data as reaction yield is affected by
much more than catalyst speciation and/or activity. In
particular, substrate properties (steric and or electronic),
purification procedures, or unwanted impurities (facilitating
unwanted side reactions) are all reasons that the isolated yields
can be lower than expected (compared to the crude mixture).
Indeed, it would be more important to relate ppm to TOF to
gauge relationships. However, as observed when examining the
literature, the majority of papers did not calculate this
parameter. In fact, as previously mentioned, TOF should be
one parameter calculated and referenced when looking at
catalytic reactions to have more understanding of catalytic
efficiency. If these values could be obtained, then related Pd

concentration (molecular ppm) could provide valuable insights
for each catalyst and also each named reaction.
In comparison to the original reported reactions, there are

large changes in the concentration of Pd (or transition metal)
used in each reaction. Most of the named reactions follow the
same trend where the original reported reaction employs a
lower in-reaction ppm level of palladium than the average
amount for the said reaction. The Kumada−Corriu reac-
tion78,79 originally used Ni catalysts at 0.7 and 1 mol %
equating to 343 and 833 ppm, respectively. Most of the data
follows the original reports with 70% of papers reporting 2 mol
% or lower catalyst loadings. The lack of high loadings from
this data set causes the average ppm value to be lower than
other reactions, i.e., 404 ppm from the 51 reactions examined.
The Negishi reaction80 shows a substantial change from the

original reporting conditions to those typically used today. In
an initial report from 1977, the reaction used 5 mol % catalyst,
which we calculated to be 550 ppm in the reaction. As many
reactions do tend to use 5 mol %, most (from the gathered
data) use significantly less, as low as 0.001 mol %. From the
remaining Negishi data, the average result from the 45
reactions analyzed employed an average of 1400 ppm.
However, this average is skewed by the wide values through
the use of other metals at higher (pre)catalyst loadings.
Similarly, an early report of the Stille reaction81 employed a

small mole percentage of catalyst compared to substrate, only
0.05 mol % or 110 ppm, clearly lower than the average from 58
reactions found, which was ca. 770 ppm. We noted that 38% of
the papers surveyed made use of catalyst loadings below 1 mol
% while a notable number (26%) used 5 mol % Pd
(pre)catalyst, which is likely to give a higher in-reaction ppm
value.
Again, similar to the previously mentioned reactions, the

Suzuki−Miyaura cross-coupling reaction82 was originally
reported to use 1 mol % palladium (pre)catalyst or 179 ppm
in the reaction system. This is again like the Stille and Negishi
reactions and is lower than the overall average found in the
data surveyed. A common occurrence was 1 mol % or lower
with 41% of the papers surveyed having a loading below 1 mol
%. A total of 75 reactions were found to have an average of 777
ppm.
The relationships previously observed were also revealed for

the Sonogashira reaction.83 The lowest category of 1 mol % in
relation to the substrate gave 167 ppm of Pd (pre)catalyst in
the reaction, which was below the average of 869 ppm from the
55 reactions surveyed. The data profile shows a more balanced
range of catalyst loadings.
The Heck reaction84 was, surprisingly, different from the

previous cross-coupling reactions. An early paper from 1972
used 1 mol % catalyst, which was calculated as being over 3000
ppm, well over the average of 800 ppm from 55 Heck
reactions. This was due to the lack of solvent used and only
three reagents used alongside the (pre)catalyst, i.e., aryl halide,
alkene, and base.
Cyanation reactions of organohalides85 proved to be

interesting; the initial study in 1973 reported the use of both
0.5 and 2 mol %, equating to 551 and 1254 ppm Pd
(pre)catalyst, respectively, while he average result was 961
ppm. This was largely due to the use of almost identical moles
of Pd(CN)2 but with five times less substrate, four times less
KCN, and three times less solvent.
A variant of the Buchwald−Hartwig amination reaction (Pd-

catalyzed C−N couplings) was reported in 1983 by Migita and
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co-workers.64 A fully expanded methodology, with broad
substrate scope, was reported in 1994.86 In Migita’s work, 1
mol % of PdCl2(o-tolyl3P)2, equating to 1386 ppm, was
employed. This high value can be attributed to the solvent
constituting only 65% of the total molecular species. In
comparison to this, the B−H amination average ppm value is
4800 ppm (vide infra), four times higher than the original
report.

■ SUZUKI−MIYAURA CROSS-COUPLING

The SMCC reaction of organohalides/pseudohalides with
organoboron-containing compounds is widely applied with an
innate mechanistic complexity that sits beneath its apparent
simplicity.87 Its wider application enabled easier data extraction
in this study. We identified 75 journal articles, which included
a total of 97 individual reactions, from which good quality data
could be extracted and analyzed.55,58,59,76,88−137 The data
shows a split between common mol % choices, 0−1 and 4−5
mol %, having ppm values up to 1000 ppm. It also shows that,
from these selected papers, lower mol % values are preferred
with ca. double the number of 0−1 mol % (40) compared to
4−5 mol % (21). Within the 0−1 mol % tier, the distribution
of data is smaller than other mol % tiers, where the data is
bunched closer to the lower ppm levels. This could be due to
more recent papers being included in the study, where research
groups have attempted to reduce catalyst loadings through the
use of an activating ligand, i.e., using tailored (pre)catalysts,
while maintaining good catalytic reactivity. The lowest mol %
used for SMCC reactions was 0.0013, which equates to 0.063
ppm105 according to our calculations for molecular ppm.
Compared to this, the largest data point observed was 5689
ppm when 7.62 mol % catalyst was used.133 Here, the most
commonly employed (pre)catalyst is Pd(OAc)2 followed by
Pd(PPh3)4, 23% and 22%, respectively, of all reactions, and
15% were variations of PdCl2. The mol % and ppm spread (<1,
1−2, 2−3, and 5+ mol % and 8−1500 ppm) across both is
quite substantial.
To represent the large amount of data for each reaction and

to help summarize the key trends, a 3-dimensional graph was
created (Figure 5). To easily display the data, they have been
grouped into mol % categories: 0−1, 1−2, 2−3, 3−4, 4−5, and
5+. Within each of these, the data is displayed in three ways: a
bar showing the total number of reactions, a box plot showing
the range, middle 50% of data, median, and mean (also
included outliers), and then finally, a distribution of all the
individual data points. There are many points distributed in the
0−1 mol % category; as such, a zoomed in inset has been
included for this category.
The following examples outline the employed ppm levels of

Pd used in the published examples of the SMCC reactions.
The same format is used for the subsequent reactions, i.e., a
summary of key trends/findings followed by relevant examples.
The development and optimization of LY503430 by Eli Lilly

(Scheme 5) made use of a Suzuki−Miyaura reaction to
incorporate a biphenyl linkage connected to a sulphonamide
containing a quaternary chiral center.94 The coupling of the
sulphonamide with 4-carboxylphenylboronic acid initially
employed Pd(OAc)2, PPh3, and Na2CO3 in aqueous IPA
refluxing for a total of 3 h. Reaction optimization identified a
Pd black catalyst, K2CO3 base and MeOH as the best reaction
conditions. These conditions allowed the reduction in reaction
time (to 1 h) and temperature while improving the isolated
yield to 88% from ∼70%. Total Pd levels in the purified

product ranged from 3 to 8 ppm. Given that this was on a large
scale (∼11 L total volume), the in-reaction ppm was low (143
ppm) compared to the higher mol % used (3 mol %). The
majority of in-reaction Pd was removed using a Hyflo Super-
Cel for filtration and acetic acid for product crystallization,
followed by a further filtration.
A large-scale multi-kilogram process to synthesize a 5-HT2c

receptor agonist (Scheme 6) was developed by BMS, which

gives us an interesting example to assess further.96 The product
was not formed as a solid and contained high levels of Pd
contamination (in the range of 2500−3500 ppm). Further
purification of the product was necessary; the use of Picachem
carbon or a solution of tris(hydroxymethyl)aminomethane was
unable to remove the residual Pd to satisfactory levels. It was
only upon a combination treatment using a 20% Na2CO3

solution of trithiocyanuric acid (<5 °C) where solid Pd
precipitate was formed and filtered, and the organic phase was
treated using Picachem carbon 80PN, which removed the

Figure 5. Distribution of data gathered for Suzuki−Miyaura cross-
coupling reactions. The x-axis shows the mol % of catalysts grouped
together (0−1, 1−2, 2−3, 3−4, 4−5, and 5+); the left y-axis shows
the ppm for each data point; the right y-axis shows the total number
of data points in each group of mol %. The bar for each mol % is the
total data points contained in that mol range. The data points for each
mol % group show the distribution of ppm levels while the box plot
outlines the range (whiskers), median (internal line), mean (small
square), and interquartile range (large box) for each mol % subset.

Scheme 5. Suzuki−Miyaura Reaction in the Synthesis of
LY503430 by Eli Lilly94

Scheme 6. Use of a Suzuki−Miyaura Cross-Coupling
Reaction to Synthesize a 5-HT2c Receptor Agonist as
Reported by BMS96
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majority of Pd to give a Pd level of <100 ppm. The “in-
reaction” ppm level for the final iteration to form the 5HT2C

receptor agonist was 231, which accounts for all the reaction
components. The example highlights that the product is very
capable of sequestering Pd.

■ KUMADA−CORRIU CROSS-COUPLING

The Kumada−Corriu cross-coupling reaction is well used and
understood, being central to many reported multistep
syntheses.138 From the 43 journal articles (Figure 6) found

(comprising 51 reaction sets), the majority make use of lower
(pre)catalyst loadings, residing in the 0−1 and 1−2 mol %
ranges. It is a rarer occurrence for loadings to be situated in the
higher mol % ranges, possibly due to reagent reactivities,
sensitivities, or toxicities.56,78,79,100,112,123,129,138−172 From the
few high mol % values, ppm values reach their maximum from
ca. 300−1000 ppm. The lowest mol % value was determined to
be 0.1 mol %161 (175 ppm, in our survey), which did not give
the lowest ppm value. This was found to be from a 2 mol %
system calculated at 9.9 ppm (in terms of the Pd (pre)-
catalyst).164 The most commonly employed (pre)catalyst here
was Pd2(dba)3 followed by Pd(OAc)2 and Pd(PPh3)4: 26%,
12%, and 10% of the literature surveyed, respectively.
The Kumada−Corriu reaction has also been used in the

scale-up of a key intermediate toward an improved synthesis of
a pyridine derivative (Scheme 7).146 An unstable 4-

pyridylmagnesium halide caused scale-up issues. Thus,
continuous flow technology (to overcome the scalability
issue) and a low temperature Kumada procedure with
improved Pd catalysis made the reaction possible. The unstable
species was generated by mixing the pyridyl species with a
“turbo Grignard” reagent under reaction cooling before being
mixed with the heteroaryl species and catalyst at 0.5 mol % (65
ppm). The larger scale reaction was performed using 16 mol of
pyridyl halide, 13 mol of thiopyrimidine, 1 mol % PEPPSI-IPr,
and 20 L of THF. Even though the mol % of Pd was doubled,
there is a considerable difference between the two ppm values
(∼7×). This may be due to the larger scale reaction being
performed in batch mode and the smaller scale reaction, in
continuous flow mode, each having different mixing effects and
other physical characteristics and differences.
Geng and co-workers reported that organoboronic pinacol

esters are stable in typical conditions used for the Kumada,
Heck, and Stille reactions (Scheme 8).167 Fluorene-based

organoboron compounds have been used for the preparation
of bromo- and iodo-fluorenyl boronic pinacol esters using
these cross-coupling reactions. The report outlines each
reaction, each with differing conditions. The Kumada coupling
employs the lowest catalyst loading (1 mol %), where the
reagents have a reaction quantity of ∼0.86 mmol. These and
the amount of solvent used, 10 mL, gives an in-reaction ppm
level of 62.2 ppm, well below the average from the data
gathered. The low ppm level is most likely due to the reaction
scale in a large volume of solvent and also provides the highest
yield of all three reactions when using the bromo-substituted
derivative (86%).

■ STILLE CROSS-COUPLING

The reaction of organohalides/pseudohalides with organo-
stannanes is arguably the most reliable and structurally most
resilient cross-coupling reaction.173 Unfortunately, the toxicity
of organostannyl byproducts is of serious concern. The toxicity
of tin reagents is well established, having a toxicity profile
similar to that of hydrogen cyanide.174 This said analysis of the
Stille reaction surveyed here exhibits similar relationships to
the Kumada−Corriu reaction. We analyzed 42 journal articles
and 61 separate Pd-cata lyzed react ions (Figure
7).27,58,65,81,105−107,166,167,169,171,175−205 There is a preference
for lower mol % ranges, but more reactions are performed at 5
mol %, which is particularly apparent in older articles. There is
a larger variation in ppm values for the 4−5 mol % category,
most likely due to the large variation in reaction volume.
However, this data set has shown the lowest Pd (pre)catalyst
loadings for all the named reactions, 0.0001 mol % equating to
0.0082 ppm. Activated substrates can thus employ low levels of
Pd catalyst with great effect, where there are limited reaction
sensitivities.65 The most commonly employed (pre)catalyst
here is Pd2(dba)3 followed by Pd(PPh3)4: 25%, and 20%
respectively.

Figure 6. Distribution of data gathered for Kumada cross-coupling
reactions. The x-axis shows the mol % of catalysts grouped together
(0−1, 1−2, 2−3, 3−4, 4−5, and 5+); the left y-axis shows the ppm for
each data point; the right y-axis shows the total number of data points
in each group of mol %.

Scheme 7. Preparative-Scale Kumada−Corriu Cross-
Coupling of Unstable Pyridylmagnesium Halide and
Thiopyrimidine146

Scheme 8. Outline of a Kumada−Corriu Reaction of Halide
Fluorenes and Thiopheneyl Magnesium Bromide167
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A recent paper outlines how a stannyl moiety and halide can
be incorporated into the same molecule for an effective Stille
polymerization cross-coupling reaction (Scheme 9).201 This

reaction was performed under microwave conditions using 5
mol % Pd(PPh3)4 (1792 ppm) giving products in ∼85% yield.
The in-reaction ppm is high because of the low volume of
solvent used and high catalyst loading, compared to the
average value.
Similarly, an efficient Pd-catalyzed Stille cross-coupling was

developed using Pd(OAc)2 and DABCO at very low loadings,
Scheme 10.65 The process enabled access to biaryls, alkenes,
and alkynes with catalyst turnover numbers reported up to
980 000. The catalyst loading quoted above represents
conditions used for the coupling of 1-bromo-4-nitrobenzene,
an arguably nonchallenging substrate (in terms of the weak
strength of the C−Br bond). The nature of the reaction
conditions (elevated temperature and long reaction time)

might indicate a role for small Pd clusters and/or nano-
particles.25

■ NEGISHI CROSS-COUPLING

Negishi cross-coupling of organozinc reagents with organo-
halides is a valuable reaction for a raft of applications, including
total synthesis.206 The data gathered in this survey spanned 42
journal articles and 45 individual reactions.57,207−243 The
reaction data shows a preference for lower mol % values,
particularly from papers published in the past decade.
Interestingly, most ppm data points are distributed to lower
ppm levels with more than 60% being below 500 ppm. Only
four from the 45 reactions employed no reaction solvent. Out
of the remaining 41 reactions, 28 contained solvent in
quantities of 90% and above (Figure 8). For the Negishi
reaction, there were a wider range of catalysts used.

Five reactions used more than 5 mol % catalyst, and four of
them employed transition metals other than Pd, for example,
NiCl2 at 10 mol % (2566 ppm)237 or 20 mol % (616 ppm)207

or stoichiometric Ni(cod)2 (24 142 ppm).218 The only high
mol % Pd catalyst employed Pd(dba)2 (better referred to as
Pd2(dba)3·dba) was used at 7.14 mol % catalyst loading (822
ppm).208

Liu and co-workers developed an interesting Negishi cross-
coupling protocol enabling the regioselective activation of the
C3−Br bond in the presence of the more electrophilic B−Cl
bond (Scheme 11). This example shows how a higher catalyst
loading (5 mol %) does not follow the general trend as the in-

Figure 7. Distribution of data gathered for Stille cross-coupling
reactions. The x-axis shows the mol % of catalysts grouped together
(0−1, 1−2, 2−3, 3−4, 4−5, and 5+); the left y-axis shows the ppm for
each data point; the right y-axis shows the total number of data points
in each group of mol %.

Scheme 9. Stille Cross-Coupling Polymerization Reaction
Where the Stannate and Halide Are Incorporated into the
Same Moleculesa,201

aPd(PPh3)4 is used as catalyst at 5 mol % loading.

Scheme 10. Activated Stille Cross-Coupling Reaction
Example Using Ultra-Low Loadings of a Pd Precatalyst65

Figure 8. Distribution of data gathered for Negishi cross-coupling
reactions. The x-axis shows the mol % of catalysts grouped together
(0−1, 1−2, 2−3, 3−4, 4−5, and 5+); the left y-axis shows the ppm for
each data point; the right y-axis shows the total number of data points
in each group of mol %.

Scheme 11. Regioselective Negishi Cross-Coupling
Reaction of 1,2-Azaborines Using Pd(P-tBu3)2 at 5 mol %
Loading210
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reaction ppm level is 190.5 ppm. For this example, 0.098 mmol
of azaborine (0.098 mmol, 33 mM) was used in THF (1 mL,
26 mmol), highlighting the high dilution used for the
reaction.210

Following the previous example, Son and Fu229 established
an effective Negishi reaction using a NiCl2 (pre)catalyst and
Pybox (Scheme 12). This reaction employed a higher catalyst

loading of 5 mol % but had a low in-reaction (pre)catalyst ppm
(138 ppm). It was found that 2-ethyl-1,3-dioxolane zinc
bromide provides the highest yields and enantioselectivities for
this catalytic system. This system uses a significant amount of
solvent (360 mmol) compared to substrate (1 mmol) and
catalyst (0.05 mmol), which explains the lower Pd (pre)-
catalyst ppm value of 138 ppm.

■ SONOGASHIRA CROSS-COUPLING

The Sonogashira cross-coupling of organohalides with terminal
alkynes is catalyzed by Pd and cocatalytic Cu, in the presence
of base. It is a valuable reaction for accessing an eclectic array
of (typically) internal disubstituted alkynes. Our analysis bares
similar trends to Kumada−Corriu and Negishi cross-coupling
reactions in that there is a greater use (52% of the data) of
lower mol % values. From the journal articles examined (44
articles and 55 reactions, Figure 9),61,244−276 almost a third of
the reactions make use of 1−2 mol % Pd catalyst with 25%

employing 1 mol % or lower. The Sonogashira reaction shows
a trend toward lower ppm values, typically in the 500 ppm and
lower region (median value of 360 ppm). There are also higher
ppm values that skew the average to 883 ppm. The highest mol
% category contains only 10 mol % reactions where the ppm
values range from 550120 to 13 000270 ppm. The lowest ppm
was calculated to be 0.17 from a reaction using 0.001 mol % Pd
catalyst loading.260 Approximately 25% of all (pre)catalysts
used were PdCl2(PPh3)2 with the remaining 75% being spread
over all other (pre)catalysts, although variations of (with
different ligands) PdCl2 were the most common making up
45% of the total.
Following this, Pastre and co-workers252 described a

methodology in the synthesis of pharmaceutically relevant
1,3-enyne derivatives (Scheme 13). Stereoselectivity was an

integral part of the study about the Sonogashira reaction where
the (E) and (Z) products were obtained at 81% and 68%
yields, respectively, from the corresponding E- and Z-vinyl
bromides. The reaction made use of a high Pd catalyst loading
(10 mol %, 3350 ppm), significantly higher than most other
examples, which sit closer to the average (883 ppm). Here,
solvent contributes just over 80% of the reaction total (0.36
mol) compared to the substrate (0.013 mol).
Yin and co-workers269 devised a methodology to synthesize

bis-pyrazolo pyridine derivatives with the final step being a
Sonogashira reaction to introduce the alkynyl moiety (Scheme
14). The Sonogashira reaction here is not the focus of the

report but adds the possibility of cross-coupling reactions to
bispyrazolo pyridines. This reaction system employed Pd-
(OAc)2 at 2 mol % catalyst loading along with CuI(Xantphos)
and Cs2CO3 as the base. The Pd (pre)catalyst has an in-
reaction value of 242 ppm, representing another example of
solvent being the major reaction component.

■ HECK ALKENYLATION CROSS-COUPLING

The Heck reaction of an alkene with an organohalide
historically represents one of the oldest Pd-catalyzed trans-

Scheme 12. Nickel-Catalyzed Negishi Cross-Coupling
Reaction Using NiCl2·glyme as (Pre)catalyst at 5 mol %,
138 ppm229

Figure 9. Distribution of data gathered for Sonogashira cross-coupling
reactions. The x-axis shows the mol % of catalysts grouped together
(0−1, 1−2, 2−3, 3−4, 4−5, and 5+); the left y-axis shows the ppm for
each data point; the right y-axis shows the total number of data points
in each group of mol %.

Scheme 13. Sonogashira Cross-Coupling or an Alkyl
Bromide with Alkyne Using Pd(PPh3)4, PPh3, and CuIa,252

aPd catalyst loading was 10 mol % at 3350 ppm Pd.

Scheme 14. Sonogashira Cross-Coupling Reaction
Catalyzed by Pd(OAc)2 (2 mol %, 242 ppm) Alongside
Cu(Xantphos)I and Cs2CO3 in DMF269
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formations. Our literature search for appropriate Heck
reactions involved the identification of 45 articles, which
detailed 55 reactions (Figure 10).60,115,277−309 The distribution

of mol % values are similar to those seen in the Stille cross-
couplings. There are equal numbers of 0−1 and 4−5 mol %
although the ppm distribution is wider, ranging from 3.3 to ca.
2500 ppm. The lowest mol % category gives the lowest ppm
value (3.3 ppm).115 There is slight variation in the lower mol %
category where, for example, 1 mol % gives 10.7 ppm but
conversely a 0.5 mol % reaction gives 1105 ppm. This is largely
due to the 0.5 mol % reaction being run neat (no solvent).
Here, 32% of the (pre)catalysts employed were Pd(OAc)2;
22% were variations of PdCl2.
Another example that shows the role of solvent in dictating

the in-reaction ppm was uncovered in the development of a
highly active NHC-Pd (pre)catalyst.283 This (pre)catalyst was
used to couple an aryl bromide and an alkene in a Heck
reaction (Scheme 15). The schematics in the paper report the

use of NMP as the reaction solvent, run at 140 °C for 18 h.
However, the supporting information from the original
publication did not report the amount of NMP used in the
general Heck procedure. This means that the in-reaction ppm
calculation may be higher than that used in practice. The
calculated ppm values were ca. 1100 ppm at 0.5 mol % catalyst
loading and ca. 4700 ppm at 2 mol % catalyst loading. The use
of 1 mL of NMP would dramatically reduce the relative

amount of Pd (pre)catalyst in the reaction, e.g., 0.5 mol % =
334 ppm and 2 mol % = 1300 ppm.
Reactive arenediazonium salts can be used in Heck-type

couplings (often referred to as Heck−Matsuda reactions303)
and were used to prepare sensitive styrenes, which serve as
substrates for a range of symmetrical and unsymmetrical
stilbenes, formed by a sequential workflow synthesis of
Suzuki−Miyaura and Heck reactions (Scheme 16).290

Reactions were performed at low palladium loadings (1 mol
%, 10.7 ppm) and required a short amount of time for the
reaction to be completed (several minutes), and turnover
frequencies were high, typically >2000 h−1.

■ CYANATION OF ORGANOHALIDES

Organohalides react with a variety of cyanating agents in the
presence of a metal catalyst (typically) to afford organocyanide
products, which are useful precursors to a range of products,
including amines310,311 and carbonylic acids.312,313 Our
literature survey identified 40 suitable journal articles with 47
reactions described (Figure 11).62,85,121,124,282,300,314−346 Cop-

per,314,317,327,333,338,344 nickel,322,340 and ytterbium344 make up
most of the 5+ mol % category where catalyst loadings are 10
mol % (743 ppm lowest value) or above with the highest value
of 130 mol % (11 900 ppm). There is a greater variation in the
mol % values used with many more found in the 3−4 mol %
category. Greater than 50% of the data is above 1 mol % and
has a maximum catalyst ppm of 11 900 (130 mol %314). The
greatest range is seen in the >5 mol % category for both mol %

Figure 10. Distribution of data gathered for Heck cross-coupling
reactions. The x-axis shows the mol % of catalysts grouped together
(0−1, 1−2, 2−3, 3−4, 4−5, and 5+); the left y-axis shows the ppm for
each data point; the right y-axis shows the total number of data points
in each group of mol %.

Scheme 15. Heck Cross-Coupling of Functionalized Aryl
and Heteroaryl Bromides by IMes-Pd(dmba)Cl283

Scheme 16. Preparation of Styrenes and Vinylheterocycles
Using a Heck Cross-Coupling Reaction290

Figure 11. Distribution of data gathered for catalytic cyanation cross-
coupling reactions. The x-axis shows the mol % of catalysts grouped
together (0−1, 1−2, 2−3, 3−4, 4−5, and 5+); the left y-axis shows
the ppm for each data point; the right y-axis shows the total number
of data points in each group of mol %.
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and ppm: 7.5−130 mol % and 606.2−11902 ppm,
respectively.314,320 For this reaction, 13% of all entries
employed Pd2dba3 and 13% used Pd(OAc)2 as (pre)catalysts.
Many entries used various forms of Pd0/PdNPs (15%).
There is evidence for the improvement of catalytic cyanation

reactions in more recent papers. Buchwald outlined that
catalytic cyanation reactions can occur using a nontoxic
cyanide source (K4[Fe(CN)6]·3H2O) while still maintaining
catalytic efficacy (Scheme 17).316 The use of a palladacycle

(pre)catalyst and ligand (XPhos) using a low loading (0.2 mol
%) gives a total in-reaction Pd ppm of 11.8 ppm. A total of 5
mL of solvent (dioxane/H2O; 1:1) was used, which may
explain why Pd ppm levels were low. Low (pre)catalyst
loadings enabled high yields to be achieved, up to 90%.
Conversely, higher loadings and in-reaction ppm levels were

shown to be effective when used for the catalytic cyanation of
aryl halides employing CuCN/Et4NCN as the cyanide source
(Scheme 18).316 The Pd catalyst and ligand combination

{Pd2(dba)3 and dppf ligand, likely generating Pd(η2-dba)-
(dppf) in situ347} generally shows good to high yields after
each reaction, employing catalyst loadings of 4 mol % (∼620
ppm). The work demonstrates that a simple Pd(0) precursor
and ligand (dppf) can function well in this type of chemistry.
The cyanation of a N-benzyl 4-bromo-pyridin-2-one

derivative has been shown to occur using a Pd (pre)catalyst
consisting of trans-piperidine and trans-acetate ligand (1-pip).
The (pre)catalyst in this system was used at a very low loading
(0.01 mol %), which equates to 4.9 or 7 ppm in terms of mass
(Scheme 19).326

During this study, several catalysts were synthesized, and
their efficacy was tested during the arylcyanation of aryl
bromides. It was noted that water (derived from K4[Fe(CN)6]·
3H2O) played a critical role in the mechanism, which was
switched from being homogeneous to heterogeneous. Even
when using such low loadings, the catalyst showed good

activity and converted 50% of the substrate to product. Kinetic
studies showed a change in TOF and TON when using
K4[Fe(CN)6] (<220 ppm of H2O) versus K4[Fe(CN)6]·3H2O
(>4000 ppm of H2O) where higher TON and TOF were
found with the anhydrous cyanating agent.

■ BUCHWALD−HARTWIG AMINATION

The Buchwald−Hartwig amination reaction of organohalides
with organoamines affords an eclectic array of new products
containing new carbon−nitrogen bonds. Data extraction of
appropriate Buchwald−Hartwig amination reactions led to a
similar distribution of articles to the SMCC data set (Figure
12). From 57 articles and 69 reactions,64,86,125,126,348−400 the

largest proportion, again, are localized in the lowest mol %
category of 0−1 mol %. There are several sources that involve
the use of other metal additives (CuI and Zn(OTf)2), which
skew the data, being used in 50 (0.5 equiv.) and 150 mol %
(1.5 equiv.) respectively. Disregarding these two non-
palladium species, the highest Pd value is 8.33 mol % (8041
ppm) while the lowest is 1.34 ppm, with a global average of
1885 ppm. The same general trend is followed where a higher
mol % means a higher in-reaction ppm, but there remains a
large variation in the 0−1 mol % category where the higher
values are close to those found in the 4−5 mol % category. The
most common (pre)catalysts were specialist catalysts contain-
ing bulky ligands, e.g., PEPPSI (23%), followed by Pd2dba3
(28%) and Pd(OAc)2 (22%) with various ligands.
An NHC-containing, palladium (pre)catalyst was used to

catalyze a Buchwald−Hartwig amination reaction of deacti-
vated heteroaryl chlorides (Scheme 20).379 A low mol %
loading of (pre)catalyst was used, which gave a low in-reaction
ppm of 98.8, well below the average value for this reaction set
(4820 ppm). However, this average considers the large ppm
values from other metal sources; when these are removed, the
average is reduced to 818 ppm. Such a low ppm value for this
reaction may be indicative of a more active catalytic species
derived from the initial (pre)catalyst.
An intramolecular Buchwald−Hartwig amination reaction

(Scheme 21)381 has been used in the total synthesis of

Scheme 17. Catalytic Cyanation of Aryl Chlorides Using 0.2
mol % of (Pre)catalyst, 11.8 ppm316

Scheme 18. Pd-Catalyzed Cyanation of Aryl Halides Using
Pd2dba3 at 4 mol %, 620 ppm315

Scheme 19. Catalytic Cyanation Reaction Using 1-pip as
Catalyst, 0.01 mol % and 4.9 ppm326

Figure 12. Distribution of data gathered for Buchwald−Hartwig
amination reactions. The x-axis shows the mol % of catalysts grouped
together (0−1, 1−2, 2−3, 3−4, 4−5, and 5+); the left y-axis shows
the ppm for each data point; the right y-axis shows the total number
of data points in each group of mol %.
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lavendamycin, a pharmaceutically relevant natural product.
Pd(PPh3)4 was used as the catalyst in a very high molar ratio
(150 mol %, 1.5 equiv), which gives an overall contribution of
23 500 ppm to the reaction. This is an incredibly high Pd
loading and may be explained by (other than the high molar
equivalents) the lack of additional reagents within the reaction
with only solvent (THF) playing a role in the ppm calculation,
96% of the total molecular amount.

■ DIRECT ARYLATION

The reaction of (hetero)aryl halides with appropriate organic
substrates containing reactive C−H bonds has emerged as a
competitive and complementary reaction to SMCC reactions.
We identified 40 journal articles for direct arylation with a total
of 42 reactions, which were appropriate for data extraction
(Figure 13).63,328,401−436 18 of these make use of 5 mol %
(pre)catalyst (42% of the total for this set), and 24% contain
the 0−1 mol % category; the remaining reactions make up the
rest (32%). There is a large variation in the ppm levels in the 5

mol % category from the lowest value of 109 to 2800 ppm, and
the an average is 998 ppm. These values are considerably
higher than the other, lower mol % categories, which have an
average of 449 ppm. Conversely, the highest ppm value
calculated was contained in the 0−1 mol % category with a
catalyst loading of 0.5 mol %. This high value seems to be due
to the other reagents contributing much less to the reaction
mixture (0.1, 0.15, 0.05, 0.005, and 0.03 mmol) while still
having good reaction yields above 50%. Here, 83% of catalyst
species were Pd(OAc)2 spanning the full range of ppm values
and all mol % categories.
Fairlamb and co-workers mentioned, explicitly, the need to

consider ppm Pd in direct arylations in a study that showed
that Pd nanoparticles were formed as highly effective catalyst
species for direct arylation reactions in situ from simple Pd
(pre)catalysts in the presence of polar aprotic solvents (e.g.,
DMF).412 The work highlighted the correlation between Pd
concentration (ppm) and catalyst TON showing that contrary
to the expectation (in a rate = k[cat][A][B] regime under
which TON should be measured) a lower Pd concentration
gives a higher TON; this is the opposite of assuming [Pd] =
[cat]. Using Pd(OAc)2 (2.5 mol %) in the C2-arylation of
tryptophan (Scheme 22) gave a catalyst concentration of 50

ppm and a TON of 17.6 in comparison to using 10 mol %
(200 ppm) and a TON of 6.6. Pd nanoparticles (PdNPs) seem
to play a major role in this reaction as their formation was
observed within 15 s of (pre)catalyst addition.
The relationship between Pd concentration (ppm) and

TON, particularly in this example, shows a general negative
trend: as TON increases, the Pd concentration (ppm)
decreases (Figure 14).
A method for the direct arylation of pentafluoroarenes with

arylboronic acids (Scheme 23) was shown to have a broad
substrate scope for both arenes and boronic acids. This was
highly dependent on the acidity of polyfluorobenzene, which
determined which base was used.425 A silver salt was also used
as a reaction additive at 2 equiv of substrate (0.2 mmol), which
will play a decisive role in the reaction mechanism. The low Pd
ppm here (2 mol % = 178 ppm; 5 mol % = 436 ppm) could be,
again, attributed to the amount of solvent (DMA, 2 mL, 0.021
mol), a factor of a hundred higher than the polyfluoroarene
substrate.
The next example from the direct arylation data set (Scheme

24) indicates how a high mol % of (pre)catalyst can still
provide a modest in-reaction ppm, i.e., 20 mol % and 414 ppm.
The reaction of coumarin derivatives with substituted arenes,
using Pd(TFA)2 in pivalic acid along with silver and cesium
pivalate salts, typically shows good yields (41−84%). The
other reagents (arene, silver pivalate, cesium pivalate, and

Scheme 20. Palladium (Pd-PEPPSI-IPENTAn) Catalyst
Buchwald−Hartwig Amination of Deactivated Aryl Chloride
under Aerobic Conditions379

Scheme 21. Use of an Intramolecular Buchwald−hartwig
Amination Reaction in the Total Synthesis of
Lavendamycin381

Figure 13. Distribution of data gathered for direct arylation cross-
coupling reactions. The x-axis shows the mol % of catalysts grouped
together (0−1, 1−2, 2−3, 3−4, 4−5, and 5+); the left y-axis shows
the ppm for each data point; the right y-axis shows the total number
of data points in each group of mol %.

Scheme 22. Arylation of an N-Acetyl Protected Tryptophan
Using Pd(OAc)2 as Catalyst and a Variety of Loadings (1,
2.5, 5, and 10 mol %)a,412

a2.5 mol % = 106.88 ppm.
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pivalic acid) are in high molar quantities in this reaction system
compared to the coumarin reagent. The in-reaction ppm (414
ppm) for this system is well below the total direct arylation
average, having a value of 941 ppm.

■ FURTHER ANALYSIS OF SELECTED ARTICLES
REPORTED IN THE JOURNAL OF MEDICINAL

CHEMISTRY

As a comparison to the previous data set, ca. 15 additional
papers were surveyed from the Journal of Medicinal Chemistry
(JMC) for both SMCC reactions133,204,438−453 and Buchwald−

Hartwig amination reactions.383−388,390−396 As the previous
data were found from a variety of journals, although largely
catalysis specific, we were interested to see how different these
would be compared to papers only reported in JMC and if
there was a difference in mol % and ppm catalyst levels.
Finding more papers with a greater focus on catalyst usage,
rather than catalyst optimization, reveals a different angle to
this study. In addition, we examined the change catalyst ID
from two selected years over the course of multiple issues. We
took a small random selection, evaluating issues 1 to 11 from
1985 in JMC, which revealed some interesting results. Pd/C
was a common catalyst, often used when performing
hydrogenations, with 91 entries for Pd/C versus three other

Pd catalysts. When issues 1−6 from 2017 in JMC were studied,
a large proportion employed Pd/C (45%, 52 papers)
compared to other Pd catalysts, e.g., Pd2(dba)3, Pd(OAc),2
or Pd(PPh3)4 (55%, 63 papers).
Using the data from the JMC SMCC papers, despite being

targeted and arguably limited, highlights the popular catalyst
choice as well as the employed ppm Pd in more applied
systems. The trends show the skew toward higher mol % values
with 45% occurring in the highest mol % range or 68% of the
reactions performed at 5 mol % loading or above. Again, all
reactions in the 4−5 mol % category use 5 mol % alone. In
contrast to the other data from the SMCC reaction data, there
are no data points in the lowest mol % category (0−1 mol %),
where the majority were found previously (40 reactions).
These JMC reported reactions largely use either PdCl2(dppf)
(27%) or Pd(PPh3)4 (41%) compared to the original data set
where Pd(OAc)2 (29%) and Pd(PPh3)4 (16%) were found to
be the most common.
There is a large change in the number of reactions in the 0−

1 mol % range for both Buchwald−Hartwig amination and
SMCC reactions. For the latter, there are 40/76 in the original
set versus 0/22 in the JMC set, and for the former, there are
35/57 in the original set versus 2/14 (Figures 15 and 16) in

Figure 14. Relationship between catalyst TON and Pd (ppm)
concentration shows a general negative trend of the reaction in
Scheme 22.412

Scheme 23. Direct Arylation of Electron Deficient
Pentafluoroarenes with Arylboronic Acids through an
Oxidative Process Using Pd(OAc)2 Either at 2 or 5 mol %
(178 or 436 ppm)425

Scheme 24. Direct C4-Arylation of Various Coumarinsa,437

aA variety of R1 and R2 groups were used in different positions
around each aromatic ring.

Figure 15. Figure outlining the data extracted from the Journal or
Medicinal Chemistry for SMCC reactions.

Figure 16. Figure outlining the data extracted from the Journal or
Medicinal Chemistry for Buchwald−Hartwig Amination reactions.
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the JMC set. The identity of the (pre)catalyst used changes
between the original set and JMC set: Pd2(dba)3 (45%) or
Pd(OAc)2 (14%) being the most often used versus 16% and
22% for the same catalysts.

■ CONCLUSION

This study has revealed that there is a variation in Pd catalyst
usage and quantities described across a range of cross-coupling
reactions. Particularly apparent is how experimental data is
reported with no standardized format, a topic that has been
discussed widely elsewhere, but a general format has yet to be
agreed upon. Our metric, molecular ppm, has given us a
valuable and fair insight and an easy method to calculate Pd
ppm to assist in a comparison of the concentration of Pd in a
large variety of reported cross-coupling reactions. This metric
was chosen so that a clear method of comparing Pd
concentration across many papers in the literature could be
pragmatically established, where there were significant differ-
ences in the reporting of reaction data. In general, while
considerable manual data processing was necessary (in our
study), most data does conform to a good standard of
experimental and academic knowledge. It was evident that the
data reporting has improved greatly, particularly over the last
15 years or so where it has been more common to see detailed
procedures reported. Reported data should include all that is
necessary for the work to be repeated independently, and
sometimes; In some cases we noticed that key sections of
information were omitted. Particularly now, in such a data rich
era, where most chemical reaction information is electronic, it
should be easier for all essential data to be included whether
directly in the report or, as happens more often, included in the
associated paper supporting information. Giving thought to
how one’s data can be harvested by appropriate program
scripts and computational methodologies will be important
moving forward.
If one variable in a study is claimed to be novel (or a

potential selling point of a particular study), then we
recommend that further calculations support the claims
made. The calculation of the Pd ppm concentration of the
stock solution is the minimum as the concentration of Pd will
immediately change when added into the reaction medium
(including all reagents and solvents). Arguably, of equal
importance is knowing how long a Pd catalyst stock solution
has been standing prior to deployment (an issue for high
throughput screening campaigns particularly). This has been
shown to be an issue before and could contribute to formation
of unknown products and uncontrolled side reactions. We note
that the use of “ppm level” palladium in catalytic reactions is
not novel and can be observed in a large proportion of the
papers we have studied. Indeed, we make the point that one
should examine it and report it for all Pd-catalyzed cross-
coupling reactions.
Regarding the ppm data from each cross-coupling reaction

(Figure 17), there is a general trend of in-reaction ppm levels
increasing as the catalyst loading increases. However, the ppm
levels are largely dependent on the number of other species
used in each reaction and the volume of solvent. Solvent
volume plays a large role in dictating the overall in-reaction
ppm as this is often >90% of the mixture. Understanding the
amount of Pd or indeed any (pre)catalytic species present in
the reactions may help to understand the level of active
catalytic Pd and what levels of (pre)catalyst are needed. The
amount of catalyst present is not the only factor to be

considered as important (TON, TOF, and catalyst deactivation
triggers are important parameters to know) but may present
more depth in the understanding of catalytic reactions
compared to only using moles or catalyst to substrate ratios
(mol % values). Solvent polarity can often have significant
effects on the reaction yield as well as changing the ratio of
phosphine ligand to Pd (pre)catalyst.24,454−456 The choice of
Pd (pre)catalyst may also change the reactivity with different
substrates. These reactions, and indeed each Pd catalyzed
system, are complex with many factors affecting the overall
reaction outcome. The use of low Pd loadings (low molecular
ppm values) could be due to the cost of the (pre)catalyst or
cost of ligand used alongside the Pd (pre)catalyst. Clearly, this
needs to be examined critically in an independent study. Many
phosphine ligands tend to be expensive, which could directly
affect the employed (pre)catalyst loading. Lower loadings may
also be employed when using more specialized (pre)catalyst
species. There are a variety of specialist (pre)catalysts available
for cross-coupling reactions. That being said, popular choices
still remain, e.g., Pd(OAc)2, Pd2(dba)3, Pd(PPh3)4, and
Pd(dppf)Cl2.
The level of Pd in reactions (particularly in academic

studies) is usually given as a ratio of the limiting reagent.
Keeping in mind the amount of Pd at the beginning, during,
and after the reaction could lead to valuable knowledge
pertaining to the state of Pd and if certain products sequester
it. A full palladium balance (or other metal catalyst) could be
useful in the full optimization of the Pd-catalyzed systems. The
improvement of the sustainability and Pd catalyst recovery is
an important factor for sustainable Pd-catalyzed cross-
couplings. This is already regulated in the pharmaceutical
industry requiring 10 μg g−1 as an oral concentration of the
active pharmaceutical ingredient (API) as a general guideline,
which is primarily determined by dose levels.457

Ultimately, from the entire data set, we recommend the
following points are considered. Where possible, calculate Pd
ppm in the reaction considering all components (in either mg
kg−1 or molecular ppm) and state all details of the
experimental properties, including quantities (g, mmol, M,
mL, and catalyst ppm), solvent, and additives. Journals do have
different but specific guidelines to follow regarding the location
of experimental details, whether that be in the text (below
tables, figures, or schemes), in the article but within an
experimental section, or within the associated supporting
information. Additional data could also be useful to determine

Figure 17. Figure outlining all data gathered throughout this study.
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the trends or mechanistic details if the Pd concentrations are
provided alongside the reaction outcomes, i.e., TON, TOF,
product yield, and conversion.
Lastly, there have been several studies reporting “Pd-free”

catalytic cross-coupling reactions, particularly for the SMCC
reaction. Leadbeater and Marco’s458 thorough reassessment of
the transition metal-free SMCC reaction showed that trace
sub-ppm Pd concentrations, Scheme 25 (found in a metal

carbonate base), can effectively mediate the reactions of
activated aryl halide substrates, e.g., 4-bromoacetophenone, at
high temperatures using microwave irradiation or conventional
heating, the latter less effectively.
The issue of trace Pd being carried through an amine ligand

synthesis has been highlighted,459−461 leading to the retraction
of a high-profile paper describing an amine-catalyzed SMCC
reaction of aryl halides and arylboronic acids.462 The
consideration of the ppm levels of Pd in any given system,
as highlighted in this Review, arguably allows one to critically
evaluate whether any predicted “Pd-free” methodology might
operate at low ppm Pd levels. Caution is necessary, particularly
when employing activated substrates and higher reaction
temperatures (>60 °C).
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Iglesias-Sigüenza, J.; Gómez-Bengoa, E.; Fernández, R.; Lassaletta, J.
M. Dynamic Kinetic Asymmetric Heck Reaction for the Simultaneous
Generation of Central and Axial Chirality. J. Am. Chem. Soc. 2018,
140, 11067−11075.
(309) Reid, W. B.; Spillane, J. J.; Krause, S. B.; Watson, D. A. Direct
Synthesis of Alkenyl Boronic Esters from Unfunctionalized Alkenes: A
Boryl-Heck Reaction. J. Am. Chem. Soc. 2016, 138, 5539−5542.
(310) Barrault, J.; Pouilloux, Y. Synthesis of Fatty Amines. Selectivity
Control in Presence of Multifunctional Catalysts. Catal. Today 1997,
37, 137−153.
(311) Roose, P.; Eller, K.; Henkes, E.; Rossbacher, R.; Höke, H.
Amines, Aliphatic. In Ullmann’s Encyclopedia of Industrial Chemistry;
Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2015;
pp 1−55.
(312) Lignier, P.; Estager, J.; Kardos, N.; Gravouil, L.; Gazza, J.;
Naffrechoux, E.; Draye, M. Swift and Efficient Sono-Hydrolysis of
Nitriles to Carboxylic Acids under Basic Condition: Role of the Oxide
Anion Radical in the Hydrolysis Mechanism. Ultrason. Sonochem.
2011, 18, 28−31.
(313) Kukushkin, V. Y.; Pombeiro, A. J. L. Metal-Mediated and
Metal-Catalyzed Hydrolysis of Nitriles. Inorg. Chim. Acta 2005, 358,
1−21.
(314) Zhang, Y.-X.; Xiao, X.; Fu, Z.-H.; Lin, J.-H.; Guo, Y.; Yao, X.;
Cao, Y.-C.; Du, R.-B.; Zheng, X.; Xiao, J.-C. Difluorocarbene-Based
Cyanation of Aryl Iodides. Synlett 2020, 31, 713−717.
(315) Sakamoto, T.; Ohsawa, K. Palladium-Catalyzed Cyanation of
Aryl and Heteroaryl Iodides with Copper(I) Cyanide. J. Chem. Soc.,
Perkin Trans. 1999, 1, 2323−2326.
(316) Senecal, T. D.; Shu, W.; Buchwald, S. L. A General, Practical
Palladium-Catalyzed Cyanation of (Hetero)Aryl Chlorides and
Bromides. Angew. Chem. Int. Ed. 2013, 52, 10035−10039.
(317) Zanon, J.; Klapars, A.; Buchwald, S. L. Copper-Catalyzed
Domino Halide Exchange-Cyanation of Aryl Bromides. J. Am. Chem.
Soc. 2003, 125, 2890−2891.
(318) Chobanian, H. R.; Fors, B. P.; Lin, L. S. A Facile Microwave-
Assisted Palladium-Catalyzed Cyanation of Aryl Chlorides. Tetrahe-
dron Lett. 2006, 47, 3303−3305.
(319) Chen, G.; Weng, J.; Zheng, Z.; Zhu, X.; Cai, Y.; Cai, J.; Wan,
Y. Pd/C-Catalyzed Cyanation of Aryl Halides in Aqueous PEG. Eur. J.
Org. Chem. 2008, 2008, 3524−3528.
(320) Yu, C.; Ma, X.; Song, Q. Palladium-Catalyzed Cyanation of
Aryl Halides with in Situ Generated CN − from ClCF2 H and
NaNH2. Org. Chem. Front. 2020, 7, 2950−2954.
(321) Yeung, P. Y.; So, C. M.; Lau, C. P.; Kwong, F. Y. A Mild and
Efficient Palladium-Catalyzed Cyanation of Aryl Chlorides with
K4[Fe(CN)6]. Org. Lett. 2011, 13, 648−651.
(322) Long, J.; Yu, R.; Gao, J.; Fang, X. Access to 1,3-Dinitriles by
Enantioselective Auto-tandem Catalysis: Merging Allylic Cyanation
with Asymmetric Hydrocyanation. Angew. Chem. Int. Ed. 2020, 59,
6785−6789.
(323) Baran, T. Pd NPs@Fe3O4/Chitosan/Pumice Hybrid Beads:
A Highly Active, Magnetically Retrievable, and Reusable Nanocatalyst
for Cyanation of Aryl Halides. Carbohydr. Polym. 2020, 237, 116105.
(324) Weissman, S. A.; Zewge, D.; Chen, C. Ligand-Free Palladium-
Catalyzed Cyanation of Aryl Halides. J. Org. Chem. 2005, 70, 1508−

1510.
(325) Coombs, J. R.; Fraunhoffer, K. J.; Simmons, E. M.; Stevens, J.
M.; Wisniewski, S. R.; Yu, M. Improving Robustness: In Situ
Generation of a Pd(0) Catalyst for the Cyanation of Aryl Bromides. J.
Org. Chem. 2017, 82, 7040−7044.

(326) Bray, J. T. W.; Ford, M. J.; Karadakov, P. B.; Whitwood, A. C.;
Fairlamb, I. J. S. The Critical Role Played by Water in Controlling Pd
Catalyst Speciation in Arylcyanation Reactions. React. Chem. Eng.
2019, 4, 122−130.
(327) Jiang, Z.; Huang, Q.; Chen, S.; Long, L.; Zhou, X. Copper-
Catalyzed Cyanation of Aryl Iodides with Malononitrile: An Unusual
Cyano Group Transfer Process from C(Sp3) to C(Sp2). Adv. Synth.
Catal. 2012, 354, 589−592.
(328) Shigenobu, M.; Takenaka, K.; Sasai, H. Palladium-Catalyzed
Direct C-H Arylation of Isoxazoles at the 5-Position. Angew. Chem.
Int. Ed. 2015, 54, 9572−9576.
(329) Chatterjee, T.; Dey, R.; Ranu, B. C. ZnO-Supported Pd
Nanoparticle-Catalyzed Ligand- and Additive-Free Cyanation of
Unactivated Aryl Halides Using K4[Fe(CN)6]. J. Org. Chem. 2014,
79, 5875−5879.
(330) Tu, Y.; Zhang, Y.; Xu, S.; Zhang, Z.; Xie, X. Cyanation of
Unactivated Aryl Chlorides and Aryl Mesylates Catalyzed by
Palladium and Hemilabile MOP-Type Ligands. Synlett 2014, 25,
2938−2942.
(331) Zhao, L.; Dong, Y.; Xia, Q.; Bai, J.; Li, Y. Zn-Catalyzed
Cyanation of Aryl Iodides. J. Org. Chem. 2020, 85, 6471−6477.
(332) Yu, H.; Richey, R. N.; Miller, W. D.; Xu, J.; May, S. A.
Development of Pd/C-Catalyzed Cyanation of Aryl Halides. J. Org.
Chem. 2011, 76, 665−668.
(333) Pawar, A. B.; Chang, S. Catalytic Cyanation of Aryl Iodides
Using DMF and Ammonium Bicarbonate as the Combined Source of
Cyanide: A Dual Role of Copper Catalysts. Chem. Commun. 2014, 50,
448−450.
(334) Cohen, D. T.; Buchwald, S. L. Mild Palladium-Catalyzed
Cyanation of (Hetero)Aryl Halides and Triflates in Aqueous Media.
Org. Lett. 2015, 17, 202−205.
(335) Zhang, M.; Lin, J.; Xiao, J. Photocatalyzed Cyanodifluor-
omethylation of Alkenes. Angew. Chem. Int. Ed. 2019, 58, 6079−6083.
(336) Velmathi, S.; Leadbeater, N. E. Palladium-Catalyzed
Cyanation of Aryl Halides Using K4[Fe(CN)6] as Cyanide Source,
Water as Solvent, and Microwave Heating. Tetrahedron Lett. 2008, 49,
4693−4694.
(337) Yeung, P. Y.; Tsang, C. P.; Kwong, F. Y. Efficient Cyanation of
Aryl Bromides with K4[Fe(CN)6] Catalyzed by a Palladium-
Indolylphosphine Complex. Tetrahedron Lett. 2011, 52, 7038−7041.
(338) Kim, K.; Hong, S. H. Photoinduced Copper(I)-Catalyzed
Cyanation of Aromatic Halides at Room Temperature. Adv. Synth.
Catal. 2017, 359, 2345−2351.
(339) Ushkov, A. V.; Grushin, V. V. Rational Catalysis Design on the
Basis of Mechanistic Understanding: Highly Efficient Pd-Catalyzed
Cyanation of Aryl Bromides with NaCN in Recyclable Solvents. J. Am.
Chem. Soc. 2011, 133, 10999−11005.
(340) Chen, H.; Sun, S.; Liu, Y. A.; Liao, X. Nickel-Catalyzed
Cyanation of Aryl Halides and Hydrocyanation of Alkynes via C−CN
Bond Cleavage and Cyano Transfer. ACS Catal. 2020, 10, 1397−

1405.
(341) Zou, T.; Feng, X.; Liu, H.; Yu, X.; Yamamoto, Y.; Bao, M.
Efficient Palladium-Catalyzed Cyanation of Aryl/Heteroaryl Bromides
wi th K4[Fe(CN)6] in t -BuOH−H2O Using Tr i s(2 -
Morpholinophenyl)Phosphine as a Ligand. RSC Adv. 2013, 3,
20379−20384.
(342) Malinowski, M.; Van Tran, T.; Robichon, M.; Lubin-Germain,
N.; Ferry, A. Mild Palladium-Catalyzed Cyanation of Unprotected 2-
Iodoglycals in Aqueous Media as Versatile Tool to Access Diverse C2-
Glycoanalogues. Adv. Synth. Catal. 2020, 362, 1184−1189.
(343) Hioki, H.; Nakaoka, R.; et al. Palladium-Catalyzed Cyanation
of Bromocalix[4]Arenes at the Upper Rim. J. Chem. Soc., Perkin Trans.
1 2001, 3265−3268.
(344) Zhu, Y.; Zhao, M.; Lu, W.; Li, L.; Shen, Z. Acetonitrile as a
Cyanating Reagent: Cu-Catalyzed Cyanation of Arenes. Org. Lett.
2015, 17, 2602−2605.
(345) Veisi, H.; Tamoradi, T.; Karmakar, B.; Mohammadi, P.;
Hemmati, S. In Situ Biogenic Synthesis of Pd Nanoparticles over
Reduced Graphene Oxide by Using a Plant Extract (Thymbra

Organic Process Research & Development pubs.acs.org/OPRD Review

https://doi.org/10.1021/acs.oprd.2c00051
Org. Process Res. Dev. 2022, 26, 2240−2269

2265

https://doi.org/10.1021/ol0360288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0360288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0360288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b01787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b01787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b01787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0920-5861(97)00006-0
https://doi.org/10.1016/S0920-5861(97)00006-0
https://doi.org/10.1016/j.ultsonch.2010.04.006
https://doi.org/10.1016/j.ultsonch.2010.04.006
https://doi.org/10.1016/j.ultsonch.2010.04.006
https://doi.org/10.1016/j.ica.2004.04.029
https://doi.org/10.1016/j.ica.2004.04.029
https://doi.org/10.1055/s-0039-1691590
https://doi.org/10.1055/s-0039-1691590
https://doi.org/10.1039/a903345i
https://doi.org/10.1039/a903345i
https://doi.org/10.1002/anie.201304188
https://doi.org/10.1002/anie.201304188
https://doi.org/10.1002/anie.201304188
https://doi.org/10.1021/ja0299708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0299708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2006.03.026
https://doi.org/10.1016/j.tetlet.2006.03.026
https://doi.org/10.1002/ejoc.200800295
https://doi.org/10.1039/D0QO00775G
https://doi.org/10.1039/D0QO00775G
https://doi.org/10.1039/D0QO00775G
https://doi.org/10.1021/ol1028892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol1028892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol1028892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202000704
https://doi.org/10.1002/anie.202000704
https://doi.org/10.1002/anie.202000704
https://doi.org/10.1016/j.carbpol.2020.116105
https://doi.org/10.1016/j.carbpol.2020.116105
https://doi.org/10.1016/j.carbpol.2020.116105
https://doi.org/10.1021/jo0481250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0481250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b01003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b01003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8RE00178B
https://doi.org/10.1039/C8RE00178B
https://doi.org/10.1002/adsc.201100836
https://doi.org/10.1002/adsc.201100836
https://doi.org/10.1002/adsc.201100836
https://doi.org/10.1002/anie.201504552
https://doi.org/10.1002/anie.201504552
https://doi.org/10.1021/jo500820q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo500820q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo500820q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0034-1379483
https://doi.org/10.1055/s-0034-1379483
https://doi.org/10.1055/s-0034-1379483
https://doi.org/10.1021/acs.joc.0c00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo102037y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3CC47926A
https://doi.org/10.1039/C3CC47926A
https://doi.org/10.1039/C3CC47926A
https://doi.org/10.1021/ol5032359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol5032359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201900466
https://doi.org/10.1002/anie.201900466
https://doi.org/10.1016/j.tetlet.2008.05.124
https://doi.org/10.1016/j.tetlet.2008.05.124
https://doi.org/10.1016/j.tetlet.2008.05.124
https://doi.org/10.1016/j.tetlet.2011.09.088
https://doi.org/10.1016/j.tetlet.2011.09.088
https://doi.org/10.1016/j.tetlet.2011.09.088
https://doi.org/10.1002/adsc.201700213
https://doi.org/10.1002/adsc.201700213
https://doi.org/10.1021/ja2042035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2042035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2042035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b04586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b04586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b04586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3ra43279c
https://doi.org/10.1039/c3ra43279c
https://doi.org/10.1039/c3ra43279c
https://doi.org/10.1002/adsc.201901583
https://doi.org/10.1002/adsc.201901583
https://doi.org/10.1002/adsc.201901583
https://doi.org/10.1039/B109083F
https://doi.org/10.1039/B109083F
https://doi.org/10.1021/acs.orglett.5b00886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b00886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.msec.2019.109919
https://doi.org/10.1016/j.msec.2019.109919
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.2c00051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Spicata) and Its Catalytic Evaluation towards Cyanation of Aryl
Halides. Mater. Sci. Eng., C 2019, 104, 109919.
(346) Kristensen, S. K.; Eikeland, E. Z.; Taarning, E.; Lindhardt, A.
T.; Skrydstrup, T. Ex Situ Generation of Stoichiometric HCN and Its
Application in the Pd-Catalysed Cyanation of Aryl Bromides:
Evidence for a Transmetallation Step between Two Oxidative
Addition Pd-Complexes. Chem. Sci. 2017, 8, 8094−8105.
(347) Amatore, C.; Broeker, G.; Jutand, A.; Khalil, F. Identification
of the Effective Palladium(0) Catalytic Species Generated in Situ from
Mixtures of Pd(Dba)2 and Bidentate Phosphine Ligands. Determi-
nation of Their Rates and Mechanism in Oxidative Addition. J. Am.
Chem. Soc. 1997, 119, 5176−5185.
(348) Åhman, J.; Buchwald, S. L. An Improved Method for the
Palladium-Catalyzed Amination of Aryl Triflates. Tetrahedron Lett.
1997, 38, 6363−6366.
(349) Xie, X.; Zhang, T. Y.; Zhang, Z. Synthesis of Bulky and
Electron-Rich MOP-Type Ligands and Their Applications in
Palladium-Catalyzed C−N Bond Formation. J. Org. Chem. 2006, 71,
6522−6529.
(350) Huang, J.; Grasa, G.; Nolan, S. P. General and Efficient
Catalytic Amination of Aryl Chlorides Using a Palladium/Bulky
Nucleophilic Carbene System. Org. Lett. 1999, 1, 1307−1309.
(351) Vo, G. D.; Hartwig, J. F. Palladium-Catalyzed Coupling of
Ammonia with Aryl Chlorides, Bromides, Iodides, and Sulfonates: A
General Method for the Preparation of Primary Arylamines. J. Am.
Chem. Soc. 2009, 131, 11049−11061.
(352) Shen, Q.; Hartwig, J. F. [(CyPF-TBu)PdCl2]: An Air-Stable,
One-Component, Highly Efficient Catalyst for Amination of
Heteroaryl and Aryl Halides. Org. Lett. 2008, 10, 4109−4112.
(353) Lan, X.-B.; Li, Y.; Li, Y.-F.; Shen, D.-S.; Ke, Z.; Liu, F.-S.
Flexible Steric Bulky Bis(Imino)Acenaphthene (BIAN)-Supported N-
Heterocyclic Carbene Palladium Precatalysts: Catalytic Application in
Buchwald−Hartwig Amination in Air. J. Org. Chem. 2017, 82, 2914−

2925.
(354) Parrish, C. A.; Buchwald, S. L. Use of Polymer-Supported
Dialkylphosphinobiphenyl Ligands for Palladium-Catalyzed Amina-
tion and Suzuki Reactions. J. Org. Chem. 2001, 66, 3820−3827.
(355) Murthy Bandaru, S. S.; Bhilare, S.; Chrysochos, N.; Gayakhe,
V.; Trentin, I.; Schulzke, C.; Kapdi, A. R. Pd/PTABS: Catalyst for
Room Temperature Amination of Heteroarenes. Org. Lett. 2018, 20,
473−476.
(356) Dai, Q.; Gao, W.; Liu, D.; Kapes, L. M.; Zhang, X. Triazole-
Based Monophosphine Ligands for Palladium-Catalyzed Cross-
Coupling Reactions of Aryl Chlorides. J. Org. Chem. 2006, 71,
3928−3934.
(357) Lai, W. I.; Leung, M. P.; Choy, P. Y.; Kwong, F. Y. Sterically
Hindered Amination of Aryl Chlorides Catalyzed by a New
Carbazolyl-Derived P,N-Ligand-Composed Palladium Complex. Syn-
thesis 2019, 51, 2678−2686.
(358) Fors, B. P.; Watson, D. A.; Biscoe, M. R.; Buchwald, S. L. A
Highly Active Catalyst for Pd-Catalyzed Amination Reactions: Cross-
Coupling Reactions Using Aryl Mesylates and the Highly Selective
Monoarylation of Primary Amines Using Aryl Chlorides. J. Am. Chem.
Soc. 2008, 130, 13552−13554.
(359) Anderson, K. W.; Tundel, R. E.; Ikawa, T.; Altman, R. A.;
Buchwald, S. L. Monodentate Phosphines Provide Highly Active
Catalysts for Pd-Catalyzed C-N Bond-Forming Reactions of
Heteroaromatic Halides/Amines and (H)N-Heterocycles. Angew.
Chem. Int. Ed. 2006, 45, 6523−6527.
(360) Zim, D.; Buchwald, S. L. An Air and Thermally Stable One-
Component Catalyst for the Amination of Aryl Chlorides. Org. Lett.
2003, 5, 2413−2415.
(361) Fors, B. P.; Dooleweerdt, K.; Zeng, Q.; Buchwald, S. L. An
Efficient System for the Pd-Catalyzed Cross-Coupling of Amides and
Aryl Chlorides. Tetrahedron 2009, 65, 6576−6583.
(362) Ruiz-Castillo, P.; Blackmond, D. G.; Buchwald, S. L. Rational
Ligand Design for the Arylation of Hindered Primary Amines Guided
by Reaction Progress Kinetic Analysis. J. Am. Chem. Soc. 2015, 137,
3085−3092.

(363) Wambua, V.; Hirschi, J. S.; Vetticatt, M. J. Rapid Evaluation of
the Mechanism of Buchwald−Hartwig Amination and Aldol
Reactions Using Intramolecular 13 C Kinetic Isotope Effects. ACS
Catal. 2021, 11, 60−67.
(364) Fors, B. P.; Buchwald, S. L. A Multiligand Based Pd Catalyst
for C−N Cross-Coupling Reactions. J. Am. Chem. Soc. 2010, 132,
15914−15917.
(365) Stauffer, S. R.; Lee, S.; Stambuli, J. P.; Hauck, S. I.; Hartwig, J.
F. High Turnover Number and Rapid, Room-Temperature Amination
of Chloroarenes Using Saturated Carbene Ligands. Org. Lett. 2000, 2,
1423−1426.
(366) Su, M.; Hoshiya, N.; Buchwald, S. L. Palladium-Catalyzed
Amination of Unprotected Five-Membered Heterocyclic Bromides.
Org. Lett. 2014, 16, 832−835.
(367) Burgos, C. H.; Barder, T. E.; Huang, X.; Buchwald, S. L.
Significantly Improved Method for the Pd-Catalyzed Coupling of
Phenols with Aryl Halides: Understanding Ligand Effects. Angew.
Chem. Int. Ed. 2006, 45, 4321−4326.
(368) Old, D. W.; Harris, M. C.; Buchwald, S. L. Efficient Palladium-
Catalyzed N -Arylation of Indoles. Org. Lett. 2000, 2, 1403−1406.
(369) Marion, N.; Ecarnot, E. C.; Navarro, O.; Amoroso, D.; Bell,
A.; Nolan, S. P. (IPr)Pd(Acac)Cl: An Easily Synthesized, Efficient,
and Versatile Precatalyst for C−N and C−C Bond Formation. J. Org.
Chem. 2006, 71, 3816−3821.
(370) Willis, M. C.; Chauhan, J.; Whittingham, W. G. A New
Reactivity Pattern for Vinyl Bromides: Cine-Substitution via
Palladium Catalysed C−N Coupling/Michael Addition Reactions.
Org. Biomol. Chem. 2005, 3, 3094−3095.
(371) Reddy, C. V.; Kingston, J. V.; Verkade, J. G. (T-Bu)2PNP(i-
BuNCH2CH2)3N: New Efficient Ligand for Palladium-Catalyzed C−

N Couplings of Aryl and Heteroaryl Bromides and Chlorides and for
Vinyl Bromides at Room Temperature. J. Org. Chem. 2008, 73, 3047−

3062.
(372) Fors, B. P.; Krattiger, P.; Strieter, E.; Buchwald, S. L. Water-
Mediated Catalyst Preactivation: An Efficient Protocol for C−N
Cross-Coupling Reactions. Org. Lett. 2008, 10, 3505−3508.
(373) Wagaw, S.; Rennels, R. A.; Buchwald, S. L. Palladium-
Catalyzed Coupling of Optically Active Amines with Aryl Bromides. J.
Am. Chem. Soc. 1997, 119, 8451−8458.
(374) Taeufer, T.; Pospech, J. Palladium-Catalyzed Synthesis of
N,N-Dimethylanilines via Buchwald−Hartwig Amination of
(Hetero)Aryl Triflates. J. Org. Chem. 2020, 85, 7097−7111.
(375) Green, R. A.; Hartwig, J. F. Palladium-Catalyzed Amination of
Aryl Chlorides and Bromides with Ammonium Salts. Org. Lett. 2014,
16, 4388−4391.
(376) Kumar, M. P.; Liu, R.-S. Zn(OTf) -Catalyzed Cyclization of
Proparyl Alcohols with Anilines, Phenols, and Amides for Synthesis of
Indoles, Benzofurans, and Oxazoles through Different Annulation
Mechanisms. J. Org. Chem. 2006, 71, 4951−4955.
(377) Xie, X.; Ni, G.; Ma, F.; Ding, L.; Xu, S.; Zhang, Z. Palladium-
Catalyzed Monoarylation of Aryl Amine with Aryl Tosylates. Synlett
2011, 2011, 955−958.
(378) Cook, A.; Clément, R.; Newman, S. G. Reaction Screening in
Multiwell Plates: High-Throughput Optimization of a Buchwald−

Hartwig Amination. Nat. Protoc. 2021, 16, 1152−1169.
(379) Huang, F.-D.; Xu, C.; Lu, D.-D.; Shen, D.-S.; Li, T.; Liu, F.-S.
Pd-PEPPSI-IPent An Promoted Deactivated Amination of Aryl
Chlorides with Amines under Aerobic Conditions. J. Org. Chem.
2018, 83, 9144−9155.
(380) Ackermann, L.; Sandmann, R.; Song, W. Palladium- and
Nickel-Catalyzed Aminations of Aryl Imidazolylsulfonates and
Sulfamates. Org. Lett. 2011, 13, 1784−1786.
(381) Dale Boger, L.; Panek, J. S. Palladium (O) Mediated β-
Carboline Synthesis: Preparation of the CDE Ring System of
Lavendamycin. Tetrahedron Lett. 1984, 25, 3175−3178.
(382) Warsitz, M.; Rohjans, S. H.; Schmidtmann, M.; Doye, S.
Hydroaminoalkylation/Buchwald-Hartwig Amination Sequences for
the Synthesis of Novel Thieno- or Benzothieno-Annulated Tetrahy-

Organic Process Research & Development pubs.acs.org/OPRD Review

https://doi.org/10.1021/acs.oprd.2c00051
Org. Process Res. Dev. 2022, 26, 2240−2269

2266

https://doi.org/10.1016/j.msec.2019.109919
https://doi.org/10.1016/j.msec.2019.109919
https://doi.org/10.1039/C7SC03912C
https://doi.org/10.1039/C7SC03912C
https://doi.org/10.1039/C7SC03912C
https://doi.org/10.1039/C7SC03912C
https://doi.org/10.1021/ja9637098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9637098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9637098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9637098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(97)01464-0
https://doi.org/10.1016/S0040-4039(97)01464-0
https://doi.org/10.1021/jo060945k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo060945k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo060945k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol990987d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol990987d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol990987d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja903049z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja903049z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja903049z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol801615u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol801615u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol801615u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b02867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b02867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.6b02867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010025w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010025w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010025w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b03854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b03854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo060321e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo060321e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo060321e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0037-1611534
https://doi.org/10.1055/s-0037-1611534
https://doi.org/10.1055/s-0037-1611534
https://doi.org/10.1021/ja8055358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8055358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8055358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8055358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200601612
https://doi.org/10.1002/anie.200601612
https://doi.org/10.1002/anie.200601612
https://doi.org/10.1021/ol034561h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol034561h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2009.04.096
https://doi.org/10.1016/j.tet.2009.04.096
https://doi.org/10.1016/j.tet.2009.04.096
https://doi.org/10.1021/ja512903g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja512903g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja512903g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04752?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja108074t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja108074t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol005751k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol005751k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol4035947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol4035947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200601253
https://doi.org/10.1002/anie.200601253
https://doi.org/10.1021/ol005728z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol005728z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo060190h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo060190h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b508464d
https://doi.org/10.1039/b508464d
https://doi.org/10.1039/b508464d
https://doi.org/10.1021/jo702367k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo702367k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo702367k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo702367k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol801285g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol801285g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol801285g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja971583o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja971583o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol501739g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol501739g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0606711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0606711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0606711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo0606711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0030-1259728
https://doi.org/10.1055/s-0030-1259728
https://doi.org/10.1038/s41596-020-00452-7
https://doi.org/10.1038/s41596-020-00452-7
https://doi.org/10.1038/s41596-020-00452-7
https://doi.org/10.1021/acs.joc.8b01205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b01205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol200267b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol200267b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol200267b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(01)91001-9
https://doi.org/10.1016/S0040-4039(01)91001-9
https://doi.org/10.1016/S0040-4039(01)91001-9
https://doi.org/10.1002/ejoc.202001523
https://doi.org/10.1002/ejoc.202001523
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.2c00051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dropyridines, Tetrahydroazasilines, and Tetrahydroazasilepines. Eur. J.
Org. Chem. 2021, 2021, 830−849.
(383) Lee, Y.-K.; Parks, D. J.; Lu, T.; Thieu, T. V.; Markotan, T.;
Pan, W.; McComsey, D. F.; Milkiewicz, K. L.; Crysler, C. S.; Ninan,
N.; Abad, M. C.; Giardino, E. C.; Maryanoff, B. E.; Damiano, B. P.;
Player, M. R. 7-Fluoroindazoles as Potent and Selective Inhibitors of
Factor Xa. J. Med. Chem. 2008, 51, 282−297.
(384) Dyrager, C.; Möllers, L. N.; Kjäll, L. K.; Alao, J. P.; Dinér, P.;
Wallner, F. K.; Sunnerhagen, P.; Grøtli, M. Design, Synthesis, and
Biological Evaluation of Chromone-Based P38 MAP Kinase
Inhibitors. J. Med. Chem. 2011, 54, 7427−7431.
(385) Gangjee, A.; Namjoshi, O. A.; Raghavan, S.; Queener, S. F.;
Kisliuk, R. L.; Cody, V. Design, Synthesis, and Molecular Modeling of
Novel Pyrido[2,3- d ]Pyrimidine Analogues As Antifolates;
Application of Buchwald−Hartwig Aminations of Heterocycles. J.
Med. Chem. 2013, 56, 4422−4441.
(386) Nguyen, H. H.; Kim, M. B.; Wilson, R. J.; Butch, C. J.; Kuo, K.
M.; Miller, E. J.; Tahirovic, Y. A.; Jecs, E.; Truax, V. M.; Wang, T.;
Sum, C. S.; Cvijic, M. E.; Schroeder, G. M.; Wilson, L. J.; Liotta, D. C.
Design, Synthesis, and Pharmacological Evaluation of Second-
Generation Tetrahydroisoquinoline-Based CXCR4 Antagonists with
Favorable ADME Properties. J. Med. Chem. 2018, 61, 7168−7188.
(387) Cheng, H.; Nair, S. K.; Murray, B. W.; Almaden, C.; Bailey, S.;
Baxi, S.; Behenna, D.; Cho-Schultz, S.; Dalvie, D.; Dinh, D. M.;
Edwards, M. P.; Feng, J. L.; Ferre, R. A.; Gajiwala, K. S.; Hemkens, M.
D.; Jackson-Fisher, A.; Jalaie, M.; Johnson, T. O.; Kania, R. S.;
Kephart, S.; Lafontaine, J.; Lunney, B.; Liu, K. K.-C.; Liu, Z.;
Matthews, J.; Nagata, A.; Niessen, S.; Ornelas, M. A.; Orr, S. T. M.;
Pairish, M.; Planken, S.; Ren, S.; Richter, D.; Ryan, K.; Sach, N.; Shen,
H.; Smeal, T.; Solowiej, J.; Sutton, S.; Tran, K.; Tseng, E.; Vernier,
W.; Walls, M.; Wang, S.; Weinrich, S. L.; Xin, S.; Xu, H.; Yin, M.-J.;
Zientek, M.; Zhou, R.; Kath, J. C. Discovery of 1-{(3 R, 4 R)-3-[({5-
Chloro-2-[(1-Methyl-1 H -Pyrazol-4-Yl)Amino]-7 H -Pyrrolo[2,3- d
]Pyrimidin-4-Yl}oxy)Methyl]-4-Methoxypyrrolidin-1-Yl}prop-2-En-
1-One (PF-06459988), a Potent, WT Sparing, Irreversible Inhibitor of
T790M-Containing EGFR M. J. Med. Chem. 2016, 59, 2005−2024.
(388) Slavik, R.; Grether, U.; Müller Herde, A.; Gobbi, L.; Fingerle,
J.; Ullmer, C.; Krämer, S. D.; Schibli, R.; Mu, L.; Ametamey, S. M.
Discovery of a High Affinity and Selective Pyridine Analog as a
Potential Positron Emission Tomography Imaging Agent for
Cannabinoid Type 2 Receptor. J. Med. Chem. 2015, 58, 4266−4277.
(389) Tundel, R. E.; Anderson, K. W.; Buchwald, S. L. Expedited
Palladium-Catalyzed Amination of Aryl Nonaflates through the Use of
Microwave-Irradiation and Soluble Organic Amine Bases. J. Org.
Chem. 2006, 71, 430−433.
(390) Perry, M. W. D.; Björhall, K.; Bold, P.; Brűlls, M.; Börjesson,
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