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From the recent development of catalytically controlled C-H activation with amenable synthetic 
routes obviating many challenges, the demand for this strategy has raised significantly to perform 
complex organic transformations. The impact of the achieved results in both homogeneous and 
heterogeneous catalysis reflects its efficacy in modern synthetic chemistry. A consolidated report 
and guidance of the methodologies involved in the previous and ongoing research in this domain 
would be very useful for the researchers to focus on more specific and selective C-H activation 
reactions to access desired complex molecular scaffolds. The perspective of this review is to 
contribute to the scientific community with examples, tips and details of modern development in 
this field and with a complete illustration of the routes which may be effective for planning of the 
ubiquitous C-H bond activation and its use for synthesis of relevant organic molecules.
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1. Introduction

Homogeneous1-7 or heterogeneous8-13 catalysis are 
powerful tools in the field of organic synthesis to generate 
new molecules with potential biological properties.14-16 
Some of these molecules require several steps to be 
achieved,17,18 sometimes involving complex and expensive 
catalysts.19-21 In this platform, C-H activation methods 
have been showing useful applications,22-26 since it can 
potentially reduce the number of steps and time-span 
involved in an organic synthesis effectively and with better 
regio- and stereoselectivities.

It is difficult to predict when the studies on direct 
C-H activation specifically started (Figure 1), but one of 
the oldest known works was published in 1902 by Otto 
Dimroth.27 In this study, he was able to directly attach a 
mercury(II) species to the unactivated benzene ring  (1), 
without the need of any halide or other substituent to 
act as a leaving group. Since then, several efforts had 
been made throughout the years to develop new catalytic 
systems and ligands capable of, in a single step, providing 
structurally complex molecules, simplifying the process 
of production of any compound. The work published by 
Janowicz and Bergman28 in 1982 was a remarkable example 

that introduced the possibility of deploying transition 
metals as a catalyst for intermolecular C-H activation 
where a least reactive C(sp3)-H bond from compound 3 
had been activated using an iridium catalyst. Until the 
present day, transition metals are the ones that offer the best 
performances in the field of C-H activation reactions.29-33 
Nowadays, not only the usual ortho-C-H activations34,35 
can be achieved, but also meta36,37 or even para-C-H 
activations38,39 can also be attained. 

The C-H activation has exponentially enhanced in 
synthetic chemistry, with thousands of publications per 
year only in the last few decades (Figure 2). Despite this 
fact, in Brazil, it is still a very incipient topic (Figure 3). In 
the last year, only 17 publications (1% of global records) 
have been contemplated on this subject. When compared to 
960 publications from China (38%), 381 publications from 
the USA (15%), or 280 publications from India (11%), it 
can be noted that Brazil can better explore this topic and 
be among the most influential countries on its subject in 
the future.

The general C-H activation mechanism involves 
the cleavage of C-H bond and formation of a C-M 
bond, coordinated by the directing groups or any other 
coordinating ligands resulting in a cyclometallation 
process followed by insertion of the functional group.40 
There are several peculiarities concerning this general 
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mechanism, which depends on the catalyst (metal, the 
oxidation state of the metal, ligand(s), steric and electronic 
properties) as well as the substrate involved in the reaction. 
However, the key step of the reaction is still the (cyclo)
metallation.

The interaction of the C-H bond with the metal leads to 
the weakening and breakage of the C-H bond. This process 
occurs via two-path charge transfer (CT): 

(i) Path 1: from the occupied dπ orbital or the metal to the 
σ*C–H orbital (reverse CT process), then;
(ii) Path 2: charge transfer from the filled σC–H orbital to 
an empty dσ orbital of the metal (forward CT process).41 

Electron deficient metal species, such as cationic 
and late transition metals (PdII, PtII, RhIII, IrIII and RuII), 
usually exhibit low-energy dπ and dσ electrons. Therefore, 
metallation occurs via a forward CT process, related to 
coordination of strong σ-donation with weak π-back-
donation resulting in electrophilic C-H activation, and a 
heterolytic cleavage followed by deprotonation assisted by 
external anion. On the other hand, electron-rich transition 
metal complexes exhibit high-energy dπ and dσ electrons 
promoting the reverse CT, which defines a nucleophilic 
C-H activation. In addition, C-H activation mechanism 
pathways have been widely described in the literature, as 
it follows:
(i) Oxidative addition: electron-rich late transition metals 
(i.e., low oxidation states) coordinate via dπ-back-donation 
to the σ*C–H orbital resulting in a strong and synergistic 
interaction promoting homolytic bond cleavage and 
oxidation of the metal center in two units (Scheme 1a);
(ii) σ-bond metathesis: σ-bond metathesis reactions are 
facile with early transition metals (electrons deficient 
metals)42 via a four-member metallacyclic transition state 
without oxidation of the metal (Scheme 1b);
(iii) Electrophilic activation: very often feasible with electron-
deficient late-stage transition metals (Scheme 1c);43-45

(iv) 1,2 Addition: the M=X functionality (X = CR2, CR, 
NR2, NR, OR) adds to a C-H bond via formal [2σ + 2π] 
reaction (Scheme 1d);46,47

(v) IES (internal electrophilic substitution): mechanisms 
via electrophilic attack of the metal and deprotonation 

Figure 1. Overview of the historical development of the catalytic C-H 
activation procedures.10-12,27,28

Figure 2. The number of publications covering the topic “C-H activation” 
(Web of Science, data collected on July 10th, 2020).

Figure 3. Global contribution to the publications covering the topic “C-H 
activation” from 2019. (Web of Science, data collected on July 10th, 2020).

Scheme 1. Most common proposed mechanism pathways.
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by alkoxy ligand via a four-membered transition state 
(Scheme 1e).48

Proposed mechanisms of C-H activation reactions 
carried out using a metal bearing a Lewis-basic ligand, 
such as oxygen-containing carboxylates, have been 
investigated by experimental and computational studies. 
In this sense, Lapointe and Fagnou49 proposed a concerted 
metallation-deprotonation (CMD) (Scheme 2a), whereas 
MacGregor and co-workers50 (Scheme 2b) proposed a CMD 
with the participation of the hydrogen atom based on an 
amphiphilic metal-ligand activation (AMLA). The approach 
of a base-assisted internal electrophilic substitution (BIES) 
has been pointed out as well (Scheme 2c)51-53 in the case of 
electron-rich arenes with acetate or carboxylate ligands. 

The authors wish this review article will provide a 
plethora of catalytic guidance to every researcher in this 
field to carry out the challenging organic synthesis, with 
excellent selectivities and high yield, starting from the very 
first idealization until the last experimental procedures 
of C-H functionalization concomitant characterizations, 
investing least expenses and time.

2. Innate and Guided Selectivity in C-H Bond 
Activation

Regioselectivity is one of the key challenges of the 
reaction planning employing C-H activation, which may 
be achieved via innate selectivity or guided selectivity.54,55 
In the first case, electronic or steric effects would induce the 
regioselectivity. For instance, bulky groups can sterically 
hinder nearby C-H bonds, whereas other similar bonds 
remain available to activate, or C-H bonds with relatively 
higher kinetic acidity will be more susceptible to react 
(Scheme 3a). In a guided selectivity, Lewis-basic groups, 
named directing groups (DG), coordinate to the transition 
metal catalyst followed by C-H bond metallation close to the 
C-H bond. One of the most traditional approaches involves 

Scheme 2. Base-assisted C-H activation proposed mechanism.

ortho-activation via cyclometallation, as shown in Scheme 3b.
Several groups have been used as DG, such as 

pyridine,56 triazole,57 pyrazole (18),58 amide (11),59 
ester (10),60 carboxylic acid (9),61 ketone (12 and 13),62 
aldehyde (8)63 and others64 (Scheme 3c). Modifiable65 and 
removable66 DGs have been raised as important strategies 
when planning different C-H activation reactions.

A  wo r k  p u b l i s h e d  i n  2 0 1 6  b y  d a  S i l va 
Júnior  and  co-workers,67 exemplifies the importance of 
analyzing the potential orientation that an innate directing-
group may offer (Scheme 4). In this case, an elegant 
synthetic strategy was performed to transform the highly 
electrophilic benzoquinone into a nucleophilic substrate 
under rhodium-catalysis. The challenge of multiple 
competing sites for C-H activation was overcome and 
the proof-of-concept was established via C-H iodination, 
bromination, and phenylselenation of benzoquinone using 
a mild and general synthetic method. The products 22-25 
and 27 were achieved in good yields with high selectivity. 
Biological studies performed later had appointed that those 
benzoquinones exhibit potent trypanocidal activity. In all 
transformations, the introduction of an external directing-
group was not necessary since the carbonyl groups present 
on the quinone itself act as powerful directing groups.

Strategy: observe if the molecule of interest has any group 
that can act as DG! If not, is it possible to insert a DG, 
specially a removable one?

Scheme 3. (a) Innate selectivity via steric and electronic properties, 
(b) guided selectivity and (c) examples of directing groups.
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Bidentate directing groups (BDG) is a particular 
case in the rational planning of a C-H activation. 
The strategy involves a fine, tunable, and reversible 
coordination with the assistance of different structures 
such as N-dentate, N,O-dentate, and N,S-dentate DG, 
as exemplified in Scheme  5. Basically, BDG must be 
designed to be stable during the activation step, and 
besides, BDG should reversibly coordinate to the metal. 
The key point of using this class of directing groups 
is the formation of thermodynamically stable chelate 
intermediates, which could facilitate the metallation 
process. Chatani and co-workers68 recently reviewed the 

chemistry involving bidentate directing groups.

3. Remote C-H Bond Activation Assisted by 
Template

Although ortho-C-H bond activation has been widely 
investigated, several studies involving distal meta- 
and para-C-H activation have been described in the 
literature.69,70 This approach is possible by using molecular 
templates, which could act as directing groups (DG) to 
access remote functionalization via macrocyclic transition 
state, as illustrated in Scheme 6.

Scheme 4. Example of successful rhodium-catalyzed C-H activation processes using quinones as innate directing-groups.67

Scheme 5. Examples of bidentate directing groups (BDG).
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Template groups for distal C-H activation are based 
on long-chain groups bearing a coordinative site, usually 
nitrile, capable of binding to the metal to activate the distal 
meta- or para-C-H bond, often followed by the removal 
of this template. For example, in a pioneering work, 
Yu  and  co-workers69 have designed a DG template for 
selective C-H alkenylation of benzylic alcohol derivative 
37, followed by removal of DG and reduction of the alkenyl 
moiety to provide the desired product 39 (Scheme 7).

The distal para-C-H activation represents a challenge 
due to the formation of a large macrocyclic transition state, 
which is associated with a significant entropy barrier, and 
should be selective over innately reactive C-H bonds. To 
overcome this synthetic limitation, Maiti and co-workers70 
had designed the biphenyl-based ligand via an ether linkage 
to an alkyl-substituted silicon center bearing a nitrile to 
activate the distal para-C-H bond. This template exhibits 
the required feature related to the nature and length of 
the linker. An example of the use of this template was 
applied to para-C-H bond acetoxylation. Furthermore, 
similar reaction conditions were applied on para-C-H 
bond alkenylation reaction, followed by the removal of 
this template (Scheme 8).

Several other molecular groups toward meta- and 
para-C-H activation have been addressed to overcome the 
limitation on accessing distal C-H bonds. Some examples 
of other templates are depicted in Scheme 9. Further 

information about this class of reaction can be found in 
the literature.71,72

Based on these examples, it is possible to conclude 
that a directing group can be modulated to achieve 
specific activation of ortho-, meta- or para-C-H bonds. 
Although, the latter still represents a more significant  
challenge.

Lewis-base groups, such as nitrile (Scheme 9) can be 
located on a strategic position of the directing group to 
provide the remote para-C-H activation overriding the 
ortho or meta position, typically accessible by the other 
directing groups previously described. In other words, to 
establish high regioselectivity in C-H activation processes, 
the directing group can be designed to activate one specific 
desired position. The diisopropyl substituted silyl groups 
as implemented for the para-directing group in Scheme 8, 
for instance, leads to a highly strained moiety with a larger 
silicon-carbon and silicon-oxygen bond distance, inducing 
a ‘Thorpe-Ingold effect’ that results in a steric hindrance of 
ortho position. In contrast, the flexible phenyl-nitrile group 
promotes para-C-H activation.73

4. Substrate Selection

The target molecule of a C-H activation study 
represents a key point in the development or application of 
this catalytic approach. Several reports53,58 had described the 

Scheme 6. Schematic representation of template assistance in remote C-H activation.

Scheme 7. Template DG designed to selective C-H alkenylation of benzylic alcohol derivatives, followed by DG removal reported by Yu and co-workers.69
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use of small molecules as a platform to forge this protocol 
in organic synthesis with an emphasis on catalysis. 

The choice of these substrates is based on the simplicity 
to obtain (either by synthetic or commercial means), 
purification and characterization, mainly when respective 
products have already been described in the literature. 
Besides that, it is crucial to prove the applicability of the 
developed reaction toward similar substrates, which requires 
a small library of similar starting material substrates with 
electron-withdrawing groups (EWGs) or electron-donating 
groups (EDGs). If those starting materials demand several 
synthetic steps or they are expensive, the scope will be 
reduced, which will affect its respective applicability. 
Substituted arenes are the simplest examples of substrate 
used for C-H activation studies due to the features previously 
described: accessible derivatization and characterization. 

The position of substituents relative to the directing group 
is an important feature to be observed. Meta-substituents in 
relation to the directing group (asymmetrically disubstituted 
molecules) can lead to the formation of two products 
from the two available ortho-C-H bonds (Scheme 10a). 

Although in some cases, even this asymmetry can lead to 
a regioselective product.

Considering an ortho-orientating directing group, 
substrates with one blocked ortho-position usually leads to 
a single product, even in the presence of other substituents 
(Scheme 10b). It is noteworthy that substrates with a 
blocked ortho-position offer an important strategy in the 
development of selective C-H bond activation protocols. 
On the other hand, para-substituents related to the directing 
group do not influence the regioselectivity of the reaction 
since both ortho-C-H bonds are equivalent (Scheme 10c).

For instance, Ackermann and co-workers53 developed 
a C-H alkenylation strategy using 2,5-dimethyl-
benzenesulfonic acid 57 as a substrate with the ortho-
position blocked with a methyl group and a single product 
was observed (Scheme 11). Dixneuf and co-workers58 
reported a similar reaction using pyrazole as directing 
group in substrate 59, with the ortho position blocked 
by a methoxy group, leading to a single product (60) as 
well (Scheme 11). However, when both ortho-positions 
were available (61), mono and di-alkenylated products 

Scheme 8. Distal para-C-H activation of arenes assisted by biphenyl template-based assembly reported by Maiti and co-workers.70

Scheme 9. Examples of template for distal meta- and para-selective C-H activation.
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(62 and 63, respectively) were isolated, resulting in low  
selectivity.

Strategy: pay attention how laborious is to prepare the 
substrate and its derivatives! Could the C–H activation lead 
to isomers and how to avoid them? Is it important to block 
one ortho-position?

5. “Functionalizing Group”

Substrates have been functionalized with several 
different groups via C-H activation reactions such as 
arylation,74,75 halogenation,76 amination,77 alkylation,78 
amongst many others. In order to illustrate different 
examples of functionalizing groups, 2-phenylpyridine (64) 
was taken into consideration (Scheme 12) as a classical 
platform towards diverse C-H activation for coupling with 
different functionalizing groups. Those examples involve 
oxygenation,79 chlorination,80 cyanation,81 olefination,82 

acetylation,83 arylation,84 among others, for the same 
substrate.85-90

The choice of which one to perform relays on specific 
purposes such as overcoming a limited synthetic approach, 
access to specific modifications, insertion of a key group 
in total synthesis, structural modifications toward a 
biological application, insertion of a precursor for further 
transformation, amongst others.

Strategy: which group to insert: aryl, halogen, amine, alkyl, 
alkenyl…!? Which goal will be achieved with this insertion?

6. First Steps

Once the substrate of interest is selected, considering a 
directing group, selectivity issues, and “coupling partner”; 
optimization studies must be carried out. A careful search in 
the literature for similar reactions is the first step to develop 
a synthetic approach; once for now, it is not necessary to 

Scheme 10. Isomeric effect of substituents on the substrate (starting materials).

Scheme 11. Example of the isomeric effect of substituents reported by Ackermann and co-workers53 and Dixneuf and co-workers.58
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reinvent the methodology. Reassessing similarly published 
works allows a broader view of the reaction under study. 
The search for patterns in these reactions can address the 
first reactional attempts. For instance, C-H oxygenation 
has been usually performed employing hypervalent iodine 
or peroxides via catalysis with ruthenium. Alkenylation 
reactions have been conducted in the presence of copper 
acetate as an oxidant. In other words, there are synthetic 
patterns in this methodology, which is a good tip in which 
direction to follow.

The first attempts must resemble optimized reactions 
from literature, using the starting material of interest. 
This preliminary result will lead to insights about how 
the reaction works, applying a similar approach already 
described. Furthermore, this first attempt may lead to the 
desired product, even in low yield, which is important for 
the characterization of the product, especially when the 
formation of isomers is possible. 

After the first attempt, it is worth checking if the 
desired product was obtained, and for that purpose, there 
are some powerful techniques that can help in the analysis 
of the crude reaction. This procedure will help to save 
solvent, time waste and helps in the planning of the next 
steps. Experiments such as gas chromatography-mass 
spectrometry (GC-MS),91 crude nuclear magnetic resonance 
(NMR, in this case, the molecular structure and its 1H NMR 
spectrum must be well known),92 direct infusion at a mass 
spectrometer93 or even a simple thin layer chromatography 
(TLC)94 can help to check what was obtained from the 
reaction. If the target compound is not observed but a 

different product, it is crucial to perform its characterization. 
In some cases, the resultant product can represent a new 
method that can arise a significant scientific contribution. 
Otherwise, it is essential to consider whether the final product 
has already been published. If it is the case, and the method 
does not represent an innovative methodology, then it is not 
worthy of moving forward on that project. Now, if no product 
was observed at all, additional experiments can be performed 
to increase the possibility of the reaction occurs, such as a 
change in the substrate and/or catalyst or some adjustments 
on the reaction conditions (varying the temperature, solvent, 
time of reaction, etc.).

Strategy: a careful research in the literature for similar 
reaction is crucial! Take a look in common reactional 
conditions (patterns)!

7. Purification Processes

In the first attempt, after the crude product is obtained 
from the work-up process, either by simple extraction 
or from filtration in celite, and after it is primarily 
characterized using one of the above-cited techniques, it 
must be submitted to a more elaborated chromatography 
process. Some experiments make it possible to obtain the 
purified desired product directly from the reaction,95,96 
when it is not soluble in the solvent system applied in 
the reaction, but this is a rare situation when it comes to 
C-H activation reactions in homogeneous conditions.97 
In some other cases, other purification processes are also 

Scheme 12. Some examples of C-H activation using 2-phenylpyridine (64) with the insertion of different functional groups.79-84
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appliable, mainly if the desired product cannot have contact 
with silica, such as recrystallization,98 distillation99 or 
sublimation.100 To correctly pick the purification process to 
be used, the reaction must be thoroughly planned, studied 
and understood. Still, in most of the cases, the first attempt 
is typical column chromatography. Every method presents 
an advantage and a disadvantage to be carefully considered 
when choosing the right one for the process that is under 
development (Table 1).

Most of the reactions require a chromatographic 
process to purify a product.101,102 In some cases, it is hard 
to fully know what else, other than the product and starting 
materials that we have in hands, are in the mixture, but 
among all the by-products, only the ones obtained in a 
considerable high quantity are worthy of characterizing. 
For example, in 2017, Li and co-workers103 present a cobalt-
catalyzed C-H alkenylation that leads to a possible mixture 
of two compounds (73-A and 73-B), structural isomers. 
One species is always less present than the other but still 
worthy of characterizing it. It represents a clarification of 
the mechanism on which the reaction happens, which can 
be either a 1,2-insertion or a 2,1-insertion (Scheme 13).

The authors103 proposed mechanism starts from an initial 
C–H bond cleavage of the substrate 71a, which generates 
71I, followed by the acetylene coordination, forming 71II. 
At this point, the carbon adjacent to the pyrimidine group 
is already activated enough to interact with the π-system of 
the alkyne. This is the point that this insertion can happen 
in two different ways: 1,2- or 2,1-insertion, resulting in the 
intermediates 71III-A or 71III-B, respectively. In both cases, 
the intermediates lead to the formation of their respective 
final products 73-A or 73-B upon protonation with pivalic 
acid, from which the active catalyst species is recovered.

Before performing a chromatographic procedure, it is 
vital to choose the right system to be used here. Thin-layer 
chromatography can help a lot to decide this, but it is a 
mistake to believe that the performance seen in the TLC 
is precisely what is going to be seen in the column itself 

(Figure 4). The TLC resembles the column’s layout, but 
consider that, in the TLC, the optimum space is smaller, the 
flux is ascendant, and the compaction is way better than the 
one applied in the column will offer a better resolution.104 A 
well-done and optimized TLC analysis is enough to indicate 
the best eluent and stationary phase to be tried in the column 
chromatography. Remember to always have a comparison 
parameter in the TLC. Do not try to compare two different 
TLC templates only visually without a standard. For this, 
always use the starting materials or even a purified sample 
of the product as well.

Strategy: when analyzing the TLC pattern, try to observe 
if it is worthy moving forward to a column chromatography. 
How many spots are there and how separated are them?

In some cases, the TLC analysis can be done in the 
naked eye, when all substances involved are colorful 
on silica. But in most cases, visualization methods are 
necessary to check the purity and the retention-factor 
of the spots correctly. For that purpose, some methods 
can be applied, such as ultraviolet light, iodine, vanillin, 
permanganate, Dragendorff’s solution, etc. The right 
approach to be used will depend on what is present in the 
mixture.105 In addition, if the desired product cannot be 
seen in the TLC, some options must be considered: if the 
reaction happened, if there is a good separation between 
the remaining starting material and the product, or if the 
visualization method employed is the right one to be used.

It is necessary to consider that some products can 
chemically interact with the silica,106-108 from which 
by-products can be obtained in the middle of the 
chromatography. It is tricky to know it in advance and 
understand your reaction to perceive that this phenomenon 
might be happening. To verify it, a bidimensional TLC109 
run will indicate if a side-reaction is happening on the silica 
or not (Figure 5). For this procedure, take a square-shaped 
TLC plate, apply the crude product on the bottom-left and 

Table 1. Advantages and disadvantages of the most used purification methods

Method Advantages Disadvantages

Column chromatography it is easier to be controlled and to be set up
require large amounts of silica and solvent; it also 

needs the help of TLC as a side analysis to identify 
pure samples

Recrystallization
it is speedy in most of the cases in which it is used as 
the main purification method; it is easier to achieve 

high purity

not every product is possible to be recrystallized, and it 
is tricky to be controlled

Distillation it is the best option in the case of a mixture of liquids requires previous knowledge of what is being purified

Sublimation
easy to be managed, and the obtained product is 

usually well purified
requires previous knowledge of what is being purified

TLC: thin-layer chromatography.
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run on the respective eluent. Take the TLC plate out, let it 
dry, rotate it 90o counterclockwise and run it again, now 
sideway. If the product spot C presents a single spot after 
the second running, then the unidentified spot B is only an 
impurity. But if the product spot C divides into a new spot B 
and a new spot C, it means that a side-reaction on the silica 
must be happening. If this is the case, another stationary 
phase must be tried; usually, alumina or reversed-phase 
silica are good ideas.

After the TLC analysis is fully understood and it is clear 
on which column chromatography system the purification 
must be performed, it is time to prepare the crude product to 
be submitted to its purification process. Some hints can help 
the column to be performed in high quality and efficiency:

Scheme 13. Cobalt-catalyzed C-H alkenylation.103

Figure 4. Comparison of the usual visual profile seen between a TLC and 
a column chromatography (CC) template.
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(i) Prior to the column chromatography, consider 
performing a quick but effective pre-purification of the 
crude material to remove the catalyst and other impurities 
that may interfere with the column performance. For that, 
a simple filtration using a celite110 or florisil111 pad can help.
(ii) The thickness of the column to be used depends on the 
amount of dry-loading, and the height of the stationary 
phase depends on the separation layout observed on the 
TLC (Figure 6).

(iii) If a normal silica gel is being used, always start the 
column from a low polarity eluent system, usually 5 to 
10% v/v AcOEt/n-hexane and slowly increase the polarity 
as the column goes, especially when it is the first time a 
column chromatography is being performed for a specific 
reaction and when the room temperature is high (during 
summer, for example). Never increase the polarity abruptly; 
these solubilizations are usually exothermic and, since 
in the silica there is an elevated surface contact, this can 
generate bubbles inside the silica that will damage your 
system.

(iv) Always compact the silica gel in the column with your 
starting eluent under constant flux. Use a weak pressure 
from an air pump or by soft, consecutive, and regular hits 
using a not-hard object (pieces of hoses, usually) on the 
outside of the column.
(v) The volume of eluted material to be collected depends on 
how well the separation of the mixture in the column went. 
If this separation is not visually obvious, consider collecting 
small volumes instead. This action will guarantee that more 
vials (or test tubes) will contain the purified product.
(vi) Always run a TLC of the collected material before 
joining different vials in the same flask to concentrate. Never 
fully trust a visual skill; always try going for a plausible 
confirmation that the column chromatography worked.
(vii) Usually, the “head” (first test tubes containing the 
product) and the “tail” (last test tubes containing the 
product) have a real low concentration of the desired 
product and a high probability of containing a non-detected 
impurity. Therefore, these samples are usually disposed.

8. Characterization

After the product is purified, it is strictly essential 
to characterize them using all available tools. New 
molecules must have their structures confirmed by 
infrared spectroscopy, high-resolution mass spectrometry, 
1H and 13C NMR spectroscopy. Some cases even require 
bidimensional NMR analysis as well to help to identify 
where a specific functional group is located.112-115 Some 
reactions can happen on two different molecule sites, from 
which two products (usually structural isomers) with maybe 
two different yields are achieved. A notable example was 
provided by Tan and co-workers,116 in which a palladium-
catalyzed meta-selective alkenylation on modified benzylic 
alcohols lead to a mixture of two products (75 mono and 
di-functionalized) of different yields (Scheme 14).

In these examples, it is vital to perform correlated 
spectroscopy (COSY), heteronuclear single quantum 

Figure 5. Procedure to perform a bidimensional TLC.

Figure 6. Correlation between the thickness of the column vs. dry-loading 
amount and spot separation vs. the height of silica.
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coherence (HSQC) and heteronuclear multiple bond 
correlation (HMBC) analysis to ensure that the reaction 
happened as it is proposed. And in some other cases, the 
complexity of the compound makes it hard to define the 
real molecular structure even by bidimensional analysis. 
In these cases, it is always good to achieve a single crystal 
of the sample and submit it for crystallographic analysis. 
With all these analyses, it is possible to attribute a molecular 
structure that was obtained unequivocally. Our research 
group, in collaboration with Ackermann and co-workers,117 
recently reported a good example of this matter, about 
a ruthenium-catalyzed C-H double-annulation of 
functionalized naphthoquinones (76). In this example, 
large structures were obtained (77), and this complexity 
made it impossible to fully characterize the structures of 
the products only by bidimensional NMR spectroscopy. 
Some relevant features, such as the exact position of some 
substituents and the annulation pattern, were only visible 
on the X-ray analysis (Scheme 15).

9. Optimization Process

Once the structure achieved is wholly elucidated, it is 
time to optimize the applied method. The intention here is 
to get a methodology that offers:
(i) The best yield (from which the higher amount of product 
can be obtained);
(ii) The best stoichiometry (in which the lowest extent of 
reactants is necessary);
(iii) The mildest conditions (which means, the quickest 
reaction under the lowest temperature);
(iv) Overall, the cheapest methodology.

The best combination of all these aspects will 
characterize the optimized methodology. For this, all 
parameters of the reaction can be explored (solvent, 
temperature, time of reaction, catalyst, the stoichiometry 
of reactants, additive, atmosphere, or anything else that 
may be appliable).118-121 A quick search on the literature 
looking for similar reactions will help to decide what to 
try out. Bearing in mind that not all the tried experiments 
need to be presented in the final work, only the more 
important ones, which resemble a good improvement of 

the method. Most of the published works show only half 
of the attempted reactions.

Synthetic efforts toward a new reactional methodology 
involve a systematic study, not only to achieve the optimized 
condition but to do it as soon as possible.

It is recommended to accomplish the methodological 
study with the assistance of a general table, containing 
all “entries” with the respective modifications and yields 
(Table 2). This table provides an overview of the progress 
of the work, what else needs to be studied and the relation 
between entries/yields.

10. Catalyst

The cornerstone of C-H activation methodologies 
involves ideas for a sustainable approach. However, it is 
usually necessary to use catalysts based on rare, expensive, 
and even toxic metals, which may seem contradictory to the 
idea of methodologies more consistent with green chemistry 
principles. In this sense, rhodium and iridium catalysts have 
been less applied than ruthenium and palladium. In the last 
year, ruthenium catalyst,122 such as [RuCl2(p-cymene)]2, for 
example, have been the focus of studies of C-H activation. 
There are several examples of rhodium-,123-125 iridium-,126-128 
palladium-129-131 and ruthenium-catalysts132-134 that can be 
used on C-H activation processes (Figure 7).

Over the years, several efforts had been addressed to 
use catalysts based on metals considered even cheaper and 
more accessible than ruthenium. Iron, cobalt, manganese, 
copper and others135,136 consisted of some examples.

For instance, Ding and Yoshikai137 reported 
C2-alkenylation of indoles (71a) with alkynes catalyzed 
by cobalt-pyphos catalyst (Scheme 16a, left). The same 
substrate was submitted to a manganese(I)-catalyzed 
alkynylation, from which the product 79 was obtained in 
86% yield (Scheme 16a, right).138 

Kakiuchi and co-workers139 described an iron-catalyzed 
anti-Markovnikov C-H alkylation of aromatic ketones 
(80) using different alkenes in relatively mild conditions 
and solvent-free reaction (Scheme 16b). Ortho-selective 
halogenation of 2-arylpyridines (64) using copper(II) 
acetate under oxygen atmosphere was described by 

Scheme 14. Example of palladium-catalyzed meta-selective alkenylation.116



Carvalho et al. 929Vol. 32, No. 5, 2021

Scheme 15. Ruthenium-catalyzed double C-H annulation.117 *An additional 5 mol% of the catalyst was added after 12 h.

Yu  and  co-workers140 using 1,1,2,2-tetrabromoethane 
as bromo source, molecular iodine as iodine source and 
solvent (Scheme 16c).

Two examples of nickel-catalyzed cycloaddition of 
aromatic (O-benzyl)-ketoximes (84) with alkynes were 
described by Kurahashi and co-workers141 (Scheme 16d). 
In this work, isoquinoline (86) and N-oxide isoquinoline 
derivatives (85) were achieved.

The catalyst must be chosen carefully. Once it is 
selected, its application on the reaction must be optimized, 
which basically means that the amount to be loaded is an 
important matter to be evaluated. The study can start with 
the amount that will be used on the basis-reference, and 
from there, depending on the results, higher and lower 
amounts can be explored.

Table 2. Example of suitable reaction screenings for optimization studies

entry
Catalyst 

(concentration / mol%)
T / ºC t / h Reagent (equiv)

Additive 
(concentration / mol%)

Oxidant 
(concentration / mol%)

Yield / %

1 [Ru(p-cymene)Cl2]2 (1.0) 110 18 ethyl acrylate (1.2) AgSbF6 (10) Cu(OAc)2 (50) 11

2 [Ru(p-cymene)Cl2]2 (2.0) 110 18 ethyl acrylate (1.2) AgSbF6 (10) Cu(OAc)2 (50) 16

3 [Ru(p-cymene)Cl2]2 (5.0) 110 18 ethyl acrylate (1.2) AgSbF6 (10) Cu(OAc)2 (50) 11

… … … … … … … …

T: temperature; t: time; equiv: equivalents.
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Strategy: to use large amounts of the catalyst (higher than 
20.0 mol%) is inefficient. In this case, try another catalyst 
or do separate loadings.

11. Solvent

Solvents play an important role in C-H activation 
reaction, although usually, it is not so obvious. 
Miura and co-workers142 had recently described the selective 
C-H alkenylation and alkylation of 2-pyridones (87) with 
acrylates, leading to different products, according to the 
employed solvent (Scheme 17). In dimethylformamide 
(DMF), the C6-alkenylated product 89 was obtained, 

whereas in hexafluoroisopropanol (HFIP), at same 
reactional conditions, alkylation reaction was observed 
(88), probably due to the capability of HFIP to act as a 
proton source, according to the authors.

Based on the examples briefly described above, it 
is possible to observe the importance of solvent in the 
reaction. Typical solvents for C-H activation processes 
include acetic acid, trifluoroacetic acid (TFA), methanol, 
trifluoroethanol (TFE), 1,4-dioxane, tetrahydrofuran 
(THF), dichloromethane (DCM), dichloroethane (DCE), 
toluene, dimethylformamide (DMF), dimethylacetamide 
(DMA), and N-methyl-2-pyrrolidone (NMP).

Solvents used in catalytic reactions must be previously 

Figure 7. Examples of common palladium, rhodium, iridium and ruthenium catalysts.
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purified and dried once as impurities and water could 
interfere significantly in due course. When the reaction 
is performed in distilled water, it is important to degas it 
since dissolved oxygen can induce undesirable reactions. 

The dried solvent must be stored under an inert 
atmosphere (Ar or N2) and carefully handle to avoid 
contamination. Some examples of solvent purification 
processes are briefly described in Table 3, based on standard 
procedures.143

On the first sight, it is not simple to establish a relation 
between solvent properties (polarity, boiling point, 
miscibility) and the reaction process. In this sense, the 

screening of solvent in the C-H activation reaction in 
development usually starts based on solvents that showed 
success described in the literature for similar reactions, 
keeping other parameters steady (catalyst, additive, oxidant, 
temperature). 

The reaction must be performed in different solvents, 
keeping all other parameter, and the yield of each reaction 
must be recorded, as previously described. Based on those 
results, a possible relation between solvent and yield may be 
established, indicating the best solvent for this reaction. In 
some cases, more than one solvent can lead to a good result, 
which means both solvents must be studied posteriorly.

Scheme 16. Examples of C–H activation using a less expensive catalyst.137-141

Scheme 17. Solvent effect on C-H activation of 2-pyridones reported by Miura and co-workers.142
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It is noteworthy to mention that the boiling point of 
the solvent and the temperature at which the reaction will 
be carried out have to be taken into consideration when 
setting up the reaction. If the solvent exhibits a boiling 
point considerably lower than the temperature at which the 
reaction will be conducted, a pressure-resistant reactor, such 
as a pressure tube, should be used. Also, at the end of the 
reaction, it is important to wait until the reaction medium 
cools down to room temperature before opening the flask 
to avoid accidents.

12. Oxidant Screening in C-H Activation

External oxidant in C-H activation is crucial in several 
reactions. The role of the oxidant is related to regenerate the 
active catalyst form, to promote the reductive elimination 
of organometallic intermediates and to produce the 
reactive species capable of functionalization leading to 
the functionalized product. Redox-neutral C-H reactions 
might not require an external oxidant.144

The oxidizing ability of a chemical to selectively oxidize 
organometallic intermediates is more important than the 
regeneration of catalyst species since the latter is less sensitive 
to the nature of the oxidant. Therefore, it is required that the 
oxidant exhibits a redox potential higher than the oxidation 
potential of the organometallic intermediate. However, at 
this point, this intermediate has not been determined and is 
usually only theorized based on literature; for that reason, it 
is not evident to know its oxidation potential. 

For that constraint, the choice of the optimal oxidant 
is one of the biggest challenges in the development of 
C-H activation methodology. In experimental studies in 
the development of oxidative C-H activation, the oxidant 

screening represents an essential process towards the 
optimization of reaction. In this sense, all parameters 
(catalyst, solvent, additive, temperature) of reaction in 
the study are maintained. Only the oxidant (species and 
amount) is altered to understand how it interferes with the 
reaction yield.

Several oxidants have been used in C-H activation 
reactions, such as metal-based oxidant (Cu(OAc)2, 
ceric ammonium nitrate (CAN)), peroxides (KHSO5, 
K2S2O8, meta-chloroperoxybenzoic acid (m-CPBA), 
t-BuOOH), silver source (Ag2CO3, AgOAc). However, it 
is an important approach to replace these chemicals with 
organic oxidant compounds (benzoquinone, quinoline 
N-oxide, anthraquinone, 2,2,6,6-tetramethylpiperidin-
1-yl)oxyl (TEMPO), N-methylmorpholine N-oxide 
(NMO), PhI(OAc)2 (PIDA), PhI(CO2CF3)2 (PIFA)) in 
order to reduce the amount of metal in the reaction and 
consequently reduce the waste. Molecular oxygen, O2,145 
is a natural, inexpensive, and eco-environmental oxidant 
strongly recommended instead of other catalysts, once its 
use produces no waste and it is prominent to scalability.146 

13. Additives

As previously described, catalysts, solvents and oxidants, 
associated to a suitable choice of substrate and directing 
group, can lead to the achievement of a new approach in C-H 
activation reaction. However, generally, it is required to use 
the additives to obtain the product in good yields. Several 
chemicals have been used to this purpose, such as bases 
(alkaline acetate, carbonates, bicarbonate, pivalate, fluoride, 
alkoxide, phosphate), carboxylic acids (AcOH, PivOH, 
TsOH, TFA), inorganic salts (hexafluorophosphate), silver 
sources (AgNO3, AgSbF6, AgOAc, Ag2CO3, AgNTf2, AgBF4), 
phosphine (PPh3, PCy3, X-Phos, P(NMe2)3) and organic 
compounds (1,10-phenanthroline, 2,6-di-tert-butylpyridine 
(2,6-dtbpy), 1,1’-ferrocenediyl-bis(diphenylphosphine) 
(DPPF), L-proline). 

The role of additives in the reaction course is widely 
discussed in the literature for the researchers to draw 
some conclusive trends. For example, silver additives are 
usually used with [RuCl2(p-cymene)]2 and [RhCp*Cl2]2 
because it promotes the formation of an active catalytic 
species by breaking the dimer structure. However, 
when silver is used with palladium catalysts, it provides 
the heterodimeric Pd-Ag complex.147,148 Carboxylate 
additives can break the arene C-H bond via a hydrogen-
atom-transfer mechanism.149

An important example of additive was reported by 
Sherikar et al.150 in which rhodium(III)-catalyzed C-H 
activation of indole 90 at the C4-position is performed. An 

Table 3. Solvents used in C-H activation143

Solvent Process (briefly)

Methanol, t-amyl alcohol, toluene, 
o-, m-, p-xylene, n-hexane, 
1,4-dioxane

dried and distilled over metallic 
sodium using benzophenone as an 

indicator

Triethylamine, dichloroethane, 
dimethylacetamide, 
dimethylformamide, dimethyl 
sulfoxide, pyridine

dried and distilled over CaH2

n-Butanol, acetonitrile
dried over a molecular sieve and 
degassed by freeze-pump-thaw 

cycles

Dichloromethane
acid/base wash; pre-dried with 

CaC12, and distilled from CaSO4, 
CaH2 or P2O5

Tetrahydrofuran
dried with sodium until a 

characteristic blue color of 
benzophenone then, distillate
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acid additive led to the formation of 1,4-addition products 
(93), whereas a base additive promotes the formation of 
Heck-type products (92) (Scheme 18a). Lai et al.151 had 
described the obtention of two different heterocycles 
(96 or 97) according to the applied additive (NaOAc or  
CuF2/CsOAc) (Scheme 18b).151

The screening of the additive for the development of a 
C-H activation methodology involves the understanding of 
similar reactions and chemicals previously described in the 
literature. In this sense, all other reaction parameters must 
be maintained steady with varying additives until a good 
one gets disclosed. Once the optimized catalyst is obtained, 
its amount must be studied towards increasing the yield. 

14. Reaction Performance vs. Optimization

Interesting optimization studies were observed by 
Miura et al.119 when they performed a rhodium-catalyzed 
C-H borylation. In this work, after screening catalyst, 
ligand, solvent, temperature and time, the best yield was 
achieved by applying 2.5 mmol of limiting reagent. This 
amount was higher than expected, leading to the desired 
product 98 in 83% yield (Table 4, entry 12), against 74% 
when applying ten times less of the substrate (Table 4, 
entry 11). Additionally, only 0.25 mmol of each substrate 
was used, even though the best yield was achieved using 
large amounts. This example suggests that the best yield 
does not always resemble the best-optimized condition. 
This decision should be taken considering all the aspects 
of the applicability of the reaction.

The optimization process indeed takes time, but it is 
possible to save a lot of time by placing simultaneous 
reactions as much as possible. For example, when optimizing 
the additive, it is possible to set five different reactions 
with five other additives simultaneously, on the same day, 

on the same heating plate, using an oil bath or a heating 
block (Figure 8). With this in mind, what would require a 
whole week can be done in a single day. For safety reasons, 
once the reactions can generate gases in closed vials, it is 
necessary to place them in a fume hood using an additional 
transparent shield that will retain glasses pieces in the case 
of a spontaneous generation of a large amount of gas.

C-H activation reactions usually are carried out in a 
sealed tube under an inert atmosphere resulting in a system 
under pressure. This experimental condition disables the 
possibility to follow the course of the reaction taking 
out samples from the reactional system to accomplished 
traditional techniques (TLC, GC-MS, extraction, etc.) 
without compromising the system. For that reason, the 
time of reaction is an established condition determined 
during optimization studies and kept for all examples of 
methodological scope.

When performing the optimization, three aspects are 
important to be measured (Scheme 19):
(i) Yield: percentage of the product obtained over the 
expected total amount of product.
(ii) Conversion: percentage of reactant that reacted over 
the total amount of reactant applied.
(iii) Recovered starting material: percentage of starting 
material left over the total amount of reactant applied.

These facts will help understand the logistic of the 
reactions, if it is going the way it was presumed or if 
a side reaction is starting to take over the optimization 
process. Although there is no need to measure all the three 
aspects in every single reaction (which would take a lot of 
effort and goods, sometimes for no practical reason), it is 
recommended to measure them at least once every time you 
are optimizing one parameter of the reaction. And for that, 
it does not have to be an isolated result. At this point, it is 
expected that the behavior of the product on the column and 

Scheme 18. Examples of the influence of additives on the reaction.150,151
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even under 1H NMR analyses are well-known. It is possible 
to measure the yield using a standard internal method from 
the 1H NMR or chromatographic methods (GC-MS or 
high-performance liquid chromatography (HPLC)). This 
can save not only chemicals and other materials but also 
can save time.

15. Calculation of Yield in situ Using 1H NMR

To calculate yields in situ by 1H NMR it is always 
necessary to use an internal standard with a well-known 
concentration that presents one or maximum two signals 
(Figure 9).152,153 Among all used internal standards, 
1,4-dinitrobenzene (99) is the most indicated one,154,155 

Scheme 19. Clarification of the calculation of yield, conversion and 
recovering percentages.

Figure 8. Easy processes to optimize the use of a heating plate. 

Figure 9. Chemical shift (d) of the hydrogen atoms of the compounds 
1,4-dinitrobenzene (99) and 1,3,5-trimethoxybenzene (100).

Table 4. Optimization of a rhodium-catalyzed C-H borylation119

entry Catalyst/ligand Solvent T / ºC t / h Yield / %

1 [Ir(OMe)(COD)]2/none octane reflux 4 18

2 [Ir(OMe)(COD)]2/L1 octane reflux 4 0

3 [Ir(OMe)(COD)]2/L2 octane reflux 4 0

4 [Ir(OMe)(COD)]2/L3 octane reflux 4 14

5 [Ir(OMe)(COD)]2/L4 octane reflux 4 12

6 [Ir(OMe)(COD)]2/none THF reflux 4 15

7 [Ir(OMe)(COD)]2/none toluene reflux 4 23

8 [Rh(OMe)(COD)]2/none toluene reflux 4 60

9 [Rh(OMe)(COD)]2/none toluene 80 24 40

10 [Rh(OMe)(COD)]2/none toluene r.t. 24 78

11 [Rh(OMe)(COD)]2/none THF r.t. 24 74a

12b [Rh(OMe)(COD)]2/none THF r.t. 24 83a

13 [Rh(OMe)(COD)]2/L1 THF r.t. 24 0

14 [Rh(OMe)(COD)]2/PPh3 THF r.t. 24 0
aIsolated yields. b2.5 mol of substrate. equiv: equivalents; T: temperature; t: time; COD: cycloocta-1,5-diene; THF: tetrahydrofuran; r.t.: room temperature.
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because it presents only an isolated singlet signal at 
d 8.43 (4H).156 The most used internal standard is 
1,3,5-trymethoxybenzene (100),157,158 which shows two 
singlets, one at d 6.08 (3H) and one at d 3.77 (9H).159 
However, since this species is rich in electrons, it may react 
with any residual iodine.160-162

The applicability of this method was exemplified by 
a palladium-catalyzed allylic substitution published by 
Poli and co-workers,155 in which the whole optimization 
process was studied using 1H NMR calculated yield, with 
1,4-dinitrobenzene (99) as internal standard (Table 5). In 
this specific work, a maximum yield of 88% was observed 
using 5.0 mol% of palladium acetate, 15.0 mol% of 
triphenylphosphine, diethyl ether at room temperature for 
5 h, and these parameters were adopted as the optimized 
method for the scope development.

To accurately prepare your sample for this process, 
these steps must be followed (Figure 10):
(i) Filter the crude product on a sintered glass filter 
containing a layer of celite or silica.
(ii) Wash up the silica/celite using HPLC grade chloroform.
(iii) Concentrate the solution under reduced pressure to 
obtain a solid/semi-solid crude product.
(iv) Finalize the concentration under a high-vacuum pump.
(v) Prepare the stock solution of an internal standard by 
measuring a maximum of 20 mg of 1,4-dinitrobenzene in 

a 1.00 mL volumetric flask and complete it with deuterated 
chloroform (or any other deuterated solvent that you may 
need). Be aware that 1,4-dinitrobenzene is not readily 
soluble in chloroform, but one minute under sonication 
solves this issue. 
(vi) Add 50.0 µL of the stock solution of the internal 
standard into the residual crude solid.
(vii) Dilute it with 450.0 µL of deuterated solvent and place 
it into a 5 mm NMR tube.
(viii) Submit it to a 1H NMR experiment.
(ix) Once the spectrum is obtained, integrate first the signal 
of the internal standard and calibrate it to 1H. Afterward, 
integrate any signal of your molecule that is not overlapping 
any other one. This value obtained in this integration can 
then be used in the equation shown in Figure 10.

16. Calculation of the Yield in situ Using 
GC‑MS or HPLC

In mass-spectrometry, the best internal standards are the 
most volatile ones, like n-dodecane163-166 or n-decane.167-169 
The procedure in these cases requires previous knowledge 
of the target product because each molecule shows a 
different ionization profile. It is necessary to build a 
calibration curve for the product in the presence of an 
internal standard. It is also possible to build this calibration 

Table 5. Optimization of a palladium-catalyzed allylic substitution155

 

entry Coupling partner [Pd] (concentration / mol%) Ligand (concentration / mol%) Solvent time / h Product (yielda / %)

1 102 Pd(OAc)2 (10) PPh3 (30) THF 4 104 (50)

2 102 Pd(OAc)2 (10) dppe (20) THF 18 104 (41)

3 102 Pd(OAc)2 (10) dppf (20) THF 18 104 (32)

4 102 Pd(OAc)2 (10) MeDCHB (30) THF 18 104 (49)

5 102 [Pd(C3H5)Cl]2 (10) dppe (20) THF 18 104 (8)

6 102 Pd(OAc)2 (10) PPh3 (30) Et2O 4 104 (59)

7 102 Pd(OAc)2 (10) PPh3 (30) 1,4-dioxane 4 104 (72)

8 102 Pd(OAc)2 (5) PPh3 (5) 1,4-dioxane 18 104 (74)

9 103 Pd(OAc)2 (10) PPh3 (30) THF 3 105 (63)

10 103 Pd(OAc)2 (10) PPh3 (30) 1,4-dioxane 1.5 105 (73)

11 103 Pd(OAc)2 (10) PPh3 (30) Et2O 3.5 105 (84)

12 103 Pd(OAc)2 (5) PPh3 (15) Et2O 5 105 (88)
a 1H NMR calculated yields using 1,4-dinitrobenzene as internal standard. equiv: equivalents; r.t.: room temperature; THF: tetrahydrofuran; 
dppe: 1,2-bis(diphenylphosphino)ethane; dppf: 1,1’-ferrocenediyl-bis(diphenylphosphine); MeDCHB: 2-dicyclohexylphosphino-2’-methylbiphenyl.
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Figure 10. Flowchart to calculate yield in situ using 1H NMR analysis (see text). mIS: mass of internal standard; areaPR: obtained area of the signal of the 
product; HIS: number of hydrogen atoms related to the signal of the internal standard (in the case of 1,4-dinitrobenzene, HIS = 4); MWSM: molecular weight 
of the starting material; nSM: molar equivalence of the starting material from the balanced equation; MWIS: molecular weight of the internal standard (in 
the case of 1,4-dinitrobenzene, MWIS = 168.1); HPR: number of hydrogen atoms related to the signal of the product; mSM: applied mass of starting material; 
nPR: molar equivalence of the product from the balanced equation.

curve and perform the analysis without any internal 
standard, but this procedure does not protect the collected 
data from possible measuring mistakes.

Morandi and co-workers163 published a notable but 
straightforward and extremely important work about 

a palladium-catalyzed chlorocarbonylation in which 
the optimization was built using GC calculated yield 
(Table 6). In this case, n-dodecane was used as an internal 
standard. It is worth mentioning that product 108 was not 
directly analyzed, but its corresponding methyl ester 109 

Table 6. Optimization of a palladium-catalyzed chlorocarbonylation163

 

entry [Pd] (concentration / mol%) Ligand (concentration / mol%) Base (equiv.) Solvent T / ºC Yielda / %

1 Pd(dba)2 (5) Xantphos (10) DIPEA (2.0) toluene 100 25

2 Pd(dba)2 (5) PtBu3 (10) DIPEA (2.0) toluene 100 18

3 Pd(dba)2 (5) BrettPhos (10) DIPEA (2.0) toluene 100 2

4b Pd(dba)2 (5) Xantphos (10) DIPEA (2.0) toluene 100 traces

5 Pd(dba)2 (10) Xantphos (10) DIPEA (2.0) toluene 100 18

6 Pd(dba)2 (2.5) Xantphos (5) DIPEA (2.0) toluene 100 20

7 Pd(dba)2 (5) Xantphos (10) DIPEA (2.0) toluene 80 10

8 Pd(dba)2 (5) Xantphos (10) DIPEA (2.0) 1,4-dioxane 100 23

9 Pd(dba)2 (5) Xantphos (10) NEt3 (2.0) toluene 100 8

10 Pd(dba)2 (5) Xantphos (10) K3PO4 (2.0) toluene 100 -

11 Pd(dba)2 (5) Xantphos (10) DIPEA (2.0) Et2O 100 31

12c Pd(dba)2 (5) Xantphos (10) DIPEA (2.0) Et2O 100 83
aGC calculated yields related to the in situ derivated methyl ester using n-dodecane as internal standard. bR = C4H9 (3.0 equiv). cPhBr (3.0 equiv). equiv: 
equivalents; T: temperature; dba: dibenzylideneacetone; DIPEA: N,N-diisopropylethylamine. 
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was generated in situ by treatment with methanol. This 
procedure guarantees not only the stability of the product 
to be purified in the long column of the GC, but also the 
volatility which is to be high enough for the required 
vaporization in GC analysis. 

Before preparing the mixture, it is important to know 
the behavior of the product and the internal standard in the 
adopted method of the chromatographic equipment. It is 
crucial to find out an optimized way where, on the same 
screen, it is possible to see the peak of the internal standard 
and the product separately (hint: usually, the internal bar 
shows up first since it is usually more volatile). Do not 
correlate the height of the peaks in a qualitatively fashion, 
assuming that a higher peak belongs to a more concentrated 
species. It always depends on the ionization capacity of 
the compound.

Start preparing a stock solution of the internal standard 
by solubilizing it in the solvent that will be used in the 
chromatographic method (usually, dichloromethane for 
GC-MS and methanol or acetonitrile for HPLC). The final 
concentration to be analyzed depends on the expected 
final concentration of the product and the detection limit 
of the equipment. These chromatographic equipment are 
usually very sensible, so a low-concentrated final solution 
must be considered for this matter. It is desirable to inject 
around 5 ng of the internal standard in the equipment, 
and considering a volume of injection of 100 µL, so the 
following steps must be followed (Figure 11).

(i) Place 50.0 µL (37.5 mg = 0.22 mmol) of dodecane in 
a 100.00 mL volumetric flask and complete it with HPLC 
grade dichloromethane. This is the stock solution  A 
(2.2 mM) of the internal standard.
(ii) Transfer 66.0 µL of the stock solution A into a 5.00 mL 
volumetric flask and complete it with HPLC grade 
dichloromethane. This is the stock solution B (0.029 mM) 
of the internal standard.

Once the stock solution B is ready, it is time to prepare 
the samples to build the calibration curve:
(i) Place 0.2 mmol of the target compound into a 100.00 mL 
volumetric flask and dissolve it in the complete volume of 
solvent (the same as the internal standard stock solution, 
in this example, HPLC grade dichloromethane). This is 
the stock solution C (2.0 mM) of your target compound.
(ii) Transfer 100 µL of the stock solution C into a 10.00 mL 
volumetric flask and complete it with the solvent. This is 
the solution D (0.020 mM) of the point I of the curve.
(iii) Transfer 5.00 mL of the stock solution D into another 
10.00 mL volumetric flask and complete it with the solvent, 
generating the stock solution E (0.010 mM) of the point II 
of the curve.
(iv) Repeat the previous process consecutively to generate 
the stock solutions F (0.005 mM) and G (0.002 mM) of the 
points III and IV of the curves, respectively.

The points I (0.020 mM), II (0.010 mM), III (0.005 mM) 
and IV (0.002 mM) can be generated by placing 100 µL 
of the stock solution B and 900 µL of the respective stock 

Figure 11. Flowchart to build the calibration curve (see text for further information).
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Table 7. Template for application of collected data

Point
Concentration / 

mM
AS

a AT
b AT/AS

c

I 0.020 AS-I AT-I AT-I/AS-I

II 0.010 AS-II AT-II AT-II/AS-II

III 0.005 AS-III AT-III AT-III/AS-III

IV 0.002 AS-IV AT-IV AT-IV/AS-IV

V 0.000 AS-V AT-V AT-V/AS-V

aPeak areas of the internal standard; bpeak areas of the target compound; 
cratio of peak areas of the target compound (AT) and internal standard (As). 

Figure 12. Example of a linear graph between the concentration of product 
and ratio of areas of chromatogram peaks.

solution of the target compound in a 1.5 mL GC-MS vial. 
The fifth and last vial, point V, as a negative control, only 
has 100 µL of the stock solution B and 900 µL of pure 
solvent, without any target product in it.

When the measurement is done, it is possible to get the 
integral of the peaks of the internal standard (AS-I, AS-II, AS-III, 
AS-IV and AS-V), which are expected to be around the same 
value, and the integral of the peaks of the target compound 
(AT-I, AT-II, AT-III, AT-IV and AT-V). These data must be placed 
on a table (Table 7) to facilitate the next steps.

Using the columns “Concentration” and “AT/AS” of 
Table 7, it is possible to build a linear graph (Figure 12). 
The linear regression of this graph will give the correlation 
between concentration of product and the measured ratio 
of peak areas AT/AS; this is the equation to be used in the 
experiment. Note that coefficient of determination (R2) must 
be close to 1.000 to validate this method as an appliable one. 
If it is not so close to 1.000, it means that this equation will 
produce wrong values; therefore, it is suggested to try to build 
the calibration curve again from the beginning.

Now that you have the linear regression in hand, with 
the correct correlation between the ratio of areas and the 
concentration, you can perform the reaction and prepare 
your sample to be analyzed. Assuming a usual reaction, 
where the stoichiometry between reactant and product is 
1:1, and 0.2 mmol of reactant is used in 2.0 mL of solvent, 
the following process must the followed (Figure 13).
(i) Place 10.0 µL of your crude reaction into a 5.00 mL 
volumetric flask and complete it with HPLC grade 

dichloromethane, generating the stock solution H of your 
reaction (hint: even if the solvent used in the reaction is not 

Figure 13. Flowchart to calculate yield in situ using GC-MS analysis. Conc.: concentration of product obtained from the linear equation; VR: volume of 
solvent applied in the reaction; MWSM: molecular weight of the starting material; nSM: molar equivalence of the starting material from the balanced equation; 
mSM: applied mass of starting material; nPR: molar equivalence of the product from the balanced equation.
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dichloromethane, the dilution will be high enough to almost 
cancel the effect of the solvent to the system).
(ii) Transfer 10.0 µL of your stock solution H into a 1.5 mL 
vial, add 100.0 µL of the stock solution B of the internal 
standard and complete it with 890.0 µL of solvent.
(iii) Submit the sample to the GC-MS analysis using the 
same instrumental method used to build the calibration 
curve and get the ratio AT/AS.
(iv) Place this value in the linear equation and get the 
concentration that you have on the original vial. From 
this, it is possible to obtain the calculated yield using the 
equation shown in Figure 13.

17. Building Up a Scope

After the optimized method is achieved, it is necessary 
to evaluate its behavior when applied to other substrates 
containing different substituents. The initial idea is to 
synthesize different substrates with a molecular structure 

similar to the one used in the optimization process, but 
with slight variations.170,171 der Eycken and co-workers172 
published a notable work about a C-H activation catalyzed 
by ruthenium, on which two tables were constructed 
basing on simple variations on both substrates 71a and 
110a (Scheme 20). The variations on the main substrate 
(compound 71) are originated from commercially available 
indoles 71a-71i containing bromide, fluoride, methyl and 
methoxy on different positions. The variations on the 
secondary substrate (compound 110) are more diverse 
(110b-110o), from simple aryl substituents on different 
positions to enantiopure alkyl groups.172 The synthesis of 
these substrates must be simple, applying mostly reactants 
that are commercially available or that were submitted 
to well-known reactions (like acetylation, nitration or 
halogenation), so not too much time will be spent in this 
step. Be aware that, obviously, not every substrate that will 
be tried will work, so the best strategy is to plan everything, 
exceeding the expected number of examples.

Scheme 20. Scope variations on the C-H activation reported by der Eycken and co-workers.172
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The number of products that will compose the final 
scope table will depend on how appliable the reaction is 
and how accessible it is to do the modifications. Usually, 
the publishers choose a number between 10 and 16 
examples in each table,173-176 considering that this amount 
can give a great variety from where it may be possible to 
analyze the effect of the substituents to the reaction. If 12 
is the number to be adopted, consider then planning the 
synthesis of at least the double of it. Sometimes not all the 
24 planned reactions need to be performed; sometimes, it 
is not enough. When planning the synthesis, it is necessary 
that the variety of substituents covers every important 
aspect that may interfere or even improve the performance 
of the reaction, using, for example, electron-withdrawing 
groups (NO2, F, C=O) and donating groups (OMe, SPh, 
alkyl, etc.).173-176

It is essential to perform the characterization of 
every intermediate and every obtained substrate before 
applying them to the reaction, so there will be no mistake 
about the expected structure. If the substrate is already 
known in the literature, it is possible to either explicitly 
elaborate synthesis and characterization177-179 or maybe 
just citing from where the method was obtained from the 
literature.180-182 Now, if the substrate (or any intermediate) 
is new, then the full characterization is required to publish 
the result, which includes NMR spectroscopic analysis, IR 
spectroscopic analysis, high resolution mass spectrometry 
(HR-MS) analysis, and melting point.183,184 If it is possible 
to obtain a single-crystal of the product suitable for X-ray 
analysis can also be an essential tool to corroborate the 
structure of the compound.

It is also essential to submit the substrate to the 
optimized methodology as soon as it is synthesized and 
fully characterized. Do not wait until all planned substrates 
are achieved, because it is important to consider that not 
all of them will work. It is strictly important to consider 
that the substrates that did not work or that did not work 
so well may require some specific adaptations of the 
optimized method in order to improve their performance. 
These adaptations include increasing or decreasing the 
time of reaction, temperature, modifying the used solvent, 
increasing or decreasing the catalyst loading, modifying 
the used additive or the applied stoichiometry. Therefore, 

it is important to perform a small screening (fine tuning) 
on these substrates to find the required conditions in which 
they will offer their best performance.

An aspect that is very important in a publication is the 
final purpose of the developed research, on other words, 
what can be the direct social contribution of that new 
methodology. To cover this aspect, a late-stage study with 
some more complex molecules can be explored,138,185-189 
which also improves the layout of the work. Some 
publishers build a side smaller scope table, with only a 
few examples, or add these more complex examples in 
the main table itself, applying the method to a substrate 
that resembles either a pharmacological compound or 
a natural compound. A good example published by 
Ackermann  and  co-workers138 explored a manganese-
catalyzed C-H alkynylation on several substrates, including 
a steroid-based compound 112, from which product 113 
was obtained in 98% yield (Scheme 21).

Some other publishers increase the scale of the 
methodology to assure that the method is industrially 
applicable, making any modification that may be 
needed.175,190-195 The main idea here is to link the published 
work with other scientific fields, giving a plausible meaning 
to it. In 2017, Yu and co-workers190 reported a notable 
meta-selective C-H arylation on a phenethylamine 114, 
reaching 116 in 88% yield on a smaller scale of 0.1 mmol of 
the substrate. The same reaction was scaled-up to 3.0 mmol 
of the substrate with no modification at all, other than the 
stoichiometric scaling, and a yield of 85% was successfully 
achieved (Scheme 22).

18. Mechanistic Studies

Once the whole methodology is built, it is often 
necessary to complete the project using a complementary 
study, such as mechanistic studies, biological assays, 
or derivatization studies. It is possible to make a plan 
that includes these studies previously, so they can be 
developed while the optimization or the scope is also under 
development. Some groups can count on very sophisticated 
pieces of equipment to do so, but usually, these side studies 
are done via collaboration with other groups that have an 
infrastructure built specifically for this purpose.

Scheme 21. Late-stage example using a steroid-based substrate.138
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There are several ways to understand how the reaction 
works; the chosen one depends basically on how known 
that reaction is, and what it is accessible and meaningful to 
the researcher. The simplest way to propose a mechanism 
to a reaction is basing on previously published materials 
similar to the one that is being developed.34,195-197 This will 
assure that the mechanism that is being proposed will be 
accepted by the chemical society. Like the remarkable work 
published by Dixneuf and co-workers196 about sequential 
ruthenium-catalyzed C-H arylation (Scheme 23), where 
a plausible mechanism was proposed based on two 
works previously published by Jutand and co-workers in 
2011198 and 2013.199 Since it is a double C-H arylation 
on two chemically-corresponding sites of the molecule 
117 ortho-positioned to the directing group, the proposed 
mechanism covers only the first cycle, indicating that the 
second cycle happens just like the first one.

If it is a completely new reaction, then this method 
of mechanistic study may not be enough. Remember that 
the mechanism must be acceptable to the whole scientific 
community, not only to the publisher or the referees 
involved in the manuscript analysis. 

Another way to build a mechanism is based on 
computational studies, with the calculation of the relative 
Gibbs free energy for all the intermediates and their 
respective transition states.200-202 Even though it is not 
a “bench experiment”, computational studies can offer 
valuable information about the mechanism and relative 
stability of the intermediates, including plausible solutions 
that may help to improve the performance of the reaction. 
Dong and co-workers203 published an important work about 
a palladium-catalyzed C-H arylation of free primary amines 
(120) via an in situ transient directing-group generations 
with the ligand quinoline-8-carbaldehyde. Two years later, 
Chen  and  co-workers201 proposed a mechanism for this 
reaction based on previously published materials,204-207 in 
which it was perceived that, without the ligand 121, no reaction 
is observed. The authors also corroborated these proposed 
data using computational studies, in which the relative energy 
of the main intermediates was calculated (Scheme 24).

Bench experiments are also possible to either 
corroborate the computational experiment or/and the 

literature-based proposal or even to generate a whole new 
mechanistic proposal.193,208-211 The most usual ones include 
a simple reaction between the reactants and the catalyst. 
This process is tricky since the obtained material usually 
cannot be submitted to column chromatography, otherwise, 
the obtained complex, which is supposed to resemble the 
most important intermediate, can be destroyed by the free 
hydroxyl groups and the high contact surface of the silica. 
Usually, a crystallization of the obtained complex generates 
a single crystal that can be submitted to crystallographic 
studies via X-ray diffraction without compromising its 
structure.

Maiti and co-workers193 developed an ortho-directed 
cobalt-catalyzed C-H activation in which biphenyl 
activated amines (125) were obtained in good yields. 
In this work, the authors identified a five-membered 
organometallic cobalt-ring (123I-A) via X-ray analysis 
when reacting the catalyst with the substrate 123, and they 
also developed kinetic studies to evaluate the behavior of 
the reaction over time. These combined data led the authors 
to propose a plausible mechanism for discovering C-H 
activation (Scheme 25).

High-resolution mass spectrometry is another powerful 
tool for mechanistic studies.212-216 In this field, once the 
general reaction is set, a sample of it is taken every once in 
a fixed and constant time frame and submitted to the HR-
MS equipment. With the spectra in hands, it is possible to 
identify some peculiar signals that are neither the reactants 
nor the expected products. The intermediates usually 
present a mass that is near the sum of the masses of the 
catalyst plus one of the reactants (or even both reactants) 
and also show the profile of the isotopic abundance of the 
metal ion used in the catalyst. Every metal has a specific 
profile of isotopic abundance that can be considered a 
fingerprint of it.217 The correct interpretation of the collected 
data starts from a proper database, from which it is possible 
to compare the obtained signals with the expected ones 
from the literature or computational data. The fact that 
the reaction happens in solvent media and the HR-MS 
experiments happen under vacuum must be considered as 
well, since the solvent can be part of the mechanism, and 
this correlation will not be shown in the spectra. 

Scheme 22. Comparison of small-scale and large-scale C-H activations.190 aNormal-scale reaction: 0.1 mmol of substrate; bscaled-up reaction: 3.0 mmol 
of substrate.
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A notable example can be extracted from the work 
published by Cooks and co-workers214 in which the authors 
adapted an interesting system to directly analyze the progress 
of the reaction in a real-time fashion via a purge of inert gas 
on the system, generating a manufactured electro-spray that 
is directly faced to the skimmer of the mass-spectrometer 
(Scheme 26). This system made the identification of three 
intermediates of a palladium-catalyzed Negishi cross-
coupling reaction possible. Even though this is not a C-H 
activation reaction, it is worth citing here due to its valuable 
contribution to the chemical society.

19. Biological Assays

Several compounds are known for their high biological 
activities to treat diseases like cancer,218 malaria,219 Chagas 
disease,220 human immunodeficiency virus (HIV),221 and 
even more recently, COVID-19 (coronavirus disease).222 It is 
important to know in advance the biological contribution that 
can be expected from the novel compound and to have a good 
collaboration for these biological assays. Try to understand 
how the biological experiments works so it may be possible 
to contribute appropriately to this side of the research.

Scheme 23. Sequential ruthenium catalyzed C-H arylation and its proposed mechanism.196
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Nowadays, Chagas disease is a dangerous disease 
that is an issue in tropical countries like Brazil.223-226 
Having this in mind, in 2018220 and 2019,227 we reported a 
ruthenium-catalyzed C-H oxygenation and alkenylation 
reactions, respectively, of quinones 26 in which quinones 
modified at the C-8 position (128 and 129), that were 
obtained in good yields. These quinones were submitted 
to trypanocidal analysis and nine molecules presented a 

good half maximal inhibitory concentration (IC50) against 
the Trypanosoma cruzi (Scheme 27). More specifically, two 
of these nine compounds are more than 3.0 times active 
compared to benznidazole, which is the most common drug 
employed to treat Chagas disease.

Strategy: even if the achieved product may not present a 
valuable activity against a specific disease, it can present 

Scheme 24. Palladium-catalyzed C-H arylation of a free primary amine203 and its mechanistic studies by computational analysis.201
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important activities against others. A good planning at the 
beginning of a project can save time if the desired structure 
matches with other known molecules that presented good 
activities.

20. Derivatization

The derivatization of a method means to find a plausible 
and useful sequence for that reaction to obtain a natural, 
pharmaceutical or any compound of interest.34,173,193,228-231 

Scheme 25. Cobalt-catalyzed C-H activation and its respective mechanistic studies.193
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Scheme 26. Palladium-catalyzed Negishi cross-coupling reaction and electrospray ionization-mass spectrometry (ESI-MS) mechanistic studies.214

Scheme 27. Ruthenium-catalyzed C-H oxygenation220 and alkenylation227 of quinones and IC50/24 h against the T. cruzi.

Some products are only a precursor for a more complex 
and more important compound, and the methodology that 
is being published on the current work may only be a small 

building block of a more remarkable synthesis. For that, 
subsequent modifications can be tested, and, for obvious 
reasons, these modifications will depend basically on 
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the structure and the amount of the product that will be 
obtained. For instance, Yu and co-workers228 described a 
palladium-catalyzed cyclization generating a succinimide 
that, afterward, could be submitted to two successful ring-
opening methods from which compounds 132 and 133 were 
obtained in good yields (Scheme 28).

Our group has presented two remarkable works232,233 
providing examples of late-stage derivatization that can 
be applied once the C-H activation. Separated works can 
collaborate on each other’s importance as well. In the first 
one, in collaboration with Bower,232 a rhodium-catalyzed 
C-H iodination was performed on naphthoquinoidal 
compounds 26, in which the carbonyl groups from the 
quinone itself work as an innate directing group. Once 
the iodination is completed, the second other work was 
published two years later.233 It showed a reasonable 
substitution in the presence of silver(I) salts, in which 
C-8 substituted naphthoquinoidal compounds 135 were 
achieved in moderate to excellent yields (Scheme 29). 
These two works together represent the crucial link that 

can happen when a whole idea of a large project is explored 
even in different opportunities. 

21. Conclusion

In conclusion, these hints will help to develop an 
optimized condition for an innovative catalyzed C-H 
activation, with desirable results. The recommendations 
described in this contribution are general and well-studied, 
which should be adopted by researchers working on natural 
product synthesis, pharmaceuticals synthesis, feedstocks, 
or methodology development in synthetic chemistry to 
discover new step- and atom-economical synthetic routes. 
The process of planning, executing and analyzing obtained 
data are essential for monitoring the C-H activation step 
carefully to achieve well-characterized intermediates along 
with precise evidence. Likely, this review article can provide 
complete guidance and further insights through the C-H 
activation step from catalyst loading to characterizations 
along with the mechanistic studies.

Scheme 28. Example of derivatization after a C–H activation reaction.228

Scheme 29. Rhodium-catalyzed C–H iodination and its respective derivatization.232,233 *[RhCp*Cl2]2 (5.0 mol%), AgNTf2 (27.0 mol%).
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