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Reaching out to the distal sp> C—H bonds remains a daunting challenge to synthetic organic chemists,
primarily due to the relative inertness of the C—H bonds in alkanes. As such, most reports have envisaged
the employment of sterically biased substrates, which render the other possible positions inaccessible for

functionalization. Herein, we report a palladium-catalyzed highly selective 3-chalcogenation of aliphatic

picolinamides, whereby both sterically biased and relatively unbiased substrates are made feasible for
site-selective 3-C—H functionalization. The successful employment of the Thorpe-Ingold effect explains
the reactive intermediates involved. The present protocol also provides direct access to the introduction

Received 21st November 2024
Accepted 16th March 2025

of structural modifications on a-amino acid structural motifs, such as leucine, with high regioselectivity.

Sequential hetero-di-functionalization has been carried out at 3-sp® C-H bonds, resulting in the
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Introduction

a-Amino acids and aliphatic amines have been widely explored,
primarily due to their ubiquitous influence in biologically
important compounds and as building blocks in organic
synthesis."* As such, the difficulty of selectively functionalizing
any of the distal positions in this class of substrates remains not
only a daunting challenge to synthetic organic chemists, but
also an important one in terms of its application in drugs and
natural products alike.> C-H activation has enabled the easy
generation of such complex molecules.*® Synthetic organic
chemistry has seen innovative methodologies implemented in
the past few decades, which have changed the outlook of
chemists towards overcoming challenges, and C-H activation
has remained at the forefront of this innovation.® The main
obstacle in developing the selective distal functionalization of
aliphatic amines lies in the relative inertness of the C-H bonds
in alkanes. Further, the aliphatic chains tend to be fluxional,
making regioselectivity issues a significant cause of concern.
Additionally, inhibiting the proximal C-H bond activation via
a kinetically favoured five-membered metallacycle and driving
the reaction towards a less-favoured six-membered
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desymmetrization of quaternary centers. A thorough mechanistic investigation has been carried out,
which provided evidence for the reaction pathway and the plausible mechanistic cycle involved.

metallacycle, thus enabling site-selective distal C-H function-
alization, has proven to be a significant hurdle. To overcome
these challenges, attempts have been made to employ a desig-
nated substrate structure or a suitable directing group that
offers the advantage of bringing the transition metal closer to
the required distal sp> C-H bond.” However, the variety of
substrates to carry out this strategy has often been limited.
Recently, various groups have used covalent as well as transient
template moieties that place the metal catalyst closer to the
target C-H bond to overcome the favoured proximal C-H bond
activation.®® However, most reports to date have outlined the
formation of C-C bonds from C-H bonds, with only a single
report of site-selective 8 C-B bond formation (Scheme 1B).*
Earlier this year, our group reported a ligand-enabled orthog-
onal strategy that can achieve orthogonal selectivity between the
distal & and vy positions of aliphatic amines based solely on the
choice of ligand (Scheme 1C)." The direct functionalization of
C-H bonds to synthesize C-S bonds in aliphatic substrates
opens up new avenues towards a vast number of pharmaceu-
tical drugs that can be used as synthons towards many complex
molecules (Scheme 1D). Hence, the investigation of site-
selective C-S bond formation at the distal positions of
aliphatic moieties is of immense importance.

Organosulfur compounds as functional groups are known
for their prevalence in several natural products and pharma-
ceutical drugs.”** The incorporation of a C-S moiety at an
unactivated aliphatic C-H bond is a highly promising pathway
for the synthesis of a variety of such biologically complex
molecules (Scheme 1D). However, the tendency of sulphur

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Site-selective d-thioarylation of aliphatic motifs: a brief overview. (A) a-Amino acids prone to selective d-functionalization. (B) Prior
work in distal 8-functionalization. (C) Ligand-controlled orthogonal selectivity between the & and y positions: Previous work. (D) Importance of
sulfur motifs in complex derivatives. (E) Site-selective 8 C—H chalcogenation of a-amino acids and aliphatic amines: this work.

groups to bind metal ions and poison the metal catalyst is one
of the most prominent obstacles towards the C-H functionali-
zation pathway.™

This explains the incompatibility of our reaction protocol
when thiols were employed as a sulphur source.” This unsuc-
cessful attempt led us to examine related reports in the litera-
ture in which various groups have employed dichalcogenides to
minimize such catalyst-retarding effects, resulting in an effec-
tive and highly efficient C-H functionalization process.*
Consequently, we employed the simplest diphenyl disulfide to
substrate 1 and observed 38% of our desired d-thioarylated
product.” Buoyed by this observation and convinced of the
need for a highly regioselective pathway that would result in the
completely site-selective d thioarylation of aliphatic amines and
a-amino acids to provide synthons towards a wide variety of
complex molecules, herein, we report a palladium-catalyzed
site-selective 8 C-H chalcogenation on various classes of
aliphatic picolinamides (Scheme 1E).

Results and discussion

Based on our previous investigations toward understanding the
nature of substrates prone to site-selective 3-functionalization,*?
our initial objective lay in decoding the kinetic effect for a range

© 2025 The Author(s). Published by the Royal Society of Chemistry

of aliphatic amines and a-amino acids. It was theoretically
verified that the C-H activation step for an a-methyl substrate is
3.9 kcal mol™* (AG*) higher than that for the corresponding
biased a-dimethyl substrate. This observation was attributed to
the lack of Thorpe-Ingold effect in the a-methyl substrate,
making the C-H activation step more difficult. The hypothesis
can be further correlated with the bond distances between the
metal centre and the atoms in the amine motif. The a-dimethyl
amine substrate (1) has a Pd-N bond distance of 2.0494 A,
which is slightly longer than the Pd-N bond distance of 2.0065 A
for substrate 1't (Scheme 2, Int A and Int C). Correspondingly,
we wanted to determine whether we could still be successful in
promoting site-selective distal 3-C-H functionalization in this
class of substrates in which there is no assistance from the
Thorpe-Ingold effect. To obtain a clear view of the nature of the
organometallic intermediates, we attempted to isolate the C-H
activation intermediates for substrates having varying substit-
uents at aliphatic positions. Picolinamide-mediated 2,4,4-
trimethylpentan-2-amine (1a), which has two methyl substitu-
ents at the a position, yielded a mononuclear six-membered
palladacycle 3-C-H activated intermediate at room tempera-
ture (Scheme 2, Int A)." However, attempts to isolate a 3-C-H
activated intermediate starting from other substrates were met
with less success. We tried to modify the substrate motif based

Chem. Sci., 2025, 16, 7936-7945 | 7937
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Scheme 2 X-ray analysis of organometallic intermediates.

on the substituents at the a- and y-positions. The a substituent
controls the rigidity of the cyclometallated intermediate, while
the substituent at the y position influences the statistical factor,
rendering any other functionalization, apart from functionali-
zation at the 3-position, improbable."* Similar reactions were
repeated with picolinamide-mediated pentan-2-amine (1'n)
with one methyl substituent at the o position, which, upon
reaction with palladium at low temperatures, resulted in a di-
nuclear Pd(u) pre-catalyst (Scheme 2, Int B)."* However, it did
not provide the 3-C-H activated palladacycle even at elevated
temperatures. We observed that the d-carbon shows a favour-
able orientation towards the metal catalyst as the bias at the
o position increases. These observations indicate the signifi-
cance of the a-substituents for isolating the 3-C-H activated
intermediate. Correspondingly, the influence of the y-substit-
uents on the desired 3-C-H activated intermediate was studied.
3-Methylbutan-1-amine, with one y-methyl substituent (1't) and
3,3 dimethylbutan-1-amine, with two y-methyl substituents
(1'v), both of which were unsubstituted at the a-position, were
used for the reaction with palladium. However, the corre-
sponding pre-catalysts (Scheme 2, Int C and Int D) showed
identical structures to that of Int B, indicating that the
substituents at the y-position played no role in lowering the
C-H activation transition state. Consequently, the Thorpe-
Ingold effect is likely to be operative, facilitating the C-H acti-
vation state by lowering the transition state for substrates
having gem-dimethyl groups at the a-position. Our next goal
was to determine whether these C-H activated and pre-C-H
activated intermediates were catalytically effective towards our
desired site-selective d-thioarylation.'” Gratifyingly, we observed
that all these intermediates were competent in synthesizing our
desired 3-product. Hence, we hypothesize that aliphatic motifs
having flexible substituents at the a- and y-positions are unable

7938 | Chem. Sci,, 2025, 16, 7936-7945

to facilitate the formation of C-H activated intermediates.'*
However, this kinetic effect does not hinder the applicability of
our protocol, whereby the developed methodology steers the
reaction towards site-selective 3-C-H chalcogenation.

We began our inspection with picolinamide-guided 2,4,4-
trimethylpentan-2-amine (1). Various templates ranging from
quinoline- to pyridine-based ones were screened, and 2-pico-
linic acid was found to serve as the optimal directing template
for site-selective & functionalization. The choice of ligands has
had a very crucial role in controlling the efficiency of both
C(sp®)-H and C(sp®)-H activation."” In this regard, pyridine and
quinoline motifs have been ubiquitous choices.”*® This led us
to screen such moieties extensively. Stringent screening led to 4-
hydroxyquinoline being the optimum ligand for this class of
amine substrates."” Pd(OAc), was found to be the most effective
transition metal catalyst, while the best oxidant and solvent
were found to be Ag,CO; and MeOH, respectively. Interestingly,
the methodology worked better under an O, atmosphere than
under normal air conditions, and 90 °C was found to be the
optimum temperature for this system, with further increases in
temperature promoting the di-3-chalcogenated product as
areaction side-product. Crucially, 1 eq. of disulphide was found
to be suitable for promoting the desired site-selective d-thioar-
ylation. Control of the reaction parameters led us to understand
the importance of each component. The reaction was unable to
proceed in the absence of a metal catalyst, which is indicative of
the importance of the transition metal catalyst in generating the
metallacycle, and was considerably less effective in the absence
of an Ag salt as an oxidant, which suggested the hindrance of
the regeneration of the metal catalyst in the absence of an
oxidant."

Having obtained suitably compatible reaction conditions for
site-selective d-thioarylation, we proceeded to investigate the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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scope and limitations of the protocol. Gratifyingly, the elec-
tronic nature of the disulfides was found to have no effect on the
compatibility of the protocol. Both electron-rich (Me) and
electron-deficient (Cl, NO,) groups at the 4-position of disul-
fides were found to promote selective 3-functionalization with
promising yields (Scheme 3, entry 2b-2d). Almost identically
favourable outcomes could also be obtained with substrates
having diverse groups (F, NO,) at the 2- or 3-position of the
disulfide ring (Scheme 3, entry 2e-2h). Our next aim was to not
limit our work to mono J-functionalization, but extend it
further towards the possibility of functionalizing all the avail-
able d positions. Unfortunately, once a thioarylated group is
inserted at the d position, it inactivates other available & posi-
tions towards any functionalization. Hypothetically, this can be
correlated to the electronic nature of sulphur, which renders the
metallacycle and correspondingly the substrate inactive for
further functionalization. Consequently, our focus shifted from
a homo-di-functionalization strategy towards a less-favourable
hetero-di-functionalization strategy. Our strategy was centered
around utilizing d arylation®? and then establishing our d-thio-
arylation protocol on the already-arylated amine, thus achieving
hetero-di-3-functionalization. As a proof of concept, using 2,4,4-
trimethylpentan-2-amine, a -COMe substituted arylating group
was inserted at one of the available 3-sites followed by a -NO,
substituted disulfide motif at the other available 3-site, enabling
successful hetero-di-3-functionalization (Scheme 3, entry 2i).
Concurrently, we attempted to focus on extending our
methodology to various classes of aliphatic amines and a-amino
acids. To execute our protocol and with the aim of decreasing
the bias in a systematic manner, we tried to implement a-amino
acids that would have a compatible distal d-position for

View Article Online

Chemical Science

functionalization. Our attempts centered around developing
a protocol that would be suitable to site-selectively functionalize
the desired distal d-position over other positions that might be
compatible for functionalization. Fortunately, we found that
leucine fit our required model of substrate; however, applying
the above optimized reaction conditions led to only 20%
formation of the desired & product, with the unreacted starting
material being present in majority.*® To attempt to improve the
efficiency of our reaction methodology, an extensive optimiza-
tion of the reaction conditions was carried out. This led us to
find that the combination of Pd(OPiv), and Ag,O in TFT solvent
at 130 °C was optimal for site-selective d-thioarylation.
Completely site-selective 3-thioarylation was observed over all
the other plausible aliphatic positions. This can be hypothe-
sized as being due to the high activation energy for C-H acti-
vation at the tertiary y-position, making it kinetically
unfavourable. Consequently, the kinetically favoured & C-H
activation is observed, resulting in facile site-selective 3-thio-
arylation. An extensive screening of various pyridine and quin-
oline ligands was attempted, and 2-chloroquinoline was found
to be the best ligand for the 5 thioarylation of leucine, resulting
in an 82% yield of our desired site-selective d-chalcogenated
product (Scheme 4B). 1.8 eq. of disulfide was found to be
optimal for obtaining 82% yield. To investigate directing
template structures that would enable site-selective d-func-
tionalization over other available aliphatic positions, we tested
various pyridine, substituted pyridine, quinoline, pyrazine and
isoquinoline motifs (Scheme 4A). Based on the initial forays
into picolinamide templates by Daugulis and the developments
of the Chen group in regioselective C(sp*)-H bond functional-
ization via the assistance of picolinic acid directing groups,'***

Scope of protected substrate
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*For 2i, arylation was done in the first step followed by thioarylation in the second step. Arylation was carried out using reference 9d

Scheme 3 Scope of 3-thioarylation of protected aliphatic amines.
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Scheme 4 Optimization of the 3-thioarylation of leucine. (A) Directing group variation. (B) Ligand optimization.

we also tested a number of substituted picolinic acid templates.
However, our previously employed 2-picolinic acid was found to
be most suitable for promoting our desired product with a yield
of 82%.

After developing the optimized reaction parameters, we
proceeded to determine the feasibility and generality of our
protocol. Considering the lower thermodynamic feasibility of
a six-membered metallacycle over a five-membered one,” an
intriguing assessment of scope of the methodology was awaited.
Our investigation began with investigating the compatibility of
our optimized reaction conditions with the heavier congener of
the chalcogen group, selenium. Sulphur is succeeded in the
periodic table by selenium; consequently, its reactivity pattern
is expected to be similar to that of sulphur. However, limited
reports are available on C-Se bond formation from aliphatic
C-H bonds.?***** The protocol worked suitably, generating the
d-selenoarylated product in 82% yield by a simple tuning of the
metal catalyst from Pd(OPiv), to Pd(OAc), (Scheme 5, entry 2'b).
Concurrently, we proceeded to determine the feasibility of
reacting leucine moieties with a variety of disulfides. Irre-
spective of the electronic nature of the substituent at the 4-
position of the arene ring of the disulfides (Cl, Me, NO,), the

7940 | Chem. Sci., 2025, 16, 7936-7945

reaction was found to be compatible, affording satisfactory
yields of the d-thioarylated products (Scheme 5, entry 2'c-2'e).
Similar results were found for disulfides having various
substituents at the 3-position of the arene ring, with the nature
of substituents varying from highly electron-rich -OMe groups
to highly electron-deficient -NO, groups (Scheme 5, entry 2'f-
2'h). The protocol was also applicable for disulfides with doubly
substituted aromatic rings (Scheme 5, entry 2i), thus demon-
strating the generality of this transformation and its ability to
diversify o-amino acids with a wide variety of disulfides and
diselenides, promoting the formation of the site-selective 3-
chalcogenated product in synthetically useful yields. To
demonstrate the importance of our method for generating
diastereoselective d-chalcogenated products, the r-isomer of
leucine was subjected to the above optimized reaction condi-
tions. Delightfully, the r-isomer of leucine successfully reacted
with diphenyl disulfide, providing the d-thioarylated product in
84% yield with a moderate diastereoselectivity ratio of 5:1
(Scheme 5, entry 2j). Similar results were found for the higher
congener, selenium, with the protocol proving successful in
synthesizing the d-selenoarylated product with a similar dia-
stereoselectivity ratio of 5:1 (Scheme 5, entry 2'k).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Reaction scope towards site-selective 3-thioarylation of a-amino acids and aliphatic amines.

Moving towards our primary objective of systematically
decreasing the bias in the aliphatic amines while not altering
the possibility of site-selective & functionalization, we tried to
apply our protocol to aliphatic picolinamides having multiple

© 2025 The Author(s). Published by the Royal Society of Chemistry

competitive reaction sites. Starting from our initially screened
picolinic-acid-mediated  2,4,4-trimethylpentan-2-amine, we
formulated other differently substituted amines by removing
one substituent each from adjacent o and 7y positions. As
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hypothesized earlier, the two substituents at the o-position are
required to bring about the rigidity to hold the transition metal
catalyst closer to the desired C-H bond and stabilize the met-
allacycle intermediate, while the y-substitution is essential to
overcome the kinetically and thermodynamically more favour-
able y-functionalization and achieve the less-favourable 3 func-
tionalization via both statistical and steric factors combined.™
We predicted that aliphatic amines that are structurally analo-
gous to leucine motifs should be applicable to our method-
ology. To our delight, treatment of picolinic-acid-mediated 4-
methylpentan-2-amine (1'n) with Ph,S, yielded our desired
product in 78% yield (Scheme 5, entry 2'n). We could further
extend the methodology to 4-methylhexan-2-amine (1'p), with
diselenides as well as unsubstituted and substituted disulfides
proving successful in generating the desired d-chalcogenated
products in synthetically viable yields (Scheme 5, entry 2'p-2's).
Interestingly, in spite of the presence of two inequivalent d-
C(sp®)-H sites, the primary C-H bond is preferentially thioary-
lated over the secondary 3-C-H bond. This can be attributed to
two factors: (a) the more facile activation of the primary C-H
compared to the secondary ones'* and (b) steric clashes
between the e-methyl group and the heterocyclic ring of the
directing group and the distal methyl group on the a-carbon.*?
Moving towards the next step of our objective, removing all the
substituents from the a-position and generating fully selective
d functionalization even without the rigidity that holds the
metallacycle together remained our priority. The first attempt
was made using picolinic-acid-guided 3,3-dimethylbutan-1-
amine (1't), in which the vy position is sterically biased, but
the o position remains free from any bias. Agreeably, the
condition of maintaining the rigidity to hold the metallacycle
proved unnecessary, as this substrate resulted in the formation
of the d-chalcogenated products with both disulfides and dis-
elenides, emphasizing the feasibility and generality of our
protocol for synthesizing site-selective d-chalcogenated prod-
ucts from a wide variety of aliphatic picolinamides and chal-
cogenated derivatives (Scheme 5, entry 2t and 2'u) in good
yields. The final step was removing all the substituents from not
only the a-position, but also from the y-position, and then using
our methodology to promote site-selective 3-chalcogenation. In
this regard, picolinic-acid-mediated 3-methylbutan-1-amine
(1'v) was examined with a range of unsubstituted and
substituted disulfides and diselenides. All these were found to
be compatible, giving the desired 3-chalcogenated products in
synthetically viable yields (Scheme 5, entry 2'v-2'y).

Most of the reports so far have involved acyclic amines.
However, the generality of our methodology lies in its extension
to cyclic aliphatic amines as well. We proceeded to investigate
the compatibility of our developed protocol towards alicyclic
amines having several competitive reaction sites. Picolinic-acid-
protected cyclic hexyl amines (1'z) were hugely successful in
providing the corresponding & thioarylated and selenoarylated
products (Scheme 5, entry 2'z-2'ac), and complex alicyclic
amines such as pinamine (1'ad) reacted with a wide range of
disulphides ranging from electron-rich -Me containing disul-
phides to electron-deficient -NO, bearing ones to give the cor-
responding products in good-to-moderate yields (Scheme 5,
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entry 2’ad and 2'ae). In all these cases, site-selective 8 C-H
chalcogenation was observed over all other possible 8- and vy-
reactive sites. This can be attributed to the unfavourable inter-
actions in the C-H activation transition state.*? Having obtained
a complete idea of the protocol for site-selective chalcogenation
of one available d-site, we proceeded to examine the feasibility
of generating hetero-difunctionalized products via both the
available C-H bonds at the 3-position of a-amino acids such as
leucine, which would provide the first such example of truly
selective  d-hetero-bi-functionalized leucine derivatives.
Delightfully, initial d-arylation®? followed by our developed 3-
thioarylation methodology was successful in functionalizing
both available d positions of leucine (Scheme 5, entry 2’af),
providing the first example of 3-hetero-bi-functionalized leucine
motifs, which could be useful synthons for a wide variety of
drug derivatives and complex molecules.

To gain insight into the mechanism of the overall reaction
and the role of the synthesized organometallic intermediates,
we embarked on various control experiments.*® The acetonitrile-
coordinated [5,6]-organometallic complex Int. A was synthe-
sized and found to be catalytically competent towards our
reaction methodology." Additionally, stoichiometric reaction of
Int. A with 1 eq. of diphenyl disulfide provided our desired 3-
thioarylated product in 69%, hence implying the competency of
the complex in the overall reaction mechanism. Similar analo-
gies were drawn with Int. C,'* which was also found to be
catalytically competent, thus demonstrating its importance in
the methodology. Since our protocol provides easy access to the
d-chalcogenation of a-amino acids, our mechanistic attempts
were centred around understanding the reaction pathway in
such d-selective leucine motifs (1'a). Firstly, we conducted
kinetic studies to probe the role of individual components in
the reaction methodology. We observed a drastic four-fold delay
in the reaction performance as soon as we removed either or
both the ligand and oxidant (Scheme 6B). This is consistent
with our mechanistic hypothesis: (a) the absence of the ligand
hinders the formation of the metal-ligand complex, thus
impeding the reaction, while (b) the absence of the Ag oxidant
inhibits the oxidative addition of disulfide into the C-H acti-
vated complex, demonstrating its importance in promoting the
successful implementation of the reaction. Additionally, in
accordance with literature precedents, Ag" ions have been
found to facilitate hetero-bimetallic cluster formation, facili-
tating product release and significantly enhancing the catalytic
performance of the organometallic complex.”® Order-
determination studies with substrate 1'a and disulfide showed
an order of 1 and 0 respectively, demonstrating the presence of
an amide substrate and the absence of disulfide in the overall
rate-determining step of the reaction protocol (Scheme 6A).**
Additionally, no deuterium incorporation was observed even
after two cycles in such amide substrates without a quaternary
y-center (1'a), indicating the C-H activation step to be irre-
versible for this class of substrate (Scheme 6C).

Based on the kinetic studies and related reports in the
literature, a plausible mechanistic design was crafted for a-
amino acids such as leucine (Scheme 6D). Complexation of
amide 1'a to Pd(OPiv), affords the metal-ligand complex A. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A. Order determination studies
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Scheme 6 Mechanistic insights. (A) Order determination studies of substrate 1'. (B) Role of individual components. (C) Reversibility experiment.
(D) Plausible mechanistic cycle.

presence of complex A was demonstrated experimentally via irreversible for this class of substrate (2'a). Intermediate B then
X-ray crystallography. Intermediate A undergoes d C-H activa- undergoes subsequent oxidative addition of diphenyl disulfide
tion to form the six-membered palladacycle B, which is to form intermediate C, which undergoes reductive elimination
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to form the d-thioarylated product 2'a, regenerating the metal
catalyst for the next cycle.

Conclusion

In summary, this protocol provides easy access to a series of
novel unnatural a-amino acids, which could be important
building blocks towards complex molecules and drug deriva-
tives alike, via site-selective d-chalcogenation of the leucine
motif. In addition, we have demonstrated that its ability is not
limited to the 3-functionalization of substrates that are con-
formationally and sterically biased towards the distal d-posi-
tion, but extends to all classes of substrates. Various classes of
aliphatic amines and a-amino acids have been screened, with
the substrate bias being decreased systematically without
compromising the fully exclusive 3 site-selectivity. Through this
approach, we have demonstrated the first example of the hetero-
di-d functionalization of o-amino acids (leucine). We have
managed to replicate the nature of the intermediate associated
with the removal of substrate bias and performed kinetic
studies to obtain an idea of the overall mechanistic cycle.
Through this approach, we have mostly shown the generality of
performing site-selective distal d-chalcogenation, thus opening
the door for new avenues in the field of aliphatic C-H activation.
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