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Versatile Palladium-Catalyzed C-H Arylation of Fluoroarenes
with 2-Chloropyridine Derivatives

Federico Belnome,? P < péter P. Fehér,!9! Andras Stirling,!d € Csongor G. Németh, < f 9l
Tamas Hergert, ! Gyorgy M. Keser(i,[ 9 and Péter Abranyi-Balogh*[< f 9!

Direct C—H arylation of fluoroarenes with 2-halopyridines
remains underexplored, due to the low reactivity of both part-
ners and the reliance on harsh conditions or toxic solvents.
Herein, we report a general and sustainable method for the C—H
arylation of fluoroarenes with 2-chloropyridines using Pd/SPhos
as a simple catalytic system in isopropyl acetate. The protocol
employs inexpensive starting materials, shows broad functional
group tolerance, and delivers a wide range of 2-(fluorinated

1. Introduction

The pyridine motif is one of the most prevalent nitrogen
heterocycles!'™! in a wide range of compounds with applications
in various fields such as catalysis,*7! functional materials,®°!
agrochemistry® and medicinal chemistry.""31 Across these
fields, pyridine-containing compounds can be found in numer-
ous small-molecule drugs on the market or under develop-
ment. A relevant and well-known functionalization of the pyri-
dine core is at the C-2 position, where usually metal-catalyzed
cross-coupling is performed for the synthesis of diverse het-
erobiaryl motifs."?"! An important category contains deriva-
tives of 2-(fluorinated aryl)pyridines, among which functional
materials (e.g., betaine dye),”>" ligands such as metal-based
photocatalysts,/”?"1 agrochemicals such as halauxifen-methyl
or florpyrauxifen-benzyl?®?! and drugs,>>3* such as KRas

aryl)pyridines in up to 90% yield. Substrate scope studies uncov-
ered key substituent effects on both coupling partners, while
Density Functional Theory (DFT)-supported mechanistic analysis
rationalized the observed reactivity and chemoselectivity. This
research advances sustainable and practical methodologies for
the synthesis of complex fluorinated aromatic compounds with
potential applications in materials science, agrochemistry, and
medicinal chemistry.

inhibitor sotorasib for lung cancer treatment, were developed
(Figure 1).135-391

These motifs can be synthesized by classic cross-coupling
reactions like Hiyama, Kumada, Stille, Negishi couplings!™#0# or
by the classic and well-established Suzuki reaction from fluori-
nated phenylboronic acids and 2-halopyridines (Scheme 1a).[4°!
Although these are considered as robust reactions, several lim-
itations or difficulties might be encountered. First, the general
use of electron-deficient heteroaryl and fluoroaryl nucleophiles
usually undergoes a transmetallation process at a relatively
slower rate.l’*" Second, the preparation of highly electron-
deficient nucleophiles is not straightforward. As well, electron-
deficient arylboronic acids are moderately stable since they
usually decompose via rapid protodeboronation, which often
happens with 2-pyridyl boronic acids (or boronates). A solution
for that might lie in recently developed types of boronates, such
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only a limited number of studies have pursued this strategy
(Scheme 1b). Although isolated examples of C—H arylation
between fluoroarenes and heteroaryl partners exist, they remain
scarce, mechanistically unexplored, and restricted in substrate
scope, mainly involving pentafluorobenzene or selected pyridine
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Figure 1. Selected examples of 2-(fluorinated aryl)pyridines used in diverse
fields of chemistry.

as N-methyliminodiacetic acid (MIDA) boronates.'”*>*! However,
few have become commercially available, and their synthesis is
generally laborious.["*>0154

Recently, C—H activation has gained prominence as a pow-
erful tool for increasing molecular complexity directly from
simple, readily available starting materials. This transformation
eliminates the need for pre-functionalization, offering more
streamlined chemical processes. In the context of 2-(fluorinated
aryl)pyridine synthesis, direct C—H arylation of fluoroarene
substrates presents a promising and efficient approach, reduc-
ing synthetic steps and broadening access to these valuable
compounds.’*" However, despite its advantages, C—H activa-
tion still faces practical limitations. It often requires high catalyst
loadings of precious metals, stoichiometric oxidants, and ele-
vated temperatures, which restrict its industrial applicability!®?!
Addressing these challenges is crucial for expanding the prac-
tical utility of C—H activation. While direct C—H arylation
represents an attractive route to 2-(fluorinated aryl)pyridines,

A) Traditional Cross-Coupling via TM Catalysis

F
X [Pd]
+ >
N/ XM MIX Stille, Negishi, Suzuki etc...

X =Cl,Br, |, OTf
M = Mg, Si, Sn, Zn, Ni, B(OH),, BPin, BDan, BMIDA

B) Previous C-H activation-based strategy

:
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Pd(dba), / SPhos

h

PivOK, i-PrOAc

> 60 examples (up to 90%)

Previously reported methodologies operate under demand-
ing conditions and rely on toxic solvents such as DMA, which
has come under increasing regulatory restrictions in recent
years.”>%4 |n addition, they exhibit a scarce substrate scope,
lack mechanistic insight, and offer no demonstration of syn-
thetic applicability. In this work, we present an efficient and
sustainable method for the direct C—H arylation of fluoroarenes
with substituted 2-chloropyridines under milder conditions
using isopropyl acetate as a green solvent. This protocol
enables a systematic investigation of substituent effects on
both coupling partners, rationalizes reactivity trends through a
combination of experimental and computational studies, and
employs low-cost, readily available starting materials. Moreover,
it provides streamlined access to a structurally diverse library
of 2-(fluorinated aryl)pyridines (Scheme 1c), addressing key
limitations of previous approaches.

2. Results and Discussion
2.1. Optimization of the Model Reaction

Optimization efforts were guided by the dual objective of avoid-
ing toxic solvents and employing inexpensive, readily available
reagents. Drawing from established precedent and the demon-
strated efficacy of Buchwald-type ligands in cross-coupling
chemistry, SPhos in combination with palladium acetate was
selected as a simple catalytic system. Isopropyl acetate was

X Slow transmetallation of electron-poor species

A F
X Use of co-catalyst
7
N X Moderate availability of reagents
X Necessity for pre-activated reagents
X Protodeboronation issues
X E X Underexplored transformation
P X Harsh condition and toxic solvent
N
O X Scarce examples and no application
X Unrationalized reactivity
ﬂ’ Broad scope and applications
X F
ﬂ’ Chemical Space for library
S
N ﬂ’ Reactivity rationalized

¢ Mechanistic insight

ﬂ’ Sustainable approach

Scheme 1. Strategies for synthesizing 2-(fluorinated aryl)pyridines via TM-catalyzed cross-coupling.
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Table 1. Initial screening for the palladium-catalyzed arylation of pentaflu-
orobenzene with different bases and ligands.
F Pd(OAc), (5%)

SN H E Ligand (10%)
I P . Bas‘e (2.0 eq.)

N Cl E F i-PrOAc

B 110 °C, 16 h

1a 2a
Entryt@ Base Ligand Yield %*
1 KOAc SPhos n
2 K,CO3 SPhos 35
3 Cs,CO3 SPhos 48
4 K3POy4 SPhos 70
5 PivOK SPhos 80
6 PivOK P(Cy)s Traces
7 PivOK XPhos 4
8 PivOK CyJohnPhos 74
9 PivOK JohnPhos 5
10 PivOK CataCXium A 79
Reaction conditions:
18l 0.3 mmol 2-chloropyridine, 5 equiv. pentafluorobenzene, 0.4 mL of
solvent, argon atmosphere, 16 hours.
* Yield of the formed product quantified by GC-MS with internal
standard.

chosen as a green alternative to conventionally used, but more
hazardous, polar aprotic solvents such as DMA or DMF.[6>-%!
The arylation of pentafluorobenzene with 2-chloropyridine was
selected as the model reaction to evaluate initial conditions, and
a systematic screening of ligands and bases was carried out to
identify an optimal protocol (Table 1). From the results regard-
ing the bases, KOAc (11%, Table 1, entry 1) works worse than
K,CO; (35%, Table 1, entry 2), and a more lipophilic carbonate
base enhances the yield (Cs,COs;, 48%, Table 1, entry 3). A rele-
vant improvement came out with K3PO, (70%, Table 1, entry 4),
and the best output is obtained using PivOK (Table 1, entry 5)
with a yield of 80%. Other bases have been tested (see Table S1),
but worse results have been obtained.

Next, the ligand screening emphasized how crucial it is
to have a Buchwald-type ligand to make the catalytic system
active. The complete lack of reactivity with PCy; (Table 1, entry
6) highlights how the introduction of a biphenyl unit enhances
reactivity, with additional influence from substituents on the
biphenyl framework (Table 1, entries 7,8). However, replacing the
cyclohexyl group with a tert-butyl group resulted in a poorly
active catalytic system (Table 1, entry 9). An alternative lig-
and, CataCXium A, exhibited activity comparable to SPhos (79%,
Table 1, entry 10); however, its significantly higher cost made it
less practical, and SPhos was therefore selected for further stud-
ies. Also, other ligands have been tested (see Table S2), but worse
results have been obtained.

Having in hand the best combination of base and ligand,
more variables, particularly the Pd source and its amount and
the temperature, have been taken into consideration to enhance
the performance of the reaction (Table 2 and Table S3). A large
decrease was visible when the Pd(TFA), (33%, Table 2, entry
2) was used as a catalyst, while similar results to palladium

Chem. Eur. J. 2026, 32, 02723 (3 of 13)

Table 2. Optimization of the cross-coupling reaction between
2-chloropyridine and pentafluorobenzene.
F [Pd] (x%)

X H F SPhos (2x%)
| . PVOK (y 09,

N Cl E F i-PrOAc

3 T,16h

1a 2a
Entry!? [Pd] [%] Temp. Yield %*
1 Pd(OAc), (5%) 110 °C 80
2 Pd(TFA), (5%) 110 °C 33
3 PdCl, (5%) 10 °C 70
4 Pd(NO3),2H,0 (5%) 110 °C 76
5 Pd(dba), (5%) 110 °C 55
6 Pd(dba), (2,5%) 110 °C 85
71! Pd(dba), (2,5%) 110 °C 80
glbd Pd(dba), (2,5%) 110 °C 78
9lbl Pd(dba), (2,5%) 125 °C 90%*(88)
10tbcdl Pd(dba), (2,5%) 125 °C 5
T1lbcel Pd(dba), (2,5%) 125 °C 8
120bf] Pd(dba); (2,5%) 125 °C 20
Reaction conditions:
@l 03 mmol 2-chloropyridine, 5 equiv. pentafluorobenzene, 2 equiv.
PivOK, 0.4 mL solvent, argon atmosphere, 16 hours. The amount of the
ligand is always two times than the Pd-source.
! With 1.4 equiv PivOK.
[ With 2.5 equiv. pentafluorobenzene and 1.4 equiv PivOK.
[ with DMA instead of i-PrOAc.
el with THF instead of i-PrOAc.
1 with toluene instead of i-PrOAc
* Yield of the formed product quantified by GC-MS with internal
standard.
** Average of 3 trials. In brackets the isolated yield.

acetate have been obtained with PdCl, (70%, Table 2, entry 3) or
Pd(NOs),2H,0 (76%, Table 2, entry 4). Pd(0) sources like Pd(PPh;),
(see Table S3) and Pd(dba), also provided lower yields (55%,
Table 2, entry 5).

However, with Pd(0) sources we observed the formation of a
large amount of palladium black, which might indicate that side
reactions or decomposition processes are predominant. There-
fore, we thought that decreasing the amount of catalyst loading
might help to increase the yield. As expected, the reduction of
the loading by 50% improved the yield to 85% (Table 2, entry 6)
relative to Pd(OAc), (58%, see Supplementary Table S3) or other
Pd(ll) pre-catalyst. Further fine-tuning allowed for a reduction in
reagent amounts, leading to a decrease in process mass inten-
sity (PMI) (Table 2, entries 7, 8),7%”"! but at the cost of operating
at a higher temperature (Table 2, entry 9). The protocol using
Pd(dba), was repeated with Buchwald ligands, yielding either
similar or worse results compared to SPhos. Both CyJohnPhos
and JohnPhos were tested with Pd(dba),, but the same trend
was observed as with Pd(OAc),, with only minor differences in
yield (Table S3). Next, other solvents like DMA, THF, and toluene
have been tested (Table 2, entries 10, 11, and 12, respectively),
showing a dramatic decrease in the yield. Other acetate solvents
did not improve the outcome but still afforded good results
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F Pd(dba), (0.5 - 2.5%)
H F H SPhos (1 -5%)
@ . ( ) PNOK.HA -2.0eq.) -
. Cl F F i-PrOAc
F 125°C, 16 h

QA 7
/

I A | A A
N (\N N FiC Meo” N O N @
0\) F

3ba, 90% (0.5% Pd)° 3ca, 82% (0.5% Pd) 3da, 88% (0.5% Pd) 3ea, 80% (0.5% Pd)

» B |
Me N/ MeO,C N/ NC

3fa, 84% (0.75% Pd)
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FNT @ap PIvHNT ~NZ

QA 7/

3ga, 78% (1% Pd)

£\1®
Z
HO,C N

3la, traces (1% Pd)°

3ha, 80% (1% Pd)°

X
Z
N

H,N

3ma, 15% (1% Pd)

3ia, 82% (1% Pd)°

F3C

X
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3na, 82% (0%)%(1% Pd)

3ja, 83% (1% Pd)
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N A

30a, 86% (0.5% Pd)f

3ka, 81% (78%)" (1% Pd)

z
N

3pa, 88% (0.5% Pd)f
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3qa, 81% (2.5% Pd)® 3ra, 85% (2.5% Pd)?

3sa, 82% (2.5% Pd)?
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\

3ta, 83% (2.5% Pd)? 3aa, 88% (2.5% Pd)

Scheme 2. Reactivity exploration for the Pd-catalyzed cross-coupling reaction between 2-chloropyridines and related aza-heterocycles with
pentafluorobenzene?. Reaction conditions: a) 0.75 mmol of Ar-X, 2.5 equiv. pentafluoroarene, 1.0 mL of solvent, argon atmosphere, 16 hours. b) With 2.4
equiv of PivOK. c) With 2.0 equiv. of PivOK. d) Product obtained using tert-butyl N-(6-chloro-2-pyridinyl) carbamate as a starting material. €) no product
from the same transformation done by Doucet et al.[%%! f) Yield of the product quantified by GC-MS with internal standard. g) Catalyst loading not
optimized. All the examples show full conversion, and the yield indicated is referred to the isolated one.

(Table S3). At last, 2-bromopyridine (1 u) and 2-iodopyridine (1v)
have been tested, but they showed limited reactivity, giving 39%
and 19% vyields, respectively (Table S3). This enhances the posi-
tive aspects of using 2-chloropyridines for the large number of
available and cheap substrates and the formation of KCl as a
harmless byproduct.

2.2. Investigation of Reaction Scope

With the optimal conditions established, we next turned our
attention to exploring the reaction scope with various pyridines
and fluoroarenes. The initial focus was on examining how sub-
stitution at the 6-position of the pyridine core influences reac-
tivity, along with the functional group tolerance of the system
(Scheme 2). A brief preliminary screening—varying the catalyst
loading for the synthesis of 3ba, 3ca, and 3 da, revealed that full
conversion could be achieved with as little as 0.5 mol% Pd. This
finding underscored the notable impact of a substituent at the
6-position, a trend further examined in the mechanistic studies.

The first interesting result came from the double pentaflu-
oroarylation of the pyridine core (3ba), starting from 2,6-
dichloropyridine, in which an excess of PivOK was required for
the full conversion, but not a higher palladium catalyst load-
ing or a larger excess of pentafluorobenzene was necessary. This

Chem. Eur. J. 2026, 32, 02723 (4 of 13)

might suggest that there is an exchange between the CI~ and
PivO~ (and so, formation of KCl) during the evolution of the cat-
alytic cycle (for more details, see Figure 2a). Morpholine (3ca),
trifluoromethyl (3 da), methoxy (3ea), 4-fluorophenyl (3fa), methyl
(3ga, 75%), and fluorine (3ja) substituents were well tolerated
and showed very good yields (>80%). Furthermore, very good
yields (=80%) were obtained with esters (3 ha), nitrile (3ia), and
protected amine (3ka). Notably, the compound 3ka could be
obtained from the NH-Boc-protected 1k. Also, 2-chloropyridine
bearing a substituent at position 5 performed well (3na, 82%),
with a slightly higher amount of catalyst (1%) needed rather
than having the same substituent at the 6-position. Furthermore,
to gain a deeper understanding of the specific reactivity of 2-
chloropyridine, its behavior was compared with 3-chloropyridine
(10) and 4-chloropyridine (Ip). In both cases excellent yields were
obtained (3-chloropyridine (3oa, 86%), 4-chloropyridine (3pa,
88%)) with five times less Pd catalyst (0.5%) than in the reac-
tion with 2-chloropyridine (3aa). This outcome reflects the lower
reactivity of the pyridine 2-position and highlights the reaction’s
efficiency, proceeding with a minimal catalyst loading even in
the absence of a substituent at the 6-position. This finding opens
prospects for further exploration toward a more efficient and
sustainable synthesis of 3- and 4-pyridyl derivatives, suggests
possible expansion toward myriads of new biaryls, and supports
the general applicability of the approach.
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Additionally, the developed protocol was tested on simi-
lar aza-heterocycles to assess the broader applicability of the
catalytic system. The reaction conditions of the model reaction
were applied but not optimized for these substrates. Pyrimi-
dine (3qa, 81%), pyrazine (3ra, 85%), pyridazine (3sa, 82%), and
quinoline (3ta, 83%) showed very good reactivity (yields > 80%),
enabling access to a larger library on demand.

After systematically investigating the reactivity of the pyri-
dine core, we next focused on the fluoroarene partner to assess
how its reactivity is influenced by stepwise defluorination and
functional group substitution. This approach aimed not only to
broaden the accessible chemical space but also to rationalize
how changes within the fluoroarene motif impact the over-
all reactivity. Whenever possible, nonvolatile fluorinated arenes,
used in stoichiometric excess (see reaction conditions), were
recovered, enhancing the sustainability of the protocol (see Sup-
porting Information). As reported in the literature, the reactivity
of the C—H bond in fluorinated arenes correlates with both the
number and position of fluorine atoms, which influence the acid-
ity of the reactive site.l’>7*) With these considerations in mind,
we examined representative fluoroarenes ranging from tetraflu-
orobenzene to (mono)fluorobenzene and extended the scope
by introducing substituents in place of fluorine when three
or fewer were present (Scheme 3). The arylation with 1,2,3,4-
tetrafluorobenzene (2b) affords the product with very good
yields either with an EWG (3db, 80%) or an EDG (3eb, 76%)
substituent on the pyridine core, but an increase of the pal-
ladium catalyst (3%) is required to reach full conversion. The
arylation with 1,2,4,5-tetrafluorobenzene (2c) required only 1%
catalyst loading to achieve full conversion, but lower yields were
obtained (3dc 50% and 3ec 66%) due to the formation of the
bis-pyridylated side product, detected by GC-MS and LC-MS.
Thus, the first arylation produces a compound with reactiv-
ity similar to pentafluorobenzene, making the mono-pyridylated
product the new, more reactive C-H substrate. A slight increase
in the yield, of 3ec (66%), might be caused by the methoxy
group, which increases the electron density of the pyridine core,
making it more similar to 124,5-tetrafluorobenzene in terms
of reactivity (the bis-pyridylated product was also detected
in GC-MS and LC-MS). The same behavior was encountered
when 1,2,3,5-tetrafluorobenzene (2d) was used for the cross-
coupling but with slightly higher selectivity toward the mono-
pyridylated product (3dd and 3de with yields of 55% and 68%,
respectively).

1,3,5-Trifluorobenzene and related derivatives were the next
to be explored, and so, very good yields (>80%) by low cat-
alyst loading (2%) have been obtained (entries 3de and 3ee).
When replacing the fluorine at position 3 with an EWG or EDG,
a slight decrease in reactivity has been observed. It is sup-
posed that the primary reason is related to the acidity of the
reactive C-H bond, while other effects might play a secondary
role?7%1 As a result, it is necessary to increase the catalyst
loading up to 3% for EWG and up to 4% for EDG to reach
full conversion. Next, 3,5-difluoroacetophenone (2f) has been
tested to afford product 3df in only 40% vyield. Investigating the
product profile after purification, it is revealed that the main

Chem. Eur. J. 2026, 32, 02723 (5 of 13)

product came from the «-arylation of the acetophenone (see
Supporting Information). This is explained by the easy forma-
tion of the enolate species due to the presence of acidic methyl
hydrogen.”7-80!

One solution to this limitation was to protect the ketone
as a dimethyl ketal, resulting in 3dg in very good yield (78%)
without any decomposition of the ketal. Amide (3dh) and
methoxy (3di) substituents also afforded the related products
with very good yield (79-80%).Next, 1,2,4-trifluorobenzene has
been tested, showing very good results in terms of product
formation (3dj 84% and 3ej 81%), but higher catalyst loading
(2.5%) was required compared to 1,3,5-trifluorobenzene to reach
full conversion. Moreover, further exploration was conducted
with different derivatives, such as 1-chloro-2,4-difluorobenzene
(2k), where only the chlorine on the pyridine motif reacts selec-
tively, affording 3dk in 75% yield. Amide (3dl), methyl ester
(3dm), methoxy (3dn), and methyl (3do) derivatives also showed
good reactivity under the reaction conditions (78-80% yields).
The product 3do differs from product 3dp by the presence
of a cyano substituent instead of a fluorine atom at position
4. Although fluorine and the cyano groups exhibit different
effects on the acidity for the C-H bond at the ortho position,”?!
the respective starting materials (2,4-difluorotoluene 20 and 3-
fluoro-4-methylbenzonitrile 2p) exhibit similar reactivity in terms
of catalyst loading. Both compounds achieved full conversion
and the same yield (78%). This suggested that in addition to
the acidity, other possible interactions with the metal catalyst
might play a significant role, particularly in the reactivity of 1,2,4-
trifluoroarenes and their derivatives.”?! Without further explo-
ration, 1,2,3-trifluorobenzene (2q) was tested and appeared to
be the least reactive among the tri-fluorobenzene family, afford-
ing the products 3dq and 3eq with good yields (68% and 63%,
respectively) but requiring 6% catalyst loading to achieve full
conversion.

As the number of fluorine atoms decreased, higher cata-
lyst loadings were generally required to reach full conversion.
For instance, 1,3-difluorobenzene (2r) afforded 3dr and 3er in
yields > 62%. Attempts to improve conversion by increasing
temperature instead led to by-product formation. Substrates
such as 3-fluorobenzonitrile (2 s) also delivered the desired
product (3ds) in 62% yield, showing reactivity comparable to 1,3-
difluorobenzene and suggesting that C—H bond acidity alone
does not govern the outcome. A meta-pivalamide-substituted
arene gave moderate yield (3dt, 52%) under slightly increased
catalyst loading. The reactivity turned upside down when an
electron-donating substituent (OMe, 2 u) was present instead
of the fluorine. To reach full conversion, catalyst loading up to
12% afforded around 7% of product (3du) with impurities, and
further purification attempts were unsuccessful, leading to sig-
nificant product loss. The low reactivity might be correlated to
the effect of the methoxy substituent on the Hammet constant
in ortho position,” and so, most probably, the energetic barrier
for the C-H activation might become quite high. Higher tem-
perature (150 °C) led only to major formation of by-products.
When the 1-chloro-3-fluorobenzene (2ad) was used as a coupling
partner, it afforded a mixture of the starting material, desired
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N/
3dx, 40% (2.8:1)° 3dy, 40% (10% Pd) 4, from Fluconazole 74% 5, from Sitagliptin 69% (1:1)°
(9% Pd) (6% Pd)° (2% Pd)?

Scheme 3. Palladium-catalyzed cross-coupling reaction between 2-chloropyridines and fluoroarenes?.

Reaction conditions: a) 0.75 mmol of Ar-X, 2.5 equiv. of fluoroarene, 1.0 mL of solvent, argon atmosphere, 24 hours. b) with 2 equiv. of PivOK. c) In this case,
2.5 equiv. of the drug was used and 42% was recovered after purification. d) In this case, 2.5 equiv. of the drug was used, and 49% was recovered after
purification. e) Ratio a:«’ All the examples show full conversion, and the yield indicated refers to the isolated one.

product, isomers, and dechlorinated by-products (see Supple- in the ortho position to the C-H bond. Next, 1,4-difluorobenezene
mentary Information, chapter 3.5). (2x) showed lower reactivity than the other fluorinated motifs,

We assume that dehalogenation side reactions are favored  affording the related products 3dv and 3ev in discrete yields.
under our reaction conditions when the chlorine substituent is ~ Switching from 14-difluorobenzene to 14-disubtitued aryl
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Figure 2. A) The detailed reaction free energy profile of the Pd-catalyzed cross-coupling reaction between 2-chloropyridine and pentafluorobenzene. B)

Schematic representation of the proposed catalytic cycle.

substrate, in general, even lower reactivity has been encoun-
tered. Nitro substituent was tolerated, yielding a mixture
of the product 3dw («) and its isomers («') in 40% total
yield with 4.3:1 selectivity toward «. Starting from the N-(4-
fluorophenyl)pivalamide (2x), it has obtained a mixture of the
product 3dx (¢) and its isomers (') in 40% total yield with 2.8:1
selectivity toward «. Within the use of benzyl 4-fluorobenzoate
(2y), it was possible to achieve fair yields (~40%) by afford-
ing 3dy. 4-Fluoroacetophenone (2z) led to complex mixtures,
though no «-arylation side product was detected. Ketal pro-
tection (2aa) failed to improve reactivity, yielding only trace
amounts of product (3daa). Similarly, strongly electron-donating
substrates like 4-fluoroanisole (2ab) and fluorobenzene (2ac)
proved unreactive, with only traces of 3dab observed—Ilikely
due to suppressed C—H acidity under these conditions. (see
Supplementary Information, chapter 3.5).

To demonstrate the potential of the method in medici-
nal chemistry, the protocol was applied to the late-stage C—H
arylation of drug molecules.®® Fluconazole, a widely used
antifungal,'®8¢! underwent selective C—H arylation to give prod-
uct 4 in 74% yield using 5% catalyst loading, with the free alcohol
group left untouched. Sitagliptin, used for the type 2 diabetes
treatment,!®”) was successful, and it achieved 5 in good yield
(70%) using 2.5% catalyst, loading showing no issue with the free
alkyl-amino group in contrast with the previous issue noticed
by the aryl-amino group. The unexpected formation of both iso-
mers here (@ + «') might derive from the free -NH, acting as a
directing group.[888%!

2.3. Investigating the Mechanism of the Reaction by DFT
Computations

Density Functional Theory (DFT) studies were performed
to explore the mechanism of the reaction (Figure 2A). The

Chem. Eur. J. 2026, 32, 02723 (7 of 13)

[Pd(dba),] complex was considered as the Pd source, and the
reaction Gibbs free energies for the formation of different
complexes with the synthetically most successful SPhos ligand
were calculated. The exchange of one or both dba ligands leads
to the almost isoenergetic [Pd(dba)(SPhos)] and [Pd(SPhos),]
complexes, which are 19.8 and 19.6 kcal mol~" more stable than
[Pd(dba),], respectively. This indicates that both complexes can
be present in the reaction mixture, but only the slightly more
stable [Pd(dba)(SPhos)] is considered the active catalyst.!°! Also,
dialkylbiaryl phosphine ligands like SPhos have been shown to
feature arene interaction between the metal and the lower ring
of the biaryl that promotes ligand dissociation before C-X bond
cleavage.l°0-%!

The reaction proceeds via a Pd°/Pd" catalytic cycle that typi-
cally starts with the oxidative addition into the heteroaryl-halide
reactant. Therefore, the calculated reaction free energy profile
in Figure 2A starts with the replacement of a dba ligand in
[Pd(dba)(SPhos)] by 2-chloropyridine (1a), which then undergoes
oxidative addition via a 3-centered concerted mechanism.!%%!
The oxidative addition yields the [Pd(SPhos)(Py)(Cl)] (Il) com-
plex through an overall barrier (AG*,,) of 30.0 kcal mol~". This
intermediate is also expected to feature the metal-arene bond
that fills the fourth coordination site around Pd" and provides
stabilization.”””? The halide in Il is then exchanged with a pivalate
via PivOK addition and KCl salt formation (lll, IV) (note that
although the calculated energies suggest an endergonic process,
this step is assumed to be irreversible based on the insolubility
of KCl in i-PrOAc). The coordinated pivalate facilitates the next
main step of the reaction, which is the C-H activation of pentaflu-
orobenzene (2a) in V via concerted metalation-deprotonation
(CMD), leading to a barrier (AG*c.act) Of 28.5 kcal mol™. The
pivalic acid formed in this step then leaves VI (to yield VII),
and reductive elimination takes place in the rearranged VIII
with the participation of the pyridine and the fluoroaryl ligands
through a barrier (AG*,..) of 25.7 kcal mol~". In the final steps, the
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Table 3. Barriers (in kcal mol™') calculated for different substrate and ligand combinations.

Entry Substrate Ligand AGH,, Ligand exchange AG*chact AGH ..
1 la SPhos 30.0 0.1» 0.5 285 26.1

2 1a JohnPhos 24.0 —25» —04 287 228

3 1a CyJohnPhos 314 14 » 11 232 258

4 1d SPhos 28.8 —29» —-16 28.2 25.8

5 v SPhos 232 —6.6 » -6.7 28.6 25.6

product 3aa leaves, and [Pd(dba)(SPhos)] is recovered after dba
coordination. Overall, the rate-determining step is predicted to
be the oxidative addition, although the C-H activation is also
close. The computed 26-30 kcal mol™' barriers support the
observation that elevated temperatures are required for the reac-
tion. The simplified catalytic cycle is shown in Figure 2B. Key
catalytic steps were computed for the SPhos, JohnPhos, and
CyJohnPhos ligands. Entries 5, 8, and 9 in Table 1 show that SPhos
and CyJohnPhos are very similar, while JohnPhos is considerably
less efficient as a ligand. In contrast, the DFT results in Table 3
indicate that the overall barriers for all three ligands are very
similar. The main difference is the progression of the energy pro-
files (Figure S1 and Table 3 entries 1, 2, and 3), which reveals a
similarity between SPhos and CyJohnPhos with the possibility
that JohnPhos follows a distinct pathway. This is indicated by the
energies of the Pd(JohnPhos),] and [Pd(JohnPhos)(Py)(Cl/OPiv)]
complexes, which are significantly less stabilized than their ana-
logues with the other phosphines. As a result, the TS of the C-H
activation for JohnPhos is higher in energy, but surprisingly, it
does not affect the TS of the oxidative addition that leads to an
unexpectedly low oxidative addition barrier of 24.0 kcal mol~".
Therefore, based on comparison with the experimental results, it
can be assumed that the mechanism in Figure 2A does not apply
for JohnPhos.

The experiments have also revealed that 6-substitution of
2-chloropyridine improves catalytic efficiency (i.e., 0.5% of cata-
lyst loading is enough instead of 2.5% to reach full conversion,
Scheme 2). To confirm this computationally, the main reaction
steps were calculated for the trifluoromethyl substituent, mainly
used for the scope (substrate 1d, product 3 da, Figure S2, Table 3
entry 4). All three barriers are lower than those for 3aa (Table 3
entry 1) in line with the experimental findings, but the barriers of
28.8 kcal mol~" for oxidative addition and 28.2 kcal mol~! for C-H
activation are very close to each other, making the assignment
of the rate-determining step less accurate.

The C-H activation step was also calculated for different
fluorobenzenes and 1d. The results in Table 4 indicate good
agreement with the experiments, as the calculated barriers
increase in parallel (28.2 » 36.2 kcal mol~") with the increased cat-
alyst loadings (0.5% » 12%) required for full conversion as the
number of fluorine atoms is reduced. Note that the compari-
son of Tables 3 and 4 also indicates that C-H activation becomes
rate-determining for fluoroarenes with less than five fluorine
substituents.

In Table 4 we show that although there seem to be
small changes in AG¥h.q, yet there is a significant dif-
ference in yields and catalyst loadings that suggests the
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Table 4. C-H activation barriers (in kcal mol~') calculated for various
fluorobenzenes.

FaC FsC

4
Cy\ /Cy @ Cy\ /Cy N7\
P\ = A P\
Q¢ L Qo
S H S
MeO ; MeO !

O>;O’ TScH-act O\ \\Fn
MeO S tBu MeO tBu%OH
Entry F-position AG* cheact Expt. yield Pd loading
1 12345 282 88% 0.5%
2 1234 303 80% 3.0%
3 13,5 30.6 82% 2.0%
4 12,4 31.0 84% 2.5%
5 123 33.0 65% 6.5%
6 13 328 62% 7.0%
7 14 35.1 50% 8.0%
8 1 36.2 traces 12.0%

presence of secondary effects as well.>’#! As already high-
lighted from the optimization of the model reaction, using
2-iodopyridine instead of 2-chloropyridine as reactant offers only
19% yield.

GC-MS-based kinetic measurements were also conducted to
examine the variation in yield and conversion over time, provid-
ing additional data that could assist in formulating a hypothesis.
In Scheme 4A the conversion and the yield of the reaction using
2-chloropyridine and 2-iodopyridine were compared. The kinetic
experiment with 2-chloropyridine not only confirmed the find-
ings from the optimization phase, which showed high selectivity
for product formation and full conversion after 16 hours, but
also revealed that the reaction achieves 86% conversion in just
4 hours.

The kinetic profile of 2-iodopyridine confirmed that prod-
uct formation is very slow, with poor yield and low selectivity.
Extending the reaction beyond 16 hours did not lead to signif-
icant improvements. The discrepancy between conversion and
yield suggests that approximately 30% of the starting mate-
rial undergoes a different transformation (50% conversion vs.
20% yield after 16 hours). In fact, one of the main by-products
detected might be 2,2'-bipyridine, although the exact quantity
formed, along with any other potential side products, remains
unclear.

DFT analysis of 2-iodopyridine (1v) (Figure S3, Table 3 entry 5)
revealed an oxidative addition barrier of 23.2 kcal mol~', forming
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A) Kinetic experiments with 2-chloropyridine (1a) and 2-iodopyridine (1v)
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B) Chemoselective arylation of 2-chloro-6-iodopyridine (1w)

Pd(dba), 1.5%

| X SPhos 3% | A
Pz PivOK (1.2 eg. P + 3ba, 4%
17N el 2a(156q) ¢l N
i-PrOAc (0.75M)
1w 125°C, 16 h 6, 85%

C) "Non-symmetric" bis-arylation of 6 synthesized from 2-chloro-6-iodopyridine (1w)

Pd(dba), 2.5%
SPhos 5%
PivOK (1.4 eq.
2j(2.5eq.)
-PrOAC (0.75M)
125°C, 16 h

A 7

6, 85%

Scheme 4. A). Kinetic comparison of the yield and conversion reacting 2-chloropyridine and 2-iodopyridine with 2a. B). Palladium catalyzed one-step
arylation of 2-chloro-6-iodopyridine (1 w). The yield for 6 and the ratio for 6 and 3ba were determined by NMR. C). Palladium catalyzed “nonsymmetric”

two-step arylation of 2-chloro-6-iodopyridine (1 w).

a stable [Pd(SPhos)(Py)(l)] complex. Although oxidative addition
is typically more favorable for Ar—I than Ar—Cl,!°87'%! in our case
the difference of 8.5 kcal mol~" between energy levels of TSqy.adq
for Ar-l1 (21.5 kcal mol~") and Ar-Cl (30.0 kcal mol~") also means
that the 23.2 kcal mol~' energy required to replace the dba
ligand in [Pd(dba)(SPhos)] becomes the real barrier for the oxida-
tive addition of 2-iodopyridine instead of the C-I bond cleavage.
Note that dba replacement constitutes most of the oxidative
addition barrier for 2-chloropyridine as well; see Figure 2A. The
iodide complex is also more stable by 6.7 kcal mol~', but sub-
sequent steps—halide exchange and C—H activation proceed
with similar barriers as in the 2-chloropyridine pathway. Based on
these data, we assume that the desired transformation rapidly
terminates after the oxidative addition of 2-iodopyridine. It has
been hypothesized that the influencing factors might be the for-
mation of a more stable complex (leading to off-cycle inactive
species as well as triggering side reactions) or the generation
of side products that might interfere negatively with the cat-
alytic cycle.'™ The significant difference in reactivity between 1a
and 2-iodopyridine (1v) suggested the possibility of selectively
arylating only one C—X bond. This finding led us to investi-
gate 2-chloro-6-iodopyridine (1 w) as a potential substrate for
chemoselective mono-arylation, with the goal of accessing either
a nonsymmetric bis-arylated pyridine or selectively targeting
a single C—X bond (Scheme 4B). To optimize selectivity and
prevent over-arylation, lower amounts of PivOK and pentaflu-
orobenzene (2a) were used. However, slightly higher catalyst
loading was required to achieve full conversion. Two surpris-
ing findings emerged from this test. First, a complete reversal
of the reactivity of the C—X bond was observed, with iodine
becoming the primary reactive site (no mono-arylation at the
C—Cl bond was detected), leading to 6 with excellent selectiv-
ity and high yield (85%). Next, we successfully performed an
exemplary tandem cross-coupling to nonsymmetric bis-arylated
pyridine 7 with high efficacy, offering potential for novel moieties
(Scheme 4(C).102-107]

Chem. Eur. J. 2026, 32, 02723 (9 of 13)

Next, DFT computations have been performed to compare
the reactivity of the two halogenated centers in 1 u and explain
the selectivity and reactivity observed (Figure S3). The trend
observed for the oxidative addition into the C—Cl bond and the
C—l bond aligns with the same observation made before, indi-
cating a more favorable pathway for oxidative addition into the
C—l bond. This pathway has an energy barrier of 21.3 kcal mol~!,
which is 8.2 kcal mol~" lower than that for the C—Cl bond (a
similar energy difference is observed for the oxidative addition
into 2-chloropyridine (1a) and 2-iodopyridine (1v)). For 1a, how-
ever, KCl formation is exergonic while KI formation is endergonic,
bringing the | and Cl pathways closer in energy before C-H acti-
vation. Comparing the C—H activation barriers of 28.9 kcal mol™
for 2-chloropyridine and 28.5 kcal mol~' for 2-iodopyridine with
those of 2-chloro-6-iodopyridine, which are 27.5 kcal mol~' for
the chlorine pathway and 27.4 kcal mol~' for the iodine path-
way, reveals the well-established trend that 6-substituted halo
pyridines react more quickly. These results also indicate that the
C-H activation barriers are very similar for both halogen sub-
stituents. Therefore, the selectivity observed in Scheme 4 can
be explained by the more facile oxidative addition of 2-chloro-
6-iodopyridine at its I-site and the reduced likelihood for the
back reaction (or side reaction/degradation) from the oxidative
addition product due to its stability, in contrast to the observa-
tion for 2-iodopyridine. Also, for the reaction at the Cl-site, the
respective oxidative addition is rate-determining instead of the
C-H activation.

2.4. Synthesis of a Sotorasib Analogue and a PIM Kinase
Inhibitor Intermediate

Building upon the perspective of C-H activation,>-% it would
be intriguing to investigate how the developed methodology
could serve as a promising alternative for synthesizing drugs and
other relevant compounds. For our case study, two substrates
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Scheme 5. Palladium-catalyzed synthesis of sotorasib analogue and an intermediate of PIM kinase inhibitor. *Synthesized from 7-bromoquinolin-4-ol (see

Supporting information).

have been chosen for this type of exploration: an analogue of
sotorasib,"®®! a KRas®™ inhibitor, and an analogue of a patented
PIM kinase inhibitor.3?

The synthesis of the sotorasib analogue was done start-
ing from the commercially available 8 that was transformed to
10 following the literature procedure.l'®>! Key intermediate 10
was subjected to fluoroarylation using 1,3,5-trifluorobenzene (2e)
using the methodology developed that affords product 11 in a
yield of 56%, representing a valuable starting point for future
development (Scheme 5A).

The synthesis of the PIM kinase inhibitor intermediate
was done starting from the commercially available substrate
12, which was benzylated, affording 13. The 2-chloropyridine
motif was inserted by Suzuki cross-coupling to the main
molecule, affording 14 in very good yield. At this point, 14
was subjected to fluoroarylation with 1,3-difluorobenzene (2r)
using the methodology developed by affording the product
15 in 80% vyield, better than the model reaction (Scheme 5B).
This positive outcome offers a valuable alternative for API
synthesis and beyond, potentially streamlining processes for
easy, on-demand access to a broader library of complex
molecules.

3. Conclusions

We have developed a sustainable and efficient method for the
direct C—H arylation of fluorobenzenes with 2-chloropyridines,
enabling access to a broad library of mostly novel 2-(fluorinated
aryl)pyridines in yields up to 90% and showing options for fur-
ther expansion to new biaryls by the effective transformation
of a set of N-heterocycles substituted at various positions. The
protocol uses low-cost starting materials, isopropyl acetate as
a green solvent, and generates KCl as the sole by-product. The
methodology shows broad functional group tolerance on both
coupling partners, providing a platform for further diversifica-
tion.

Chem. Eur. J. 2026, 32, €02723 (10 of 13)

Mechanistic insights supported by DFT calculations clarified
key features of the reaction. These include the full energy pro-
file of the model transformation, the impact of 6-substitution
on the pyridine ring, and the influence of Buchwald-type lig-
ands on intermediate and transition state stability. The unex-
pected low reactivity of 2-iodopyridine was attributed to post-
oxidative addition inhibition, while the selective monoaryla-
tion of 2-chloro-6-iodopyridine demonstrated the potential for
chemoselective functionalization of bis-halogenated substrates.
Additionally, computed C—H activation barriers for fluoroarenes
confirmed that lower fluorine content correlates with decreased
acidity and higher activation energy.

The method was successfully applied to the late-stage func-
tionalization of drug molecules, including analogues of sotorasib
and PIM kinase inhibitors, highlighting its relevance for pharma-
ceutical synthesis. Despite minor limitations with certain difluori-
nated substrates, this study offers a practical and mechanistically
guided approach to C—H arylation of challenging heterocycles,
with strong potential for further development.
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