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Pd-catalyzed desulfonylative fluorination of
electron-deficient (hetero)aryl sulfonyl fluorides

Jonathan R. Hall, ©2 Natalie P. Romer, @ ° Taylor E. Spiller, ©2
Matthew S. Sigman@b and Melanie S. Sanford @ *2

A new C(sp?)—F bond forming reaction that eliminates the need for exogenous metal fluoride salts is
reported. Pd catalysis is used to convert electron-deficient (hetero)aryl sulfonyl fluorides (ArSOF) to the
corresponding (hetero)aryl fluorides with extrusion of SO,. Data science methods are employed to

assess substrate requirements and identify a non-intuitive class of phosphine ligands for this transformation.

rsc.li/chemical-science

Fluorinated molecules are ubiquitous in modern drug discovery
since fluorine substituents can be incorporated to modulate
biological properties while minimally impacting 3D structure.
Currently, approximately 20% of FDA-approved pharmaceuti-
cals contain at least one fluorine atom.® Among these, the
largest class consists of (hetero)aryl fluorides (ArF), (hetero)
aromatic rings bearing at least one C(sp*)-F bond.* Despite the
prevalence of the ArF motif, these structures remain chal-
lenging to access synthetically.>?

Two of the most common routes to ArF involve reactions of
(hetero)aryl halides with a fluoride source: (i) nucleophilic
aromatic substitution (SyAr; Fig. 1a(i))*® and (ii) palladium-
catalyzed cross-coupling (Pd catalysis, Fig. 1a(ii)).® These
transformations are effective for accessing a moderate scope of
(hetero)aryl fluoride products, but they share three key limita-
tions. First, both require an excess of an anhydrous fluoride salt
(MF), most commonly CsF, KF, AgF, or NMe,F. These salts are

(a) Common synthetic approaches to aryl fluorides (previous work)
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notoriously moisture-sensitive,” poorly soluble in organic
solvents,® and strongly basic.>® As such, reactions involving MF
typically require rigorously anhydrous conditions and display
modest functional group compatibility. Second, the (hetero)aryl
halide starting materials and ArF products often have very
similar physical properties and polarities. As such, the separa-
tion of ArF from unreacted ArX can be challenging. Finally,
benzyne formation®® and protodehalogenation* are common
side reactions that limit yields and further complicate product
purification. The former occurs via deprotonation of an ortho-
C(sp?)-H bond by the highly basic anhydrous MF, while the
latter can derive from slow halide exchange between Pd"(Ar)(X)
and MF, which enables competing protonation of the Pd"-Ar
bond. Overall, new approaches are required to circumvent these
limitations.***

We hypothesized that these challenges could be addressed
by exploiting (hetero)arene starting materials that contain
embedded fluorine. Specifically, we reasoned that (hetero)aryl
sulfonyl fluorides (ArSO,F), molecules that are widely available
and commonly used as sulfur-fluoride exchange (SuFEx) click
chemistry reagents™** could serve as both the electrophile and
fluoride source for an intramolecular Pd-catalyzed desulfo-
nylative fluorination (Fig. 1b). This approach offers the advan-
tages that it: (i) avoids the use of strongly basic and water-
sensitive MF fluoride salts in the C(sp®)-F coupling step; (ii)
leverages polar starting materials that are readily separable
from the non-polar ArF products; and (iii) eliminates the often-
problematic halide exchange step from the catalytic cycle.'

This report describes the successful development of a Pd-
catalyzed desulfonylative fluorination. The transformation is
optimized using the commercial sulfonyl fluoride PyFluor'® and
then successfully applied to a variety of electron-deficient
heteroaryl sulfonyl fluorides. Data science tools are leveraged
to analyze the substrate requirements for effective reaction as
well as to identify a novel class of phosphine ligands for this Pd-
catalyzed C(sp®)-F coupling.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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We started by considering a putative catalytic cycle for de-
sulfonylative fluorination inspired by literature precedent for
each of the individual steps (Fig. 2)."” We envisioned that initial
oxidative addition of ArSO,F at Pd° could generate
Pd"(Ar)(SO,F) intermediate A (step i), which could then undergo
SO, deinsertion to form Pd"(Ar)(F) complex B (step ii).**° The
feasibility of steps i and ii has been established in other Pd-
catalyzed cross-coupling reactions of sulfonyl fluorides.'®>"
Notably, B is also an intermediate in Pd-catalyzed fluorinations
with ArX starting materials, but in those systems it is formed via
an often-challenging halide exchange between Pd"(Ar)(X) and
MF.** Finally, Ar-F bond-forming reductive elimination (step
iii) would release the product and regenerate the Pd° catalyst."”
Prior work has shown that this elementary step is feasible with
a narrow set of sterically demanding ortho-biaryl mono-
phosphine ligands (e.g:, BrettPhos, tBuBrettPhos, AdBrettPhos,
and AlPhos; Table 1)."”

Reaction development and optimization were initiated using
PyFluor (Table 1, 1a) as a model substrate.'® 1a was selected as
a starting point based on its commercial availability as well as
its known reactivity towards Ar-SO,F oxidative addition in
several related Pd-catalyzed desulfonylative cross-coupling
reactions.”®”® A first set of experiments was performed using
BrettPhos, a reported ligand for Ar-F coupling reactions,® and
Pd,dba;, a common source of Pd’. In toluene at 150 °C, the Pd’/
Brettphos catalyst afforded the desulfonylative fluorination
product 2-fluoropyridine (2a) in 14% yield (Table 1, entry 1).
Other ligands known to promote Ar-F coupling, including
AdBrettPhos, AlPhos, and ¢BuBrettPhos, proved even more
effective, providing 76-83% yield of 2a (entries 2-4). In contrast,
XPhos, SPhos, and RuPhos afforded <5% product (entries 6-8).
After evaluating various conditions, we identified Pd,dba;
(5 mol%) and tBuBrettPhos (20 mol%) in toluene (0.2 M for
screening scale, 0.33 M for isolation scale) at 150 °C for 18 h as
optimized conditions (Table 1, entry 4). A noteworthy feature of
this transformation is that, unlike fluorinations employing
moisture-sensitive MF reagents, it does not require rigorously
anhydrous conditions. Setting the desulfonylative fluorination
of 1a up on the benchtop using off-the-shelf toluene (0.1 M,
deoxygenated with a purge of N,) led to 77% yield of 2-fluoro-
pyridine (entry 5) in 4 h. Furthermore, conducting the analo-
gous reaction under air without any precautions towards air or
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Fig. 2 Potential Pd®’" catalytic cycle for desulfonylative fluorination.
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moisture (entry 7) afforded 2a in 71% yield. These yields are
comparable to those for reactions set up in the glovebox in dry
toluene (entries 4 and 5).

We next explored the scope of heteroaryl sulfonyl fluorides
that participate in Pd-catalyzed desulfonylative fluorination
(Fig. 3). Various 2-substituted pyridine, pyrimidine, pyrazine,
and quinoline sulfonyl fluorides reacted to afford the corre-
sponding ArF products (2a-n) in good yields under the opti-
mized conditions. The 4-substituted quinoline sulfonyl fluoride
showed minimal reactivity at 150 °C, but raising the tempera-
ture to 160 °C resulted in a 56% yield of 2j after 24 h. Pyridines
bearing sulfonyl fluoride substituents at the less activated 3-
position afforded <5% aryl fluoride under the optimized
conditions (see Scheme S2), returning unreacted starting
material.

To evaluate functional group compatibility, a series of bi-
arylpyridine sulfonyl fluorides were examined (Fig. 3). This
series afforded >60% yield for substrates containing benzo-
furan, benzothiophene, and tertiary aniline substituents
(products 2t, 2u, 2x). In addition, both enolizable ketones (2y)
and aromatic aldehydes (2za) were well-tolerated. Analogues
containing an N-methylindole (2v) and a Boc-protected aniline
(2zb) afforded low yields (23% and 12%, respectively). The
former is largely due to poor solubility in the reaction medium,
while the latter showed low conversion of the starting sulfonyl
fluoride. Several functional groups proved incompatible,
including silyl protected phenols (which appear to undergo
deprotection under the reaction conditions) as well as nitro and
unprotected aniline substituents (see Scheme S2 for details). A
series of purines underwent desulfonylative fluorination on the
6-membered ring in moderate to good yield (products 2k-2n).
Finally, a triazole derivative was also an effective substrate,
affording the corresponding ArF (20) in 83% isolated yield. Five-
membered heterocycles are a notoriously challenging class of
substrates for Pd-catalyzed aryl halide fluorination reactions
with MF."?

Protodesulfonylated products were generally not detected by
HPLC or GCMS analysis of the crude reaction mixtures. This, in
combination with the large polarity difference between ArSO,F
and ArF, made purification/isolation straightforward for most
non-volatile products. The crude reaction mixtures were filtered
through a plug of silica, evaporated to dryness, and then sub-
jected to a single round of column chromatography on silica gel
to afford ArF in >95% purity. The heteroaryl fluoride products
could also be carried forward in situ to SyAr reactions. For
instance, a telescoped one-pot sequence was used to convert
pyrimidine-2-sulfonyl fluoride into the corresponding ether-,
aniline-, and cyano-substituted pyrimidine products (Fig. 4).

Aryl sulfonyl fluorides bearing electron-withdrawing
substituents (CN, CO,Me, CF3;) were next evaluated. These
substrates all afforded <10% yield of products 2p-s under the
conditions optimized for substrate 1a. Changing the ligand to
BrettPhos and the solvent to cyclohexane resulted in improved
yields of 2-fluorobenzonitrile (2p, 56%) and 4-fluoro-
benzonitrile (2q, 60%). However, even under these modified
conditions, low reactivity was observed for the 2-CO,Et deriva-
tive; furthermore, the 4-CF; substrate returned only trace
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Table 1 Optimization of desulfonylative fluorination with model substrate 1a
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QL 5 mol % Pd,(dba)s .
~ 20 mol % PR3
| :N F toluene (0.2 M) | /\N + 80,

() 150°C, 18 h 2}
Entry Phosphine Modifications Yield 2a (conversion)
1 BrettPhos None 14% (62%)
2 AdBrettPhos None 78% (100%)
3 AlPhos AlPhosPd,COD as precatalyst 76% (94%)
4 tBuBrettPhos None 83% (100%)
5 tBuBrettPhos Glovebox, dry toluene, 4 h, 0.1 M 64% (100%)
6 tBuBrettPhos Benchtop, off-the-shelf toluene, 4 h, 0.1 M, N, purge before heating 77% (100%)
7 tBuBrettPhos Benchtop, off-the-shelf toluene, 4 h, 0.1 M, in ambient air 71% (85%)
8 XPhos None <5% (40%)
9 SPhos None <5% (43%)
10 RuPhos None <5% (42%)
11 tBuBrettPhos In cyclohexane 59% (100%)
12 tBuBrettPhos In 2-MeTHF 21% (67%)
13 tBuBrettPhos No [Pd] 0% (0%)
14 — No phosphine 0% (0%)

R = Cy: Brettphos
R = Ad: AdBrettphos
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a s

'Pr

'Pr
Pr Q CeFa(p-"Bu) Pr O
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product along with a complex mixture of side products and
unreacted starting material. The requirement for a strongly
electron-withdrawing substituent is a common limitation of Pd-
catalyzed cross-couplings of (hetero)arylsulfonyl fluorides and
is typically rationalized based on slow rates of Ar-S oxidative
addition with more electron-rich substrates.{'#>°

a
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oD v
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Pr
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We pursued data science studies to establish a simple and
quantitative metric that predicts substrate reactivity in this
transformation. A single-node decision tree was used to classify
(hetero)aryl sulfonyl fluoride substrates above and below
a threshold of 25% yield (Fig. 5A).>* These data were divided into
training, validation, and external test sets, and a good
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Fig. 3 Substrate scope of desulfonylative fluorination. Isolation scale reactions performed on 0.3 mmol scale in toluene (0.33 M) with Pd,(dba)s
(5 mol%) and tBuBrettPhos (20 mol%) for 18 h at 150 °C. Yields in parentheses correspond to crude yields obtained by °F NMR spectroscopy or
HPLC. See Sl Scheme S1 for details on products that were not isolated. [a] 4 h. [b] AdBrettPhos (10 mol%)/cyclohexane. [c] Reaction performed at
160 °C. [d] BrettPhos (20 mol%)/cyclohexane.
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Fig. 4 Sequential desulfonylative fluorination/SyAr.

classification [test accuracy = 0.87] was identified with the
C(sp?)-S bond length (A), where substrates with longer C-S
bonds afforded higher yields. We hypothesize that this
descriptor is reporting on the first step of the catalytic cycle -
oxidative addition - with longer C(sp®)-S bonds being more
reactive.'® Notably, the triazole (20) was the sole outlier in the
external test set, likely because it is the only 5-membered
heterocycle included in this study (Fig. 5A). Without additional
training data for 5-membered sulfonyl fluorides, the current
model may be limited to predicting the reactivity of 6-
membered heterocycle substrates.'®>°

Finally, we sought to identify new ligand scaffolds for this
Pd-catalyzed desulfonylative fluorination. Despite more than 30
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years of literature studies,"””* only a narrow set of biaryl-
substituted phosphines (BrettPhos derivatives and AlPhos)
have been reported to enable Ar-F coupling at Pd".'”** Our
initial screen of 11 ligands identified several additional biaryl
phosphines [RockPhos (63%), Me;MeOtBuXPhos (61%)] that
promote the desulfonylative fluorination of PyFluor, albeit in
lower yield than tBuBrettPhos (83%). We evaluated correlations
between reaction yield and computed phosphine ligand struc-
tural descriptors (from the kraken database) of this sparse
training set (Fig. 5B). Despite the limited data set and low
coverage of chemical space, we sought to leverage simple
models to guide screening of new phosphines for this trans-
formation. The eleven monophosphines were analyzed against
DFT-computed molecular descriptors from the kraken mono-
phosphine descriptor library.”* Three univariate correlations
(minimum buried volume, phosphorus lone pair orbital energy,
and pyramidalization®) were identified that correctly group the
high activity (>25% yield) and low activity (<25% yield) ligands
(Fig. 5C).

The kraken monophosphine descriptor library was next
curated to ~300 commercially available phosphine ligands and
queried to identify either interpolations (referred to as the
“explore” region) or extrapolations (referred to as the “exploit”
region) based on descriptor values from the preliminary

A
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o 1 >
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e s i DFT monophosphine descriptors E N/E
Scope classification by C-S bond length ! filtered for commercially o 77% yield
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75 ®m ° o ! descriptor correlation ligand prediction « homogeneous reaction
Rttt
9 ! ' c L40
& - . H \{5‘ S Vpur(min) Pyramidalization P lone pair energy
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Vpur(min): 78.1 A3 Vpur(min): 86.6 A3 Vpur(min): 66.3 A3 Vpur(min): 65.8 A Vpur(min): 65.8 A3 Vpur(Min): 65.8 A
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Pip(energy): -0.274 Ey, Pip(energy): -0.259 Ey, Pip(energy): -0.283

En Piy(energy): -0.279 Ey Pip(energy): -0.289 Ey, Piy(energy): -0.279 Ey

Fig.5 (A) Single node decision tree (25% yield threshold) of the heteroaryl sulfonyl fluoride scope with the C-S bond length (A). We hypothesize
longer, weaker C—S bonds (>1.789 A) more readily undergo oxidative addition. (B) Data science workflow for ligand structure—activity analysis

and prediction. (C) Univariate ligand descriptor correlations with traini
regions with relevant molecular descriptor values.
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models, as well as availability and cost (Fig. 5C). Specifically,
this involved ‘exploring’ ligands with descriptor values that
were untested in the training set, and ‘exploiting’ ligands with
descriptor values correlated to high yield. Ten total ligands were
selected from the ‘explore’ and ‘exploit’ regions of all three
preliminary correlations and tested against substrate 1a (see SI
Section VII). This led to the identification of several new ligands
for the desulfonylative fluorination of PyFluor (Fig. 5D). For
instance, Me,tBuXPhos, which is structurally similar to Me;-
MeOtBuXPhos, afforded a comparable 72% yield of 2-fluoro-
pyridine. In contrast, trimesitylphosphine was inactive in the
reaction, despite being classified in the ‘exploit’ region. While
trimesitylphosphine replicates the steric bulk of ortho-biaryl
phosphines, it lacks electron donating alkyl substituents on
phosphorus and does not contain an ipso-biaryl carbon center
to enable dative bidentate coordination to the metal center.
Unexpectedly, MeDalPhos (22% yield) and MorDalPhos (77%
yield, Fig. 5D), phosphines that do not contain biaryl linkages
and are commonly considered P,N-bidentate ligands, were
active in this reaction.?® Moreover, in marked contrast to the
tBuBrettPhos system that generates a large amount of precipi-
tate as the reaction progresses, MorDalPhos leads to a homo-
geneous solution throughout the 18 h reaction time course.

Overall, the use of data science to analyze the ligand struc-
ture-activity relationship enabled the identification of a new
structural class of ligands for Pd-catalyzed Ar-F coupling. While
MorDalPhos does not offer major improvements in terms of
reaction yield or substrate scope, the success of this scaffold
offers new chemical space for ligand innovation moving
forward. In addition, the homogeneity of reactions with this
ligand (compared to the heterogeneous mixtures with ¢Bu-
BrettPhos) offers potential advantages for scaling these trans-
formations. Future efforts will involve organometallic studies to
compare the structure and reactivity of putative catalyst inter-
mediates with these new ligands.

Conclusions

Overall, this report presents a novel approach to (hetero)aryl
fluoride synthesis that leverages a fluoride-containing substrate
as an internal fluoride source. Accessing the key LPd(Ar)(F)
intermediate via oxidative addition/SO, deinsertion rather than
halide exchange eliminates the need for exogenous fluoride.
Key advantages of this approach include enhanced water
tolerance, minimal formation of side products, and straight-
forward purification of the ArF products. Data science studies
have identified Ar-S bond distance as a simple metric for pre-
dicting ArSO,F substrate reactivity for 6-membered ring (hetero)
aromatic substrates. Additionally, through data science analysis
of ligand effects, MeDalPhos and MorDalPhos were identified
as phosphine ligands for promoting Pd-catalyzed desulfo-
nylative fluorination. Ongoing work is focused on organome-
tallic studies to interrogate key intermediates and understand
ligand effects on the rates of each step of the proposed catalytic
cycle. Additionally, we aim to apply this approach to other
starting materials that contain embedded fluorine (e.g., (hetero)
aryl acid fluorides).
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