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ABSTRACT: New methods for the general asymmetric synthesis
of sulfonimidamides are of great interest due to their applications
in medicinal chemistry, agrochemical discovery, and academic
research. We report a palladium-catalyzed cross-coupling method
for the enantioselective aryl-carbonylation of sulfonimidamides.
Using data science techniques, a virtual library of calculated
bisphosphine ligand descriptors was used to guide reaction
optimization by effectively sampling the catalyst chemical space.
The optimized conditions identified using this approach provided
the desired product in excellent yield and enantioselectivity. As the
next step, a data science-driven strategy was also used to explore a
diverse set of aryl and heteroaryl iodides, providing key
information about the scope and limitations of the method.
Furthermore, we tested a range of racemic sulfonimidamides for compatibility of this coupling partner. The developed method offers
a general and efficient strategy for accessing enantioenriched sulfonimidamides, which should facilitate their application in industrial
and academic settings.

■ INTRODUCTION
The discovery of sulfonamides revolutionized medicine with
life-saving antibiotics in the 1930’s,1 with now >150 marketed
drugs including this pharmacophore, which showcase a broad
spectrum of biological activities.2 More recently, sulfonimida-
mides, a chiral bioisostere of sulfonamides, have emerged and
received significant attention due to their increased ability to
modulate physicochemical properties provided by the addi-
tional N-substituent (Figure 1A).3−6 The racemic synthesis of
sulfonimidamides generally proceeds through functionalization
of sulfonamides and sulfinamides, among other methods,7,8

and stereospecific methods to access enantioenriched
sulfonimidamides have been reported from enantioenriched
sulfonimidoyl chlorides9 and fluorides (Figure 1B).10,11 The
asymmetric synthesis of enantioenriched sulfonimidamides has
been reported via Rh-catalyzed kinetic resolution12 along with
organocatalyzed transformations.13−15 However, these meth-
ods are limited with regard to the substrate scope and further
functionalization of the final product. Therefore, we sought to
develop a general method to access enantioenriched
sulfonimidamides.
In this context, we hypothesized that the dynamically

equilibrating tautomers of unprotected sulfonimidamides could
provide an opportunity for the selective interception of the
desired enantiomer to afford an asymmetric transformation.

This unusual feature of the sulfonimidamide functional group
was first exploited in asymmetric synthesis by Willis and co-
workers when they reported the dynamic kinetic resolution of
an enantiotopic nitrogen via alkylation of protected, racemic
sulfonimidamides (Figure 1B).
This process is catalyzed by a cinchona alkaloid-derived

quaternary ammonium phase-transfer catalyst to allow direct
access to enantioenriched products.13 Motivated by this result,
we posited that a Pd-catalyzed carbonylative cross-coupling of
sulfonimidamides, inspired by the reports from Sandström,
Arvidsson, and co-workers (Figure 1C),16,17 with a library of
commercially available electrophiles would provide access to a
range of enantiomerically enriched sulfonimidamides.
Herein, we set out to develop this reaction (Figure 1D) by

applying a data science-guided reaction optimization and scope
exploration. Our recently reported virtual library of calculated
bisphosphine ligand descriptors18 enabled the effective
sampling of catalyst chemical space with the aim of shortening
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optimization timelines and increasing the possibility of locating
a global optimum.19−21 Data science techniques were also
employed for substrate scope selection in order to maximize
chemical space exploration, thus assessing the generality of this
method.22,23

■ RESULTS AND DISCUSSION
Reaction Optimization.We commenced our investigation

into the development of a Pd-catalyzed carbonylative arylation
of sulfonimidamides by examining Pd(bisphosphine)-catalysts
with phenylsulfonimidamide 1a and 1-iodonaphthalene 2a as
model coupling partners (Figure 2A). To guide our initial
efforts, we designed a screening set of chiral bisphosphine
ligands, which reflects the optimal diversity of the commer-
cially available bisphosphine ligand chemical space. To
accomplish this, we utilized our recently reported library of
calculated bisphosphine ligand descriptors and chemical space
representation.18 This provided the framework for a relatively
unbiased selection of initial ligands, by defining the bi-
sphosphine chemical space into a specified number of discrete
clusters using the k-means clustering algorithm with the
hyperparameter “k” set to the number of experiments planned
for the first high-throughput experimentation (HTE) plate
(Figure 2B).21 The selection of the 24 ligands (Figure 2C) was
curated for availability in the Genentech ligand library as well
as cost. This protocol could be viewed as a designed training
set for a range of downstream screening and data science

objectives, especially for other transition-metal(bisphosphine)-
catalyzed asymmetric reactions, in which limited prior
knowledge of compatible ligands is known. This set of 24
diverse ligands was used in a HTE screening campaign (using 1
solvent and 3 bases�see SI for details), which led to the
identification of several high performing examples highlighted
by the top performing reaction using Mandyphos ligand SL-
M003-1 (100% conversion, 96:4 er).24,25 Two axially chiral
biaryl ligands, (R)-C3-TunePhos26 and (S)-3,5-Xyl-MeOBI-
PHEP,27 also displayed good conversion and enantioselectivity
(59−80% conversion, 89:11 and 90:10 er). To probe if an
improved ligand could be identified, we turned to chemical
space analysis, wherein commercially available ligands proximal
to SL-M003-1 and the other top-performing ligands were
evaluated. This screen revealed that Mandyphos SL-M003-1
remained the best ligand for the model substrate (see SI for
details).
Through validation of the HTE results on benchtop scale,

we found premixing of the precatalyst and ligand in solution
before adding to the reaction mixture favored a more
consistent and chemoselective (formation of the monoacylated
product 3aa) cross-coupling. With this setup, the best
conditions from the HTE screen (Mandyphos SL-M003-1
ligand, Et3N base, and TBME solvent) were repeated on a 1.0
mmol scale to confirm the high conversion and enantiose-
lectivity (100% conversion, 90:10 er). Additionally, the
reaction profile was remarkably clean, with 96% conversion
to desired product 3aa and bis-acylated product 4aa as the
only side product observed (from SFC analysis, Table 1, entry
1). The direct cross-coupling product was not observed in the
presence of CO. In preliminary exploration of the chemistry,
we briefly evaluated the effect of temperature. Higher reaction
temperatures (up to 50 °C) were found to lead to higher
conversions for some electrophiles, but the reaction profiles
were not as clean. Lower reaction temperatures did not provide
improved selectivity. Hence, a moderate reaction temperature
(20 °C) was selected for practicality and ease of setup in a
high-pressure vessel. Other bases, such as 2-(dimethylamino)-
ethyl ether (DMAEE) and 4-methylmorpholine (NMM) were
also evaluated and confirmed to lead to lower enantioselectiv-
ity (85:15 and 80:20 er, respectively). Considering the
sensitivity of base selection, we further explored this variable
and found that using N,N-diisopropylethylamine (DIPEA) as a
base improved the selectivity to 94:6 er. Inorganic bases
(K2CO3 and t-BuOK) were also explored but only provided
the desired coupling product 3aa in <15% conversion (by SFC
analysis). Additionally, the evaluation of alternative solvents
revealed that toluene provided higher enantioselectivity for the
coupling (96:4 er), although the chemoselectivity was slightly
reduced (11% of 4aa). Under these optimized reaction
conditions (Table 1, entry 8), (R)-3aa was obtained in 84%
isolated yield, which allowed us to determine the absolute
configuration unambiguously by an X-ray crystallographic
analysis.

Electrophile Scope Exploration. As the next step, a data
science-driven approach was exploited to design a compre-
hensive electrophile set, which would quantitatively cover
chemical space, in order to rigorously explore the scope and
limitations of this transformation. This approach has been
recently employed for various applications including Ni/
photoredox-catalyzed22 and amide coupling23,28 reactions,
following a similar strategy to that described above for
bisphosphine selection. Similarly, Doyle and Sigman recently

Figure 1. Application and synthesis of sulfonimidamides. (A)
Bioactive sulfonimidamide compounds. (B) Previously published
syntheses of enantioenriched sulfonimidamides. (C) Nonstereospe-
cific synthesis of racemic acyl sulfonimidamides via Pd-catalyzed aryl-
carbonylation. (D) This work: asymmetric synthesis of acyl
sulfonimidamides via Pd-catalyzed aryl-carbonylation with aryl and
heteroaryl iodides.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c06674
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06674/suppl_file/ja3c06674_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c06674/suppl_file/ja3c06674_si_003.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06674?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06674?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06674?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c06674?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c06674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reported a library of DFT-level molecular descriptors for
commercially available aryl iodides, which they applied to the
design of a representative aryl iodide set to interrogate Ni(I)-
mediated oxidative addition.29,30 Here, we used the conserved
molecular descriptors from the aryl and heteroaryl iodide
libraries to construct a uniform manifold approximation and
projection (UMAP) representation of >5000 commercially
available examples (Figure 3B). Hierarchical clustering was
subsequently employed to partition the library of electrophiles
into 13 clusters (see SI for details). Examples from each cluster

were selected in order to ensure that a diverse electrophile
scope was evaluated. This approach to select diverse
electrophiles covering chemical space enables the assessment
of the generality and limitations of this method.
Notably, some clusters were oversampled due to availability,

cluster size, and chemists’ interest, while other clusters
included only a single example due to lack of availability or
modest cluster size.
The selection of electrophiles was examined for effectiveness

using the reaction conditions optimized with phenylsulfonimi-

Figure 2. Bisphosphine ligand training set design. (A) Model system for the development of a Pd-catalyzed enantioselective aryl-carbonylation of
sulfonimidamides. TBME = methyl tert-butyl ether. (B) A bisphosphine chemical space map showing the set of 24 ligands designed to encompass
the diversity of bisphosphine chemical space. The top three ligands are highlighted on this stereoelectronic map. (C) The structures of the selected
ligands are shown along with results of the initial exploratory catalyst screen with the Et3N base in TBME solvent. BTFM = 3,5-
bis(trifluoromethyl)phenyl, DTBM = 3,5-di-tert-butyl-4-methoxyphenyl.
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damide 1a and the Mandyphos SL-M003-1 ligand (Figure 3A).
The model electrophile substrate 1-iodonaphthalene 2a resides
in cluster 1 along with other fused aryl iodides such as 2b that
furnished the cross-coupled products 3aa and 3ab in 84% and
82% isolated yield and 97:3 and 93:7 er after recrystallization,
respectively. A high-quality single crystal was obtained for 3aa
to enable determination of its absolute stereochemical
configuration by X-ray crystallography. Cluster 2 includes
aryl iodides with para-substituted electron-donating groups as
well as heteroaryl iodides with distal heteroatoms. Several aryl
and heteroaryl electrophiles were selected from this cluster and
found to generate products with high enantioselectivity
(≥90:10 er) and excellent chemoselectivity (≤1% bis-
acylation). para-Methoxy and para-morpholino iodobenzenes
led to 3ac and 3ae in 97:3 and 96:4 er, respectively, in 78−
82% yields. The absolute stereochemical configuration of (R)-
3ae was determined from a high-quality single crystal by X-ray
crystallography. Similarly high selectivity was observed with 3-
iodothiophene 2d (3ad with 78% yield, 97:3 er), while a
slightly lower er was obtained with 3-iodopyridine 2f (3af with
84% yield, 90:10 er). Cluster 3 contains electrophiles bearing
distal electron-withdrawing functional groups. para-CF3 phenyl
and 6-benzothiazole were selected and generated carbonylation
products 3ag and 3ah with 95:5 and 91:9 er, respectively.
Although the latter electrophile led to lower chemoselectivity
(13% bis-acylation), both reactions gave satisfactory yields
upon isolation (72−73%). Cluster 4 also features electron-
deficient aryl iodides represented by reactions forming 3ai and
3ah. These reactions show tolerance of ester and bromide
substitution, giving excellent performance with 95:5 er, <1%
bis-acylation, and 84−90% yields.
Steric hindrance presented by aryl and heteroaryl iodides

with ortho-substituents challenges the effectiveness of this
cross-coupling. ortho-Methyl (2k) and ortho-phenyl (2l)
substituted aryl iodides led to products with good enantio-
and chemoselectivity (94:6 er and 90:10 er, respectively),

albeit sluggish reactivity, with low conversions (50−74%) and
consequently modest isolated yields (32−40%). In contrast,
aryl iodides with strongly electron-donating groups in the ortho
position such as NHBoc (2m) and OMe (2n) remained
effective (80−86% isolated yield) and proceeded with
comparable enantioselectivity (84:16 to 90:10 er). While the
chemoselectivity with the ortho-methoxy substituent is poor
(92% bis-acylation) under the standard conditions, using
toluene as the solvent, a more chemoselective coupling (23%
bis-acylation) can be achieved with 1,4-dioxane as the solvent
to furnish 3an in moderate yield and er. Similarly, 2-iodo-4-
nitroanisole 2o features an ortho-methoxy group in addition to
a meta-electron-withdrawing group. Under the standard
conditions, the cross-coupling to give 3ao occurred with high
bis-acylation (91%), which was similarly successfully remedied
by conducting the reaction in 1,4-dioxane to afford 3ao in 70%
yield with 78:22 er.
The reaction tolerated 2,3-dichloro (3ap with 65% yield,

89:11 er) and 2-bromo-4-fluoro (3aq with 25% yield, 88:12 er)
substitution but failed to produce the desired products with
three 2,6-substituted aryl iodides (2r−t) from cluster 9. Bis-
ortho substitution appears to be a limitation of this method, as
bis-ortho-fluoro substituents 2v give modest yield and
enantioselectivity (34%, 77:23 er). As seen previously, a single
ortho-substituent is well tolerated, with N-Boc 3-iodo-1H-
indole undergoing carbonylation smoothly to form 3au with
excellent enantioselectivity and chemoselectivity.
Finally, clusters 11−13 are composed of heteroaryl iodides,

with at least one heteroatom ortho to the iodide substituent.
Subjecting 5-iodo-1-methyl-1H-pyrazole to the cross-coupling
protocol furnished product 3aw with high enantioselectivity
(94:6 er) with modest bis-acylation (21%). Upon purification,
single-crystal X-ray diffraction of 3aw corroborated the
previously assigned absolute configuration as (R). Reactivity
with 7-chloro-2-iodothieno[3,2-b]pyridine gave 3ax in moder-
ate enantioselectivity (81:19 er), but with low bis-acylation
(3%). This further emphasizes that the Pd catalyst remains
highly selective toward aryl iodides even in the presence of
activated aryl chlorides or bromides. Despite being an activated
aryl iodide, no reaction was observed for 2-iodopyrazine 2y.
Overall, electrophiles representing 11 of the 13 total clusters
were found to be viable substrates for this asymmetric aryl-
carbonylative cross-coupling, indicating a robust transforma-
tion that tolerates a wide range of functional groups.
Additionally, attempts to quantitatively correlate enantioselec-
tivity to computationally derived molecular features were
unsuccessful, as the relatively flat response surface (poor range
and statistical spread of the er) rendered this process difficult.
Importantly, in many cases, the enantiomeric excess was
upgraded through the purification process via crystallization or
trituration.

Sulfonimidamide Substrate Scope Exploration. We
subsequently investigated the sulfonimidamide substrate scope.
Principal component analysis (PCA) was employed to visualize
the synthetically feasible sulfonimidamide chemical space using
DFT-derived molecular descriptors (SI for details) (Figure
4A). PCA was selected as a dimensionality reduction technique
for visualization due to the limited examples of readily
accessible sulfonimidamides, as this technique provides for a
simpler interpretation of the chemical space (wherein similarity
is derived from Euclidian distance). Ultimately, a set of
examples was qualitatively selected for synthesis and
submission to the previously optimized reaction conditions

Table 1. Optimization of Reaction Conditionsa

entry solvent base
conv
(%) 3aa (%)b erc

4aa
(%)b

1 TBME Et3N 100 96 90:10 2
2 TBME DMAEE 100 96 85:15 1
3 TBME NMM 91 91 80:20 4
4 TBME DIPEA 99 93 94:6 5
5 1,4-Dioxane DIPEA 100 97 91:9 1
6 MeTHF DIPEA 100 95 91:9 1
7 MeCN DIPEA 100 99 89:11 1
8 Toluene DIPEA 97 86 (84)d 96:4 11

aConditions: 1a (1.00 mmol, 1.00 equiv), 2a (0.98 mmol, 0.98
equiv), Pd2dba3 (0.025 mmol, 2.5 mol %), SL-M003-1 (0.050 mmol,
5.0 mol %), and base (3.0 mmol, 3.0 equiv) in solvent (20 mL, 0.05
M) and 100 psi CO at 20 °C. bArea % as determined by SFC analysis.
cEnantiomeric ratio (er) of product in the crude reaction mixture as
determined by chiral SFC analysis. dIsolated yield after chromato-
graphic purification.
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using 1-iodonaphthalene 2a and the Mandyphos SL-M003-1
ligand (Figure 4B). Unprotected sulfonimidamide 1b was
found to give lower enantioselectivity (93:7 er) but similar
chemoselectivity (10% bis-acylation) to the model substrate
1a. Isolation of the material through recrystallization in toluene

resulted in an isolated yield of 72% with an upgraded >99:1 er
of the desired product 3ba. The electron-deficient substrate 1c
likewise generated the monoacylated product in lower
enantioselectivity (89:11 er) and less bis-acylation (4%). In
contrast, carbonylation of electron-rich 4-methoxy substrate 1d

Figure 3. Exploration of the electrophile scope. (A) Electrophile scope separated by clusters. Pie charts indicate the percentage of commercially
available aryl and heteroaryl iodides assigned to the specific cluster; border colors correspond to cluster number on UMAP. aConditions: 1a (1.00
mmol, 1.00 equiv), 2 (0.98 mmol, 0.98 equiv), Pd2dba3 (0.025 mmol, 2.5 mol %), SL-M003-1 (0.050 mmol, 5.0 mol %), and DIPEA (3.0 mmol,
3.0 equiv) in toluene (20 mL, 0.05 M) and 100 psi of CO at 20 °C. bIsolated yield after purification. cPercentage relative to corresponding product
3 only (by SFC analysis after normalizing to 100%). der of product in the crude reaction mixture as determined by chiral SFC analysis. eer of
isolated product following reslurry/trituration as determined by chiral SFC analysis. fAbsolute configuration as determined by X-ray
crystallographic analysis. gReactions performed in 1,4-dioxane. hTrace product was detected by SFC-MS analysis. The er could not be determined
accurately due to poor minor enantiomer peak intensity. Product was not isolated. (B) UMAP representation of commercially available aryl and
heteroaryl iodides (5172 total electrophiles) colored by clusters, which were generated using Ward clustering (number of clusters = 13). Tested
electrophiles are indicated by black circles.
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led to high enantioselectivity (97:3 er), albeit with a
concomitant increase in bis-acylation (74%). Conducting the
reaction in 1,4-dioxane modulates the bis-acylation reaction to
give higher yields of product 3da (84%) but with a slight
reduction in enantioenrichment (92:8 er). The reaction is
furthermore tolerant of ortho-substituted arenes at sulfur (1e
and 1f), giving high enantioselectivities (95:5 and 99:1 er,
respectively). A lower yield was obtained for the latter due to
incomplete conversion (65%). A para-biphenyl substituted 1g
and aliphatic substituted sulfonimidamides (1h and 1i) were
found to give good chemoselectivity (0−9% bis-acylation) and
enantioselectivity (85:15 to 92:8 er). Heterocyclic substituents
at sulfur (1j, 1k, and 1l) were also tolerated in the
carbonylative cross-coupling with moderate to high enantiose-
lectivities (89:11 to >99:1 er). Disparate degrees of bis-
acylation were initially observed for 1j and 1l in toluene, but
conducting the reaction in 1,4-dioxane promoted the selective
formation of monoacylated products (≤2% bis-acylation).
Overall, this reaction tolerates a diverse array of sulfonimida-
mides bearing aryl, benzyl, alkyl, and heterocyclic substitution
with generally high stereoselectivity (≥85:15 er). Many
resulting products were also crystalline, and thus, X-ray
crystallographic analysis was utilized to confirm the absolute
configuration of 3aa, 3ia, and 3ka as (R).

Further Synthetic Transformations. With a library of
enantioenriched monoacylated sulfonimidamides in hand, we
then evaluated the synthetic versatility of these materials.
While numerous transformations of sulfonimidamides have
been previously documented, many of these reactions were
conducted on racemic mixtures due to limited technologies for
their asymmetric synthesis.31 We envisioned that the
enantioenrichment at sulfur should be maintained throughout
a suite of reactions and, as such, explored this question to
demonstrate the value of acyl sulfonimidamides as enantioen-
riched intermediates.
Pleasingly, sulfonimidamide 3aa reacted with 4-chlorophenyl

isocyanate to form urea 5 in 82% yield while largely preserving
enantiomeric enrichment at sulfur (94:6 er) (Figure 5a).32

Similarly, a Mitsunobu reaction to form a piperidyl
heterocyclic substituent at sulfur was successful when
performed with 1,5-pentanediol (6, 69%, 97:3 er) (Figure
5b).33 Furthermore, we found 3aa to be effective as a
nucleophile in a Cu-catalyzed N-arylation with 4-iodotoluene,
producing 7 in 83% yield while preserving the starting
material’s high enantiomeric enrichment (94:6 er) (Figure
5c).34 Finally, we utilized sulfonimidamide 3ka, an analog of
the oncolytic compound presented in Figure 1A, as an
electrophile in a Suzuki−Miyaura coupling with 4-fluorophe-
nylboronic acid to demonstrate further derivatization, achiev-
ing an 89% yield of product 8 with good enantiomeric
retention (89:11 er) (Figure 5d).35 These transformations,
while far from exhaustive, demonstrate the utility of the
products accessed in this study.

■ CONCLUSIONS
We have developed a Pd-catalyzed enantioselective aryl-
carbonylation to access enantioenriched sulfonimidamides
and provided a promising path to advance the asymmetric
functionalization of sulfonimidamides. Chemical space analysis
guided the initial ligand training set design, which enabled the
rapid identification of an optimal catalyst. This training set
design should provide a blueprint for future efforts to evaluate
new asymmetric reactions using chiral bisphosphines. The

Figure 4. Exploration of the sulfonimidamide substrate scope. (A)
PCA of synthetically feasible sulfonimidamides (43.7% of the total
variance depicted with 2 principal components), selected substrates
indicated in blue. (B) Sulfonimidamide substrate scope. aStandard
reaction conditions: 1 (1.00 mmol, 1.00 equiv), 2a (0.98 mmol, 0.98
equiv), Pd2dba3 (0.025 mmol, 2.5 mol %), SL-M003-1 (0.050 mmol,
5.0 mol %), and DIPEA (3.0 mmol, 3.0 equiv) in toluene (20 mL,
0.05 M) and 100 psi of CO at 20 °C. bIsolated yield after purification.
cPercentage relative to corresponding product 3 only (by SFC analysis
after normalizing to 100%). der of product in the crude reaction
mixture as determined by chiral SFC analysis. eer of isolated product
following reslurry/trituration as determined by chiral SFC analysis.
fAbsolute configuration as determined by X-ray crystallographic
analysis. gReactions performed in 1,4-dioxane.
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substrate scope selection was also motivated by chemical space
exploration in order to systematically assess the generality of
this method, further emphasizing the role of data science in
synthetic chemistry. Using these tools, we demonstrated that a
wide variety of aryl and heteroaryl iodides are tolerated along
with a diverse range of unprotected, racemic sulfonimidamides.
We foresee that this Pd-catalyzed cross-coupling method for
the asymmetric synthesis of sulfonimidamides will find
application in medicinal chemistry, agrochemical discovery,
and academic research.
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(10 mL, 0.05 M) at 0 → 25 °C. (c) 3aa (0.50 mmol, 1 equiv), CuCl
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