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Herein we describe a sustainable and efficient photocatalytic
method for the stereoselective radical alkylation of chiral
sulfinyl imines. By employing readily available non-prefunction-
alized radical precursors and the cost-effective TBADT as a
direct HAT photocatalyst, we successfully obtain diverse chiral
amines with high yields and excellent diastereoselectivity under

mild conditions. This method provides an efficient approach for
accessing a diverse array of medicinally relevant compounds,
including both natural and synthetic α-amino acids, aryl ethyl
amines, and other structural motifs commonly found in
approved pharmaceuticals and natural product.

Chiral amines serve as essential building blocks in the develop-
ment of pharmaceutical ingredients (Scheme 1A).[1] Illustrative
data reveals that approximately 35% of the top 200 small
molecule drugs marketed in 2018 feature at least one chiral
amine center.[2] Furthermore, these compounds are prevalent in
natural substances and can be utilized in organic synthesis as
resolving agents or chiral auxiliaries.[3] Among the various
strategies for the industrial synthesis of chiral amines, many of
them still rely on traditional synthetic methods involving
resolution[4] or costly precious metals-based catalytic
approaches.[5] Furthermore, most of these metal-catalyzed
methods require either harsh conditions or expensive chiral
ligands.[6,7] Therefore, the high demand for the production of
chiral amines, due to their varied applications, has pushed the
scientific community to find alternative and sustainable ways
towards their effective preparation.[3c,8] Chiral auxiliaries repre-
sent a valid alternative for the generation of chiral amines.[9]

Among the various auxiliaries applied in asymmetric synthesis,
chiral sulfoxides represent a powerful tool for the development
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Scheme 1. (A) Examples of achiral amines of pharmaceutical interest (B)
Previous examples of diastereoselective transformations: using metal-based
reagents or photocatalyzed SET (C) Proposed asymmetric radical C(sp3)-
C(sp3) coupling through a photocatalyzed HAT process.
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of a wide variety of enantioselective reactions.[10] The wide-
spread use of chiral sulfoxides is mainly due to its significant
asymmetric induction exhibited by the sulfinyl fragment, its
high configurational stability and its easy and straightforward
preparation. Several review articles have detailed the diverse
applications of chiral sulfoxides in the field of organic
synthesis,[9,11] such as for the preparation of α- and β-amino
acids[12,13] and various substituted aziridines.[14] Nevertheless,
most of these transformations require the use of expensive,
highly reactive, and toxic metal-based compounds. Alemán and
coworkers pioneered a potential substitute to circumvent these
harsh conditions by introducing the first photocatalyzed
asymmetric reaction utilizing chiral sulfinyl imines
(Scheme 1B).[15] Following this example, several other reports
have been developed exploiting the asymmetric induction and
the electrophilic properties of sulfinyl imines in order to trap a
wide variety of nucleophilic radicals generated under mild
catalytic conditions.[16] However, in most cases the preparation
of specific radical precursors such as redox active esters derived
from N-hydroxyphthalimide (NHPI) as well as the use of
stoichiometric amounts of reducing agent, need to be consid-
ered (Scheme 1B). To the best of our knowledge, only a limited
number of procedures have documented the direct addition of
alkyl radicals to chiral sulfinyl imines using non-pre-functional-
ized starting materials. In 2020, Martin and co-workers
developed a photocatalytic, stereoselective alkylation of chiral
N-sulfinyl imines with adamantane through Hydrogen Atom
Transfer (HAT).[17] Although the resulting amines were generally
isolated with high diastereoselectivity, the report was restricted
to only adamantyl-containing substrates. One year later, Kärkäs
and co-workers described a photodecarboxylative C� H alkyla-
tion of chiral glyoxylate-derived N-sulfinyl imines using carbox-
ylic acids, providing access to various enantioenriched unnatu-
ral α-amino acids.[18] Very recently, Maruoka and coworkers
disclosed an efficient asymmetric C� H aminoalkylation of chiral
N-sulfinyl imines derived from glyoxylate employing an indirect
HAT process with primary and secondary alcohol.[19] In spite of
these notable achievements, it is noteworthy that the majority
of these alkylations are primarily restricted to activated imines
or to selected alkylating sources. Hence, the development of
general photocatalytic asymmetric alkylations of chiral N-sulfinyl
imines using non-prefunctionalized radical precursors is of
significant interest. Pursuing our exploration in asymmetric
photocatalyzed transformations,[20] we, herein, present an
effective catalytic alkylation reaction of chiral imines with
various non-activated alkylating substrates. This methodology
yields a diverse array of chiral amines, encompassing both
natural and unnatural amino acids,[21,22] α-amino alcohols,[23]

amino aldehydes,[24] and 1,2-diamines.[25]

Based on our work involving photocatalyzed HAT
processes[20e] and inspired by the methodologies developed by
the groups of Alemàn[15] and Kärkäs,[18] we became interested in
establishing a method for a diastereoselective radical addition
to chiral N-sulfinyl imines. Our goal was to employ effective and
readily available photocatalysts, utilizing common non-acti-
vated radical sources.[26] To develop this approach, we initiated
our study by selecting THF (2a), serving both as a solvent and

as a radical source, owing to the low C� H bond dissociation
energy (BDE) in the α-position relative to the oxygen atom
(92 kcal/mol).[27] We began by screening various photocatalysts
for the alkylation of N-sulfinyl imines 1a (Table 1). Several
benzophenone (BP) derivatives were found to catalyze the
desired transformation when exposed to the appropriate light
source, offering good yields of adduct 4aa in moderate
diastereoselectivity (entry 1–3). Other organocatalysts known to
perform direct HAT, such as thioxanthone, anthraquinone, and
eosin Y,[26] did not afford the desired product (entry 4–6). In
2019, Dilman and coworkers reported TBADT as an efficient
photocatalyst for promoting the radical alkylation of N-
tosylimines.[28,29] Guided by their findings, the performance of
such catalyst was subsequently evaluated. To our delight,
TBADT exhibited superior results, achieving a higher yield and
diastereoselectivity with a catalytic loading 10 times lower than
that required by the aforementioned organo-photocatalysts
(entry 7). It should be noted that the addition of a co-solvent
was important for a successful transformation. Among the co-
solvents dry acetonitrile played a key role in solubilizing the
TBADT,[30] and was optimal compared to other tested solvents.

Optimization was pursued by examining the effect of
various chiral N-sulfinyl auxiliaries. To address the diastereose-
lectivity issue, THF was replaced by 1,3,5-trioxane (2b) as the
radical precursor. The reaction with 1a resulted in the formation
of product 4ab with promising diastereoselectivity (Table 2,
entry 1). The tert-butyl substituted N-sulfinyl imine 1b showed
poor performance (Table 2, entry 2), giving a low yield,
moderate diastereoselectivity, and some side products. This
unsatisfactory result may be attributed to partial cleavage of
the tert-butyl-sulfur bond, initiated by radical migration or via
fragmentation of a transient aminyl or alkylsulfinamide radical

Table 1. Survey of Reaction Conditions with THF 2a as Alkyl Radical.[a]

Entry 3
(x mol%)

hv
(nm)

dr[b] 4aa Yield
[%][c]

1 3a, BP (50 mol%) 390 6.4 : 3 : 3: 1 73

2 3b, DmBP
(50 mol%)

390 6.4 : 3 : 3 : 1 50

3 3c, BcBP (50 mol%) 390 6.5 : 3 : 3 : 1 80

4 3d, AQ (50 mol%) 390 –

5 3e, TX (50 mol%) 405 –

6 3 f, Eosin Y
(50 mol%)

456 –

7[d] 3g, TBADT
(5 mol%)

390 6.9 : 3.1 : 3 : 1 80

[a] Reaction conditions: 1a (0.1 mmol), and 3 (5 to 50 mol%) in 1.0 mL of
THF under argon, for 24 h. [b] dr Determined by 1H NMR analysis of the
crude mixture. [c] 1H NMR yield of 4 determined using 1,1,2-trichloroethene
as internal standard. [d] Reaction was performed with an addition of CH3CN
0.05 M. BP: Benzophenone; DmBP: 4,4’-Dimethoxybenzophenone DcBP:
4,4’-Dichlorobenzophenone AQ: Anthraquinone TX: Thioxanthone.
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intermediate.[31,32] Pleasingly, optimal results were achieved with
the mesityl-substituted N-sulfinyl imine 1c,[15–19] providing 4cb
as a single diastereomer (entry 3). The catalyst loading was also
investigated, affording comparable results with 1 mol% TBADT
(entry 5). Acetonitrile was identified as the optimal solvent
(entry 4 vs 6). Control experiments showed that the reaction is
fully inhibited in the presence of air or in the absence of light or
photocatalyst (entries 7–9).

With these results, we proceeded to investigate the
asymmetric radical addition of diverse non-prefunctionalized
radical precursors to imine 1c (Scheme 2). We decided to focus
our attention on the use of a cheap source of alkyl radicals,
such as commonly used solvents or other easily accessible
compounds to explore the scope. In analogy to 1,3,5-trioxane
(2b), 4,4,5,5-tetramethyl-1,3-dioxolane (2c) and
benzo[d][1,3]dioxole (2d) performed well in the reaction
delivering corresponding adducts 4cc and 4cd in nearly
quantitative yield and in near perfect diastereoselectivity
(Scheme 2). The reaction involving THF and sulfonyl imine 1c
delivered product 4ce with an enhanced yield (nearly quantita-
tive) and improved diastereoselectivity compared to compound
4aa obtained from imine 1a. Indeed, among the four possible
diastereoisomers, only two of them could be detected with a
ratio of 1.6 : 1 highlighting the poor β-diastereoselectivity but a
nearly perfect α-diastereoselectivity. Interestingly, acyclic methyl
tert-butyl ether could also be used, albeit delivering the
corresponding adduct 4cf in a comparatively reduced but still
valuable yield. We were pleased to find that DMF and DMA
were suitable partners, providing direct access to 1,2-diamines
4cg and 4ch that are prevalent in numerous pharmaceutical

compounds.[25] Most notably, the HAT process worked well with
unprotected secondary alcohols such as isopropanol or cyclo-
hexanol under optimized conditions, allowing the synthesis of
1,2-amino-alcohols 4ci and 4cj with excellent diastereoselectiv-
ity, albeit in moderate yields. Methanol could also be used in
the reaction delivering corresponding adduct 4ck in excellent
yield (92%) albeit with slightly reduce dr (9 : 1). In addition, the
fully aliphatic radical precursor cyclohexane participated suc-
cessfully in the reaction to deliver 4cl in a satisfactory yield and
with again excellent diastereoselectivity.[33]

Subsequently, we evaluated a diverse range of substituted
N-2,4,6-trimethylbenzene sulfinyl imines as radical acceptors
using 1,3,5-trioxane (2b) as the radical donor (Scheme 3). The
procedure tolerated various substituted aryl imines and con-
sistently furnished the corresponding adduct with high diaster-
eoselectivity. While slightly diminished yields (4db and 4fb)
were noted when using less reactive electron-rich imines, aryl
imines bearing a strong electron-withdrawing group were
particularly effective as seen with the synthesis of compound
4eb isolated in 90% yield with 98 :2 dr. The (ortho, meta and
para)-substituted aromatic imines worked well leading to
desired products 4gb–4 ib with similar yield and diastereose-
lectivity, thus indicating that the reaction is not sensitive to

Table 2. Survey of Reaction Conditions of Photocatalyzed Alkylation of N-
Sulfinyl Imines [a].[a]

Entry 1 (R*) 3g
(x mol%)

hv (nm) dr[b] 4 Yield [%][c]

1 1a (Tos) 5 mol% 390 6 :1 4ab, 54

2 1b (t-Bu) 5 mol% 390 1.7 : 1 4bb, 38

3 1c (Mes) 5 mol% 390 >98 :2 4cb, 70

4 1c (Mes) 2 mol% 390 >98 :2 4cb, 75 (70)[d]

5 1c (Mes) 1 mol% 405 >98 :2 4cb, 63

6[e] 1c (Mes) 2 mol% 390 >98 :2 4cb, 50

7 1c (Mes) – 390 – –

8[f] 1c (Mes) 2 mol% – – –

9[g] 1c (Mes)

[a] Reaction conditions: 1 (0.1 mmol), and 3 (5 to 1 mol%) in CH3CN 0.1 M,
under argon, for 18 h. [b] dr Determined by 1H NMR analysis of the crude
mixture. [c] 1H NMR yield of 4 determined using 1,1,2-trichloroethene as
internal standard. [d] Yields refer to chromatographically pure product 4.
[e] in DCM. [f] No light irradiation. [g] Under air.

Scheme 2. Scope for the HAT radical addition to N-sulfinyl imine 1c.
Reaction conditions: 1 (0.1 mmol), 2 (1.0 mmol, 10 equiv.), and 3g (2 mol%)
in 1.0 mL of CH3CN under argon and 390 nm irradiated with Kessil 40 W blue
LED for 18 h. Yields are based on isolated pure product after column
chromatography. dr Determined by 1H NMR analysis of the crude mixture.
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steric hindrance. The scope can be extended to different
hetero-aromatic compounds, yielding the desired products in
good yields (4 jb; 4kb). Ethyl glyoxylate-derived imine was also
a suitable radical trap, leading to compound 4mb in quantita-
tive yield and with excellent diastereoselectivity. To our delight,
reaction could be further extended to the use of challenging
enolizable aliphatic imines like the one derived from iso-
valeraldehyde, resulting in the formation of enantioenriched
desired product 4 lb in a satisfying yield of 43%.

In order to enlarge the scope, we next sought to explore
more challenging alkyl radicals. Therefore, we explored the
feasibility of conducting a diastereoselective addition of
benzylic radicals generated by HAT of toluene.[27] However,
reaction with N-sulfinyl imine 1c and dry toluene under our
standard conditions resulted in the recovery of the starting
material. Lack of reactivity was probably not due to the absence
of radical generation in the reaction given that the BDE of
toluene (88 kcal/mol)[27] is lower than that of THF and that
TBADT mediated benzylation of alkenes has precedent.[34] The
unsuccessful result could however be attributed to the mild
nucleophilicity of the benzyl radical. Consequently, we postu-
lated that a more electrophilic imine might lead to a successful
benzylation. Indeed, when the N-sulfinyl imine 1m derived
from ethyl glyoxylate was subjected to the standard conditions

with toluene, it yielded product 4ml in a 50% yield with high
diastereoselectivity (Scheme 4). With this result we evaluated
several other benzylic radical precursors. The use of ortho and
para-xylene as well as mesitylene provided the desired
enantioenriched products 4mp, 4mn and 4mo in similar yields
and dr. In contrast, electron-deficient toluene derivatives, such
as p-bromotoluene, was less successful, affording only 41%
yield of 4mq albeit with no erosion of diastereoselectivity. To
our delight, 3-methylthiophene was also competent, affording
4mr in moderate yield and high dr (98 :2). Tetramethylethylene
turned out to be a good HAT substrate to afford the desired
enantioenriched allylated product 4ms in 88%. Finally, the
tertiary alkyl radical, originating from the decarbonylation of
the acyl radical produced from pivaldehyde, underwent an
efficient reaction, leading to the formation of the enantioen-
riched protected tert-leucine compound 4mt.

To further illustrate the practicality of this protocol, we
conducted a series of late-stage functionalizations on imines
derived from complex natural products and bioactive com-
pounds (Scheme 5A). Pleasingly, the alkylation of imines
derived from Probenecid[35] and geraniol[36] was successfully
accomplished, yielding 4nb, 4ob in good yields. Moreover, we
could selectively add the radical generated at the γ-position of
D-leucine to 1m resulting in the desired product 4mu with a
yield of 33%. Next, the reaction was scaled up on a 1 mmol
scale under our optimized conditions and the product 4mb
was formed in 85% yield, validating the practicability of this
protocol. Furthermore, the cleavage of the N-sulfinyl amide
group of 4ml under mild acidic conditions furnished D-phenyl-

Scheme 3. Scope for the HAT radical addition of 1,3,5-trioxane (2b) to 1.
Reaction conditions: 1 (0.1 mmol), 2 (1.0 mmol, 10 equiv.), and 3g (2 mol%)
in 1.0 mL of CH3CN under argon and 390 nm irradiated with Kessil 40 W blue
LED for 18 h. Yields are based on isolated pure product after column
chromatography. dr Determined by 1H NMR analysis of the crude mixture. [a]
Addition of Na2CO3 (0.1 mmol, 1 equiv.).

Scheme 4. Scope for the HAT radical addition to N-sulfinyl imine 1m.
Reaction conditions: 1 (0.1 mmol), 2 (1.0 mmol, 10 equiv.), and 3g (2 mol%)
in 1.0 mL of CH3CN under argon and 390 nm irradiated with Kessil 40 W blue
LED for 18 h. Yields are based on isolated pure product after column
chromatography. dr Determined by 1H NMR analysis of the crude mixture.
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alanine amino ester 4 with 99% enantioselectivity in nearly
quantitative yields (Scheme 5B). The absolute configuration was
determined as (R) by comparing it with an independently
synthesized authentic sample of compound 4, thereby confirm-
ing the configuration. (For more details see Supporting
Information).

Based on selected experiments and literature
precedents,[20e,28,29] a mechanism for the developed transforma-
tion can be proposed (Scheme 5C). As shown in Table 2, light is
mandatory, and an ON-OFF experiment was performed provid-
ing no evidence of a radical chain propagation mechanism in
the reaction (see Supporting Information). As such, upon visible
light irradiation of TBADT, a long-lived excited state, TBADT*
(A), can form; this species subsequently abstracts a hydrogen
atom from the respective alkyl compound (2) delivering an alkyl
radical (C). Controlled by the chiral auxiliary, this radical
undergoes a diastereoselective addition to N-sulfinyl imine
leading to the N-centered radical (D). Previous studies, as well
as, computational studies[18,30] has established that, because of
the hydrogen bond between the sulfinyl-oxygen and the
hydrogen of the imine, N-sulfinyl imine 1 adopts a well-defined
s-cis conformation in which the mesityl group of (S)-2,4,6-

trimethylbenzenesulfinamide shields the Re-face. Therefore,
addition of the radical (C) is taking place from the less hindered
face (Si-face) to form the enantioenriched N-centered radical
(D). Finally, this radical species undergoes a back hydrogen
atom transfer (BHAT) with the protonated TBADT� H (B) closing
the catalytic cycle and generating the final product 4.

In summary, we have established a practical and sustainable
alkylative method for chiral N-sulfinyl imines, employing visible
light and TBADT as the photocatalyst. The process exhibits
excellent diastereoselectivity, delivering a range of chiral amine
products, covering natural and unnatural amino acids, α-amino
alcohols, amino aldehydes, and 1,2-diamines. Notably, its
effectiveness with challenging substrates, including toluene-
derived radicals, highlights its versatility. The late-stage func-
tionalization of imines derived from complex compounds
further emphasizes the practicality of this approach.

Experimental Section
General procedure for the HAT radical addition to N-sulfinyl
imine: In a flame dried vial tube equipped with a stirring bar and a
septum were placed 1 (0.1 mmol), the TBADT 3g (0.002 mmol,
2 mol%) and, if solid, the radical precursor 2 (1 mmol 10 equiv.).
The solids were evacuated and back-filled with Argon three times,
followed by addition of dry solvent and, if liquid, the radical
precursor. Argon was bubbled for 1 min in the reaction tube
through a long needle. Thereafter, the reaction mixture was placed
ca. 5 cm from the light source (390 nm 40 W Kessil LED) and stirred
with a fan cooling or air flow system. The reaction was monitored
by TLC. Upon completion, the crude mixture is concentrated by
rotary evaporator and dried under vacuo. Dr was determined by 1H
NMR from the crude mixture. The crude is concentrated and
purified by column chromatography (silica gel PET/EtOAc).
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