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A method for the direct asymmetric a-sulfenylation of aldehydes
with sulfides was developed. By merging electrochemistry and
asymmetric organocatalysis, we obtained a-sulfenylated aldehydes
with good to excellent enantioselectivities. Mechanistic investi-
gations indicated a pivotal role of iodine as a catalytic mediator,
not only facilitating redox transformations but also possibly contri-
buting to the formation of sulfenyl iodide (RSI) intermediates
derived from electrochemically generated disulfides. Our metal-
free protocol offers a sustainable and efficient route to access a
wide array of a-sulfenylated aldehydes. Remarkably, these trans-
formations take place at room temperature, obviating the need for
additional stoichiometric oxidants, thus exemplifying an environ-
mentally friendly and practical synthetic strategy.

Introduction

Enantiomerically enriched a-sulfenylated aldehydes are key
intermediates for preparing important chiral building blocks,"
such as p-hydroxysulfides existing widely in natural products
and pharmaceuticals,” chiral secondary alcohols and 1,2-di-
substituted epoxides® (Fig. 1A). Furthermore, thioethers can be
converted to sulfoxides and sulfones, which are prevalent in
active pharmaceutical ingredients (APIs) and natural products®
(Fig. 1B). Consequently, many efficient methods have been
devised to construct the a-sulfenylated aldehyde motif.

In the most common approach, enamines react with sulfur-
based electrophiles to give chiral a-sulfenylated aldehydes.?
Most sulfenylation reactions feature reagents with a weak N-S
bond as a “S*" equivalent. As a consequence, large nitrogen-
based leaving groups are formed as by-products thus reducing
the reaction’s atom economy® (Scheme 1a). A complementary
approach has been reported by the Jorgensen group utilizing

Freie Universitdt Berlin Institute of Chemistry and Biochemistry, Takustr. 3, 14195
Berlin, Germany. E-mail: mathias.christmann@fu-berlin.de

tElectronic supplementary information (ESI) available. CCDC 2263955. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d3gc03828a

2546 | Green Chem., 2024, 26, 2546-2551

™ COYAL SOCIETY
ap OF CHEMISTRY

lodine-enabled organoelectrocatalysis:
enantioselective cross dehydrogenative coupling
of sulfides and aldehydes+

Zhen Wang, Marcel Gausmann, Jan-Hendrik Dickoff and Mathias Christmann (= *

an oxidative umpolung strategy via a-substituted O-bound
quinol ethers (Scheme 1b).” This method is very effective for
a-branched aldehydes but also requires DDQ or other stoichio-
metric oxidants. The direct dehydrogenative C-H/S-H cross-
coupling is the most attractive and environmentally benign
approach to construct chiral a-sulfenylated aldehydes®
(Scheme 1c). Unfortunately, a rapid and effective enantio-
selective method using unmodified thiols is less developed.
Recently, merging organocatalysis and electrocatalysis has
helped to realize dehydrogenative cross-couplings in asym-
metric synthesis.” With the tunability of the redox potential,
traditional oxidants or reductants can be avoided. For
instance, Jorgensen demonstrated the possibility of a direct
intermolecular a-arylation of aldehydes using electron-rich
aromatic compounds wherein a transformation is impossible
by Friedel-Crafts reactions.'” Luo used an asymmetric
enamine addition to an anode-generated benzyne intermediate
to construct o-arylated and a-cyclohexenylated cyclic
p-ketocarbonyls.'* Mei reported an unusual asymmetric
Shono-type oxidation with acyclic amines by means of anodic

HOOCj

— CsHyf “NH,

Grisemycin
antifungal agent

Leukotriene E4
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Diltiazem 2
calcium channel blocker

Fig. 1 Diversification of chiral a-sulfenylated aldehydes (A) and deriva-
tives of chiral a-sulfenylated aldehydes in natural products and pharma-
ceuticals (B).
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a. Standard strategy: a-sulfenylation of aldehydes with electrophiles
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Scheme 1 Methods for the synthesis of enantiomerically enriched
a-sulfenylated aldehydes.

oxidation and organocatalysis."” In related studies, Meggers,"
Lin,** and Guo'® have demonstrated the effectiveness of
employing transition-metal catalysts towards this goal.

Despite these significant advancements, the direct syn-
thesis of chiral a-sulfenylated aldehydes using thiols remains
challenging. First, nucleophilic thiols are not reactive toward
nucleophilic enol or enamine intermediates. To address this
limitation, it is required to identify a suitable mediator
effecting a polarity reversal at sulfur. Second, thiols immedi-
ately form disulfides at the anode according to a literature
report,'® and the amino catalyst can possibly react with disul-
fides."” In addition, thiol radicals could be generated in the
reaction system. The amino catalyst and enamine intermediate
can form radical intermediates in an oxidative environment
that may lead to undesired side reactions.'® Finally, the
a-sulfenylated product could be further oxidized to the sulfox-
ides and sulfones.

Inspired by iodine-catalyzed electrooxidative cross-coupling
reactions'® and our continuing efforts in asymmetric organic
synthesis,”® we envisioned merging organo- and electrocataly-
sis. With the anode oxidation, we propose that iodine as a
mediator assists the electrophilic sulfenylation by converting
sulfides/disulfides into an electrophilic sulfur species 7 (Fig. 5).
The hydrogen iodide byproduct of the reaction is electrochemi-
cally converted into hydrogen with concomitant regeneration of
iodine. Furthermore, the redox mediator iodine can decrease
the oxidation potential of the reaction, avoiding the overoxida-
tion of the sulfenylated product. Herein, we report our study on
the direct enantioselective a-sulfenylation of aldehydes between
thiols and aldehydes via organoelectrocatalysis with catalytic
amount of iodine (Scheme 1c). Compared with traditional
multi-step methods,>” the outstanding features of our protocol
for the preparation of a-sulfenylated aldehydes include mild
conditions, no additional stoichiometric oxidants, and high
atom economy, which all together are in line with the 12 prin-
ciples of green chemistry.>!
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Results and discussion
Reaction optimization

We commenced our studies by using hydrocinnamaldehyde
(1a) and 4-methyl thiophenol (2a) as substrates, I, and second-
ary amine (3a) as catalysts, n-Buy,NPF; (2.0 equiv.) as the elec-
trolyte and 300:1 (v/v) MeCN/H,O as the solvent in an undi-
vided cell equipped with two platinum plate electrodes to
screen the optimized reaction conditions (Table 1). Several
commonly used chiral amine catalysts were tested first. To our
delight, the desired product 4a was obtained in 20% yield with
80% ee value wusing (25,5R)-2-(tert-butyl)-3,5-dimethyl-
imidazolidin-4-one (3a) as the catalyst (entry 1). In contrast,
L-proline 3b provided the product as a racemate (entry 2). The
primary anime 3e did not afford any desired product (entry 5).
Increasing the constant current to 5 mA afforded the product
with high yield and enantioselectivity (entry 6). Further
increase of the current lowered the yield and the enantiomeric
excess (entry 7). As solvent, 300: 1 (v/v) MeCN/H,O was found
to give the optimal yields and highest ee values. H,O was an
essential factor for good ee value but further increasing the
amount of H,O had a deleterious effect on the yield (entries
8-10). This phenomenon may be attributed to the fact that an
appropriate amount of H,O facilitates the hydrolysis of

Table 1 Optimization of the reaction conditions?

3 (30 mol%), 1, (10 mol%)

[o]
SH Pt (+)/Pt(-) H
H ¥ n-Bu,NPFg, solvent (0.1 M) S
undivided cell, /, 6 h, rt
la 2a

Electric Yield® eet?

Entry 3 current Solvent (%) (%)
1 3a 2 mA 300:1 MeCN/H,0 20 81
2 3b 2 mA 300:1 MeCN/H,0 40 0

3 3c 2 mA 300:1 MeCN/H,0 31 0

4 3d 2 mA 300:1 MeCN/H,0 34 44
5 3e 2 mA 300:1 MeCN/H,O 0 —
6 3a 5 mA 300: 1 MeCN/H,0 84(80)° 85
7 3a 6 mA 300:1 MeCN/H,0 52 74
8 3a 5 mA MeCN 86 37
9 3a 5 mA 400: 1 MeCN/H,O 84 75
10 3a 5 mA 200:1 MeCN/H,0 40 89
11 3a 5 mA Toluene 0 0
12 3a 5 mA DMF Trace —
13°¢ 3a 5 mA MeCN n.d. —
14 — 5 mA MeCN n.d. —
15 3a — MeCN n.d. —

“General conditions: 1a (0.90 mmol), 2a (0.30 mmol), 3 (30 mol%), I,
(10 mol%), n-Bu,NPF, (0.6 mmol), MeCN (3 mL) and H,O (10 pL) in
an undivided cell with two platinum electrodes (each 1.0 x 1.0 cm?)
electrolysis at room temperature for 6 h. " The yield of the aldehyde
product was determined by 'H NMR analysis with CH,Br, as an
internal standard. ‘ The aldehyde product was reduced by NaBH, to
the corresponding alcohol and then lsolated yield (two steps and one
pot) and ee value was calculated. ¢ Enantioselectivities were deter-
mined by chiral HPLC analysis. n.d. = not detected. * Without iodine.
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iminium intermediates while excess H,O leads to catalyst
deactivation.??

After extensive efforts in screening reaction parameters, an
optimized system employing Pt as the electrodes with 5 mA
constant current at room temperature and using 3a (30 mol%)
as organocatalyst, I, (10 mol%) as mediator, three equivalents
of aldehyde 1a in a 0.1 M mixture of MeCN and H,O (300:1
(v/v) MeCN/H,0) containing n-Bu,NPF, (2.0 equiv., 0.2 M) as
electrolyte for 6 h, was able to give 5a with 80% isolated yield
and 85% ee. Control experiments showed that the reaction did
not proceed in the absence of I,, organocatalysts or electric
current (entries 13-15). These results imply that these con-
ditions are crucial for a successful transformation.

Substrate scope

With the optimized conditions in hand, we investigated the
reaction scope with respect to the thiol substrates by using the
hydrocinnamaldehyde as the aldehyde first (Table 2).
Thiophenols bearing electron-neutral substituents, such as
4-methyl, 3,4-dimethyl and hydrogen (2a, 2e and 2f) showed
good yields (65-80%) with high to excellent enantioselectivity
(86-91% ee). A slight decrease in yield was observed when the
steric bulk in para position of the thiophenol increased (2b
and 2¢) with little influence on the enantioselectivity. Notably,

Table 2 Evaluation of substrate scope?

3a (30 mol%), I, (10 mol%) o} R
)Ol\/ e PL(+/ PE() )kr NaBH, _ HO
+ RL
H R n-Bu,NPFg, 300:1 MeCN/H,0 (0.1 M) ! 2 mL MeCN Sxpt

undivided cell, /= 5 mA, 3.8 F/mol, 6 h, it >~R*
4

HO
s s
Sc 42%,73% ee

5a 80%,86% ee 5b 47%,91% ee
Ho/Y\@ o i

/QS o8 o

£

5g 75%,82% ee

1a 2a

O
5
MeO'

5d 78%,91% ee

ol

5h 48%,87% ee
HO'

Bﬁm 2 TC o

CF3
5i 84%,74% ee 5]52%,61% ee 5k 54%,>99% ee 5120%,91% ee

HO HO
S S
5m 76%, 89% ee : 5n 45%, 50% ee 50 35%,76% ee 5p 35%,31% ee
HO/Y\ HO/Y\/ HO
s S HO' S
o0 g O
59 67%,71% ee

5r53%,84% ee 5t84%,84 % ee
5o
/\I/\/\O /\‘/\/

5u 85%,71% ee 5v 65%,53% ee

5e 79%,91% ee 5f 65%,86% ee

55 64%,85% ee

Ho’\sf\
o

5w 60%,29% ee

0/
jon

bax 48%,71% ee

“Reactions were performed on a 0.30 mmol scale under the standard
conditions. Unless noted otherwise, the a-sulfenylated aldehyde pro-
ducts were reduced to the corresponding alcohol by NaBH, and shown
are their total isolated yields for the two steps. The ee values were
determined by chiral HPLC analysis. ” The yields and ee values were
determined by the aldehyde form.
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4-hydroxyl thiophenol failed to afford the corresponding
product under the standard reaction -conditions, but
4-methoxy thiophenol gave the product 5d with 78% yield and
91% ee. Furthermore, thiophenols bearing electro-withdrawing
substituents (2g-2j) proceeded smoothly to afford the
a-sulfenylated products in moderate to good yields (48-84%)
and enantioselectivities (61-87% ee). Aliphatic thiols could be
employed as substrates (2k and 2I) to furnish the products
under this mild condition albeit with lower yields. These sub-
strates are not commonly employed in electrochemistry
because of their instability.”® Interestingly, the corresponding
products can be obtained in excellent enantioselectivity (>99%
and 95% ee). Moreover, the substrate scope can be extended to
the hetaryl thiol. 2-Thiophenothiol (2m) could react smoothly
to furnish the desired product in 76% yield with 89% ee.

Next, we explored the asymmetric a-sulfenylation reaction
with different aldehydes (Table 2). Different substitutions on
the phenyl ring of phenylpropanals are explored firstly.
Electron-donating group (1n, -OMe) and halogen (1o and 1p)
lead to a slight decrease on the yield. (35-45%) and ee value
(31-76%). The reaction was also found to be amenable to alde-
hyde with different chain lengths, which gave the desired pro-
ducts in good yields and enantioselectivities. For example, two
unbranched  aldehydes afforded the corresponding
a-sulfenylated products 5q and 5r in 67% and 53% yields with
71% and 84% ee, respectively. Moreover, cyclohexyl- (1s-t) and
phenyl-substituted aldehydes (1u) can also react smoothly,
affording products 5s-5u in 64-85% yields and 71-85% ee.
The introduction of alkene, alkyne groups were also well toler-
ated under the standard conditions, in 65% and 60% yields
with moderate enantioselectivity (53% and 29% ee, respect-
ively). Nitrogen heterocycles are reactive substrates often used
in electrochemistry. They are prone to Shono-type oxidations
followed by nucleophilic attack. Gratifyingly, we observed that
the N-Boc-protected piperidine aldehyde could be used as a
substrate to afford 4x in moderate yield and 71% ee. Finally, a
derivative of 5s (Fig. 2) was synthesized and its absolute con-
figuration was determined by a single-crystal X-ray diffraction
study of 6a. The absolute configurations of other products
were determined by depicted in analogy.

To test the scalability of this protocol, a synthesis of 5a on a
3.0 mmol-scale was carried out, smoothly affording the desired
product 5a in 65% yield with 80% ee. Furthermore, consider-
ing the practicability, we conducted the reaction on gram-scale
(9.0 mmol) using graphite electrodes instead of platinum elec-
trodes, which afforded 2.16 g of 5a (93% yield and 57% ee)
(see the ESIt for detailed information). We further carried out

6a X-ray of 6a, CCDC: 2263955

Fig. 2 Absolute configuration of 6a.

This journal is © The Royal Society of Chemistry 2024
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simple  nucleophilic  addition to  directly obtain
B-hydroxysulfide 6b with 69% yield and 94 : 6 dr value (relative
configuration tentatively was assigned in analogy to refer-
ence).”* Olefination with triethylphosphonoacetate afforded
(E)-ester 6¢ with minor racemization (65%, 83% ee) (Fig. 3).

Mechanistic studies

Next, a series of control experiments were conducted to
support the proposed reaction pathway depicted in Fig. 5.
First, a cyclic voltammetry experiment shows a significant
decrease in the highest oxidation potential of the reaction
mixture with the addition of I, to the reaction mixture (Fig. 4A,
from 1.44 V to 1.09 V vs. Fc'/Fc), which implies that I, can
decrease the reaction oxidation potential via accelerating the
electron transfer at the electrode/electrolyte interface.
Furthermore, an oxidation peak of product 4a in acetonitrile
was observed at 1.31 V vs. Fc'/Fc, where other substrates are
preferred to be oxidized under the current of 5 mA (see the
ESI, Fig. S2 and S47), explaining why the sulfenylated product
will not suffer overoxidation to the sulfoxide or sulfone directly
under the standard conditions. In addition, according to our
monitoring of the reaction process with '"H NMR, the anodic
oxidation will quickly oxidize the thiol in 1.5 h to the corres-
ponding disulfide (see ESI Fig. S61 for the details), which is
accordance with literature reports.'® Hence, we replaced the
thiophenol with disulfide and subjected it to the standard
reaction conditions. As expected, the sulfenylated product 4a
was formed though with a slightly decreased yield of 63% (eqn
(1)). Moreover, to rule out the attack of enamine intermediate
to disulfide straightly, the reaction was carried out without
iodine in the presence of disulfide under standard conditions.
As expected, no desired product formed (eqn (2)). In addition,
according to our hypothesis, the sulfenylated iodide 7 is a key
intermediate. The proposed reactive intermediate was gener-
ated in situ by reaction of disulfide of 2ii’ and I,. After they
were stirred for 10 minutes, aldehyde and catalyst 3a were then
added to the above mixture. The reaction was stirred overnight
in the absence of electric current. After the reduction workup
with NaBH,, we could separate the corresponding alcohol
product in 8% yield while the expected yield is 10% with 0.1
equiv. I, participating the reaction (eqn (3)). To further validate
the presence of the key intermediate in our reaction, we syn-

CH;MgBr
-10°C

e

Fig. 3 Derivation of a-sulfenylated aldehydes. ? Determined by chiral
HPLC analysis. ®The ratio of E/Z was determined by 'H NMR
spectroscopy.

- T0O
/©/ 6b two steps, 69%

94:6 dr?
Et0,C
N E\@

(R, E)-6¢ two steps, 65%
>99% Eb, 83% ee?

(Et0),P(0)CH,CO,Et, n-BuLi
CH,Cl,, -78°C
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(A) Cyclic voltammetry and dynamic changes of voltage during the whole process of electrolysis

1.0x10
— with iodine
8.0x10° —— without iodine|
background
6.0x10°
<
k< 4.0x10°
g
5
O 2.0x10°4
0.0
-2.0x10°

Potential (V)

(B) Subjected intermediates to standard reaction conditions

Syl standard conditions
-
2 o« : 4a
63%

(Eq. 1)
2aa’
S.
>2L standard conditions 4a
la + —_— nd. (Eq.2)
noiodine -
2aa’
S s
>ZL 1, (10 mol% ) ™I standard conditions NaBH, 5i
- g (Eq.3)
Br’ MecCN, rt Br- no electric current
2iit 7i 8%, 61% ee
NO, .
@ s la(3.0equiv)
s HI (gas) I 3a(30 mol%) .
SN > NaBH, 5i (€a.2)
H Br MeCN (0.1 M)
Br’ 8 7i 55%, 52% ee

)

=
+ H)k/\© (Eq.5)

920%

standard conditions 42

A
no electric current 31%

2aa" TBHP (2.0 equiv)

(C) Radical trapping experiments with TEMPO
[0)

0

935%

standard conditions

Eq.
TEMPO(2.0 equiv) (Ea-6)

Fig. 4 (A) Cyclic voltammograms (CV): using Pt wire as anode and
cathode, ferrocene as the internal reference electrode, 0.1 M n-BusNPFg
with scanning rate 100 mV s~%. All the potential values were adjusted
relative to Fc/Fc*. Yields of 4a were determined by *H NMR analysis with
CH_,Br; as an internal standard. The isolated yields of 5i and 9 were
given and the enantioselectivities were determined by chiral HPLC ana-
lysis. (B) Subjected intermediates to standard reaction conditions. (C)
Radical trapping experiments with TEMPO (2,2,6,6-tetramethyl-1-
piperidinyloxy).

thesized intermediate 7i using a direct approach (see ESIT for
the details). Subsequently, we exposed the intermediate to a
mixture of aldehyde and catalyst, and the corresponding
alcohol product could be finally separated with 55% yield and
52% ee (eqn (4)). In addition, we replaced the electrochemical
oxidation by using TBHP (tert-butyl hydroperoxide) as the
oxidant with other conditions unchanged. The sulfenylated
product was formed in 31% yield and o,f-unsaturated product
9 was also isolated with 20% yield, which was probably formed
by the elimination of the corresponding sulfoxide product
(eqn (5)). Furthermore, when TEMPO was used as the radical
trapping reagent using thiophenol as the substrate under the
standard conditions, the product was completely oxidized to
then furnish the a,f-unsaturated product 9 with 35% yield
finally (eqn (6)).

Based on these above experiments and previous literature,
we proposed a novel reaction pathway (Fig. 5). Initially, con-

Green Chem., 2024, 26, 2546-2551 | 2549
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(R'SSRY),
SR *
7 1/21,
J
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Fig. 5 Proposed mechanism for the iodine-mediated «-sulfenylation of
aldehydes.

densation of aldehyde with amine catalyst 3a produces
enamine intermediate I. Concomitantly, the thiol is converted
to the corresponding disulfide via anodic oxidation. Reaction
of I, with the disulfide is then proposed to generate sulfenyl
iodide (R’S-I) 7 as the reactive electrophile. The iminium
intermediate II is then produced by the nucleophilic attack of I
to 7. Iminium hydrolysis affords the a-sulfenylated adduct 4
with regeneration of organocatalyst 3a. The iodide anion
which will be oxidized to iodine under the anodic oxidation
conditions.

Conclusions

In conclusion, we have developed a direct and highly enantio-
selective method to construct the o-sulfenylated aldehydes
from aldehydes and thiophenols by merging anodic oxidation
and organocatalysis. This mild and metal-free protocol oper-
ates simply in one step and does not require additional stoi-
chiometric oxidants. Mechanistic investigations indicate that
the presence of catalytic amounts of iodine enables the for-
mation of the key RSI intermediate in situ and take effect as a
redox mediator to avoid the sulfenylated product to be overoxi-
dized. This atom-economic method is currently being
extended in laboratory to  other
a-functionalization reactions.
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