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ABSTRACT: The present Letter demonstrates a photoswitched stereodivergent synthesis of allylic sulfones from sodium sulfinates,
triphenylvinylphosphonium chloride, and (hetero)aromatic aldehydes in a single step. Mechanistically, cis-allylic sulfones, generated
from the unstabilized ylide intermediates and aldehydes in situ, could be finally converted to trans-allylic sulfones via photochemical
isomerization in the presence of a catalytic amount of bis(2-thienyl) ketone.

he stereodivergent formation of C=C double bonds is a

long-standing concern lying in front of the synthesis of
. . . T 2
internal alkenes due to their prevalence in chemistry,” biology,
and materials science.” Recently, alkene isomerization via energy

Scheme 1. Alkene Isomerization and Stereodivergent
Synthesis of Alkenes from Vinylphosphonium Salts
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discrimination of the triplet energies between the isomers by
triplet photosensitizers. Consequently, the cis-alkenes with high
triplet energies resulting from deconjugation between the
chromophore and the double bond accumulate due to the
inefficient energy transfer from the triplet photosensitizer, which
is only capable of activating the trans-alkenes with relatively
lower triplet energy (Scheme 1A).

By contrast, the opposite directionality, alkene Z to E
isomerization, is thermodynamically preferred and can be
promoted by strong acids,® halogens,7 elemental selenium,®
diphenyl disulfide,” transition metal catalysts,'* etc.'" Although a
biologically typical alkene Z to E isomerization enabled by
photochemistry is well-known for the transformation of 11-cis-
retinal to all-trans-retinal in the mammalian visual cycle,'* the
stereoselective Z to E isomerization of simple alkenes remains
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conjugated aryl alkenes, the triplet minimum is at a typically
trans-planar geometry that leads to a one-way isomerization to
give trans-alkenes rather than at the perpendicular structure
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which is the energy minimum for simple alkenes and gives both
E- and Z-alkenes via conical intersection. Therefore, for simple
alkenes which have triplet minima at the perpendicular
structure, it has remained elusive to control the directionality
as Z to E rather than E to Z between the two-way isomerization
by only leveraging a catalytic amount of triplet photosensitizers.

Triphenylvinylphosphonium salts generally produce internal
cis-alkenes via tandem nucleophilic/radical addition and Wittig
reaction under lithium-free conditions."® Recently, Filippini and
Silvi reported an elegant approach that stereodivergently
produced cis-alkenes and trans-alkenes from visible-light-driven
reactions of aliphatic carboxylic acids, triphenylvinylphospho-
nium salts, and aldehydes.'® The stereodivergence is achieved by
a stepwise protocol in which trans-alkenes are obtained from the
subsequent isomerization of cis-alkenes mediated by sulfur
radical (Scheme 1B).

Inspired by stereodivergent synthesis of internal alkenes
enabled by photochemistry and given the importance of
unsaturated sulfones,'” we herein unprecedentedly report a
photoswitched stereodivergent synthesis of allylic sulfones from
organic sulfinates, triphenylvinylphosphonium salt, and alde-
hydes. While cis-allylic sulfones are formed in the dark, trans-
allylic sulfones are yielded in the presence of a catalytic amount
of photocatalyst (PC) under the irradiation of blue LEDs. Both
cis- and trans-allylic sulfones are obtained in a single-step process
(Scheme 1C).

We initiated our study by examining the three-component
reaction of commercially available sodium benzenesulfinate
(1a), triphenylvinylphosphonium chloride (2), and benzalde-
hyde (3a). Through extensive condition optimization, we found
that the desired product Z-4aa was selectively obtained in good
yield when toluene was used as the solvent in the presence of 4 A
molecular sieves for removing H,O (entry 1, Table 1).
Diminished yield and Z:E ratio were observed without 4 A
molecular sieves or at a lower temperature (entries 2 and 3).
Other solvents, such as MeOH, EtOH, HMPA, acetone, etc.,
gave unsatisfactory results (see the Supporting Information).
Given that both 1a and 2 have poor solubility in toluene, 15-
crown-5 was tested and found to be ineffective for the
transformation (entry 4). Notably, the counteranion of the
triphenylvinylphosphonium salt is vital for this reaction. Using
BPh,” or Br™ as the counteranion failed to produce the target
product (entry S). The conditions toward synthesis of the
stereoisomer E-4aa were also explored. Surprisingly, benzophe-
none derivatives, usually used as triplet photosensitizers for
alkene E to Z isomerization, promoted the formation of E-4aa.
Even though an excellent E:Z ratio resulted from the addition of
PC-1—7 under the irradiation with 456 nm blue LEDs, E-4aa
was formed in poor to moderate yields (entries 6—12). Then our
attention was turned to studying some heteroaryl ketones. The
yield could be improved with dipyridin-2-ylmethanone (PC-8),
although the Z:E ratio was compromise (21:79; entry 13).
Nevertheless, when bis(2-thienyl) ketone (PC-9) was em-
ployed, an acceptable E:Z ratio (93:7) was observed, and pure E-
4aa could be isolated in 72% yield (entry 14). The irradiation
wavelength has a prominent effect on the reaction, as the
reaction was hampered under the irradiation at 395 nm (entry
15). Notably, Z-4aa was the major product under irradiation
without PC-9 (entry 16).

Subsequently, our method for producing Z-allylic sulfones
was evaluated using a wide variety of sodium sulfinates and
aldehydes. The results are shown in Scheme 2. Electron-
donating groups (Me, iPr, OMe) and electron-withdrawing
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Table 1. Optimization of the Reaction Conditions”

q
Ph/&sl) A
Lo e
PhSO;Na + /\ppmu + ©)LH .
Ny, 20°C,10h o \/\/@
1a 2 3a 1]
_S A
Ph™ 1l
E-4aa
yield

entry variation from the standard conditions® (%)" Z:E"

1 none 78 94:6

2 without 4 AMS 50 88:12

3 -10°C, 16 h S3 91:9

4 with 1S-crown-$ (1.5 equiv) 22 -

S BPh,” or Br™ as the counteranion of trace —

triphenylvinylphosphonium

6°  fluoren-9-one (PC-1) 39 <1:20

7 9,10-anthraquinone (PC-2) 43 <1:20

8 PC-3 53 <1:20

9° PC4 60 <1:20
10° PC-§ 60 <1:20
11°  PC-6 60 <1:20
12 PC-7 (56) <120
13°  PC-8 (66)  21:79
14  PC-9 (72) 7:93
157 PCo trace -
16°  without PC-9 56 89:11

“Reaction conditions: 1a (0.6 mmol), 2 (0.2 mmol), 3a (0.4 mmol),
4 A MS (200 mg), toluene (4 mL), 10 h, N,. Yields and Z:E ratios
were determined by 'H NMR analysis of the crude mixtures using
1,3,5-trimethoxybenzene as an internal standard. Isolated yields are
given in parentheses. “Blue LEDs (456 nm), PC (5 mol %), 16 h.
Blue LEDs (395 nm), PC (5 mol %), 16 h. “Structures of PC-3—9:

Foget

PC-5,R = H
PC-6, R = Me
PC-7,R = Ph

PC-3,R=H
PC-4,R = Me

groups (halides, CF;) were well-tolerated on the phenyl ring of
sulfinates, and the desired products Z-4ba to Z-4ja were
obtained in moderate to good yields with good to excellent Z:E
ratios. Sodium 2-naphthalenesulfinate (1k) was also suitable for
this protocol, although it showed no bias toward either isomer.
Delightedly, the reactions of alkyl sulfinates proceeded
smoothly, leading to products Z-4la and Z-4ma in moderate
yields with good stereoselectivities. Next, reactions of various
aldehydes with 1a and phosphonium salt 2 were examined to
further demonstrate the generality of this methodology. The
reaction efficiency and stereoselectivity were satisfactory with
aromatic aldehydes bearing a series of electronically diverse
substituents, including halide, alkyl, ether, thioether, methox-
ycarbonyl, and terminal alkynyl groups (Z-4ab—Z-4an). Be-
sides, some other (hetero)aromatic aldehydes were tested,
including 1-naphthaldehyde, 9-anthraldehyde, furfural, and
benzo[b]thiophene-3-carboxaldehyde, affording the desired
products Z-4a0—Z-4ar in moderate to good yields and Z:E
ratios. In addition to aryl aldehydes, cinnamaldehyde was also
suitable for this transformation, resulting in the product Z-4as in
a moderate yield and stereoselectivity.

Next, the substrate scope for preparing E-allylic sulfones was
expanded, as shown in Scheme 3. Arylsulfinates bearing alkyl,
alkoxyl, and halides afforded the E-allylic sulfones in acceptable
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Scheme 2. Synthesis of Z-Allylic Sulfones”

Scheme 3. Synthesis of E-Allylic Sulfones”
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Z-4as, 56%, 83:17 ZIE

Z-4ao0, 65%, 83:17 ZIE

S
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“Reaction conditions: 1a (3 equiv), 2 (0.2 mmol), 3a (2 equiv), 4 A
MS (200 mg), toluene (4 mL), 10 h, N,. Isolated yields of pure Z
isomer are shown. Z: E ratios were determined by 'H NMR analysis of
the crude mixtures. 7.5 mmol scale.

yields with good stereoselectivities (E-4aa—E-4ja). Though 2-
naphthalenesulfinate dictated no selectivity when it was used to
prepare the Z-allylic sulfone, moderate stereoselectivity could be
observed for yielding E-allylic sulfone E-4ka. When the reactions
of sodium benzenesulfinate were explored with benzaldehydes
bearing various electron-donating and electron-withdrawing
functional groups, most of them afford the E-allylic sulfones in
moderate yields with good to excellent stereoselectivities (E-
4ac—FE-4an), except 2-bromobenzaldehyde (E-4ac, 30:70 Z:E)
and 4-nitrobenzaldehyde (E-4ai, 25:75 Z:E). Additionally,
furfural, benzo[b]thiophene-3-carboxaldehyde, and 2-pyridine-
carboxaldehyde were well-tolerated to yield the E-allylic sulfones
with good to excellent stereoselectivities (E-4aq—E-4au).
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“Reaction conditions: 1 (3 equiv), 2 (0.2 mmol), 3 (2 equiv), PC-9
(S mol %), 4 A MS (200 mg), toluene (4 mL), 16 h, 456 nm blue
LEDs, N,. Isolated yields of pure E isomers are shown. Z:E ratlos were
determined by 'H NMR analysis of the crude mixtures. S mmol
scale.

Surprisingly, the aforementioned alkylsulfinates which were
suitable for producing Z-allylic sulfones could not produce any
products under the conditions for preparing E-allylic sulfones.

To demonstrate the synthetic value of our methodology,
gram-scale synthesis was conducted to afford 1.3 g of Z-4aa and
0.75 g of E-4aa, respectively. Since unsaturated sulfones are
versatile building blocks, the derivatization of the allylic sulfone
Z-4aa is illustrated in Scheme 4. Cyclization of Z-4aa with
cinnamaldehyde readily afforded terphenyl Sa. Catalytic hydro-
genation is efficient with Pd/C, yielding alkyl aryl sulfone Sb in
excellent yield. Deprotonation of Z-4aa followed by reaction
with electrophiles, like N-fluorobenzenesulfonimide (NFSI) or
benzyl bromide, resulted in the fluorination product 5S¢ and
benzylation product 5d which reserved the geometry of the
double bond.

To gain further insight into the reaction mechanism, control
experiments were conducted (Scheme S). Triphenylvinylphos-
phonium chloride 2 was completely consumed when reacted
with benzenesulfinate 1a, likely yielding the alkylphosphonium
salt 6, which could be detected by *P NMR (eq 1). After the
reaction of la and 2, benzaldehyde (3a) was then added to the
reaction mixture, affording 4aa in moderate yield but with a poor

https://doi.org/10.1021/acs.orglett.4c01391
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Scheme 4. Derivatization of the Allylic Sulfone”

0,
S
o

5c, 60%

5b, 95%

“Reaction conditions: (a) NaH (4 equiv), cinnamaldehyde (1 equiv),
rt to reflux, 3 h. (b) S mol % Pd/C (10% w/w), H, (1 atm), MeOH,
12 h. (c) LIHMDS (3 equiv), ZnCl, (2.2 equiv), THF, =78 °C, 1 h,
then NFSI (2 equiv), rt, 0.5 h. (d) Under N, atmosphere, "BuLi (1
equiv), —78 °C, 1 h, then 4-methylbenzyl bromide, 0 °C, 2 h.

Scheme S. Mechanistic Studies
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Blue LEDs n Edfa

Z:E ratio (eq 2). These experiments imply that the generation of
the 6-derived ylide from la and 2 was probably involved.
Notably, catalyst PC-9 could be recovered after the reaction,
which unveils that PC-9 disfavors the Wittig-type reaction with
the in situ-generated ylide in the present system. Thus, it is a
genuine catalyst in the synthesis of E-allylic sulfones (eq 3).
When 2,5-dimethyl-2,4-hexadiene was added as a triplet
quencher under the standard conditions for synthesis of E-
alkenes, Z-4aa was formed as the major product (83:17 Z:E),
implying that the excited triplet state of PC-9 was quenched by
2,5-dimethyl-2,4-hexadiene (eq 4). Moreover, the photo-
chemical reaction for the synthesis of E-4aa is inhibited by
TEMPO or BHT (eq 4), and Z-4aa is formed as the major
product instead, which indicates that a radical mechanism is
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unlikely for the addition of sulfinate to the vinylphosphonium
salt. However, alkene isomerization hampered by the radical
scavenger suggests that a radical mechanism may be involved in
the isomerization process. However, irradiation of Z-4aa in the
presence of PC-9 could not furnish the corresponding trans-
alkene with or without the addition of benzenesulfinate (eq 5).
Interestingly, when Z-4aa was added to the reaction mixture for
preparing E-4fa, it was found that a mixture of E-4aa and E-4fa
was obtained (eq 6), implying that E-allylic sulfones may result
from the isomerization of Z-allylic sulfones. It is worth noting
that each ingredient of the three-component mixture of
benzenesulfinate, triphenylvinylphosphonium chloride, and
benzaldehyde is vital for the efficiency of Z to E alkene
isomerization.'® Although it is still not clear how to govern the Z
to E alkene isomerization by the three-component mixture, a
mechanism for this process is proposed. Maybe the sulfonyl
radical is generated from the reaction mixture and subsequently
adds to the C=C double bond of the Z-allylic sulfone, which is a
reversible process. The following elimination of the sulfonyl
radical forms the thermally favored E-allylic sulfone.

In summary, we have developed a photoswitched stereo-
divergent synthesis of allylic sulfones from sodium sulfinates,
triphenylvinylphosphonium chloride, and (hetero)aromatic
aldehydes. Different from the usual stepwise approach, this
protocol features single-step synthesis, and Z-allylic sulfones
were obtained in the dark while E-allylic sulfones were formed in
the presence of bis(2-thienyl) ketone as a photocatalyst under
irradiation with blue LEDs. Mechanistic studies hint that the
addition of sulfinates to triphenylvinylphosphonium chloride is
an ionic process to form unstabilized ylides in both
thermochemical and photochemical reactions. cis-Alkenes,
generated from the unstabilized ylide intermediates and
aldehydes, could be finally converted to trans-alkenes via
photochemical isomerization which is enabled by bis(2-thienyl)
ketone catalyst and the three-component mixture of sulfinate,
triphenylvinylphosphonium chloride, and aldehyde.
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