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ABSTRACT: Herein, we report a straightforward method for efficiently obtaining a diverse range of thiophosphonium salts.
This method involves the direct coupling of commercially available thiols and aldehydes with PhsP and TfOH. The setup is
simple and carried out in a metal-free manner. The synthetic utility of these salts is demonstrated through various examples
of C—*P bond functionalizations, enabling the synthesis of thioether, deuterated-thioether, thioester, and dithioester deriva-

tives. These products, which serve as valuable building blocks, are obtained in high yields.

Organophosphonium salts containing C—P moieties, in par-
ticular organophosphorus-based Wittig salts, are among the
most utilized reagents in organic synthesis for constructing
C—C double bond. In recent years, new methods for C—P

bond functionalization have been developed that use organ-
ophosphonium compounds in novel ways enabling new
bonds formation. For example, there are few examples of se-

lective C—*PPhs group functionalization to give products

featuring new C—0, C—N, C—S, and C—C bonds. Despite these
advancements, there are still limitations that need to be ad-
dressed. Therefore, it is important to investigate additional
methods by synthesizing new variants of organophospho-
nium species and their functionalizations. Such exploration
is expected to greatly enhance the existing approaches for
derivatizing noble organophosphonium salts and enable the
creation of new connections.

In this regard, our research group has successfully de-
scribed a versatile method for synthesizing benzhydryl tri-
arylphosphonium salts (VII) through a convenient one-pot,
regioslective four-component coupling reaction using read-
ily available starting materials (Scheme 1B). The resulting
benzhydryl phosphonium salt building blocks exhibited ex-

cellent utility, as demonstrated by their selective post-func-

tionalization of C-selective electrophilic benzylic C(sp3)—
*PPhs groups. This allowed for a range of transformations
including aminations, thiolations, and arylations, leading to
the creation of bioactive arylated scaffolds (Scheme 1B). In
this method, benzhydrylamines, benzhydrylthioethers, and
triarylmethanes, structural motifs that are present in many
pharmaceuticals and agrochemicals, are respectively read-
ily accessed. Furthermore, Chu and coworkers have devel-
oped an efficient metal-free difluoroalkylation reaction of
these organophosphonium salts (VII) with difluoroenol si-
lyl ethers (Scheme 1B).

As part of our overarching strategies to synthesize a diverse
range of thio-based bioactive compounds (I-VI), encom-
passing thioether, thioester, and dithioester derivatives, we
recognized the potential of thiophosphonium salts as versa-
tile core scaffolds for these molecules (Scheme 1A).

However, the synthesis and application of thiophospho-
nium salts have been relatively uncommon, with few re-
ports addressing their exploration (Scheme 1C). Notably, in
1961, Schlosser described the use of a-chloro sulfides (VIII)
as transient intermediates in the synthesis of thiophospho-
nium salts (Scheme 1C). More recently, in 2021, Magolan
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utilized a similar approach, utilizing a-chloro sulfides (VIII)
as a starting point for the synthesis of thiophosphonium
salts IX (Scheme 1C). These salts (IX) were subsequently
converted to vinyl sulfides, which further underwent trans-
formations leading to the formation of ketones and indoles.
Itis important to highlight that the synthesis of a-chloro sul-
fides (VIII) necessitates the use of demanding reaction con-
ditions. Moreover, it should be noted that the versatility of
these reactions is predominantly limited to thioalkyl phos-
phonium salts (IX). Therefore, it is imperative that a com-
plementary, general, milder, and diversifiable method for
thio-phosphonium salts will be developed.

Scheme 1: Overview of This Work
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With this goal in mind, we envisioned an operationally sim-
ple strategy to synthesize thiophosphonium salts 3 and con-
vert them into valuable thio-based motifs (4-6, III) through
C(sp?)—*P transformation (Scheme 1D). In fact, drawing in-
spiration from our recent report and Lin's work (Scheme
1B), our method involves a simple four-component reaction

utilizing readily accessible and commercially available
starting materials, i.e. aldehydes 1 and thiols 2 (Scheme 1D).

To test our hypothesis, we first treated p-anisaldehyde (1 a)
with thiophenol (2 a), triphenylphosphine (PPhs), and tri-
flic acid in CHsCN for 24h at 45°C to obtain the desired
phosphonium salt 3ain 97 % isolated yield (Scheme 2A-B).
Notably, no conversion was observed in the absence of ei-
ther PR3 or TfOH. (for full details, see the SI, pages S8, S47-
48)

Next, a series of thiophosphonium salts (3a-3u, 3ab) were
synthesized from thiophenol 2a coupling different aldehyde
derivatives (1) bearing aromatic moieties which substi-
tuted with electron-donating groups (EDG; e.g,, 1a - ¢), with
electron withdrawing groups (EWG; e.g.,, 1d-g, 1K), phenolic
derivatives (1a, 1h, 1j, 11, 1n) as well as N-methylindole-
based derivatives (1p). The reaction showed high func-
tional group tolerance as evidenced by fluorine- (3k), chlo-
rine- (3f), boron- (3g), and hetro-arene-containing (30-p)
substrates (Scheme 2). In addition, different types of ali-
phatic aldehydes both cyclic and acyclic (3z-ab, 3q, 3r,
Scheme 2A-C) were explored. The reaction also demon-
strated fruitful applicability to a diverse range of aromatic
and aliphatic thiols as well (3a-3ad, Scheme 2B-C). Im-
portantly, the utilization of thiobenzoic acid (2j) has proven
to be effective in the formation of the fascinating benzo-
ylthio-phosphonium salt (3ae).

Scheme 2: The Synthesis of Thiophosphonium Salts (3)
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aReaction conditions: 1 (1.46 mmol), 2 (1.46 mmol), PPhs (1.6
mmol), TfOH (1.75 mmol) in 4 mL MeCN at 45 °C for 24 h. All
the yield of the reactions are isolated after diethyl ether
washed.
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In all cases, the phosphonium thio-alkylation-type reaction
occurs selectively via nucleophilic-substitution-type sce-
nario of hydroxy-triphenylphosphonium intermediate X
(for more details on this thio-alkylation-type Friedel-Crafts
mechanism, see the mechanistic studies in the SI, pages S47-
48). Moreover, most of these products (3) were purified by
simple precipitation—an additional advantage. The one-
pot, four-component, coupling approach can be carried out
on gram-scale (see 3a, Scheme 2). Using the same approach,
di-thiophosphonium salt 3ac was prepared from benzalde-
hyde (1b) and 1,6-hexanedithiol (2i).

We next explore the synthetic usefulness of these thiophos-
phonium products (3), we aimed to demonstrate their syn-
thetic utility in selective transformations of the C-*P bonds
and the synthesis of bioactive chemicals. To this end, vari-
ous representative applications were conceived for these
valuable salts 3 as depicted in Schemes 3-4. For instance,
we conducted selective reduction and oxidation protocols
of the C-*P, enabling the synthesis of the valuable thioether,
deuterated-thioether, thioester, and dithioester derivatives.

In this regard, a hydrolysis-based reduction protocol has
been developed for thiophosphonium salts 3 using H:0
(Scheme 3A-B). In this method, we explored the reduction
of a thiophosphonium salt, specifically utilizing 3a as a
standard salt for reaction optimization. Various organic and
inorganic bases were employed for the reaction, and the
supporting information provides further details on these
bases (See SI pages 23-24). Ultimately, DBU was identified
as the optimal base for the hydrolytic reduction of the thio-
phosphonium salt, leading to the formation of thioether 4a
with an isolated yield of 87% (Scheme 3A-B).

Subsequently, we successfully synthesized a variety of thi-
oether derivatives by adapting the standard reaction condi-
tions outlined in Scheme 3. The reaction exhibited a broad
scope, encompassing with aryls with substituents such as -
OMe, -F, -Cl, -Ph, -Bpin, and -Me, with good yields. Notably,
even alicyclic and cyclic aliphatic substituents on the thiol
part yielded the desired thioether derivatives with good
yields. Furthermore, replacing water with D20 provided a
valuable opportunity to produce fully a-deuterated thi-
oether (4-D), exhibiting excellent deuterium labeling and
good yields (Scheme 34, C).

A possible mechanism for hydrolysis-based reduction path-
way is proposed in Scheme 3D. On the basis of reports in the
literature, this mechanistic process involves the formation
of ylide/ylene XI, followed by protonation/deuteration of
ylene XI. Subsequently, the cleavage of the C(sps)-*P bond
takes place through P-selective nucleophilic substitution,
resulting in the liberation of triphenylphosphine oxide
(PhsP=0).

Finally, we also successfully prepared the pesticide chemi-
cal chlorbenside III from the commercially available 4-chlo-
robenzaldehyde 1f and 4-chlorothiophenol 2d in only two
steps. This was achieved through the selective coupling re-
action of 1f and 2d to generate thiophosphonium salt 3ad,
which was then reacted with DBU and water through CH-*P
group hydrolysis-based reduction reaction in a single oper-
ation (Scheme 3E).

Scheme 3: Reduction of Thiophosphonium Salts to Thi-
oethers and a-Deuterated Thioethers?
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aReaction conditions: 3 (0.2 mmol), DBU (0.22 mmol) and 20
pL H20 or D20 in 3 mL CH2Clz at room temperature. All the yield
of the reactions are isolated after column chromatography.

Encouraging by these results of the reduction methodology,
we were contemplating the possibility of synthesizing im-
portant thioester and dithioester motifs using the thiophos-
phonium salt 3. We imagined that this could be achieved by
the generation of phosphorus ylide (XI) from salt 3 flowing
by a direct oxidation of this ylide (XI).

Our initial optimization efforts focused on the formation of

thioester 5a from thiophosphonium salt 3 and a base under
air (a source of 02), via the corresponding ylide XI. After
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many experiments, the use of KsPO4in dry THF were found
to be the best reaction condition to obtain the thioester
product 5a with yield of 90%.

Next, we explored the reaction's scope, we employed iden-
tical reaction conditions. Consequently, thiophosphonium
salt 3 effectively participated in the reaction, resulting in the
formation of the desired product 5 with good yields, as de-
picted in Scheme 4A-B, were satisfactory.

To further showcase the synthetic utility of salts 3, we de-
veloped their transformation into dithioesters 6 (Scheme
4A, C). To this end, we employed basic reaction conditions
to treat thiophosphonium salt 3 with elemental sulfur (Ss).
We conducted a thorough exploration of the optimal reac-
tion conditions and determined that employing dry CH2Cl:
and K3PO4 as the standard reaction conditions resulted in
the highest yield of dithioester 6a, with approximately 78%
(For more details, see the supporting information). Addi-
tionally, we shown that various thiophosphonium salts 3
could tolerate these reaction conditions, leading to the for-
mation of the desired dithioester 6 with good yields, as de-
picted in Scheme 4C.

Scheme 4: Oxidation of Thiophosphonium Salts to Thi-
oesters and Dithioesters?®
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aReaction conditions: 3 (0.2 mmol), K3P04 (0.24 mmol) and air
balloon in 3 mL dry THF at room temperature (for thioester
synthesis) or 3 (0.2 mmol), KsPO4 (0.24 mmol) and Ss (0.30
mmol) in 3 mL dry CH2Clz at room temperature (for dithioester
synthesis) All the yield of the reactions are isolated after col-
umn chromatography.

In conclusion, we have developed a simple and broadly,
straightforward protocol for the direct synthesis of a di-
verse range of thiophosphonium salts. This protocol in-
volves the one-pot, four-component coupling reaction of

commercially available thiols and aldehydes with PhsP and
TfOH. The utility of the resulting phosphonium salt building
blocks was demonstrated by the chemoselective post-func-
tionalization of C(sp?®)-*PPhs groups to achieve divergent
reduction and oxidations protocols. In this way, thioether,
deuterated-thioether, thioester, and dithioester derivatives,
structural motifs that are present in many important chem-
icals, are readily accessed. This includes the synthesis of the
pesticide chemical chlorbenside from the simple commer-
cially available materials in only two steps. The setup of
these C-P group post-functionalization is simple and the
products were obtained in good yields. These protocols
should greatly simplify access to pharmaceutically relevant
compounds, and further advance their use in a variety of
new applications.
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