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Abstract: The present work focuses on the reactivity of S,S-bis-ylide 2, which presents a strong
nucleophilic character, as evidenced by reactions with methyl iodide and CO2, affording C-methylated
salts 3 and betaine 4, respectively. The derivatization of betaine 4 affords the corresponding ester
derivative 6, which is fully characterized by using NMR spectroscopy and X-ray diffraction analysis.
Furthermore, an original reaction with phosphenium ions leads to the formation of a transient push–
pull phosphino(sulfonio)carbene 8, which rearranges to give stabilized sulfonium ylide derivative 7.
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1. Introduction

Since the discovery of ylides in the 1920s [1,2], their chemistry has experienced im-
portant growth [3–5], and they have become very important synthetic tools [6–9]. Bis-
ylides, which are the combination of two ylide functions on a single carbon atom, have
attracted significant attention from many research groups [10–16]. Indeed, since the first
synthesis of carbodiphosphoranes I by Ramirez in the 1960s [17], many models have
been developed (Figure 1). Among them, we can mention carbodicarbenes II prepared
by Bertrand’s group [18], after initial theoretical predictions by Frenking [19]; mixed car-
bophosphinocarbene III, initially synthesized by Fürstner and Alcarazo and later by Ong
et al. [20–22]; and mixed phosphonio/sulfonio IV and phosphonio/sulfoxonio V (X = O)
bis-ylides prepared by our group [23–25]. Finally, major contributions were made by
Fujii’s group with various combinations of selenium/sulfur- or sulfur/sulfur-stabilized car-
bones V–VIII [26–30]. Naturally, the diversity of these structures has brought considerable
knowledge on these species, which exhibit very diverse reactivity, ranging from their use
as ligands in organometallic chemistry [15] to the activation of small molecules [21] and
even their application as atomic carbon sources [23]. The main application of bis-ylides
remains their use as ligands because of the peculiar environment of the central carbon atom.
In particular, the presence of two lone pairs located on a single carbon atom [10–16] offers
unique coordination modes for transition metals. Indeed, Stephen took advantage of the
presence of the two lone pairs to stabilize certain transition metals, achieving high efficiency
in hydrogenation reactions [31]. Ong’s group has evidenced that the unexpected accepting
character of carbodicarbenes at the N-heterocyclic carbene fragments was beneficial for
ambiphilic-type reactivity allowing the activation of small molecules [32,33]. It is obvious
that the reactivity and applications of bis-ylides are directly linked to the combination of
the two ylide functions, but overall remain rare.

In 2010, we reported the first stable and isolable mixed P,S-bis-ylide IV [23], which
can be used as an atomic carbon reagent to introduce one carbon atom into various organic
molecules [34]. In particular, the labile character of the sulfide ligand in IV facilitates
substitution reactions at the central carbon atom and, thus, atomic carbon transfer reactions.
Therefore, S,S-bis-ylide VI consisting of two labile sulfide moieties should be an excellent
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atomic carbon reagent. However, probably due to the thermal instability of VI, only a
few reactions with Au(I), demonstrating its carbone character, were described [30], and
no reaction with organic reagents has been reported to date. In this article, we report the
original reactions of S,S-bis-ylide VI with CO2 and phosphenium ions (Figure 1).
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Figure 1. Carbodiphosphoranes I, carbodicarbenes II, carbophosphinocarbenes III, phospho-
nio/sulfonio bis-ylides IV, phosphonio/sulfoxonio or phosphonio/iminosulfonio bis-ylides V, sulfo-
nio/sulfonio bis-ylides VI, selenio- or sulfonio-/iminosulfonio VII, and bis iminosulfanebis-ylides
VIII.

2. Results and Discussion
2.1. Synthesis

Monoprotonated precursor 1 (Scheme 1) was prepared according to the method
previously described by Fujii [30]. The spectroscopic data are in good agreement with the
reported values. In particular, the central proton and carbon resonances of 1 appear at
δ = 3.88 ppm and δ = 19.4 ppm, respectively, in the 1H and 13C NMR spectra. Because of
the thermal instability of S,S-bis-ylide 2, the deprotonation was then realized in THF-d8
using potassium hexamethyldisilazane at −80 ◦C and was analyzed at low temperature,
in situ, in the presence of conjugated acid. With the appearance of a bright-yellow color,
in the 1H NMR spectrum, the C-H signal disappeared, while the central carbon in the 13C
NMR spectrum was lower-field-shifted at δ = 39.0 ppm compared to 1. Bis-ylide 2 starts to
decompose at −30 ◦C to afford black carbon precipitate and diphenyl sulfide.
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2.2. Reactivity

The formation of S,S-bis-ylide 2 was unambiguously confirmed by its methylation
reaction (Scheme 1). Indeed, upon the addition of one equivalent of methyl iodide to a THF
solution of 2 at −80 ◦C, the yellow color immediately disappeared concomitantly with the
precipitation of a white solid. After treatment, the desired C-methylated salt 3 was isolated
in an 85% yield. The methylation was confirmed by the presence of two characteristic
signals for the methyl group at δ = 1.67 ppm and δ = 10.2 ppm in the 1H and 13C NMR
spectra, respectively (see Supplementary Materials). C-methylated salt 3 was isolated in
crystalline form by layering diethyl ether onto a saturated dichloromethane solution, and
its structure was confirmed by X-ray diffraction analysis (Figure 2). As expected, the S-C
bond lengths in 3 (1.682 and 1.687 Å) are very similar to those of the protonated bis-ylide
precursor 1 (1.685 Å and 1.676 Å) [30] and much shorter than an S-C single bond length
(1.81 Å), showing the delocalization of the negative charge from the central carbon atom to
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the SPh2 fragments and justifying the planar environment around the C1 atom (∑◦= 359.7◦).
The S1-C1-S2 angle is also almost identical to that of 1.
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C15 1.776(3). S1–C1–S2 111.6(6), S2–C1–C2 123.8(6), C2–C1–S1 124.3(6), C9–S1–C1 107.4(3), C1–S1–C3
111.6(4), C3–S1–C9 100.2(2), C1–S2–C15 107.6(3), C15–S2–C21 101.5(2), C21–S2–C1 111.9(4).

It is well known that carbodiphosphoranes (P,P-bis-ylides) react with CO2 to form
zwitterionic donor–acceptor complexes that can coordinate transition metals or evolve
upon heating toward phosphine oxide and phosphoranylideneketene [35–39]. The sulfur
analog 2 also reacts with CO2 (3 bars) at −70 ◦C, affording the corresponding CO2 adduct
4 (Scheme 2). 13C NMR analysis of the resulting solution at −20 ◦C shows two broad
signals appearing at δ = 167.2 ppm and δ = 40.16 ppm, corresponding to the coordinated
CO2 fragment and the central carbon atom, respectively, which is in good agreement with
the formation of betaine 4. However, at room temperature, zwitterionic CO2 adduct 4
reacts slowly with the hexamethyldisilazane byproduct to afford the O-silylated ester 5 [40].
Alternatively, CO2 adduct 4 can be trapped by adding one equivalent of MeI to generate
the O-methylated salt 6, which is stable and was easily isolated in an 80% yield. Compound
6 was fully characterized by NMR spectroscopy (see experimental section and supporting
information). The single crystals of 6 were grown by layering pentane onto a saturated
DCM at room temperature [41] and then analyzed by X-ray diffraction, confirming the
expected structure (Figure 3). The S1–C2 and S2–C2 bond lengths (1.720(2) Å and 1.713(3) Å,
respectively) are slightly longer than those of 3 (1.682 Å and 1.687 Å). The central carbon C1
shows a planar environment, and the C1–C2 bond length is short 1.437(4) Å. This bonding
pattern can be explained by a major contribution of the ester fragment to stabilize the
negative charge [42].

In order to demonstrate the leaving group ability of the sulfide group, we considered
the reaction of S,S-bis-ylide 2 with an electrophile bearing a lone pair such as a phosphe-
nium ion (Scheme 3) [43]. The reaction of 2 with bis(diisopropylamino)phosphenium ion at
−80 ◦C affords ylide 7 with good selectivity when the reaction mixture is rapidly brought
to room temperature [44]. The structure of 7 was established by using X-ray diffraction
analysis (Figure 4). Variable temperature NMR analysis indicated the formation of adduct
8 (δ = 48.3 ppm in 31P NMR) at −70 ◦C, which starts to evolve towards sulfonium ylide 7
(δ = 25.7 ppm in 31P NMR) above −40 ◦C (carbene intermediate 9 was not detected). The
process can be explained by the initial attack of nucleophilic bis-ylide 2 on the positively
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charged phosphenium salt generating a phosphino cationic ylide intermediate 8 (Scheme 4).
The π-donation of the phosphine lone pair induces sulfide elimination and the formation
of phosphino(sulfonio)carbene 9. This push–pull carbene, substituted by a π-donating
phosphino- and a π-accepting sulfonio-group, exhibits a strong electrophilic character on
the phosphorus center [45] and, therefore, reacts with triflate anion to afford 10. Finally,
rearrangement, starting with the nucleophilic attack of central carbon to the sulfoxide moi-
ety, occurs to afford sulfonium ylide 7, which is stabilized by two π-accepting substituents,
such as trifluoromethanesulfonyl and phosphonyl groups, as indicated by the short C1–S2
and C1–P1 bond lengths (1.694(2) and 1.807(2) Å, respectively). Thanks to the high leaving
group ability of sulfide ligand, such a strongly electrophilic phosphino(sulfonio)carbene
9, which reacts even with the generally non-coordinating triflate anion, can be generated
from 8 by the elimination of diphenyl sulfide. It should be noted that, in the case of carbod-
iphosphoranes, such an addition–elimination reaction does not take place. Instead, they
react with chlorophosphine to form a stable adduct similar to 8 [46,47].
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C4 109.0(2), C2–S1–C10 106.6(6), C4–S1–C10 104.7(7), C2–S2–C22 108.5(2), C2–S2–C16 110.2 (2),
C22–S2–C16 103.8(1).
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3. Materials and Methods
3.1. General Comments

All manipulations were performed under an inert atmosphere of argon by using
standard Schlenk techniques or high-pressure NMR tube techniques. Solvents were purified
with an MBraun SBS-800 purification system. Dry and oxygen-free solvents were used. 1H,
13C, 19F, and 31P NMR spectra were recorded on Brucker Avance II 300 MHz, Avance III
HD 400 MHz, and Avance I and II 500 MHz spectrometers (Brucker, Karlsruhe, Germany).
Chemical shifts were expressed in parts per million with residual solvent signals as internal
reference (1H and 13C{1H}). 19F and 31P NMR chemical shifts were reported in ppm relative
to CFCl3 and 85% H3PO4, respectively. The following abbreviations and their combinations
were used: br—broad; s—singlet; d—doublet; t—triplet; q—quartet; hept—heptuplet; m—
multiplet. 1H and 13C resonance signals were attributed by means of 2D COSY, HSQC, and
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HMBC experiments. Mass spectra were recorded on a Hewlett Packard 5989A spectrometer
(Hewlett-Packard, Palo Alto, CA, USA). High-resolution MS (HRMS) spectra were realized
on a Xevo G2 QTof apparatus (Waters, Milford, CT, USA). Melting points were measured in
a sealed glass tube on a Stuart SMP-30 automatic melting point apparatus. All commercially
available reagents were used without further purification otherwise noted. Moreover, 1
was prepared following a previously reported procedure [30].

3.2. Synthesis

Protonated precursor of bis-ylide 1: The product was synthesized following previously
reported procedure [30]. 1H NMR (THF-d8, 298 K, 500 MHz): δ = 4.91 (s, 1H, SCHS),
7.41–7.49 (m, 12H, CHar), 7.89–7.94 (m, 8H, CHar) ppm; 1H NMR (CD3CN, 298 K, 300 MHz):
δ = 3.90 (s, 1H, SCHS), 7.53–7.67 (m, 20H, CHar) ppm; 13C{1H} NMR (CD3CN, 298 K,
126 MHz): δ = 19.4 (s, SCHS), 122.2 (q, JCF = 321 Hz, CF3), 128.7 (s, CHar), 131.4 (s, CHar),
133.2 (s, CHar), 137.0 (s, Cipso) ppm; 13C{1H} NMR (THF-d8, 298 K, 126 MHz): δ = 15.8 (s,
SCHS), 122.2 (q, JCF = 322.1 Hz, CF3), 128.4 (s, CHar), 130.9 (s, CHar), 132.3 (s, CHpara), 138.2
(s, Cipso) ppm; 19F{1H} NMR (THF-d8, 298 K, 282 MHz): δ = −78.7 (s) ppm. Mp = 144 ◦C.
HRMS (ESI+): m/z [M]+ calculated for C25H21S2 = 385.1085 found = 385.1082.

S,S-Bis-ylide 2: In a J. Young NMR tube, the protonated precursor of bis-ylide 1 (50 mg,
0.094 mmol, 1 eq.) was dissolved in THF-d8 (0.2 mL). At –80 ◦C, a solution of KHMDS
(19 mg, 0.095 mmol, 1 eq.) in 0.2 mL of THF-d8 was added. The NMR tube was then
closed, and the mixture was carefully shaken while remaining at a low temperature. A
yellow-colored solution was obtained. Because of the thermal instability of 2, the product
was used or characterized at a low temperature in the presence of hexamethyldisilazane
without any purification. 1H NMR (400 MHz, 213 K, THF-d8): δ = 7.41–7.26 (m, 12H, CHar),
8.02–7.90 (m, 8H, CHar) ppm. 13C{1H} NMR (101 MHz, 213 K, THF-d8): δ = 39.0 (s, SCS),
127.1 (s, CHar), 129.3 (s, CHar), 129.6 (s, CHpara), 148.2 (s, Cipso) ppm.

C-methylated salt 3: In a Schlenk flask containing bis-ylide precursor 1 (50 mg,
0.094 mmol, 1 eq.) and KHMDS (19 mg, 0.095 mmol, 1 eq.), 0.5 mL of THF was added at
−80 ◦C. After the yellow coloration of the solution, 1 equivalent of iodomethane (5.9 µL,
0.094 mmol, 1 eq.) was carefully added at the same temperature. The solution immediately
became colorless, and a white precipitate appeared. After 15 min, the solution was allowed
to warm up to RT, then the volatiles were carefully removed under reduced pressure.
The crude was extracted with CH2Cl2 (3 × 2 mL). The resulting solution was dried us-
ing MgSO4, then evaporated to afford 3 as a white solid (42 mg, 0.080 mmol, 85% yield).
Crystals were grown by layering diethyl ether onto a saturated CH2Cl2 solution. 1H NMR
(500 MHz, 298 K, CD3CN): δ = 1.67 (s, 3H, CH3), 7.54–7.57 (m, 8H, CHar), 7.59–7.69 (m, 12H,
CHar) ppm. 13C{1H} NMR (125 MHz, 298 K, CD3CN): δ = 10.2 (s, CH3), 23.4 (s, SCS), 129.7 (s,
CHar), 131.4 (s, CH ar), 132.7 (s, Cipso), 133.3 (s, CHpara) ppm. Mp = 116 ◦C (decomposition).
HRMS (ESI+): m/z [M]+ calculated for C26H23S2 = 399.1241 found = 399.1248.

CO2-adduct 4: In a high-pressure NMR tube, 3 bars of CO2 were applied to a solution
of bis-ylide 2, freshly prepared from the protonated precursor 1 (50 mg, 0.094 mmol, 1 eq.)
and KHMDS (19 mg, 0.094 mmol, 1 eq.) in THF-d8 (0.4 mL) at−70 ◦C. The tube was shaken
carefully leading to a colorless solution. Because of the thermal instability of 4, the product
was characterized at 0 ◦C in the presence of hexamethyldisilazane and CO2 without any
purification. 1H NMR (400 MHz, 273 K, CD3CN): δ = 7.30–7.42 (br s, 12H, CHar), 7.65–7.88
(br s, 8H, CHar) ppm. 13C{1H} NMR (100 MHz, 273 K, CD3CN): δ = 40.2 (br s, SCS), 130.7 (s,
CHar), 130.8 (s, CHar), 132.6 (s, CHpara), 134.4 (s, Cipso), 167.2 (br s, C-CO2) ppm.

O-methylated CO2 adduct 6: In a pressure NMR tube, a solution containing freshly
generated CO2 adduct 4 by using the above-mentioned method at −70 ◦C then warmed
up to room temperature, and CO2 pressure was carefully released. Subsequently, MeI
(1.0 eq., 6 µL) was added, then precipitation occurred overnight. After the removal of
volatiles under reduced pressure, the crude was washed with pentane (3 × 2 mL). Then, 6
was extracted from the crude using DCM. After concentration, the solution was layered
with pentane, affording 6 as colorless crystals at room temperature (42 mg, 0.075 mmol,
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80% yield). 1H NMR (300 MHz, 298 K, CD2Cl2): δ = 3.67 (s, 3H, CH3), 7.55–7.65 (m, 16H,
CHar), 7.66–7.75 (m, 4H, CHar) ppm. 13C{1H} NMR (75 MHz, 298 K, CD2Cl2): δ = 44.0 (s,
SCS), 52.6 (s, CH3), 129.2 (s, Cipso), 129.7 (s, CHar), 131.1 (s, CHar), 133.7 (s, CHpara), 164.2
(s, CO2CH3) ppm. Mp = 160 ◦C (decomposition). HRMS (ESI+): m/z [M]+ calculated for
C27H23O2S2 = 443.1139 found = 443.1140.

Bis(diisopropylamino)chlorophosphine: 30 mL of PCl3 (0.345 mol, 1 eq.) and 50 mL of
toluene were introduced into a 1 L bicol fitted with a condenser and an addition funnel.
The set-up was cooled with an ice-bath. A mixture of 200 mL of toluene and 275 mL of
diisopropylamine (2 mol, 5.7 eq.) was slowly added over 1.5 h, taking particular care of
the exothermic character of the reaction. The solution was stirred for an additional 1.5 h at
0 ◦C, then an additional 15 min at room temperature. A white solid and a yellow solution
appeared. The mixture was then heated at reflux for 24 h. Under an argon atmosphere,
the resulting solid was placed on a sinter. The ammonium salts were carefully washed
with 400 mL of pentane. The resulting red–orange solution was placed under vacuum,
affording a red–orange solid. This solid residue was placed, once again, on a sinter and
washed with 120 mL of acetonitrile that was previously dried on CaH2. The white solid
obtained corresponds to the pure desired bis(diisopropylamino)chlorophosphine (76.3 g,
0.286 mol, 83% yield). If some ammonium salts remain in the final product, solubilization
of the bis(diisopropylamino)chlorophosphine in pentane followed by filtration of the
undesired salts should be performed. 1H NMR (300 MHz, 298 K, CDCl3): δ = 1.16 (dd,
24H, JHP = 21.2 Hz, JHH = 6.6 Hz, CH3iPr), 3.61 (dhept, 4H, JHP = 12.7 Hz, JHH = 6.6 Hz,
CH(CH3)2) ppm. 31P{1H} NMR (121.5 MHz, 298 K, CDCl3): δ = 140.3 ppm.

Triflate bis(diisopropylamino)phosphenium: In a Schlenk tube, to a solution con-
taining 5.1 g (0.02 mol, 1 eq.) of bis(diisopropylamino)chlorophosphine in 40 mL of
dichloromethane at −80 ◦C was added 3.7 mL (0.02 mol, 1 eq.) of trimethylsilyltri-
fluromethane sulfonate. After 1 h at –80 ◦C, the solution was warmed up to room tem-
perature. The volatiles were carefully removed under reduced pressure. The residue was
washed twice with diethyl ether (2 × 5 mL). The product obtained was a yellow pow-
der in a 95% yield (6.8 g, 0.019 mol). 1H NMR (CDCl3, 298 K, 300 MHz): δ = 1.50 (d,
3JHH = 6.8 Hz, 24H, CH3iPr), 4.15 (dhept, 3JHP = 9.9 Hz, 3JHH = 6.8 Hz, 4H, CHiPr) ppm;
13C{1H} NMR (CDCl3, 298 K, 75 MHz): δ = 23.8 (d, JPC = 8.2 Hz, CH3 iPr), 52.1 (s, CHiPr),
119.7 (q, JCF = 317.1 Hz, CF3) ppm; 31P{1H} NMR (CDCl3, 298 K, 122 MHz): δ = 300.5 (s, br)
ppm; 19F{1H} NMR (CDCl3, 298 K, 282 MHz): δ = −78.2 (s) ppm.

Sulfonium ylide 7: In a Schlenk flask containing bis-ylide precursor 1 (50 mg,
0.094 mmol, 1 eq.) and KHMDS (19 mg, 0.094 mmol, 1 eq.) was added 0.5 mL of THF at
−80 ◦C. After the yellow coloration of the solution, 1 equivalent of phosphenium triflate
(35.7 mg, 0.094 mmol, 1 eq.) was added at the same temperature. The solution was rapidly
brought to room temperature, then the volatiles were removed under reduced pressure.
The crude was extracted with CH2Cl2 (3 × 2 mL). The resulting solution was dried then
evaporated. The crude was purified by using flash silica gel chromatography using pentane
and ethyl acetate as solvents. Then, 3 was obtained as white solid (32 mg, 0.056 mmol, 60%
yield). Crystals can be grown from a saturated CHCl3 solution. 1H NMR (400 MHz, 298 K,
C6D6): δ = 1.04–1.24 (bs, 12H, CH3), 1.24–1.34 (d, JPC = 7.0 Hz, 12H, CH3)), 3.80–4.10 (bs,
4H, CH), 6.80–7.00 (bs, 6H, CHar), 7.90–8.20 (bs, 4H, CHar) ppm. 13C{1H} NMR (126 MHz,
203 K, THF-d8): δ = 24.4 (bs, CH), 48.1 (d, JPC = 6.3 Hz, CH), 55.0 (d, JPC = 158.0 Hz, SCS),
122.5 (q, JFC = 321.9 Hz, CF3), 128.2 (s, CHar), 130.4 (s, CHar), 131.4 (s, CH ar), 138.3 (s,
Cipso) ppm. 31P{1H} NMR (121 MHz, 298 K, C6D6): δ = 25.7 ppm. 19F{1H} NMR (282 MHz,
298 K, C6D6): δ = −76.4 ppm. HRMS (ESI+): m/z [M+H]+ calculated for C26H38F3N2O3PS2
= 579.2092 found = 579.2104.

Intermediate 8: Variable temperature analysis was performed at −70 ◦C in THF-
d8. Data attributed to intermediate 8 were extracted from the crude analysis. 1H NMR
(400 MHz, 203 K, THF-d8): δ = 0.70–0.90 (bs, 8H, CH3), 1.10–1.40 (bs, 16H, CH3), 3.50–4.00
(bs, 4H, CH), 7.20–8.00 (m, 20H, CHar) ppm. 13C{1H} NMR (126 MHz, 203 K, THF-d8):
δ = 24.4 (bs, CH3), 24.7 (bs, CH3), 34.5 (d, JPC = 96.8 Hz, SCS), 47.1 (d, JPC = 17.5 Hz CH),
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49.6 (bs, CH), 122.4 (q, JFC = 322.6 Hz, CF3), 128.7 (s, CHar), 131.3 (s, CHar), 133.7 (s, CHar),
139.1 (s, Cipso) ppm. 31P{1H} NMR (121 MHz, 203 K, THF-d8): δ = 46.1 ppm.

3.3. X-ray Data

The data of the structures for 3, 5, 6-I, 6-OTf, and 7 were collected at low temper-
ature (193 K) on a Bruker-AXS APEX II CCD Quazar diffractometer (7) equipped with
a 30 W air-cooled microfocus source and on a Brucker-AXS D8-Venture diffractometer
(3, 5, 6-I, and 6-OTf) equipped with a Photon III-C14 detector with MoKα radiation
(wavelength = 0.71073 Å) by using phi- and omega-scans. The data were integrated with
SAINT, and an empirical absorption correction with SADABS was applied [48]. The struc-
tures were solved using an intrinsic phasing method (ShelXT) [49] and refined using the
least-squares method on F2 (ShelXL-2014) [50]. All non-H atoms were treated anisotropi-
cally. All H atoms attached to C atoms were fixed geometrically, and treated as riding on
their parent atoms with C-H = 0.95 Å (aromatic), 0.98 Å (CH3), 0.99 Å (CH2), or 1.0 Å (CH)
with Uiso (H) = 1.2Ueq (CH, CH2) or Uiso (H) = 1.5Ueq (CH3). The structures 3 and 6-I were
found to be disordered. Several restraints (SAME, SADI, SIMU, DELU) were applied to
refine these disorders, and to avoid the collapse of the structure during the least-squares
refinement by the large anisotropic displacement parameters.

Supplementary crystallographic data for CCDC-2250100 (3), CCDC-2250101 (5), CCDC-
2250102 (6-I), CCDC-2250103 (6-OTf), CCDC-2250104 (7) can be obtained free of charge
from The Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/
structures/.

4. Conclusions

In summary, S,S-bis-ylide 2 readily reacted with MeI to give the C-methylated salt 3.
Moreover, 2 also reacted with CO2 to give betaine 4, which was characterized in solution
by using NMR spectroscopy at low temperatures. CO2 adduct 4 was still reactive and
underwent O-silylation and O-alkylation reactions in the presence of HMDS and MeI,
respectively, to afford the corresponding salts 5 and 6. Finally, the high leaving group
ability of sulfide ligand in 2 was demonstrated by an original reaction with phosphenium
ions, yielding a stabilized ylide 7, probably through the transient formation of a strongly
electrophilic phosphino(sulfonio)carbene 9. Efforts are currently underway to extend the
potential of this type of ylide.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28083295/s1, NMR spectra and crystallographic data.

Author Contributions: Conceptualization, E.M., T.K. and A.B.; investigation, U.A. and V.S.V.S.N.S.;
X-ray structural studies, N.S.-M.; writing—original draft preparation, E.M.; writing—review and
editing, all authors; supervision, E.M. and T.K.; project administration, E.M.; funding acquisition,
E.M., T.K. and A.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The Agence Nationale de la Recherche, ANR-19-CE07-0013.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The Agence Nationale de la Recherche (ANR-19-CE07-0013) and the Ministère
de l’Enseignement Supérieur et de la Recherche are gratefully acknowledged for the Ph.D. grant to
U.A. and post-doctoral fellowship for V.S.V.S.N.S. The authors would like to thank the CNRS and the
Université de Toulouse, UPS, for financial support. NMR, mass, and X-ray diffraction services from
the Institut de Chimie de Toulouse (ICT—FR2599) are acknowledged for support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

https://www.ccdc.cam.ac.uk/structures/
https://www.ccdc.cam.ac.uk/structures/
https://www.mdpi.com/article/10.3390/molecules28083295/s1


Molecules 2023, 28, 3295 9 of 10

Sample Availability Samples of the compounds are not available from the authors.

References and Notes
1. Staudinger, H.; Meyer, J. New organic compounds of phosphorus. II. Phosphazines. Helv. Chim. Acta 1919, 2, 619–635. [CrossRef]
2. Staudinger, H.; Braunholtz, B.H. New organic phosphorus compounds. V. The action of carbonylene derivatives on phosphazines.

Helv. Chim. Acta 1921, 4, 897–900. [CrossRef]
3. Clark, S.J. (Ed.) Nitrogen, Oxygen and Sulfur Ylide Chemistry; Oxford University Press: Oxford, UK, 2002.
4. Wittig, G.; Rieber, M. Metallizability (“Metallierbarkeit”) of quaternary ammonium and phosphonium salts. Lieb. Ann. Chem.

1949, 562, 177–187. [CrossRef]
5. Wittig, G.; Geissler, G. Course of reactions of pentaphenylphosphorus and certain derivatives. Lieb. Ann. Chem. 1953, 580, 44–57.

[CrossRef]
6. Abell, A.D.; Edmonds, M.K. The Wittig and related Reactions. In Organophosphorus Reagents; Murphy, P.J., Ed.; Oxford University

Press: Oxford, UK, 2004; pp. 99–127.
7. Schobert, R. Applications of the Wittig reaction in the synthesis of heterocyclic and carbocyclic compounds. In Organophosphorus

Reagents; Murphy, P.J., Ed.; Oxford University Press: Oxford, UK, 2004; pp. 128–148.
8. Edmonds, M.; Abell, A. Modern Carbonyl Olefination; Takeda, T., Ed.; WileyVCH: Weinheim, Germany, 2004; Chapter 1.
9. Kolodiazhny, O.I. Phosphorus Ylides: Chemistry and Application in Organic Synthesis; Wiley: New York, NY, USA, 1999.
10. Chauvin, R.; Canac, Y. (Eds.) Topics in Organometallic Chemistry; Springer: Berlin, Germany, 2010.
11. Fustier-Boutignon, M.; Mezailles, N. Stable geminal dianions as precursors for Gem-diorganometallic and carbene complexes.

Top. Organomet. Chem. 2014, 47, 63–127.
12. Gessner, V.H.; Becker, J.; Feichtner, K.-S. Carbene Complexes Based on Dilithium Methandiides. Eur. J. Inorg. Chem. 2015,

4, 1841–1859. [CrossRef]
13. Scharf, L.T.; Gessner, V.H. Metalated Ylides: A New Class of Strong Donor Ligands with Unique Electronic Properties. Inorg.

Chem. 2017, 56, 8599–8607. [CrossRef]
14. Fustier-Boutignon, M.; Nebra, N.; Mézailles, N. Geminal Dianions Stabilized by Main Group Elements. Chem. Rev. 2019,

119, 8555–8700. [CrossRef] [PubMed]
15. Zhao, L.; Chai, C.; Petz, W.; Frenking, G. Carbones and Carbon Atom as Ligands in Transition Metal Complexes. Molecules 2020,

25, 4943. [CrossRef]
16. Wang, Y.; Robinson, G.H. Counterintuitive Chemistry: Carbene Stabilization of Zero-Oxidation State Main Group Species. J. Am.

Chem. Soc. 2023, 145, 5592–5612. [CrossRef]
17. Ramirez, F.; Desai, N.B.; Hansen, B.; McKelvie, N.N. Hexaphenylcarbodiphosphorane, (C6H5)3PCP(C6H5)3. J. Am. Chem. Soc.

1961, 83, 3539–3540. [CrossRef]
18. Dyker, C.A.; Lavallo, V.; Donnadieu, B.; Bertrand, G. Synthesis of an extremely bent acyclic allene (a “carbodicarbene”): A strong

donor ligand. Angew. Chem. Int. Ed. 2008, 47, 3206–3209. [CrossRef]
19. Tonner, R.; Frenking, G. C(NHC)2: Divalent carbon(0) compounds with N-heterocyclic carbene ligands-theoretical evidence for a

class of molecules with promising chemical properties. Angew. Chem. Int. Ed. 2007, 46, 8695–8698. [CrossRef] [PubMed]
20. Lehmann, C.W.; Anoop, A.; Thiel, W.; Fürstner, A.; Alcarazo, M. Coordination chemistry at carbon. Nat. Chem. 2009, 1, 295–301.
21. Chen, W.-C.; Shen, J.-S.; Jurca, T.; Peng, C.-J.; Lin, Y.-H.; Wang, Y.-P.; Shih, W.-C.; Yap, G.P.A.; Ong, T.-G. Expanding the Ligand

Framework Diversity of Carbodicarbenes and Direct Detection of Boron Activation in the Methylation of Amines with CO2.
Angew. Chem. Int. Ed. 2015, 54, 15207–15212. [CrossRef] [PubMed]

22. Liu, S.-K.; Chen, W.-C.; Yap, G.P.A.; Ong, T.-G. Synthesis of Carbophosphinocarbene and Their Donating Ability: Expansion of
the Carbone Class. Organometallics 2020, 39, 4395–4401. [CrossRef]

23. Dellus, N.; Kato, T.; Bagan, X.; Saffon-Merceron, N.; Branchadell, V.; Baceiredo, A. An isolable mixed P,S-bis(ylide) as an
asymmetric carbon atom source. Angew. Chem. Int. Ed. 2010, 49, 6798–6801. [CrossRef]

24. Lozano Gonzalez, M.; Bousquet, L.; Hameury, S.; Alvarez Toledano, C.; Saffon-Merceron, N.; Branchadell, V.; Maerten, E.;
Baceiredo, A. Phosphine/Sulfoxide-Supported Carbon(0) Complex. Chem. Eur. J. 2018, 24, 2570–2574. [CrossRef] [PubMed]

25. Authesserre, U.; Hameury, S.; Dajnak, A.; Saffon-Merceron, N.; Baceiredo, A.; Madec, D.; Maerten, E. Complexes of Dichlorogermy-
lene with Phosphine/Sulfoxide-Supported Carbone as Ligand. Molecules 2021, 26, 2005. [CrossRef]

26. Ikeda, T.; Mikami, T.; Suzuki, T.; Yoshimura, T.; Fujii, T. Synthesis and structure of (MeN)Ph2S=C=SPh2(NMe). Angew. Chem. Int.
Ed. 2002, 41, 2576–2578.

27. Morosaki, T.; Suzuki, T.; Wang, W.-W.; Nagase, S.; Fujii, T. Syntheses, Structures, and Reactivities of Two Chalcogen-Stabilized
Carbones. Angew. Chem. Int. Ed. 2014, 53, 9569–9571. [CrossRef]

28. Morosaki, T.; Wang, W.-W.; Nagase, S.; Fujii, T. Synthesis, Structure, and Reactivities of Iminosulfane- and Phosphane-Stabilized
Carbones Exhibiting Four-Electron Donor Ability. Chem. Eur. J. 2015, 21, 15405–15411. [CrossRef]

29. Morosaki, T.; Fujii, T. Synthesis of phosphorus- and sulfur-stabilized carbone (Me)Ph2P→C←SPh2(=NMe). Phosphorus Sulfur
Silicon Relat. Elem. 2016, 191, 159–162. [CrossRef]

30. Morosaki, T.; Iijima, R.; Suzuki, T.; Wang, W.-W.; Nagase, S.; Fujii, T. Synthesis, Electronic Structure, and Reactivities of
Two-Sulfur-Stabilized Carbones Exhibiting Four-Electron Donor Ability. Chem. Eur. J. 2017, 23, 8694–8702. [CrossRef]

http://doi.org/10.1002/hlca.19190020163
http://doi.org/10.1002/hlca.19210040194
http://doi.org/10.1002/jlac.19495620303
http://doi.org/10.1002/jlac.19535800107
http://doi.org/10.1002/ejic.201500051
http://doi.org/10.1021/acs.inorgchem.7b00099
http://doi.org/10.1021/acs.chemrev.8b00802
http://www.ncbi.nlm.nih.gov/pubmed/31194516
http://doi.org/10.3390/molecules25214943
http://doi.org/10.1021/jacs.2c13574
http://doi.org/10.1021/ja01477a052
http://doi.org/10.1002/anie.200705620
http://doi.org/10.1002/anie.200701632
http://www.ncbi.nlm.nih.gov/pubmed/17924383
http://doi.org/10.1002/anie.201507921
http://www.ncbi.nlm.nih.gov/pubmed/26489967
http://doi.org/10.1021/acs.organomet.0c00618
http://doi.org/10.1002/anie.201002833
http://doi.org/10.1002/chem.201705557
http://www.ncbi.nlm.nih.gov/pubmed/29318686
http://doi.org/10.3390/molecules26072005
http://doi.org/10.1002/anie.201404795
http://doi.org/10.1002/chem.201502166
http://doi.org/10.1080/10426507.2015.1114488
http://doi.org/10.1002/chem.201700863


Molecules 2023, 28, 3295 10 of 10

31. Pranckevicius, C.; Fan, L.; Stephan, D.W. Cyclic Bent Allene Hydrido-Carbonyl Complexes of Ruthenium: Highly Active Catalysts
for Hydrogenation of Olefins. J. Am. Chem. Soc. 2015, 137, 5582–5589. [CrossRef] [PubMed]

32. Chen, W.-C.; Shih, W.-C.; Jurca, T.; Zhao, L.; Andrada, D.M.; Peng, C.-J.; Chang, C.-C.; Liu, S.-K.; Wang, Y.-P.; Wen, Y.-S.;
et al. Carbodicarbenes: Unexpected π-Accepting Ability during Reactivity with Small Molecules. J. Am. Chem. Soc. 2017,
139, 12830–12836. [CrossRef]

33. Chan, Y.-C.; Bai, Y.; Chen, W.-C.; Chen, H.-Y.; Li, C.-Y.; Wu, Y.-Y.; Tseng, M.-C.; Yap, G.P.A.; Zhao, L.; Chen, H.-Y.; et al. Synergistic
Catalysis by Brønsted Acid/Carbodicarbene Mimicking Frustrated Lewis Pair-Like Reactivity. Angew. Chem. Int. Ed. 2021,
60, 19949–19956. [CrossRef] [PubMed]

34. Kamitani, M.; Nakayasu, B.; Fujimoto, H.; Yasui, K.; Kodama, T.; Tobisu, M. Single-carbon atom transfer to α,β-unsaturated
amides from N-heterocyclic carbenes. Science 2023, 379, 484–488. [CrossRef]

35. Matthews, C.N.; Driscoll, J.S.; Birum, G.H. Mesomeric phosphonium inner salts. Chem. Comm. 1966, 20, 736–737. [CrossRef]
36. Birum, G.H.; Matthews, C.N. Triphenylphosphoranylideneketene. Tet. Lett. 1966, 37, 5707–5710.
37. Petz, F.; Öxler, F.; Brand, A.; Neumüller, B. Concerning the Reaction of the Betain-like Compound O2CC(PPh3)2 withTungsten-

Carbonyl Derivatives; Preparation and Crystal Structures of [(CO)5W{η1-O2C2(PPh3)2}] and [(CO)4W{η2-O2C2(PPh3)2}]. Z.
Anorg. Allg. Chem. 2006, 632, 588–592. [CrossRef]

38. Petz, W.; Kutschera, C.; Heitbaum, M.; Frenking, G.; Tonner, R.; Neumüller, B. Experimental and Theoretical Studies of
Carbodiphosphorane−CX2 Adducts with Unusual Bonding Situations: Preparation, Crystal Structures, and Bonding Analyses of
S2CC(PPh3)2, O2CC(PPh3)2, and [(CO)4MS2CC(PPh3)2] (M = Cr, Mo, W). Inorg. Chem. 2005, 44, 1263–1274. [CrossRef] [PubMed]

39. Zhou, H.; Wang, G.-X.; Zhang, W.-Z.; Lu, X.-B. CO2 Adducts of Phosphorus Ylides: Highly Active Organocatalysts for Carbon
Dioxide Transformation. ACS Catal. 2015, 5, 6773–6779. [CrossRef]

40. 5 was isolated as crystals from a THF/pentane solution and its structure was established by X-ray diffraction analysis (see
supporting information). Unfortunately, treatment to isolate 5 leads to decomposition.

41. Both iodine (6-I) and triflate (6-OTf) salts co-crystalized. Both structures are very similar and the complete data can be found in
the supporting information.

42. The same tendency was observed in the O-silylated salt 5.
43. Dellus, N.; Kato, T.; Saffon-Merceron, N.; Branchadell, V.; Baceiredo, A. Synthesis and Characterization of a Stable Cyclic

gem-Bis(phosphaylide): A 4π-Electron Three-Membered Heterocycle. Inorg. Chem. 2011, 50, 7949–7951. [CrossRef]
44. If the temperature rise is too slow, the selectivity of the reaction is greatly reduced.
45. Goumri-Magnet, S.; Gornitzka, H.; Baceiredo, A.; Bertrand, G. Synthetic Utility of Stable Phosphanylcarbenes: Synthesis and

Crystal Structure of an α-(Lithiomethylene)phosphorene. Angew. Chem. Int. Ed. 1999, 38, 678–680. [CrossRef]
46. Birum, G.H.; Matthews, C.N. Mesomeric phosphonium inner salts. J. Am. Chem. Soc. 1966, 88, 4198–4203. [CrossRef]
47. Mastryukova, T.A.; Aladzheva, I.M.; Leontéva, I.V.; Petrovski, P.V.; Fodin, I.; Kabachnik, M.I. Dyadic phosphorus-carbon

tautomerism. Pure Appl. Chem. 1980, 52, 945–957. [CrossRef]
48. SADABS, Program for data correction, Bruker−AXS.
49. Sheldrick, G.M. SHELXT—Integrated space-group and crystal-structure determination. Acta Cryst. 2015, A71, 3–8. [CrossRef]
50. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Cryst. 2015, C71, 3–8.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/jacs.5b02203
http://www.ncbi.nlm.nih.gov/pubmed/25855868
http://doi.org/10.1021/jacs.7b08031
http://doi.org/10.1002/anie.202107127
http://www.ncbi.nlm.nih.gov/pubmed/34128303
http://doi.org/10.1126/science.ade5110
http://doi.org/10.1039/c19660000736
http://doi.org/10.1002/zaac.200500461
http://doi.org/10.1021/ic048397l
http://www.ncbi.nlm.nih.gov/pubmed/15732966
http://doi.org/10.1021/acscatal.5b01409
http://doi.org/10.1021/ic2013182
http://doi.org/10.1002/(SICI)1521-3773(19990301)38:5&lt;678::AID-ANIE678&gt;3.0.CO;2-L
http://doi.org/10.1021/ja00970a017
http://doi.org/10.1351/pac198052040945
http://doi.org/10.1107/S2053273314026370

	Introduction 
	Results and Discussion 
	Synthesis 
	Reactivity 

	Materials and Methods 
	General Comments 
	Synthesis 
	X-ray Data 

	Conclusions 
	References and Notes

