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Abstract: Although ylides are commonly used reagents
in organic synthesis, the parent methylphosphine MePH2

only exists in its phosphine form in the condensed phase.
Its ylide tautomer H3P

+� CH2
� is considerably higher in

energy. Here, we report on the formation of bis-
(sulfonyl)methyl-substituted phosphines of the type
(RO2S)2C(H)� PR2, which form stable PH ylides under
ambient conditions, amongst the first examples of an
acyclic phosphine which only exists in its PH ylide form.
Depending on the exact substitution pattern the phos-
phines form an equilibrium between the PH ylide and
the phosphine form or exist as one of both extremes.
These phosphines were found to be ideal starting
systems for the facile formation of α-carbanionic
phosphines. The carbanion-functionalization leads to a
switch from electron-poor to highly electron-rich phos-
phines with strong donor abilities and high basicities.
Thus, the phosphines readily react with different electro-
philes exclusively at the phosphorus atom and not at the
carbanionic center. Furthermore, the anionic nature of
the phosphines allows the formation of zwitterionic
complexes as demonstrated by the isolation of a gold(I)
complex with a cationic metal center. The cationic gold
center allows for catalytic activity in the hydroamination
of alkyne without requiring a further activation step.

Introduction

Phosphorus-ylides are versatile, routinely used reagents in
organic synthesis. The structure of ylides has been discussed
repeatedly in the literature but is nowadays accepted to

exhibit a dipolar P� C linkage with a carbanionic site, which
for simplicity reasons is still often depicted as a P=C double
bond. The simplest ylide, H3P

+� CH2
� (A) has been the

subject of many theoretical as well as experimental studies
and was shown to be more than 200 kJmol� 1 less stable than
its tautomer, methylphosphine (A’, Figure 1).[1] This is in
contrast to the oxygen analogue, phosphinous acid H2POH.
While the acid form B’ is still slightly favored over the ylidic
tautomer B for the parent acid, organic derivatives preferen-
tially exist—also due to the more stable P=O bond—as the
corresponding phosphine oxides (B).[2] In case of the carbon
compounds, PH-phosphonium ylides are usually thermody-
namically less stable than the corresponding alkyl phos-
phines and only very few examples have been isolated. The
first detection of a PH ylide at ambient conditions was
reported by Kolodiazhny in the 1980s by means of
bis(alkoxycarbonyl)methylphosphines C, which showed sol-
vent dependent ylide-phosphine equilibria in solution and
the preference of the ylidic form in the solid state based on
IR spectroscopic data.[3] The first crystallographic proof of a
stable P� H ylide was reported by Niecke in 2002 with P,N-
macrocycle D, in which the ylide was further stabilized by an
intramolecular hydrogen bond.[4] Few further examples of
PH ylides have been reported and their chemistry remains
virtually unexplored.[5]
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Figure 1. Top: Examples of PH tautomerism. Bottom: Examples of
stable PH-phosphonium ylides (left) and molecules focused on in this
work (right).
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Based on our efforts to synthesize electron-rich
phosphines[6,7] we became interested in the generation of
stable PH ylides. We hypothesized that these ylides should
be ideal starting materials to α-carbanionic phosphines with
exclusive P-centered reactivity. In general, phosphinometha-
nides have been known for many years and their s-block
metal complexes studied in detail with important contribu-
tions being made for example by Karsch, Müller and
Izod.[8, 9] Usually, phosphinomethanides with an non-stabi-
lized carbanionic center react as carbon nucleophiles to
introduce α-phosphinomethylene moieties.[10] However, with
an appropriate molecular design the reactivity can be shifted
to the phosphorus center rendering the carbanion as a
“simple” electron-donating group. Such observations have
been made by Karsch using silyl-substituted phosphinome-
thanides, which still however showed partly C-centered
reactivity and P-to-C equilibrium processes.[11] However,
competing C-centered reactivities may lead to undesired
side-reactions when applying these phosphines in transition
metal complexes and catalysts. Since PH ylides already
undergo protonation at the phosphorus center, the
carbanion reactivity in these systems should be sufficiently
suppressed. This should allow for exclusive phosphine
reactivity and the switching of a phosphine from an
electron-poor (protonated state) to an electron-rich
donor.[12,13] We envisioned that due to the excellent anion-
stabilizing ability of sulfonyl groups, bis(sulfonyl)methyl
substituents should be ideal for the isolation of stable PH
ylides E and the carbanionic phosphines with exclusive
phosphorus-centered reactivity.

Results and Discussion

Synthesis and Characterization of the PH Ylides

To test this hypothesis, we addressed the synthesis of a
series of bis-tosyl functionalized phosphines 3a-R with
different substituents at the phosphorus center (Cy, Ph, iPr).
For comparison, the pyridyl-substituted analogues 3b-R
were targeted. Both bis(sulfonyl)methane precursors 1a and
1b were prepared in two steps from the corresponding thiols
via coupling with diiodomethane and subsequent oxidation
(see the Supporting Information). For the synthesis of
phosphines 3-R, two different routes were found to be
applicable, depending on the basicity of the bis-
(sulfonyl)methanides 2a and 2b and the donor strength of
the introduced phosphine moiety (Scheme 1): Route 1
proceeds via the corresponding methanides 2a and 2b and
their reaction with the respective chlorophosphines. Since
the one-pot synthesis was unselective, methanide 2a was
first isolated as a colorless, crystalline solid[14] in quantitative
yields and afterwards converted to 3-R by treatment with
Cy2PCl or iPr2PCl. In Route 2, the anionic phosphines 4-R
are directly synthesized by treatment of 1a or 1b with
2 equiv of base and one equiv. chlorophosphine. Subsequent
protonation with hydrochloric acid gives the neutral phos-
phines 3-R. This route was used for the pyridyl-substituted
phosphine 3b-Cy and the diphenylphosphine 3a-Ph, where-

as the alkylphosphines 3a-Cy and 3a-iPr were prepared via
Route 1. Both pathways delivered the phosphines as color-
less solids in 56–80% yield. Higher yields were prevented by
competing re-protonation of the bis(sulfonyl)methanides
and reformation of 1a and 1b as difficult-to-separate
byproducts.

The NMR spectra of the phosphines 3-R showed
remarkable differences and suggested the formation of
different tautomeric forms in solution depending on the
sulfonyl and R’ group. For example, a solution of 3a-Cy in
THF showed two signals at 17.4 and 19.8 ppm in the 31P{1H}
NMR spectrum corresponding to the ylide form 3’ and
phosphine 3 in an approx. 4 :1 ratio. Likewise, the 1H NMR
spectrum exhibited two sets of signals with the signal of the
proton at the SCS linkage appearing as a doublet at
4.89 ppm (2JHP =1.43 Hz). In contrast, the ylide tautomer
could be identified by the characteristic PH signal which
appears as a doublet of triplets at 6.02 ppm (1JPH =447.8 Hz;
3JHH =7.45 Hz). The large 1JPH coupling constant compares
well with Niecke’s PH-ylide macrocycle (457 Hz).[4] 31P
decoupling experiments led to a simple triplet, thus confirm-
ing the presence of a phosphorus-bound hydrogen atom.
While 3a-iPr, like 3a-Cy, forms an equilibrium between 3-R
and 3’-R with preference of the PH-ylide in THF solution,
3a-Ph with a less electron-rich phosphorus center only exists
in the phosphine form. For the 2-pyridyl-substituted com-
pound 3b-Cy also no equilibrium was observed, but
exclusive formation of the PH ylide. 3b-Cy thus represents
the first example of an acyclic phosphine which exclusively
exists in its PH ylide form.[15] The higher stability of the ylide
form for the pyridyl compound compared to its tolyl
analogue can be explained by the stronger ability of the
pyridyl group to stabilize a negative charge (see chapter 4.2
in the Supporting Information).

The NMR spectra of 3a-Cy and 3a-iPr showed different
ratios between 3-R and 3’-R depending on the solvent. To
further examine this solvent dependency of the equilibrium,
a defined amount of phosphine was dissolved in a specific
solvent and the resulting ratio determined by 31P{1H} NMR

Scheme 1. Preparation of α-carbanionic phosphines. Route 1 for 1a
and R=Cy, iPr. Route 2 was used for 1b and 1a with Ph2PCl.
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spectroscopy (Figure 2). Overall, the ylidic form 3’-R seems
to be preferred in polar solvents. For example, 17% of the
phosphine form of 3a-Cy is observed in benzene, whereas in
acetonitrile (ACN) almost exclusively the PH ylide is
formed. Overall, the solvent dependency is only minor[3] and
does not perfectly correlate with the polarity of the solvents
as judged by their dielectric constants. Therefore, we
performed density functional theory (DFT) calculations at
the PW6B95-D3/def2tzvp level to obtain further insights
into the structures and energy differences of the tautomers.
Overall, the calculations confirmed the preference of the
ylide over the phosphine form. The sole exception is the
diphenylphosphine system 3a-Ph, for which the phosphine
form was favored by ΔH=4 kJmol� 1 (see Supporting
Information for details). Accordingly, the calculated proton
affinities (PAs) for the protonation of 4a-Cy and 4b-Cy at
the phosphorus atom are larger (ΔPA=10 and 17 kJmol� 1,
respectively) than those for the protonation of the carbon

center (all values are given in Table S47). The electrostatic
potential at the surfaces (Connolly surface) of the phos-
phines and ylides were found to be rather homogeneous,
with the positive charges being efficiently shielded in the
inner sphere of the molecules. This—together with the
energetic differences—agrees well with the minor solvent
effects on the equilibrium between CH and PH tautomer.

The tautomers preferred in solution were also found to
be the preferred isomers in the solid state (Figure 2). Thus,
the phosphine form was obtained for 3a-Ph and the PH
ylide form for 3a-Cy, 3a-iPr and 3b-Cy, which represent the
first structurally characterized examples of neutral acyclic
PH ylides, according to the CCDC database. The structure
parameters of the PH ylides (Table 1) differ significantly
from those of the phosphines. Due to the additional electro-
static attraction in the ylides, the P1� C1 bonds of approx.
1.735 Å are considerably shorter than the P1� C1 bond in
3a-Ph (1.901(2) Å) and other common phosphines.[15] The
same holds true for the C1� S distances. Moreover, the
geometry at the central carbon center changes from a
tetrahedral geometry in 3a-Ph to a planar environment in
the ylides. Notably, the conformation of the structures of the
two tautomers 3-R and 3’-R showed distinct differences.
Whereas the phosphine form of 3a-Ph features a compact
structure with coplanar tolyl groups (π-stacking), these
groups occupy anti-parallel positions in the ylidic forms of
3a’-Cy and 3a’-iPr. This arrangement is preferred to
stabilize the carbanionic charge into the anti-bonding σ*-
(S� CTol/Py) orbital.

Synthesis and Properties of α-Carbanionic Phosphines

With the PH ylides in hand, we attempted the isolation of
the corresponding phosphinomethanides 4-R. To our de-
light, the anions can easily be generated by deprotonation
with NaHMDS or—as mentioned above—directly from 1,
thus delivering the anionic phosphines 4a-Cy, 4a-Ph and
4b-Cy as colorless solids in moderate to good yields between
60 and 80% (Scheme 1). The carbanionic phosphines are
characterized by a high-field shift in the 31P NMR spectra,
e.g. from approx. 18 ppm in 3a-Cy to � 0.27 ppm in 4a-Cy.
Single crystals could be obtained for the two tosyl-
substituted compounds (Figure 3). 4a-Cy crystallizes as a
dimer in which the sodium atoms are coordinated by five
oxygen atoms from the sulfonyl groups and coordinating
THF molecules. In contrast, 4a-Ph forms a coordination

Figure 2. Top: Ratio of CH:PH tautomer in different solvents and
electrostatic potential mapped on the Connolly surface (ball size: 2.3 Å)
of 3a-Cy (left) and 3a’-Cy (right). Bottom: Molecular structures of 3a-
Cy and 3a-Ph. Thermal ellipsoids at the 50% level, hydrogen atoms are
omitted for clarity except for H1. Important bond lengths and angles
are given in Table 1.

Table 1: Selected bond lengths [Å] and angles [°] for the phosphines and PH ylides 3-R and 3’-R and the anionic phosphines 4-R.

P� C [Å] S� C1 [Å][a] S1-C1-S2 [°] Σα(C1) [°]

3b’-Cy 1.741(2) 1.701(6) 119.6(1) 359.9(5)
3a’-Cy 1.733(1) 1.708(4) 120.6(8) 359.92(7)
3a’-iPr 1.741(3) 1.719(3) 118.7(2) 358.4(7)
3a-Ph 1.901(2) 1.820(5) 116.0(1) –
4a-Cy 1.793(4) 1.700(3) 118.9(3) 359.7(3)
4a-Ph 1.791(2) 1.712(5) 118.5(9) 359.7(5)

[a] Average values are given.
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polymer, in which sodium is likewise coordinated by THF
and the sulfonyl moieties of two molecules of 4a-Ph as well
as by one phosphine group. The P� C1 bond length in both
structures amounts to approx. 1.80 Å and is thus significantly
elongated relative to the one in the PH ylide 3a-PCy
(1.733(1) Å; Table 1) but shortened compared to the
phosphine structure of 3a-Ph (1.901(2) Å). This can be
explained by the repulsion of the lone pair at the neighbor-
ing carbon and phosphorus atom and the change in hybrid-
ization from sp3 to sp2 for the PPh2 system. Most notably,
both anions don’t show any contact between C1 and the
sodium ions, thus confirming the efficient stabilization of the
carbanion. In contrast, P1 in 4a-Ph binds to the metal
center, which thus represents a rare example of a sodium
monophosphine complex.[16]

The impact of introducing a negative charge in the α-
position to the phosphorus atom on the phosphine nucleo-
philicity was first studied by computational methods.[17]

Interestingly, natural bond orbital (NBO) analyses[18] on the
phosphinomethanides 4-R in comparison to phosphines 3-R
showed no increase of negative charge at the phosphorus
center. However, the Tolman electronic parameter (TEP)[19]

calculated from the LNi(CO)3 complexes [TEPcalc] showed a
significant increase of donor strength e.g. by 18 cm� 1 for 4a-
Cy. This increase is also confirmed by the experimental
values obtained from the correlation of the 1JPSe coupling
constants with the TEP values [TEPexp].

[20] Here, a more
pronounced change in the TEP value by 22 and 25 cm� 1,
respectively, was observed for 3b and 3a.[21] This increase in
the TEP value represents a strong change in donor strength
of the phosphine by deprotonation. Similar changes have
been reported for other tertiary phosphine system by other
external stimuli (pH, redox, photo),[12,13] and a somewhat
strong change for secondary phosphine oxides.[22] Overall,
the deprotonation allows the switch of an electron-poor
phosphine to a highly electron-rich donor. With a TEP of
2045 cm� 1, the anionic tolyl-substituted phosphine 4a-Cy
revealed to be the most electron-donating species. This
value is significantly lower than those of common neutral
(e.g. TEP(PtBu3): 2056.1 cm� 1)[23] and comparable to highly
electron-rich phosphines[24,25] such as our ylide-substituted

phosphines.[6] It is noteworthy that the stronger nucleophi-
licity of the α-carbanionic phosphines compared to their
protonated congeners is also reflected in the increased
proton affinities (PAs). In general, carbanion-functionaliza-
tion results in an increase of the PAs of the phosphines 3-R
by 26–33 kcalmol� 1 compared to 4-R. These PAs are always
higher than those for the protonation at the carbon atom
(except for the diphenylphosphine systems).

The calculated TEP values and PAs suggest a high donor
strength and nucleophilicity of the phosphinomethanides 4
at the phosphorus atom. To examine whether this leads to
an exclusive phosphorus-based reactivity, the anions were
treated with different electrophiles. At first, special focus
was set on small electrophiles to minimize competing steric
effects. As electrophiles simple alkyl halides (methyl iodide
and benzyl bromide) as well as BH3 as its 1,2-bis(tert-
butylthio)ethane complex and elemental sulfur were em-
ployed (Figure 4). Fortunately, only a single product was
formed in all reactions with the electrophile attacking at the
phosphorus center, thus giving way to compounds 5 and 6.
All compounds could be unambiguously characterized and
were isolated in high yields between 75 and 99%. In none of
the cases, reaction at the carbon atom was observed, despite
the high negative charge located at the carbanionc center
(Table 2). It is also noteworthy that the ylide precursors 3’-R
—in accordance with the weak donor strength of the
phosphines—don’t or only unselectively react with the same
electrophiles. This demonstrates the potential of the stabi-
lized α-carbanionic phosphines to serve as switchable
phosphines depending on the protonation state and the
propensity of carbanions to serve not only as reactive sites
but also as electron-donating groups.

Figure 3. Molecular structures of 4a-Cy and 4a-Ph in the solid state
(thermal ellipsoids at the 50% level, hydrogen atoms omitted for
clarity). Important bond lengths and angles are given in Table 1.

Figure 4. Reactivity studies of the carbanionic phosphines and molec-
ular structures of 5a and 6b.
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Catalytic Applications

Motivated by the exclusive P-centered reactivity of the α-
carbanionic phosphines, we next evaluated their propensity
to function as ligands in metal catalysts. Since cationic gold
complexes are often used in catalysis for the activation of
alkenes or alkynes, we attempted the synthesis of zwitter-
ionic gold complexes.[26] First experiments focused on the
pyridyl system 4b-Cy due to the possible stabilization of the
metal center through additional N-coordination. Unfortu-
nately, initial attempts by reacting (THT)AuCl (THT=

tetrahydrothiophene) with 4b-Cy were unsuccessful. The
reaction repeatedly led to the formation of two products,
presumably due to either the replacement of the chloride or
THT by the phosphine ligand. However, treatment of 4b-Cy
with [(Ph3P)AuCl] selectively delivered a single new com-
plex characterized by two doublets in the 31P{1H} NMR
spectrum at δP =42.5 and 50.4 ppm with a large coupling
constant of 2JPP =294.4 Hz. This complex could be identified
as the desired zwitterionic complex [(4b-Cy)·Au(PPh3)] and
structurally characterized by XRD analysis. The molecular
structure (Figure 5) of the complex features an almost linear
P-Au-P unit, with the P1� Au distance (2.3217(6) Å) to the
anionic phosphine being slightly longer than the P2� Au
bond (2.2943(6) Å) to the PPh3 ligand.

The isolation of [(4b-Cy)·Au(PPh3)] clearly confirmed
the propensity of the carbanionic phosphines to stabilize
zwitterionic complexes. To proof the utility of these
complexes in catalysis, [(4b-Cy)·Au(PPh3)] as well as the
complexes in situ formed from [(THT)AuCl] and 4b-Cy
were employed in the hydroamination of phenyl acetylene
with aniline as test reaction at 50 °C. In general, LAuCl
complexes with electron-rich phosphines or carbenes have
been used for this reaction,[27] but require the activation by
an additional halide abstraction reaction (e.g. AgBF4 or
NaBArF) to access the catalytically active cationic gold
species.[28] Due to the zwitterionic nature of our complexes
and the already present cationic metal center, we expected
that no additives should be necessary for generation of the
active species. Indeed, whereas the PPh3 complex showed no
activity—presumably due to the too strong coordination of
both phosphines and the blocking of the gold center—the
complex generated from [(THT)AuCl] and 4b-Cy revealed
to be active. Full conversion was observed with only
0.5 mol% after 24 h (Entry 3, Table 3). Due to the basic
reaction medium we envisioned that also an in situ

Table 2: Comparison of the calculated natural charges at phosphorus and carbon and TEP values obtained by correlation of the TEP with the 1JPSe
coupling constants [TEPexp] and from the calculated CO stretching frequencies of the LNi(CO)3 complexes [TEPcalc] as well as the proton affinities
for protonation at the phosphorus atom in the anionic phosphines 4 and neutral phosphines 3. The values for all compounds are given in the
Supporting Information. Calculations were performed on the PW6B95-D3/def2tzvp level of theory. Values are given for the most stable conformers
as obtained with the program package CREST.[17]

4a-Cy 3a’-Cy 3a-Cy 4a-Ph 3a-Ph 4b-Cy 3b-Cy 3b’-Cy

q(P) 0.866 1.413 0.856 0.896 0.872 0.878 0.856 1.424
q(C) � 1.310 � 1.346 � 1.062 � 1.309 � 1.041 � 1.294 � 1.093 � 1.341
TEPexp [cm� 1] 2045 – 2070 – – 2046 2068 –
TEPcalc [cm

� 1] 2046 – 2064 2049 2074 2048 2065 –
PA (@P) [kcalmol� 1] � 294.5 – � 267.1 � 289.1 � 261.2 � 296.8 � 263.8 –

Figure 5. Synthesis of the zwitterionic gold complex [(4b-Cy)·Au(PPh3)]
(top) and its molecular structure (bottom). Selected bond lengths [Å]
and angles [°]: S1� C1 1.711(2), C1� S2 1.713(2), P1� C1 1.775(2),
Au1� P2 2.2943(6), Au1� P1 2.3217(6); P2-Au1-P1 172.03(2), S1-C1-S2
116.51(14), S1-C1-P1 122.85(13), S2-C1-P1 119.55(13).

Table 3: Gold-catalysed hydroamination of phenylacetylene with aniline
with different gold complexes.[a]

Entry Catalyst Mol% Yield [%]

1 PPh3AuCl or (THT)AuCl 0.5 n.o.
2 [(4b-Cy)·Au(PPh3)] 0.5 n.o
3 4b-Cy+ (THT)AuCl 0.5 99
4 4b-Cy+ (THT)AuCl 0.1 75
5 [(3b-Cy)AuCl)] 0.5 89
6 [(3b-Cy)AuCl)] 0.1 66
7 PPh3AuCl+NaBArF 0.1 39

[a] Conditions: 50 °C, 24 h, neat, phenylacetylene (1 equiv), aniline
(1.1 equiv). Yields were calculated by NMR spectroscopy. NaBArF=

sodium tetrakis-[3,5-bis-(trifluoromethyl)phenyl]-borate.
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activation of the AuCl complex of the neutral phosphines
might be possible through HCl elimination. Indeed, employ-
ment of [(3b-Cy)AuCl)] as catalyst gave 89% conversion
after 24 h (Entry 5). Again, no activation by a halide
abstraction reagent was required. This contrasts the reac-
tivity of “simple” neutral phosphines. Here, no conversion
was observed with [PPh3·AuCl], [(THT)AuCl] (Entry 1) or
AuCl complexes with more sophisticated ligands such as our
ylide-substituted phosphines (YPhos),[29] when no halide-
abstraction reagent was added. These results clearly demon-
strate the utility of our carbanionic phosphines for the
formation of zwitterionic catalysts. It must be noted that the
catalysts are active in protic media (aniline), confirming the
stability of the carbanionic center toward protonation or
decomposition under these conditions.

Conclusion

In conclusion, we reported on the synthesis of di(sulfonyl)-
substituted organophosphines which readily form stable PH
ylides also in solution. Depending on the substitution
pattern an equilibrium between the PH ylide and the
corresponding phosphine form was observed. In the case of
the pyridyl-substituted compound the first acyclic alkylphos-
phine that exclusively exists as its PH ylide could be isolated
and structurally authenticated. The phosphines readily gave
way to the corresponding phosphinomethanides 4-R which
exhibited exclusive phosphorus-centered reactivity when
treated with different electrophiles. DFT calculations con-
firmed the remarkable increase in donor strength and
basicity imparted by the carbanionic electron-donating
substituent. This special donor strength makes these α-
carbanionic phosphines to attractive pH-switchable ligands
to access zwitterionic complexes with unique ligand proper-
ties. The utility of the ligands were showcased by the
formation of zwitterionic complexes of the type [(4-
Cy)·AuL] with a cationic gold center. These complexes were
found to be active catalysts for the hydroamination of
phenylacetylene without requiring an additional activation
by a halide-abstraction reagent. Further applications of the
carbanionic phosphines in transition metal catalysis are
currently being investigated.

Experimental Section

Experimental details, procedures and compound characterizations,
NMR spectra and crystallographic data as well as computational
details including cartesian coordinates are provided in the Support-
ing Information.
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