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Protonation of a bidentate xantphos-phosphole ligand
by HBF4 affords only one enantiomer of a cyclic phos-
pholium dihydropholene structure. DFT calculations
allowed us to establish that protonation initially takes
place at the phosphorus atom of the phosphole moiety to
afford a transient P-H phospholium salt, which in turn
protonates the CdC double bond of the second phosp-
hole unit.

Due to the presence of both a reactive phosphorus lone
pair and a dienic system, phospholes exhibit a reactivity that
markedly differs from that of classical phosphines bearing
unsaturated substituents. In most cases, reactivity at phos-
phorus and at the dienic system is linked, and not surpris-
ingly, coordination of the phosphorus lone pair was shown
to dramatically influence the reactivity of the unsaturated
π-system. Thus, transitionmetal complexes as well as phosp-
hole oxide and sulfide were extensively used to prepare new
phosphorus heterocycles,1 reactive intermediates,2 and pre-
cursors of molecular materials.3

Comparatively, little attention has been paid to phospho-
lium salts, the phosphole equivalents of phosphoniums,

which have found numerous applications in organic synth-
esis (Wittig reaction), and quaternarization of the phos-
phorus lone pair has been considerably less exploited to
modulate the reactivity of the phosphole nucleus. Thus,
though some phospholium salts have been identified,4 pro-
tonated phospholes eluded isolation so far and their chem-
istry remains unexplored.5 Theoretical calculations suggest
that this situation mainly results from the presence of two
potential protonation sites at the phosphole nucleus, the
phosphorus lone pair and the two R-carbon atoms (C2 and
C5 positions).6 Thus, protonation may occur either at phos-
phorus or on the dienic system depending on the substitution
scheme of the ring to yield rather unstable species. In the
course of our studies on 2,5-diphenylphosphole derivatives,7

we recently investigated this protonation process in the case
of a xantphos derivative and found that this chelate back-
bone allowed us to put in evidence an intramolecular trap-
ping reaction of a P-H phospholium salt. Herein we wish to
report on these results.

Reaction of XDPP 1 (XDPP is xantphos-2,5-
diphenylphosphole) with 1.5 equiv of HBF4 (54 wt % in
Et2O) at room temperature resulted in an exothermic reac-
tion and the immediate formation of a new compound 2,
which was evidenced in 31PNMR spectroscopy by a AB spin
system pattern. Compound 2-S, which proved to be remark-
ably air- andwater-stable, was isolated after usual workup as
a yellow crystalline compound in nearly quantitative yield.
Formulation of 2-S (S corresponding to the stereochemistry
of the CR-protonated site) could not be straightforwardly
assessed on the exclusive basis of 1H and 13CNMRdata, and
an X-ray crystal structure determination proved to be very
useful. As can be seen in Figure 1, 2-S is a cyclic structure
featuring a 2,3-dihydrophospholene unit connected to the
phosphorus atom of a phospholium unit through the CR
carbon atom (Scheme 1).

Importantly, only one diastereomer is formed, and no
trace of the 2-R derivative was detected in the reaction
mixture. This type of structure is not totally unprecedented,
and in 1986, during a study on the protonation of the 1-P-
phenyl-3,4-dimethylphosphole, Quin andMathey evidenced
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the transient formation of a similar dimer obtained by
deprotonation of a dimeric diphospholium salt. However,
this compoundwas found too sensitive to be fully characteri-
zed.8 Formation of 2-S raises an interesting mechanistic
problem, and three distinct mechanisms can be proposed.
First, one may propose that protonation initially takes place
at the CR carbon atom of one phosphole ring (P1) to
transiently afford a 2,3-dihydrophospholenium ion, which
in turn reacts with the phosphorus atom of the second
phosphole unit (P2) through its Cβ carbon atom to afford
2-S. However, this mechanism seems unlikely since it would
suppose that protonation regioselectively would take place
at the CR carbon atom to exclusively afford a single dia-
stereomer. The second possiblemechanism involves, in a first
step, the protonation of one phosphole ring (P2) to afford a
P-H phospholium derivative, which would subsequently
react through its P-H bond to give a concerted addition
onto the CdC double bond of the second phosphole moiety.
Finally, the third mechanism, which also relies on the
transient formation of a P-H phospholium salt, would
involve the transfer of the proton from phosphorus to the
CR carbon atom followed by the attack of the phosphorus
atom onto the cationic Cβ carbon atom of the 2,3-dihydro-
phospholenium formed. In order to shed some light on
the second and third proposals, DFT calculations were
carried out.

We first put our attention on the preferred protonation site
of the XDPP ligand. Assuming that the xantphos backbone
could be modeled by a simple phenyl group, calculations
were carried out on the 1,2,5-triphenylphosphole (TPP)
derivative I. Calculations of the proton affinity of phosphole
derivatives in the gas phase and in solution have already been
the subject of some investigations, and it has been shown that

the favored protonation site is highly sensitive to the sub-
stitution schemeof the phosphole unit. The proton affinity of
Iwas computed using themethod developed byNguyen et al.
at the B3LYP/6-311þþG(d,p)//HF/6-31G(d,p) (method 1)
level and by a second method at the B3PW91/6-311þþG(d,
p)//B3PW91 6-311G(d,p) (method 2) level of theory. Results
of these calculations, which are summarized in Table 1, led to
the same conclusion and indicate that the phosphorus atom
is the favored protonation site (Scheme 2).

Having established that a P-H phospholium salt is prob-
ably formed in a first step upon protonation, we then turned
our attention to the conformation of the XDPP ligand.
Calculations suggest that, at room temperature, two con-
formations exist and can interconvert. Two motions can
explain the interconversion between these two conformers:
a rotation around the P-C that connects the phosphole unit
to the xantphos backbone and the inversion of the phos-
phorus atom. The first motion can be excluded due to the
bulkiness provided by the ancillary phenyl groups. The
inversion of the phosphorus atom is therefore the most
realistic motion. Indeed, the inversion barrier of the TPP
ligand was found to be rather low at 16.0 kcal/mol, and we
can assume that this also stands for 1 if we consider that the
xantphos backbone can be modeled by a phenyl group. Both
conformers ofXDPP,Va andVb, were found to be very close
in energy (Scheme 3). All possible CR- and P-protonated
derivatives were optimized, and their relative energies were
compared with regards to Va (Scheme 3).9 Both conformers
of V (a and b) are very close in energy as well as their
respective H-P phospholium saltsVIa and b. It also appears
that, in good agreement with calculations of the TPP I, the
CR-protonated compounds VIIa and VIIb lie at an energy
(þ4.2 kcal/mol) higher than that of VIa and VIb.

On the basis of these results, we then focused our study on
the determination of the complete pathway rationalizing the
formation of 2. The overall computed energetic pathway is
presented in Scheme 4, with the energies being related to
compoundVIa. Various attempts were made to characterize

TABLE 1. Proton Affinity of I Computed with Methods 1 and 2 (PAs
are given in kcal/mol)

compound method 1 method 2

II -220.64 -221.97
III-R -219.67 -220.07
III-S -215.72 -216.22
IV -210.12 -213.41

SCHEME 1. Synthesis of 2

SCHEME 2. Protonation of TPP I

FIGURE 1. ORTEP view of one molecule of 2-S.

(8) Quin, L. D.; Belmont, S. E.; Mathey, F.; Charrier, C. J. Chem. Soc.,
Perkin Trans. 2 1986, 629.

(9) The theoretical structure of the O-protonated derivative ofVwas also
successfully optimized but was found very high in energy atþ 27.6 kcal/mol.
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a transition step connecting VIb to VIII. However, these
calculations did not allow us to conclude that a concerted
addition of the P-Hbond onto the CdC bond of the second
phosphole moiety takes place.

Amechanism involving two distinct steps was found (third
proposal). As expected, the first step involves a transfer of
the proton from the phosphorus atom of the P-H phospho-
lium moiety of VIb to the CR carbon atom of the second
phosphole moiety to afford the 2,3-dihydrophospholenium
intermediateVIIb-R, which was characterized as aminimum
on the PES. As can be seen, this proton transfer requires
weak activation energy and is therefore compatible with the
experimental conditions employed.

A view of the computed structure of VIb-TS-VIIb-R is
presented in Figure 2. As expected when considering respec-
tive energies, the structure ofVIb-TS-VII-R lies between that
of theVIb andVIIb-R and the proton is located at 1.725 Å of
the P2 atom and 1.461 Å of C1. In terms of MOs, this
reaction involves the interaction of Hþ with the π2 orbital
(mainly developed on CR carbon atoms) of the butadienyl
moiety of the phosphole unit (see Supporting Information).

The second step leading to VIII involves the reaction of the
phosphorus atom lone pair on theCβ carbon atomof the 2,3-
dihydrophospholenium unit. The transition state of this
second step lies at the same energy as that of VIIIb-R (no
significant energy difference) and corresponds to amotion of
the dihydrophospholenium unit toward the P2 atom.10

In conclusion, we have shown that the protonation of the
XDPP ligand involves two distinct protonation steps, the
first one occurring at phosphorus according to the slightly
greater proton affinity of phosphorus. However, this weak
energetic difference accounts for the results observed with
the 1,2,5-triphenylphosphole. Protonation under the same
conditions leads to the formation of unidentified com-
pounds, and one may therefore propose that, though the
formation of the P-H phospholium is favored, both phos-
pholium species (P- and CR-protonated) are probably pre-
sent in solution since the P-H phospholium salt can act as a
proton source.11

Experimental Section

Synthesis of 2. To a solution of XDPP 1 (100 mg, 0.15 mmol)
in dichloromethane was added 1.5 equiv of HBF4 (54 wt % in
diethylether) (25.7 μL, 0.22 mmol). The color of the solution
changed to a very deep yellow, and the reaction was found to be
strongly exothermic. After 5 min, the completion of the reaction
was checked by 31P NMR. Solvents were evaporated, and the
solid was washed with diethylether. Compound 2-S was ob-
tained as a yellow solid with 96% yield (109 mg): 31P{1H}NMR
(CH2Cl2, 121.5MHz) δ 30.3 (s), 36.7 (s); 1HNMR(CD3CN, 300
MHz) δ 1.49 (s, 3H, CH3), 1.94 (s, 3H, CH3), 4.51 (ddd, 2JHP=
24.3 Hz, 3JHP=5.2 Hz, 3JHH=2.9 Hz, 1H, HRP), 4.82 (ddt,
2JHP=16.6 Hz, 3JHP=7.8 Hz, 3JHH=3.1 Hz, 1H, HRPþ), 6.20
(ddd, 3JHP = 9.1 Hz, 3JHP = 4.2 Hz, 3JHH = 3.2 Hz, 1H,
Hβ-protonated phosphole), 6.66 (m, 2H, Haromatic), 7.00-8.10 (m,
26H,Haromatic andHβ-phosphole);

13CNMR (CD3CN, 75.5MHz)
δ 26.9 (s, CH3), 34.0 (s, CH3), 37.4 (s, C, C(CH3)2), 45.8 (dd, J=
14.6 Hz, J=5.9 Hz, CH, CHR-protonated bond phosphole), 57.8 (dd,

SCHEME 3. Relative Energies (in kcal/mol) of V and Their

Related Protonated Derivatives VI and VII

SCHEME 4. Calculated Energetic Pathway Summarizing the

Transformation of VIb into VIII

FIGURE 2. View of the computed structure of VIb-TS-VIIb-R.

(10) VIIb-R-TS-VIII features one imaginary frequency at -20.53 cm-1.
Single-point calculations indicate that, at the B3PW91/6-31þG* level of
theory, this TS lies above VIIb-R (ΔEZPE=þ 0.1 kcal/mol) but not at the
B3PW91/6-311þþG** (ΔEZPE=-1.2 kcal/mol). Taking into account the
exothermicity of the transformation, one may propose that the structure of
this transition state is very close to that of VIIb-R and that no significant
activation barrier is needed to promote the attack of the P atom lone pair
onto the cationic carbon atom. A view of the transition state showing
displacement vectors as well as the dipole unit derivative displacement vector
is given in the Supporting Information.

(11) The conversion of II into III-S was also computed to see whether an
interconversion can take place between the P- andCR-protonated forms. This
transformation involves a transition that lies þ36.3 kcal/mol (B3PW91,
6-311þþG**//B3PW91 6-31G*) above II and is therefore not conceivable
under the experimental conditions used (see Supporting Information).
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J=25.6 Hz, J=5.1 Hz, CH, CHβ-protonated bond phosphole), 104.4
(d, J=66.3 Hz, C, CxantheneP), 123.8 (dd, J=38.4 Hz, J=4.9Hz,
C, CxantheneP

þ), 126.8 (d, J=14.8Hz, CH), 127.8 (d, J=14.6Hz,
CH, CHphenyl), 128.1 (d, J=7.2 Hz, CH, CHphenyl), 128.3 (s, C),
128.5 (s, CH), 128.6 (d, J=1.8 Hz, CH), 128.7 (d, J=1.8
Hz, CH), 128.97 (dd, J = 9.8 Hz, J = 2.8 Hz, CH,
Cβ-protonated phosphole), 129.06 (s, CH), 129.99 (br s, CH),
130.31 (s, CH), 130.41 (d, J= 3.0 Hz, CH), 130.5 (s, CH),
130.8 (s, CH), 131.1 (s, CH), 131.3 (s, CH), 131.6 (m, C), 132.1
(d, J=7.2 Hz, CH), 132.2 (d, J=7.0 Hz, CH), 132.9 (d, J=11.7
Hz, C), 133.3 (s, C, Cxanthene), 136.0 (d, J=3.0 Hz, CH), 136.2
(d, J=6.9Hz, C, Cipso-phenyl), 136.66 (dd, J=35.0Hz, J=5.2Hz,
C), 136.72 (s, C), 137.7 (d, J=45.8 Hz, CH), 143.9 (d, J=21.7
Hz, CH), 144.4 (d, J=21.2 Hz, CH), 145.4 (dd, J=20.3 Hz, J=
6.9 Hz, C), 150.5 (dd, J=18.1 Hz, J=14.3 Hz, C), 154.5 (d, J=
3.7 Hz, C), 156.1 (d, J = 3.0 Hz, C). Anal. Calcd for
C47H37BF4OP2: C, 73.64; H, 4.87. Found: C, 73.51; H, 4.88.

Computational Details. Calculations were realized using the
Gaussian 03W set of programs12 within the DFT framework.
The B3PW91 functional13,14 was employed in combination with

the 6-31G* basis set for geometry optimizations (for all atoms).
Minima were characterized by frequency calculations. The
proton affinity (PA) is the negative of the enthalpy change of
the reaction, where B and BHþ denote the base and its
conjugate acid. The following equation was used to calculate
the absolute proton affinity,15 where ΔEel represents the
difference in electronic energies between the neutral and pro-
tonated forms at 0 K. ΔZPE corresponds to the difference in
zero-point energies, whereas the last term, 5/2RT, describes the
thermodynamic temperature correction. The absolute proton
affinities were calculated at B3LYP/6-311þþG(d,p)//HF/
6-31G(d,p) and B3PW91/6-311þþG(d,p)//B3PW91/6-31G-
(d,p) level.

BþHþ ¼ BHþ

PA ¼ -ΔH¼ ΔEel þZPEþ 5

2
RT
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