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A B S T R A C T

The homoleptic phosphine with the bulky perchlorophenyl group, (C6Cl5)3P (1), exhibits trigonal pyramidal
structure (TPY-3), yet considerably flattened: Σ(C–P–C’) = 321.0(1)◦. Key steric and electronic properties of this
simple organophosphorus species have been estimated by calculation. Attending to its characteristic features, 1
can be rated as a deactivated phosphine, where the less-basic P atom is sterically shielded by the bulky C6Cl5
groups. This marked inertness notwithstanding, it has been possible to obtain (under harsh conditions) de-
rivatives with phosphorus in high oxidation state, namely the phosphine oxide (C6Cl5)3PO (2) and the difluor-
ophosphorane (C6Cl5)3PF2 (3). These four- and five-substituted derivatives respectively exhibit trigonal
pyramidal (TPY-4) and trigonal bipyramidal (TBPY-5) structures. The Σ(C–P–C’) value steadily increases along
the series 1–3, according to the referred structural variation. The P–C bond length is, in turn, invariably
maintained at about 185 pm regardless of the different oxidation state, the increasing number of substituents
around the P atom and the overall geometry. The hypervalent difluorophosphorane (C6Cl5)3PF2 (3) dissociates
one of the axial fluorides in the gas phase giving rise to the fluorophosphonium cation [(C6Cl5)3PF]+, as detected
by mass spectrometry. This cation is identified as a Lewis superacid.

1. Introduction

Triarylphosphines count among the most popular tertiary phos-
phines used in synthetic, coordination and organometallic chemistry
[1]. In general, triarylphosphines are much less air-sensitive than their
alkyl counterparts and therefore much easier to handle. It is worth
noting that, the archetypal representative, Ph3P, which was prepared as
early as 1882 [2], has today the greatest industrial importance of all the
tertiary phosphines [3]. One of the principal reasons for the widespread
use of triarylphosphines is the variability of the overall steric and elec-
tronic properties, which can be deliberately modulated by the judicious
choice of the substituents at the aryl groups. New variations with ever
more elaborate substituents are continuously being produced in order to
achieve the desired properties. The effect of a given R group is best
appreciated in homoleptic (symmetric) R3P phosphines, where R is the
sole responsible of the overall properties [4]. As it has already been
noted [5], double substitution at the ortho positions (2,6-disubstitution)
is of particular importance, as it produces the greatest steric impact on
the P centre in addition to the corresponding electronic effect. Alkyl

substituents such as Me and iPr have electron-donor character, but
clearly different steric requirements as evidenced in the following
groups (Scheme 1): 2,6-Me2C6H3 [6], 2,4,6-Me3C6H2 (Mes) [7], and the
very bulky 2,6-iPr2C6H3 (Diip) [8] or 2,4,6-iPr3C6H2 (Tiip) [9], as well as
some derivatives thereof at the para position [10–12]. The C6F5 group
has, in turn, a marked electron-withdrawing character with rather
modest steric requirement [13]. The homoleptic phosphine with the
fused-ring anthracen-9-yl is also known [14].

In the library of available aryls, the C6Cl5 group occupies a singular
place: its electron-withdrawing character is comparable to that assigned
to C6F5 [15], but its steric bulk is closer to that of Mes, since Cl and Me
substituents are assigned similar volumes [16]. Owing to this charac-
teristic combination of electronic and steric properties, the C6Cl5 group
has been widely used in transition-metal chemistry [17]. A systematic
study of the impact of the C6Cl5 group in organoboranes led to the
conclusion that C6Cl5 is more electron-withdrawing than C6F5 [18]. It
was demonstrated that the strong Lewis acid (C6Cl5)3B still forms
complexes with small anions despite the steric hindrance [19]. The
homologous series of triarylphosphines (C6Cl5)nPh3− nP (n = 0–3) has
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also been reported [20]. The properties ascribed to the homoleptic
perchlorophenyl phosphine (C6Cl5)3P are, however, inconsistent with
previous reports [21,22]. Its purported chemical lability is also
intriguing. Aside from these conflicting reports, little is known of the
homoleptic perchlorophenyl phosphine (C6Cl5)3P. In fact, and to the
best of our knowledge, no structural information is currently available
and no derivative thereof has been prepared to date.

From our point of view, the molecular structure of the per-
chlorophenyl phosphine (C6Cl5)3P has particular interest, considering
that the heavier homologue (C6Cl5)3Sb is pyramidal [23], whereas the
lighter homologue (C6Cl5)3N is trigonal planar [24]. It is worth noting
that the triad of neutral isoleptic compounds of the first-row elements,
(C6Cl5)3B [18], (C6Cl5)3C• [25], and (C6Cl5)3N [24], all have similar
trigonal-planar structures. In turn, the structures of the second-row an-
alogues (C6Cl5)3Al, (C6Cl5)3Si• and (C6Cl5)3P remain unknown.

In the present work, we report on the synthesis and structural
characterization of the perchlorophenyl phosphine (C6Cl5)3P (1), its
oxide (C6Cl5)3PO (2), and the corresponding difluorophosphorane
(C6Cl5)3PF2 (3). The most fundamental properties of these chemical
species are also identified and probed by theoretical methods.

2. Results and discussion

2.1. The perchlorophenyl phosphine (C6Cl5)3P (1)

Tris(perchlorophenyl)phosphine, (C6Cl5)3P (1), was prepared by
arylation of PCl3 with the corresponding organolithium reagent LiC6Cl5
in Et2O at − 78 ◦C (Scheme 2). The procedure is similar to that used to
prepare the heavier homologue (C6Cl5)3Sb [23,26].

The reaction outcome would not be expected to greatly differ from
that obtained in the recently reported procedure using PBr3 as the
starting material [20]. It must be noted, however, that in our own
experience, the more C6Cl5 groups are introduced in a neutral deriva-
tive, the lower becomes its solubility. Being aware of this limitation, we
preferred to free the desired product from the accompanying inorganic
salts (LiCl) washing the raw residue with MeOH [27]. By so doing, a

sparingly soluble, white solid was obtained, which was identified as the
perchlorophenyl phosphine 1 by elemental analysis and spectroscopic
techniques. Moreover, despite the low solubility of 1 in most organic
solvents, we managed to obtain single crystals for X-ray diffraction
analysis by slowly cooling down a saturated solution of 1 in CCl4 from 80
◦C to room temperature (see Experimental). In the IR spectrum, no
signals corresponding to C6Cl5H were detected. The strong absorption at
865 cm− 1 was assigned to the so-called X-sensitive vibration mode of the
C6Cl5 group [28]. In the 31P NMR spectrum, compound 1 shows a singlet
at δP 9.6 ppm [in (CH2Cl)2/CD2Cl2 solution]. The observed chemical
shift is in keeping with that originally given by Miller (δP 9.2 ppm; no
solvent given in the original paper) [22], but largely departs from a
recently reported value (δP 19.1 ppm in C6D6 solution) [20].

The structure of 1, as obtained by single-crystal X-ray diffraction (sc-
XRD) methods is shown in Fig. 1. Interatomic distances and angles are
given in Table 1 [29]. In contrast to the planar geometry of the lighter
homologue (C6Cl5)3N [24], the geometry of 1 is still pyramidal (TPY-3)
with the typical propeller-like arrangement of the C6Cl5 rings around the
P atom usually found in triarylphosphines as well as in the heavier ho-
mologue (C6Cl5)3Sb [23]. The helical arrangement of the C6Cl5 groups
makes the molecule chiral because of the two possible orientations of the
rings, clockwise (C) and anticlockwise (A), both of which are present in
the centrosymmetric crystal. The structure of 1 is far from an ideal
picture where the phenyl rings might be considered as rigid rotors
around the P atom with overall C3 symmetry. The actual geometry is
very distorted. The angles used to describe the various sources of
distortion are indicated in Fig. 2. The P atom is located 68.7(1) pm above
the plane defined by the three Cipso atoms. We will take the axial di-
rection (i.e., that of the P lone pair) as defined by the P atom and the
centroid of the three Cipso atoms (Fig. 2a). The C6Cl5 rings will be
numbered consecutively. The tilt of the C6Cl5 rings, measured by the φ
angle (Fig. 2a), is unequal: two of them are tilted by ca. 50◦, whereas in
the remaining one, the tilt angle is as low as 16.0(1)◦. Appreciably
different P–Cipso–Co angles are also observed within the same ring
depending on whether the exo (α) or endo (β) branches are considered,
the largest difference being 112.4(2)◦ vs. 130.5(2)◦ in ring 3. This swing
of the C6Cl5 rings brings each exo-Clo substituent closer to the P center
(P⋅⋅⋅Cl ca. 300 pm) than the corresponding endo-Clo substituent (P⋅⋅⋅Cl
ca. 350 pm). Finally, the C6Cl5 rings are also clearly skewed from their
respective P–C bond lines (τ angle in Fig. 2b), showing deviations be-
tween 7◦ and 10◦ (Table 1).

As we see, the geometric parameters of 1 show evidence of signifi-
cant steric crowding. The heavy distortions found in the stereochemistry
of phosphines with crowded aryl groups were carefully analyzed by
Boeré and Zhang [5]. As suggested by these authors, we will also take

Scheme 1. Homoleptic triarylphosphines, R3P, with a selection of representa-
tive 2,6-disubstituted aryl groups with different electronic and steric properties.

Scheme 2. Synthetic procedures leading to the perchlorophenyl phosphine 1,
its oxide 2 and the fluorophosphorane 3 under the following conditions: a) in
Et2O at low temperature starting at − 78 ◦C; b) in boiling toluene; c) direct
reaction at 110 ◦C with no solvent.

Fig. 1. Displacement-ellipsoid diagram (50% probability) of the A stereoisomer
of the perchlorophenyl phosphine (C6Cl5)3P as found in single crystals of 1. The
C enantiomer is also present in the centrosymmetric crystal lattice. Selected
bond lengths and angles are given in Table 1.

M.Á. García-Monforte et al. Journal of Organometallic Chemistry 1022 (2024) 123385 

2 



the sum of angles around phosphorus, Σ(C–P–C’), as a useful criterion of
pyramidality. This parameter, which is easily and unambiguously
determined, is used as the primary measure of steric bulk. In the case of
1, the fairly large value of Σ(C–P–C’) 321.0(1)◦ shows evidence of

significant steric crowding. This value nicely fits in the sequence of
homologous Group 15 (C6Cl5)3Pc derivatives: Σ(C–P–C’) 360.0◦ (N)
[24], 321.0(1)◦ (P), 302.7(2)◦ (Sb) [23].

Boeré and Zhang distinguished between steric protection and steric
pressure exerted by a given bulky group [5]. In the case of aryls, steric
pressure is evidenced by a noticeable increase in Σ(C–P–C’) (i.e.,
spreading of the pyramid) and only appears when bulky substituents are
introduced in both ortho positions (2,6-disubstitution). Englert and his
coworkers recently carried out a thorough classification of the
structurally-characterized triarylphosphines according to the number of
ortho-substituents, thereby providing a correlation between the C–P–C’
angle and the P–C bond distance [30]. Aryl groups with bulky sub-
stituents in just one of the ortho sites (2-substitution) locate them in exo
positions and result in steric protection of the P lone pair without
significantly changing the Σ(C–P–C’) value. This case is clearly illus-
trated by {2-(Me3Si)C6H4}3P [30], which provides efficient protection
to the P atom through the very bulky SiMe3 substituents, but shows no
spreading of the PC3 pyramid, as indicated by the Σ(C–P–C’) value
307.08(3)◦, which is indistinguishable from that corresponding to
unsubstituted Ph3P: 307.3(1)◦ [31].

The steric pressure exerted by the C6Cl5 group is evidenced by the
steady increase of the Σ(C–P–C’) value along the (C6Cl5)nPh3− nP series:
307.3(1)◦ (n = 0) [31] < 311.4(1)◦ (n = 1) [20] < 321.0(1)◦ (n = 3). In
Table 2, the most relevant geometric features of the perchlorophenyl
phosphine 1 are compared with those corresponding to representative
examples of homoleptic 2,6-disubstituted triarylphosphines. The P–C
bond length in 1 (185.2(3) pm av.) is in the long edge observed in related
symmetric triarylphosphines (Table 2).

Given the characteristic structure of the perchlorophenyl phosphine
1, we sought to evaluate its most fundamental properties, beginning
with the calculation of the energy of its frontier orbitals. It has been
suggested that the widening of the C–P–C’ bond angles should result in
increased p-character of the P lone-pair (HOMO), thereby rising its en-
ergy [32]. This destabilization, however, should be compensated (or
even surpassed) in the case of the perchlorophenyl phosphine 1, owing
to the electron-withdrawing nature of the C6Cl5 group. The predomi-
nance of the latter effect is clearly seen by comparing the HOMO energy
along the (C6Cl5)nPh3− nP series (n = 0–3), where the gradual intro-
duction of C6Cl5 groups results in steady HOMO stabilization (Table 3).
Following our calculations, the perchlorophenyl phosphine 1 emerges as

Table 1
Relevant distances [pm] and angles [◦] in the perchlorophenyl derivatives
(C6Cl5)3PE [E = nil (1), O (2), F2 (3)] as determined by sc-XRD methods.a

1b 2⋅C2Cl4c 3⋅PhMed

P–E — 146.7(2) 164.1(1)e

P–C(1) 184.7(3) 185.1(3) 184.6(3)
P–C(7) 185.0(3) 184.7(3) 184.7(4)
P–C(13) 185.8(3) 184.7(3) 184.6(3)f

P–C3
g 68.7(1) 62.9(1) 0.0h

C(1)–P–C(7) 110.4(1) 111.2(1) 119.9(1)
C(1)–P–C(13) 109.7(1) 105.9(1) 120.2(2)f

C(7)–P–C(13) 100.9(1) 108.0(1) 119.9(1)f

Σ(C–P–C’) 321.0(1) 327.0(1) 360.0(1)
α1 113.3(2) 115.4(2) 121.3(2)
α2 116.2(2) 115.4(2) 121.2(2)
α3 112.4(2) 117.2(2) 121.3(2)
β1 129.5(2) 126.9(2) 121.9(2)f

β2 126.6(2) 126.3(2) 121.2(2)
β3 130.5(2) 125.7(2) 121.9(2)f

γ1
i 116.1(3) 117.5(3) 116.8(2)

γ2
i 116.5(3) 117.2(3) 117.6(3)

γ3
i 116.7(2) 116.9(2) 116.8(2)f

θ1 106.1(1) 110.1(1) 90.1(1) / 89.6(1)j

θ2 114.4(1) 108.0(1) 90.4(1) / 90.4(1)j

θ3 115.4(1) 111.7(1) 89.6(1) / 90.1(1)j

φ1 55.9(1) 45.4(1) 53.8(1)
φ2 16.0(1) 57.4(1) 53.8(1)
φ3 49.5(1) 35.2(1) 53.8(1)f

τ1 8.0(1) 6.6(1) 2.4(1)
τ2 9.9(1) 12.8(1) 0.0h

τ3 7.1(1) 8.5(1) 2.4(1)f

a Angles defined in Fig. 2; those involving rings C(1)–C(6), C(7)–C(12) or C
(13)–C(18) are indicated as ωi (i = 1, 2, 3).

b Numbering scheme as in Fig. 1.
c Numbering scheme as in Fig. 4.
d Numbering scheme as in Fig. 5.
e Owing to the C2 symmetry axis along the P–C(7) line, there is just an inde-

pendent P–F moiety with a virtually linear F–P–F’ unit: 179.2(1)◦.
f In compound 3, ring 3 is numbered C(1′)–C(6′) by symmetry.
g Distance of the P atom to the plane defined by the three Cipso atoms.
h Imposed by symmetry.
i The Co–Cipso–Co′ angles (γ) in every C6Cl5 ring are consistently narrower than

120◦ as is usually observed wherever the C6X5 groups (X = F, Cl) are bonded to
metals of medium to low electronegativity: Ref [29].

j Angles involving the symmetry-related F and F’ atoms are given.

Fig. 2. Graphical definition of some angles used to describe the structure of the
perchlorophenyl phosphine (C6Cl5)3P (1). The P lone-pair direction is taken as
the line passing through the P atom and the centroid of the three Cipso atoms
(dummy atom in a). These angles equally apply to the (C6Cl5)3PO (2) and
(C6Cl5)3PF2 (3) derivatives, where the axial direction is self-defined. Numerical
values in all cases are given in Table 1.

Table 2
Relevant structural parameters of selected homoleptic 2,6-disubstituted triar-
ylphosphines R3P.

R P–C
[pm]a

Σ(C–P–C’)
[◦]

C–P–C’
[◦]a

%Vbur
b

Ref.

Phc 183.2(3) 307.3(1)◦ 102.4(1) 31.1d [31]
2,6-Me2C6H3 184.2

(11)
328.6(6) 109.5(6) 42.1 [6]

Mesc 183.6(5) 328.7(2) 109.6(2) 41.6d [7]
2,6-iPr2C6H3

(Diip)
185.20
(15)

335.64(6) 111.87
(5)

– [8]

2,4,6-iPr3C6H2

(Tiip)
184.5(3) 334.4(1) 111.5(1) – [9]

4-NC-2,6-iPr2C6H2 184.7(2) 335.0(1) 111.7(1) – [10]
4-MeO-

2,6-iPr2C6H2

185.0(1) 334.58(7) 111.53
(7)

– [11]

4-Fc-2,6-iPr2C6H2 185.4(2) 332.5(1) 110.8(1) – [12]
9-anthracenyl 183.9(4) 331.2(2) 110.4(2) – [14]
C6F5

d 183.8(1) 311.4(1) 103.8(1) 35.7 [13]
2,6-Cl2C6H3 183.3(3) 322.4(1) 107.5(1) 41.6 [32]
C6Cl5 (1) 185.2(3) 321.0(1) 107.0(1) 41.9 This

work

a Average values indicated.
b Calculated from the corresponding R3P− Ni(CO)3 complex using the

SambVca 2.1 online tool: Ref. [40a].
c Only the triclinic polymorph considered.
d Ref [41]. e Average values of the monoclinic and trigonal polymorphs.
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a robust molecule characterized by a marked chemical hardness (η 4.78
eV) [33]. The still higher hardness calculated for the homologous per-
fluorophenyl phosphine (C6F5)3P (η 5.61 eV) can be ascribed to its more
regular molecular structure with quite standard C–P–C’ bond angles
(Table 2).

Another consequence of the wider C–P–C’ bond angles in 1 is its
diminished inversion barrier (17.1 kcal mol− 1) when compared to other
less encumbered triaylphosphines (Table 3). This comparatively low
inversion barrier might well underlie the broad signals observed in the
13C NMR spectrum of 1 in solution with not well-resolved coupling to P.
Hindered rotation around the P–C bond might also contribute to the
observed broadening.

Mass spectrometric (MS) experiments on 1 provide evidence of
reactivity in two important kinds of processes directly involving the P
lone-pair (HOMO): a) one-electron oxidation, and b) protonation
(Scheme 3). Compound 1 proved to be difficult to ionize using various
techniques. When running FAB+ experiments, a low-intensity peak
corresponding to the radical cation [(C6Cl5)3P•]+ (m/z = 772) is
observed, in keeping with an early report [22]. The ionization process
undergone by 1 in the gas phase was examined by calculation, giving a
vertical / adiabatic detachment energy of 8.13 / 7.58 eV. Still higher
energies were calculated for the perfluorophenyl homologue (C6F5)3P:
9.05 / 8.56 eV. In contrast, the vertical ionization potential experi-
mentally established for the unsubstituted Ph3P amounts 7.8 eV [34].
The observed shift along the (C6X5)3P series (X = H, Cl, F) is in keeping

with their corresponding HOMO energies (Table 3). The optimized ge-
ometry of the radical cation [(C6Cl5)3P•]+ (Fig. S1b), is still pyramidal,
but considerably more flattened, Σ(C–P–C’) 353.5◦, than the parent
neutral phosphine 1. This significant flattening has been observed in
previous instances, as in various salts of the [(Mes)3P•]+ and
[(Tipp)3P•]+ cations [35], meaning that the SOMO has enhanced p
character. The spin-density distribution shows that the unpaired elec-
tron in the [(C6Cl5)3P•]+ cation is located mainly on the P atom with just
slight delocalization onto the aryl rings (Fig. 3).

When the MS experiments are carried out using the APCI technique,
much stronger peaks were observed, with the major one corresponding
to the protonated phosphine [(C6Cl5)3PH]+ (m/z = 773). Following this
experimental result (Scheme 3), the proton affinity of 1 in the gas phase
(PA) was estimated by calculation. The obtained value (PA 878 kJ/mol)
shows that 1 is the least basic phosphine within the (C6Cl5)nPh3− nP se-
ries (n = 0–3; Table 3) [36] in keeping with the electron-withdrawing
character of the C6Cl5 group. We note that the homologous per-
fluorophenyl phosphine (C6F5)3P is considerably less basic (PA 800
kJ/mol), suggesting that the group electronegativities of C6F5 and C6Cl5
are actually more different than it has been traditionally considered
[15]. Probably the least basic of all homoleptic organophosphines is the
trifluoromethyl phosphine (CF3)3P, which cannot be protonated —not
even by HF/SbF5—, but can still be methylated to [(CF3)3PMe]+ [37].

The most marked difference between the perhalophenyl phosphines
(C6X5)3P (X = F, Cl) is certainly their respective size. From the various
means to evaluate this essential feature [38], we have chosen to rely on
the recently introduced buried volume, %Vbur, as a convenient way to
assess the steric requirement of a given molecule or molecular fragment.
It can be considered as an extension of the cone angle originally
formulated by Tolman [39], but is not limited to any particular geom-
etry. In fact, this versatile parameter applies to a wide variety of systems
including all kinds of phosphines and NHC ligands (Lewis bases) [40].
Recently, it has also been used to evaluate the steric properties of Lewis
acids [41]. The perchlorophenyl phosphine 1 is the bulkiest of the
(C6Cl5)nPh3− nP series (n = 0–3), with %Vbur steadily increasing along
the series (Table 3) from 31.1 (n= 0) [41] to 41.9 (n= 3). The steric bulk
of 1 is comparable to those of the homoleptic R3P phosphines with R =

Mes, 2,6-Me2C6H3, and 2,6-Cl2C6H3, all with %Vbur ≈ 42 (Table 2).
These phosphines (including 1) build an interesting set of ligands with
virtually the same steric hindrance towards the acceptor center, but with
diverse electronic properties depending on the number and the nature of
the substituents.

Phosphines, especially those with electron-withdrawing sub-
stituents, usually exhibit amphoteric character. As typical examples, the
hypervalent [PX4]− phosphoranides (X = F, Cl, Br) are formed by
interaction of PX3 with a QX salt (Q+ being a poorly electrophilic cation)
[42]. This Lewis-acidic behavior has also been observed with organo-
phosphines bearing perfluoroalkyl groups, as (CF3)3P [43], (CF3CF2)3P

Table 3
Characteristic parameters of the phosphines (C6Cl5)nPh3− nP (n = 0–3), as esti-
mated by calculation.a

n = 0 n = 1 n = 2 n = 3 (C6F5)3P
a

HOMO energy
(− I) [Eh]

− 0.1869b − 0.2367 − 0.2504 − 0.2590c − 0.2836
d

LUMO energy
(− A) [Eh]

− 0.0506b − 0.0656 − 0.0754 − 0.032 − 0.0774

η [eV]e 3.7b 4.66 4.76 4.78 5.61
inversion barrier

[kcal mol− 1]
35.1f 24.6 21.3 17.1 26.7

proton affinity, PA
[kJ mol− 1]

972.8g 919 895 878 800

aFIA [kJ mol− 1] – – – 183 198
pF− – – – 4.4 4.7
%Vbur

h 31.1i 34.4 37.4 41.9 35.7

a The perfluorophenyl phosphine (C6F5)3P is also included for comparison.
b Values taken from the Ligand Knowledge Base for Monodentate P-Donor

Ligands (LKB-P): Ref [47].
c Calculated vertical / adiabatic detachment energy: 8.13 / 7.58 eV.
d Calculated vertical / adiabatic detachment energy: 9.05 / 8.56 eV.
e The HOMO–LUMO gap is identified as the chemical hardness, η: Ref. [33b].
f Ref [77].
g Experimental value from Ref [78].
h Calculated from the corresponding R3P− Ni(CO)3 complex using the

SambVca 2.1 online tool: Ref. [40a].
i Ref [41].

Scheme 3. Fundamental processes characteristic of the perchlorophenyl
phosphine 1. The energy involved in each process has been calculated by DFT
methods (Table 3).

Fig. 3. Spin density contour (isovalue 0.004) of the radical cation [(C6Cl5)3P•]+

in the gas phase. The geometry was optimized at the DFT/M06 level of theory
(Fig. S1b).
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[44], or (CF3CF2)2PF [45]. A simple way to assess the potential role of
the perchlorophenyl phosphine 1 as a Lewis acid consists in calculating
its fluoride ion affinity (FIA) to give the anionic phosphoranide
[(C6Cl5)3PF]− (Scheme 3). The enthalpy involved in the associative
process shown in Eq. (1a), whereA denotes the Lewis acid, is the raw FIA
value with opposite sign by convention.

(1a)

(1b)

By incorporating CF2O as a fluoride carrier to the calculation (Eq.
1b), as suggested by Christe [46], the so-called absolute FIA (aFIA) is
obtained given that the enthalpy of the subsystem CF2O + F− ⟶ CF3O−

is experimentally known. Christe further introduced the pF− value,
defined as pF− = − aFIA (in kcal mol− 1)/10. The pF− of the per-
chlorophenyl phosphine 1 is 4.4, which is comparable to that corre-
sponding to PF3 (4.5) [46]. In view of these similar values, it might be
foreseen that the anionic phosphoranide [(C6Cl5)3PF]− might be ob-
tained under the suitable experimental conditions and using a poorly
electrophilic cation in analogy to the known Q[PF4] salts [42a].

2.2. The phosphine oxide (C6Cl5)3PO (2)

Whereas trialkyl phosphines react with O2, even violently, to give the
corresponding oxides, triarylphosphines are much less reactive towards
oxygen. Thus, the unsubstituted archetype Ph3P is not particularly air-
sensitive. This lower reactivity, which is sometimes an advantageous
feature enabling easy handling, is due to both steric and electronic
factors. The introduction of electron-withdrawing substituents lowers
the HOMO energy and renders the phosphorus less basic [36,47]. For
this reason, the deactivated perfluorophenyl phosphine (C6F5)3P, for
instance, requires harsh conditions to get oxidized, e.g. Na2Cr2O7 in
strongly acidic medium [48], or use of the nitroxyl (CF3)2NO• reagent
[49]. On the other hand, the introduction of bulky ortho-substituents
further enhances the stability of triarylphosphines towards air oxidation
[50]. In this regard, the extremely crowded phosphines (Dipp)3P [8] and
(Tipp)3P [9] are also air-stable and do not get oxidised with H2O2 (at
least under the essayed conditions) in spite of the electron-donor nature
or the iPr substituents. Nevertheless, the latter was eventually trans-
formed into the corresponding oxide (Tipp)3PO by treatment with
m-chloroperoxybenzoic acid (mCPBA) [51]. Considering all these pre-
cedents, it can be envisaged that the perchlorophenyl phosphine 1 will
not be readily oxidized, because it represents the less favorable combi-
nation of factors: 1) full aryl substitution with strongly
electron-withdrawing Cl atoms, and 2) steric shielding of the P atom by
the quite bulky ortho-substituents. In fact, all the phosphine oxides in the
series (C6Cl5)nPh3− nPO (n = 0–3) are already known, except right that
with n = 3 [21].

The phosphine oxide (C6Cl5)3PO (2) was prepared by prolonged
treatment of the parent phosphine 1 with H2O2 in boiling toluene
(Scheme 2) and was isolated as a white solid in 61.5% yield. It was
characterized by analytic, spectroscopic and structural methods. The IR
spectrum of 2 shows typical absorptions associated to the C6Cl5 group.
The frequency of the so-called X-sensitive vibration mode [28] appears
shifted from 865 in cm− 1 in the parent phosphine 1 to 881 cm− 1 in the
phosphine oxide 2, in keeping with the oxidation-state increase [23,52].
The absorption corresponding to ν(PO) would be expected to appear at
about 1200 cm− 1 by analogy to other related phosphine oxides [21].
This absorption, however, probably overlaps with absorptions of the
C6Cl5 group in the same region and could not be unambiguously located.
The 31P NMR signal undergoes a considerable downfield shift upon
oxidation, moving from δP 9.6 ppm in the parent phosphine 1 to δP 23.6
ppm in the oxide 2.

The crystal and molecular structures of 2 have been established by
sc-XRD methods. The molecular structure is shown in Fig. 4 and selected
interatomic distances and angles are given in Table 1. The overall

geometry can be described as trigonal pyramidal (TPY-4) with the ox-
ygen atom located in the apical position. The most relevant structural
parameters of 2 are compared in Table 4 with those observed in related
triarylphosphine oxides R3PO [51,53–55]. The stereochemistry of the
unsubstituted product Ph3PO was thoroughly analyzed by Dunitz et al.
[56]. The base of the pyramid in 2 is slightly spread with respect to the
parent phosphine 1 as shown by the wider Σ(C–P–C’) value: 327.0(1)◦

(in 2) vs. 321.0(1)◦ (in 1). The P–C bond lengths in 2 (184.8(3) pm av.)
are comparable to those found in the parent phosphine 1 (185.2(3) pm
av.) in spite of the different oxidation state of P in each case. The flat-
tening of the pyramid while maintaining comparable P–C distances re-
sults in diminishing the separation of the P atom from the basal plane:
P–C3 62.9(1) pm (in 2) vs. 68.7(1) pm (in 1). The presence of the apical
O atom generates even greater steric pressure, which is somewhat
released by reorienting the C6Cl5 rings to the most suitable positions.
They are tilted in 2 an average angle of φ 46.0(1)◦ (Table 1) with less
dispersion than in 1 (φ 40.5◦ av.). The P–O bond length, 146.7(2) pm, is
in the lower edge of the related R3PO precedents (Table 4), being
identical to that observed in the perfluorophenyl homologue (C6F5)3PO
[55]. The short P–O distance is ascribed to the electron-withdrawing
effect of the C6X5 groups (X = F, Cl) [15] and should render the O
atom less basic. In the case of 2, however, the terminal O atom is suf-
ficiently basic to get protonated in the gas phase (Scheme 4). In fact, the
most abundant peak in the MS of 2 using the atmospheric pressure
chemical ionization (APCI+) technique is that corresponding to the
cation [(C6Cl5)3POH]+ (m/z = 789). Following our estimates, the oxide
2 is slightly more basic than the parent phosphine 1, with PA values of
884.5 vs. 878, respectively. It also shows slightly increased Lewis acidity
as indicated by the corresponding pF− values: 4.9 (in 2) vs. 4.4 (in 1).

The steric crowding in 2 is further evidenced by the presence of six

Fig. 4. Displacement-ellipsoid diagram (50% probability) of the C stereoisomer
of the phosphine oxide (C6Cl5)3PO as found in single crystals of 2⋅C2Cl4. The A
enantiomer is also present in the centrosymmetric crystal lattice. Selected bond
lengths and angles are given in Table 1.

Table 4
Relevant structural parameters of representative triarylphosphine oxides R3PO.

R P–O
[pm]

P–C
[pm]a

O–P–C
[◦]a

Σ(C–P–C’)
[◦]

φ
[◦]a,b

Ref.

Ph 147.9
(2)

180.3
(1)

112.6(1) 318.6(1) 31.5
(1)

[53]

Mes 148.6
(2)

182.8
(3)

108.7(1) 330.4(1) 44.1
(1)

[54]

Tiip 148.1
(2)

185.1
(2)

106.8(1) 336.0(1) 41.4
(1)

[51]

C6F5 146.7
(2)a

181.7
(2)

112.9(1) 317.4(1)a 32.1
(1)

[55]

C6Cl5
(2)

146.7
(2)

184.8
(4)

109.9(1) 327.0(1) 46.0
(1)

This
work

a Average value indicated.
b Angle φ as defined in Fig. 2.
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signals in its 13C NMR spectrum. This means that the rotation or the aryl
groups around the P–C bond is hindered in the NMR time-scale leaving
all six C atoms of the C6Cl5 rings inequivalent. All the signals appear in
the aromatic region (138.2–128.5 ppm) and show well-resolved
coupling to the central P atom with different nJ(31P,13C) values, the
largest one involving the Cipso atom: 1J(31P,13C) = 120.3 Hz.

Compound 2 completes the series of phosphine oxides with general
formula (C6Cl5)nPh3− nPO (n = 0–3) [21], also being the most sterically
encumbered member of the series. We speculated whether it might be
possible to increase the steric pressure a step further by increasing the
number of substituents bound to P (expanding its coordination number
in terms of coordination chemistry). This possibility was fulfilled with
the synthesis of the difluorophosphorane (C6Cl5)3PF2 (3), as we will
discuss next.

2.3. The difluorophosphorane (C6Cl5)3PF2 (3)

In view of the harsh conditions required to prepare the phosphine
oxide 2, we anticipated that the transformation of 1 into 3 might like-
wise require energetic conditions. In this particular case, however, the
effective experimental settings are limited by two negative factors: 1)
the low solubility of 1 in common organic media, and 2) the limited
tolerance of most organic solvents towards the fluorinating agent XeF2
at high temperature [57]. In order to overcome these important draw-
backs, we carried out the reaction at high temperature in the absence of
any kind of solvent. The solvent-free reaction of the perchlorophenyl
phosphine 1 with XeF2 in a teflon tube at 110 ◦C for 48 h actually
afforded compound 3 (Scheme 2), which was isolated as a pale-yellow
solid in 85% yield. It was characterized by analytic, spectroscopic and
structural methods. With the synthesis of 3, the series of difluor-
ophosphoranes with general formula (C6Cl5)nPh3− nPF2 (n = 0–3) [20,
58] is now complete.

In the IR spectrum of 3, the strong absorption at 768 cm− 1 is assigned
to the νas(PF2) vibration mode [59]. This frequency is comparable to that
observed for the homologous perfluorophenyl derivative (C6F5)3PF2
(765 cm− 1 in Nujol; 773 cm− 1 in HCy solution) [59]. The high value
observed can be ascribed to the high group electronegativity, which is
comparable in both cases [15]. In line with this reasoning is the still
higher frequency observed for the trifluoromethyl difluorophosphorane
(CF3)3PF2 (855 cm− 1) [59]. In the IR spectrum of 3, the so-called
X-sensitive vibration mode of the C6Cl5 group appears at 885 cm− 1,
being the highest frequency observed in the set of compounds 1–3.

The 31P NMR spectrum of 3 shows a triplet at δP − 40.70 ppm with
strong coupling to the two incorporated F atoms: 1J(19F,31P) = 782.1 Hz.
The 19F NMR spectrum, in turn, consists of a doublet at δF − 14.45 ppm
with the same coupling constant, indicating that the two F atoms are
equivalent. The NMR spectroscopic parameters of 3 are compared in
Table 5 with those reported for the other members of the
(C6Cl5)nPh3− nPF2 series (n = 0–3) [20,58] In this comparison, we see
that the gradual incorporation of C6Cl5 groups results in downfield shifts
of δP and δF, which is steady in the case of δP and slightly less regular in
the case of δF. The 1J(19F,31P) value also shows a regular increase with
the gradual introduction of C6Cl5 groups: from 660 Hz (n = 0) to 782.1
Hz (n = 3). The presence of just four signals in the 13C NMR spectrum of
3 indicates high molecular symmetry.

The molecular structure of 3, as established by sc-XRD methods, is

shown in Fig. 5. The overall geometry can be described as trigonal
bipyramidal (TBPY-5) with axial fluorine atoms. Relevant structural
parameters are given in Table 1. They are compared in Table 6 with
those corresponding to related triaryl difluorophosphoranes R3PF2 [58,
60–64]. In the crystal, a binary axis crosses the molecule along the P–C
(7) bond. Accordingly, only half of the molecule is independent, the
other half being generated by symmetry. The axial F–P–F’ unit is
virtually linear, 179.2(1)◦, as generally found in related R3PF2 molecules
(Table 6). The P–F bond length in 3 (164.1(1) pm) is in the lower edge,
being indistinguishable within the experimental error from those found
in other difluorophosphoranes with electron-withdrawing aryls, such as
C6F5, 4-CNC6F4 or 3,5-(CF3)2C6H3. In contrast, the average P–C bond
length in 3 (184.6(4) pm) is in the upper edge, being, in turn, indistin-
guishable from that found in (Mes)3PF2: 184.7(6) pm. It seems that in
R3PF2 molecules, the F–P–F axis is governed mainly by electronic factors
of the aryl substituents, whereas their steric factors have more impact on
the equatorial PC3 plane.

The C6Cl5 groups in 3 are all twisted by 53.8(1)◦ with respect to the
F–P–F’ axis (Table 6). The marked twist together with the P–C elonga-
tion contribute to minimize the steric pressure in this overcrowded
molecule with intramolecular ortho-Cl⋅⋅⋅F non-bonded distances of ca.
285 pm [65,66]. It is worth noting that, in the mixed aryl difluor-
ophosphorane (C6Cl5)Ph2PF2 [20], the C6Cl5 ring is also much more
twisted (60◦) with respect to the F–P–F’ axis than the unsubstituted Ph
rings (27◦ and 32◦). Moreover, the P–C6Cl5 bond is also elongated with
respect to the P–Ph bonds within the same molecule: 185.2(1) vs. 181.9
(1) and 182.1(1) pm.

The geometry of 3 in the gas phase, as optimized by calculation (Fig.

Scheme 4. Fundamental processes characteristic of the phosphine oxide 2. The
energy involved in each process has been calculated by DFT methods
(see discussion).

Table 5
Spectroscopic and structural parameters of the difluorophosphoranes
(C6Cl5)nPh3− nPF2 (n = 0–3).

n = 0a n = 1b n = 2b n = 3c

δP [ppm] − 55.0 − 50.69 − 44.91 − 40.70
δF [ppm] − 39.6 − 41.79 − 28.9 − 14.45
1J(19F,31P) [Hz] 660 715.5 746.5 782.1
νas(PF2) [cm− 1] ~680d – – 768
P–F [pm] 166.3(2) 166.0(1)e – 164.1(1)
F–P–F’ [◦] 178.3(2) 175.94(5) – 179.2(1)
Σ(C–P–C’) [◦] 360.0(2) 360.0(1) – 360.0(1)

a Ref [64].
b Ref [20].
c This work.
d The asymmetric PF2 stretching frequency is dependent on the sample

preparation: 670 cm− 1 in Nujol, 690 cm− 1 in CyH solution.
e Average value indicated.

Fig. 5. Displacement-ellipsoid diagram (50% probability) of the A stereoisomer
of the difluorophosphorane (C6Cl5)3PF2 as found in single crystals of 3⋅PhMe.
The C enantiomer is also present in the centrosymmetric crystal lattice. Selected
bond lengths and angles are given in Table 1.
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S1f), has even higher symmetry with all three C6Cl5 rings equivalent
(effective D3 symmetry). This structure is compatible with the observed
13C NMR spectrum of 3 in solution consisting of just four signals with
different coupling constants to the central P atom —the largest one
being that corresponding to the Cipso atoms: 1J(13C,31P) = 213.9 Hz.

In the MS of 3 (MALDI+), the major peak corresponds to the
[(C6Cl5)3PF]+ cation (m/z = 791) formed by dissociation of a fluoride
ion (Scheme 5). This is the reverse process of that shown in Eq. (1a), with
the fluorophosphonium cation [(C6Cl5)3PF]+ being the Lewis acid and
the difluorophosphorane 3 its conjugate Lewis base.

The structure of the fluorophosphonium cation [(C6Cl5)3PF]+ has
been optimized by calculation (Fig. S1h) and its Lewis acidity has also
been estimated. The pF− value obtained (15.8) clearly surpasses that
corresponding to SbF5 (12.0) and hence it can be ranked as a Lewis
superacid according to Krossing’s criterion [67]. Recently, Radius, Finze
and their coworkers, quantified the steric properties of a given Lewis
acid A by calculating the %Vbur of its conjugate base [AF]− [Eq. (1a)]
[41]. In the case of the fluorophosphonium cations [(C6X5)3PF]+ (X = F
[68], Cl), this procedure can be applied using directly the experimental
structures of the corresponding difluorophosphoranes (C6X5)3PF2
(Table 6), whereby the following %Vbur values are obtained: 63.2 (X= F)
vs. 71.3 (X = Cl). This significant difference makes apparent that the
acidic site is much more protected in the [(C6Cl5)3PF]+ case. The effi-
cient shielding exerted by the C6Cl5 groups should result in higher
selectivity of the perchlorophenyl cation [(C6Cl5)3PF]+ towards the
incoming base.

The difluorophosphorane 3 itself exhibits Lewis acidity, showing
enhanced affinity for an additional F− ligand (pF− = 6.3). The corre-
sponding conjugate base has octahedral structure with meridional ge-
ometry, [mer-(C6Cl5)3PF3]− , as optimized by calculation (Fig. S1g). The
structure of this hypervalent derivative bears much similarity to that
experimentally established for its perfluorophenyl homologue in the [K
([18]crown-6)][mer-(C6F5)3PF3] salt, which was recently prepared by
Hoge and his coworkers [64]. The appreciably higher pF− value calcu-
lated for the perfluorophenyl difluorophosphorane (C6F5)3PF2 Lewis
acid (pF− = 7.6) [64] again suggests that the C6F5 group is more
electron-withdrawing than C6Cl5.

3. Conclusion

The perchlorophenyl phosphine (C6Cl5)3P (1) exhibits pyramidal
structure, yet considerably flattened by the steric pressure exerted by the
bulky C6Cl5 groups. The structure is intermediate between the trigonal

planar amine (C6Cl5)3N [24] and the more regular pyramidal stibine
(C6Cl5)3Sb [23]. The most fundamental properties of this unusual
phosphine have been captured by theoretical methods. Following our
calculations, (C6Cl5)3P (1) emerges as a sterically encumbered phos-
phine with amphoteric character, showing diminished basicity towards
electrophiles (low proton affinity, PA) and increased Lewis acidity
(moderate fluoride ion affinity, FIA). The protective effect of the C6Cl5
groups (large %Vbur value) together with the marked chemical hardness
(η 4.78 eV) render this unusual phosphine rather stable and chemically
unreactive. This chemical inertness notwithstanding, it has been
possible to bring it into reaction under harsh conditions to afford its
oxide (C6Cl5)3PO (2) and the corresponding difluorophosphorane
(C6Cl5)3PF2 (3).

The P centre is increasingly protected by the ligands along the series
1 < 2 < 3, as clearly seen in Fig. 6. The phosphine oxide 2 is more basic
than its parent phosphine 1, both being protonated in the gas phase to
the corresponding cations [(C6Cl5)3PH]+ and [(C6Cl5)3POH]+. The
difluorophosphorane (C6Cl5)3PF2 (3) releases one of the axial fluorides
in the gas phase giving the fluorophosphonium cation [(C6Cl5)3PF]+,
which is a Lewis superacid. The high value of %Vbur evidences that the
acidic σ* hole is strongly shielded. Consequently, this cation might well
exhibit high selectivity towards the incoming nucleophile.

4. Experimental section

4.1. General procedures and materials

Unless otherwise stated, the reactions and manipulations were car-
ried out under purified argon using Schlenk techniques. Solvents were
dried using an MBraun SPS-800 System. Ether solutions of LiC6Cl5 were
obtained at low temperature as described elsewhere [69]. Samples of
PCl3 were purchased from a commercial source (Sigma-Aldrich) and
used as received. Elemental analyses were carried out using a Perkin
Elmer 2400 CHNS/O Series II microanalyzer. IR spectra were recorded
on KBr disks using a Perkin-Elmer Spectrum-100 FT-IR spectrometer
(4000–250 cm− 1). Multinuclear NMR spectra (13C, 19F and 31P) were
recorded at room temperature on Bruker ARX 300 or AV 400 spec-
trometers. Chemical shifts of the measured nuclei (δ in ppm) are given
with respect to the standard references in use: SiMe4 (δC), CFCl3 (δF) and
85% aqueous H3PO4 (δP). Mass spectra (MS) were registered using

Table 6
Relevant structural parameters of representative triaryl difluorophosphoranes R3PF2.

R P–F [pm] P–C [pm]a F–P–F’ [◦] Σ(C–P–C’) [◦] φ [◦]a,b Ref.

Ph 166.3(2) 182.5(6) 178.3(2) 360.0(2) 30.6 [58]
4-ClC6H4

c 167.0(1)a 181.8(2) 176.7(1)a 360.0(1)a 29.6 [60]
3,5-(CF3)2C6H3 164.5(1) 181.7(3) 179.7(1) 360.0(1) 21.1 [61]
Mes 167.3(2) 184.7(6) 179.6(2) 359.9(2) 48.5 [62]
C6F5 163.6(2) 181.8(4) 180.0 360.1(2) 53.5 [63]
4-CNC6F4 163.8(1)a 181.6(2) 178.1(1) 360.0(1) 54.2 [64]
C6Cl5 (3) 164.1(1) 184.6(4) 179.2(1) 360.0(1) 53.8(1) This work

a Average values indicated.
b Angle φ as defined in Fig. 2.
c Two independent molecules in the unit cell.

Scheme 5. Amphoteric character of the difluorophosphorane 3. The energy
involved in each process has been calculated by DFT methods (see discussion).

Fig. 6. Space-filling drawing of the perchlorophenyl derivatives (C6Cl5)3P (1;
left), (C6Cl5)3PO (2; center) and (C6Cl5)3PF2 (3; right) with atoms in their
standard colors.
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different techniques and ionization methods with the indicated equip-
ment: (a) matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) under positive detection on Bruker MicroFlex or Auto-
Flex spectrometers, (b) fast atom bombardment (FAB) under positive
detection on a VG-Autospec spectrometer operating at ca. 35 kV and
using the standard Cs+ ion gun, (c) atmospheric pressure chemical
ionization (APCI) under positive detection on a Bruker Esquire 3000+
spectrometer.

4.2. Synthesis of (C6Cl5)3P (1)

The dropwise addition of a solution of PCl3 (0.5 cm3, 5.73 mmol) in
Et2O (15 cm3) at − 78 ◦C onto another solution of previously formed
LiC6Cl5 (23 mmol) in Et2O (70 cm3) under stirring caused the immediate
precipitation of an off-white solid. The reaction medium was allowed to
warm slowly while stirring. When the temperature reached 0 ◦C, the
suspension was maintained in an ice bath under good stirring for addi-
tional 15 h and then filtered. The off-white solid was washed with MeOH
(3 × 10 cm3) and vacuum dried. It was identified as (C6Cl5)3P (3.18 g,
4.1 mmol, 71.2% yield). IR (KBr): ν̃/cm− 1 = 1513 (m), 1441 (w), 1337
(vs), 1325 (vs), 1301 (vs), 1220 (m), 1165 (m), 1094 (m), 878 (m), 865
(s; C6Cl5: X-sensitive vibration) [28], 688 (s), 619 (m), 586 (w), 427 (m).
13C NMR (100.577 MHz, (CH2Cl)2/CD2Cl2): δC/ppm = 137.1, 136.8,
135.6, 134.2, 133.8, 133.0. 31P NMR (121.442 MHz, (CH2Cl)2/CD2Cl2):
δP/ppm = 9.6. MS (FAB+): m/z = 772: [(C6Cl5)3P]+ (low intensity). MS
(APCI+): m/z = 773: [(C6Cl5)3PH]+. Elemental analysis calcd (%) for
C18Cl15P: C 27.75; found: C 27.7.

Single crystals suitable for X-ray diffraction purposes were obtained
by allowing a saturated solution of 1 in CCl4 at 80 ◦C to cool down very
slowly to 3 ◦C.

4.3. Synthesis of (C6Cl5)3PO (2)

To a solution of 1 (0.2 g, 0.26 mmol) in boiling toluene (25 cm3),
seven portions of H2O2 (33%) were regularly added (0.1 cm3 each, 0.7
cm3 total) along 20 h of reflux, after which time, the solvent was
evaporated in vacuo. By treating the resulting residue with MeOH (10
cm3), a white solid was obtained, which, after filtering and drying, was
identified as (C6Cl5)3PO (0.13 g, 0.16 mmol, 61.5% yield). IR (KBr):
ν̃/cm− 1 = 1514 (m), 1331 (s), 1306 (vs), 1224 (m), 1168 (m), 1102 (m),
1029 (w), 881 (s; C6Cl5: X-sensitive vibration) [28], 805 (w), 722 (w),
693 (m), 676 (w), 623 (m), 602 (w), 457 (s), 395 (w), 371 (w). 13C NMR
(100.577 MHz, CD2Cl2): δC/ppm = 138.2 [d, 4J(31P,13C) = 3.0 Hz; Cp],
136.2 [d, 2J(31P,13C) = 93.5 Hz; Co], 135.1 [d, 2J(31P,13C) = 96.2 Hz;
Co], 133.3 [d, 1J(31P,13C)= 120.3 Hz; Cipso], 133.4 [d, 3J(31P,13C)= 58.1
Hz; Cm], 128.5 [d, 3J(31P,13C) = 59.8 Hz; Cm]. 31P NMR (161.923 MHz,
CD2Cl2): δP/ppm = 23.6. MS (APCI+): m/z = 789: [(C6Cl5)3POH]+.
Elemental analysis calcd (%) for C18Cl15OP: C 27.2; found: C 27.8.

Single crystals of 2⋅C2Cl4 suitable for X-ray diffraction purposes were
obtained by allowing a saturated solution of 2 in C2Cl4 at 80 ◦C to cool
down very slowly to 3 ◦C.

4.4. Synthesis of (C6Cl5)3PF2 (3)

In a Teflon tube, a solid sample of 1 (0.1 g, 0.13 mmol) was mixed at
room temperature with an excess of solid XeF2 (0.06 g, 0.35 mmol).
Once the Teflon tube was closed, it was located in an oven and warmed
at 110 ◦C for 48 h. After cooling down, the initial mixture had trans-
formed into a pale-yellow solid, which was identified as (C6Cl5)3PF2 (94
mg, 0.11 mmol, 85% yield). IR (KBr): ν̃/cm− 1 = 1515 (m), 1389 (w),
1334 (s), 1310 (s), 1205 (w), 1177 (m), 1103 (m), 885 (s; C6Cl5: X-
sensitive vibration) [28], 768 [s; νas(PF2)], [59], 725 (w), 686 (m), 628
(w), 608 (w), 497 (s). 13C{19F} NMR (73.432 MHz, CCl4/CD2Cl2):
δC/ppm = 137.0 [d, 4J(31P,13C) = 2.8 Hz; Cp], 135.8 [d, 1J(31P,13C) =
213.9 Hz; Cipso], 134.8 [d, 3J(31P,13C) = 94.6 Hz; Cm], 134.6 [d, 2J
(31P,13C) = 116.1 Hz; Co]. 19F NMR (282.231 MHz, CD2Cl2): δF/ppm =

− 14.45 [d, 1J(19F,31P) = 782.1 Hz]. 31P NMR (121.442 MHz, CD2Cl2):
δP/ppm = − 40.70 [t, 1J(19F,31P) = 782.1 Hz). MS (MALDI+): m/z =

791: [(C6Cl5)3PF]+ (major), 772: [(C6Cl5)3P]+, 561: [(C6Cl5)2PF2]+,
525: [(C6Cl5)2P]+. Elemental analysis calcd (%) for C18Cl15F2P: C 26.5;
found: C 26.3.

Single crystals of 3⋅PhMe suitable for X-ray diffraction purposes were
obtained by allowing a saturated solution of 3 in toluene at 80 ◦C to cool
down very slowly to 3 ◦C.

4.5. X-Ray structure determinations

Crystal data and other details of the structure analysis are presented
in Table 7. Suitable single crystals were obtained as indicated in the
corresponding experimental entry. Crystals were mounted on quartz
fibres in random orientation and held in place with fluorinated oil.
Diffraction data were collected at 100 K on an Oxford Diffraction Xca-
libur CCD diffractometer using graphite-monochromated Mo-Kα (λ =

71.073 pm) radiation. The obtained diffraction frames were integrated
and corrected for absorption using the CrysAlis RED package [70].
Lorentz and polarisation corrections were applied for all the structures.

The structures were solved by Patterson and direct methods. All non-
hydrogen atoms of the organophosphorus species were assigned aniso-
tropic displacement parameters. The hydrogen atoms were constrained
to idealised geometries and assigned isotropic displacement parameters
equal to 1.2 or 1.5 times the Uiso values of their respective parent atoms.
For 3⋅PhMe, the interstitial toluene molecule lies near a symmetry
element and its atoms were refined with 0.5 occupancy; the involved
C–C distances were restrained to suitable values. Full-matrix least-
squares refinement of these models against F2 using the SHELXL-97
program [71] converged to final residual indices given in Table 7.

Table 7
Crystal data and structure refinement for compounds 1, 2⋅C2Cl4 and 3⋅PhMe.

1 2⋅C2Cl4 3⋅PhMe

formula C18Cl15P C18Cl15OP⋅C2Cl4 C18F2Cl15P⋅C7H8

Mt [g mol− 1] 778.90 960.72 909.03
T [K] 100(1) 100(1) 100(1)
λ [pm] 71.073 71.073 71.073
crystal system triclinic triclinic orthorhombic
space group P1 P1 Pccn
a [pm] 867.07(2) 943.88(1) 840.13(2)
b [pm] 919.24(2) 1313.83(2) 1532.27(5)
c [pm] 1728.61(4) 1395.72(8) 2469.44(7)
α [◦] 100.631(2) 113.281(1) 90
β [◦] 100.812(2) 101.7670(1) 90
γ [◦] 98.546(2) 96.317(1) 90
V [nm3] 1.30593(6) 1.53380(4) 3.1789 (2)
Z 2 2 4
ρ [g cm− 3] 1.981 2.080 1.899
μ [mm− 1] 1.652 1.767 1.381
F(000) 756 932 1784
2θ range [◦] 4.4–32.2 4.2–28.9 4.2–28.8
no. of reflns collected 12987 33823 15145
no. of unique reflns 8050 7309 3771
R(int) 0.0261 0.0347 0.0597
final R indices [I > 2θ(I)]a   
R1 0.0453 0.0387 0.0403
wR2 0.1002 0.1055 0.0664

R indices (all data)   
R1 0.0693 0.0536 0.0787
wR2 0.1151 0.1096 0.0716

Goodness-of-fitb on F2 1.038 1.090 1.025
CCDC RefCode 2359657 2359658 2359659

a R1 =
∑

(|Fo| − |Fc|) /
∑

|Fo|; wR2 = [
∑
w(F2

o − F2
c )

2 /
∑
w(F2

o )
2]1/2.

b Goodness-of-fit = [
∑
w(F2

o − F2
c )

2 / (nobs − nparam)]1/2.
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4.6. Computational details

Quantum mechanical calculations have been performed with the
Gaussian16 package [72], at the DFT/M06 level of theory with an ul-
trafine grid option [73] and supplemented with Grimme’s dispersion
correction D3 [74]. H, C, O, F and Cl atoms have been described using
6–31+g* basis sets [75], whereas P and Ni atoms have been described
using Def2-SVPD basis sets [76]. The potential energy surfaces of the
studied complexes have been examined at this level of theory, in the gas
phase. The geometries of the different complexes have been optimized
with no symmetry restrictions. Frequency calculations have been per-
formed in all the collected stationary points in order to check their na-
ture of minima or transition states. Optimized structures of selected
perchlorophenyl-derivatives are shown in Fig. S1. %Vbur values for the
R3P phosphines of choice (Table 2) were calculated from the corre-
sponding R3P− Ni(CO)3 complex using the SambVca 2.1 online tool
[40]. Atomic coordinates for all the optimized structures are included as
a separate .xyz file (Appendix B).
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lone-pair energies as a measure of ligand donor strengths and relation to activation
energies» J. Mol. Struct. (TheoChem) 506 (2000) 233;
b) The donor strength of a given phosphine R3P is also related with the pKa of its
phosphonium conjugate [R3PH]+: L. Greb, S. Tussing, B. Schirmer, P. Oña-Burgos,
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K. Seppelt, «The tris(trifluoromethyl)methyl phosphonium ion, [P(CF3)3CH3]+,
preparation and structure», Inorg. Chem. 48 (2009) 6083.

[38] (a) D.J. Durand, N. Fey, «Computational ligand descriptors for catalyst design»,
Chem. Rev. 119 (2019) 6561;
(b) N. Fey, «The contribution of computational studies to organometallic catalysis:
descriptors, mechanisms and models», Dalton Trans. 39 (2010) 296.

[39] (a) J. Jover, J. Cirera, «Computational assessment on the Tolman cone angles for
P-ligands», Dalton Trans. 48 (2019) 15036;
(b) T.E. Müller, D.M.P. Mingos, «Determination of the Tolman cone angle from
crystallographic parameters and a statistical analysis using the crystallographic
data base», Transition Met. Chem. 20 (1995) 533;
(c) C.A. Tolman, «Steric effects of phosphorus ligands in organometallic chemistry
and homogeneous catalysis», Chem. Rev. 77 (1977) 313.

[40] (a) L. Falivene, Z. Cao, A. Petta, L. Serra, A. Poater, R. Oliva, V. Scarano,
L. Cavallo, «Towards the online computer-aided design of catalytic pockets», Nat.
Chem. 11 (2019) 872;
(b) H. Clavier, S.P. Nolan, «Percent buried volume for phosphine and N-
heterocyclic carbene ligands: Steric properties in organometallic chemistry»,
Chem. Commun. 46 (2010) 841.
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