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Abstract: The synthesis of the triarylphosphine, P(p-C6H4SF5)3 containing a SF5 group, has been achieved.
The experimental and theoretical studies showed that P(p-C6H4SF5)3 is a weaker σ-donor when
compared with other substituted triarylphosphines, which is consistent with the electron-withdrawing
effect of the SF5 moiety. The studies also revealed a moderate air stability of the phosphine. Theσ-donor
capabilities of P(p-C6H4SF5)3 were estimated from the phosphorus-selenium coupling constant in
SeP(p-C6H4SF5)3 and by DFT calculations. The behavior of P(p-C6H4SF5)3 as ligand has been
investigated by the synthesis of the iridium and rhodium complexes [MCl(COD){P(p-C6H4SF5)3}],
[MCl(CO)2{P(p-C6H4SF5)3}2] (M = Ir, Rh), or [Rh(µ-Cl)(COE){P(p-C6H4SF5)3}]2, and the molecular
structures of [IrCl(COD){P(p-C6H4SF5)3}] and [Rh(µ-Cl)(COE){P(p-C6H4SF5)3}]2 were determined by
single X-ray diffraction. The structures revealed a slightly larger cone angle for P(p-C6H4SF5)3 when
compared to other para-substituted triarylphosphines.
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1. Introduction

Phosphines are one of the most important and widely used ligands in homogeneous catalysis and
organometallic chemistry due to the extensive options to modify their electronic and steric properties
by varying their substitution pattern [1–4]. Phosphines are σ-donor and π-acceptor ligands and the
choice of the phosphorus-bound entities can effectively tune their electronic characteristics. Thus,
the electronic, but also steric properties of triarylphosphines are highly dependent on the employed
aryl groups [1–4].

Triarylphosphines bearing fluorine atoms or fluorinated substituents are characterized by a higher
steric demand and a lower basicity than the non-halogenated counterparts which might lead to
changes in the reactivity [5]. Thus, complexes bearing fluorinated triarylphosphines have been widely
investigated over the last years [5–13]. In particular, arylphosphines containing a CF3 group have
been studied for catalytic processes such as hydroformylation [14], C-C coupling [13,15–17] as well as
hydroalkylation reactions [18]. They present an alternative to fluoroarylphosphines with respect to the
increased electron-withdrawing properties of the phosphine.

Another alternative and fascinating chemically and thermally rather stable group is the SF5

group [19,20], which displays a large σ-withdrawing nature (F = 0.56) and π-withdrawing ability
(R = 0.12) based on the Swann-Lupton constants. In addition, phenyl groups with SF5 moieties at both
meta and para positions exhibit a stronger electron-withdrawing effect according to Hammett constants
(σm = 0.61, σp = 0.68), when compared with a fluorine substituent (F = 0.45, R = −0.39, σm = 0.34,
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σp = 0.06) or the trifluoromethyl group (F = 0.38, R = 0.16, σm = 0.43, σp = 0.54) [21]. Despite the
increasing interest on SF5-containing compounds described in literature and their applications as
building blocks in many fields such as agrochemical, medicinal, or materials chemistry [22–30],
SF5 derivatized ligands in transition metal complexes are still rare [31–41]. Examples mainly focus on
CˆN cyclometalated ligands which contain the SF5 moiety in their phenyl rings in order to stabilize
iridium(III) [34–37] or platinum(II) [38] complexes with optoelectronic properties.

Herein, we present the synthesis and characterization of a SF5 derivative of triphenylphosphine
P(p-C6H4SF5)3 (1). Its air stability and electronic properties have been estimated and the derivatives
O=P(p-C6H4SF5)3 (2) and Se=P(p-C6H4SF5)3 (3) were prepared. In addition, the rhodium and iridium
complexes [MCl(COD){P(p-C6H4SF5)3}] (M = Ir (4), Rh (5)), [MCl(CO)2{P(p-C6H4SF5)3}2] (M = Ir (8),
Rh (9)) or [Rh(µ-Cl)(COE){P(p-C6H4SF5)3}]2 (6) were synthesized.

2. Results and Discussion

2.1. Synthesis and Air-Stability of P(p-C6H4SF5)3 (1)

Treatment of 4-iodophenylsulfur pentafluoride with an excess of tBuLi and a subsequent reaction
with triethylphosphite afforded the tris(p-pentafluorosulfanylphenyl)phosphine (1) in 39% isolated
yield (Scheme 1). Compound 1 shows in the 19F NMR spectrum the characteristic signal pattern for
the SF5 moiety [42], a doublet at 62.6 ppm corresponding to the four equatorial equivalent fluorine
atoms and a pentet at 83.7 ppm for the axial fluorine with coupling constants of 150 Hz. The 31P{1H}
NMR spectrum shows a singlet at −7.8 ppm, whereas the GC/MS gave a mass peak of m/z 640.
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Single crystals of compound 1, which were suitable for X-ray crystallography were obtained 
from concentrated solutions in benzene. The molecular structure is shown in Figure 1. Compound 1 
shows a trigonal pyramidal arrangement at the phosphorus atom when taking the electron lone-pair 
into account. The C–P–C angles are comparable to the ones reported for triphenylphosphine, where 
only one angle is slightly larger (101.72(1)° for PPh3 vs. 99.18(10)° for 1) than the others [43]. 

 
Figure 1. ORTEP representation of 1 with thermal ellipsoids drawn at 50% probability level. The C6H6 
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Scheme 1. Synthesis of the phosphine 1.

Single crystals of compound 1, which were suitable for X-ray crystallography were obtained from
concentrated solutions in benzene. The molecular structure is shown in Figure 1. Compound 1 shows
a trigonal pyramidal arrangement at the phosphorus atom when taking the electron lone-pair into
account. The C–P–C angles are comparable to the ones reported for triphenylphosphine, where only
one angle is slightly larger (101.72(1)◦ for PPh3 vs. 99.18(10)◦ for 1) than the others [43].
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molecule in the asymmetric unit has been omitted for clarity. Selected bond lengths [Å] and bond angles
[deg]: P1–C1 1.829(2), P1–C7 1.833(2), P1–C13 1.831(2), C1–P1–C7 103.21(10), C7–P1–C13 99.18(10),
C13–P1–C1 103.08(10).
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In order to test the air-stability of the phosphine 1, a solution of 1 in toluene-d8 was left under
air for 2 weeks. Seventy-eight percent of the phosphine 1 was then converted into phosphine oxide 2
(Scheme 2). In the solid state 41% of conversion was achieved after a month of air exposure. These data
indicate a higher stability of 1 towards air when compared with the CF3 analogue, which is fully
oxidized in the solid state after one month [44]. 31P{1H} NMR data of the solution as well as liquid
injection field desorption/ionization mass spectrometry (LIFDI-MS) confirm the formation of the oxide
with a shift of the signal in the 31P{1H} NMR to lower field (δ = 21.09 ppm) and a mass peak of m/z 656.
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Crystals of 2 suitable for X-ray diffraction analysis were obtained from the reaction solution
(Figure 2). The compound shows the expected tetrahedral arrangement with a C–P–C mean angle of
106.6◦, a O–P–C mean angle of 112.2◦ and the P–O bond length of 1.4867(14) Å. All of the data are
consistent with these of other reported triarylphosphine oxides derivatives [45].
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C1–P1–C7 107.19(8), C7–P1–C13 106.28(8), C13–P1–C1 106.35(9), O1–P1–C1 113.23(8), O1–P1–C7
111.35(8), O1–P1–C13 112.02(8).

In order to further compare the air-stability of phosphine 1 with other triarylphosphines,
DFT calculations were performed. It has been suggested previously that the steric demand of
the phosphines, but also the SOMO energy of radical cations of phosphines can be correlated with
their air-stability [46]. Thus, a radical cation with a SOMO at lower energy would be more prone to
react with dioxygen generating the corresponding phosphine oxide [46]. Therefore, the energy of the
SOMO of different triarylphosphines radical cations was calculated using the CAM-B3LYP functional
(Table 1). The phosphine 1 has a SOMO energy of −12.22 eV, which is lower than the energy of other
electron-withdrawing triarylphosphines, and lower than the one of the air-stable triphenylphoshine
(−11.11 eV). The data are in accordance with the observed moderate air sensitivity of phosphine 1.
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Table 1. DFT calculated SOMO energies (eV) of triarylphosphines radical cations [PAr3]•+

(CAM-B3LYP/6-311G(d,p)).

Ar Group SOMO Ar Group SOMO

p-C6H4SF5 −12.22 3,4,5-C6H2F3 –11.93
p-C6H4CF3 −11.82 p-C6H4Me –10.62

m-C6H3(CF3)2 –12.36 p-C6H4OMe –10.01
p-C6H4F –11.21 C6H5 −11.11

2.2. Estimation of the Donor Properties

Different methods have been reported to determine the electronic properties of phosphines.
The σ-donor ability increases when the s-character of the lone pair of the phosphine decreases,
which is associated with a higher energy level of the HOMO [47,48]. Thus, DFT studies have
been performed in order to calculate the energy level of the HOMO of compound 1 and compare
it with other triarylphosphines which were also calculated. The data indicate that compound 1
(−8.69 eV) is a less pronounced σ-donor than most of the calculated phosphines (Table 2). It is worth
noting that P(p-C6H4CF3)3 (−8.17 eV) seems, according to this data, to be a better σ-donor than 1,
whereas P(m-C6H3(CF3)2)3 is a weaker σ-donor (−8.78 eV).

The HOMO energy level and, therefore, the s-character of the lone pair is also related to the
phosphorus-selenium coupling constant of the corresponding selenide. This has been commonly
used to experimentally estimate the σ-donor abilities of a broad range of phosphines [49–51]. Thus,
for more electron-withdrawing substituents a larger coupling is expected [51]. Taking this into account,
phosphine 1 was reacted with selenium and after 3d, a full conversion to SeP(p-C6H4SF5)3 (3) was
observed (Scheme 2). The 31P{1H} NMR spectrum shows a singlet at δ 32.5 ppm with selenium satellites
and a phosphorus-selenium coupling constant of 792 Hz. Correspondingly, the resonance in the 77Se
NMR spectrum at −273.3 ppm appears as a doublet with the same coupling constant. Among the
data for the phosphines shown in Table 2 only P(m-C6H3(CF3)2)3 shows a larger coupling constant of
802 Hz, which is consistent with the lower HOMO energy values.

Another common method to determine the electronic properties of ligands is the calculation of the
Tolman’s electronic parameter TEP [52]. This method consists in the analysis of the frequency of the A1

carbonyl vibration mode of [Ni(CO)3L] complexes, which will decrease due to the back-donation into
the CO π* orbitals when the ligand L is a better donor. While Tolman experimentally determined the
parameter for a broad range of phosphines [52], DFT studies have demonstrated the correlation between
the calculated and experimental values for different ligands L [53,54]. Thus, the calculated values
determined in this work correlate well with the experimentally obtained for PPh3 and P(p-C6H4Me)3

(∆exp-calc ≈ 5 cm−1) (Table 2) [52]. The data also indicate that the phosphine 1 might be a slightly more
electron-withdrawing phosphine than P(p-C6H4CF3)3, but somewhat weaker than P(m-C6H3(CF3)2)3,
although the calculated values are very close.

Table 2. Calculated HOMO energies and TEP values of triarylphosphines (PAr3) and experimental
77Se NMR data of the corresponding selenides.

Ar Group HOMO (eV) TEP (cm−1) [a] 1JSe-P (Hz)

p-C6H4SF5 −8.69 2072.6 792
p-C6H4CF3 −8.17 2069.3 765 [b]

m-C6H3(CF3)2 −8.78 2075.2 802 [b]
p-C6H4F −7.58 n.d. 741 [b]

3,4,5-C6H2F3 −8.36 n.d. 792 [c]
p-C6H4Me −7.10 2061.7 (2166.7) 715 [b]

p-C6H4OMe −6.78 n.d. 710 [b]
C6H5 −7.34 2063.5 (2068.9) 733 [b]

n.d. = not determined; [a] Calculated values from calculated νCO (A1 band) of Ni(CO)3L complexes using the
relation TEP = 0.9572νCO + 4.081 [54]. In brackets experimentally determined values given in ref. [52] [b] Values
given in ref. [50]; [c] Value given in ref. [55].
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2.3. Synthesis of Iridium and Rhodium Complexes

Treatment of the binuclear iridium complex [Ir(µ-Cl)(COD)]2 (COD = 1,5-cyclooctadiene) with two
equivalents of the phosphine 1 in toluene yielded the iridium(I) complex [IrCl(COD){P(p-C6H4SF5)3}]
(4) (Scheme 3). The same reactivity was reported for other phosphines such as P(p-C6H4CF3)3 [56].
The structure of 4 is supported by the 31P{1H} NMR spectrum, which shows a resonance at δ 21.7 ppm
and the 1H NMR spectrum with two resonances at δ 5.64 and 2.45 ppm corresponding to the olefinic
protons of the COD ligand in a trans arrangement to the phosphine and the chlorido ligands. The LIFDI
mass spectrometry reveals a mass peak of m/z 976.
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In contrast, when [Rh(µ-Cl)(COE)2]2 (COE = cis-cyclooctene) was used as binuclear starting
compound, the reaction with two equivalents of phosphine 1 selectively provided trans-[Rh(µ-Cl)
(COE){P(p-C6H4SF5)3}]2 (6) (Scheme 5). The dimeric nature of the product is supported by the 31P{1H}
NMR data revealing a signal at δ 55.5 ppm with an increased value of the rhodium-phosphorus
coupling constant (1JP-Rh = 194.5 Hz). This coupling constant value is slightly larger than for other
trans-[Rh(µ-Cl)(COE)(L)]2 complexes, for which L is a σ-donor phosphine (1JP-Rh = 183–188Hz) [58,59].

2.4. Steric Properties of 1

Steric properties of phosphines is another important feature when studying a ligand. The Tolman
cone angle [52] of a phosphine is a widely used parameter to describe the steric effects in phosphines
and can be estimated not only from molecular models but also from molecular structures determined
by X-ray crystallography [60].
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The molecular structures of the complexes 4 and 6 were obtained by X-ray diffraction analysis
from concentrated C6H6 solutions (Figures 3 and 4). In the case of complex 4, the iridium center
displays a square planar coordination geometry when considering COD as a bidentate ligand with
an Ir–P bond distance of 2.2888(12) Å, which is slightly shorter than the corresponding separation in
[IrCl(COD){P(C6H5)3}] (2.3172(9) Å) [61].
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atoms and the additional C6H6 molecule in the unit cell have been omitted for clarity. Note that
some disorder is observed in COD ligand. Selected bond lengths [Å] and bond angles [deg]: Ir1–P1
2.2888(12), Ir1–Cl1 2.4070(10), P1–C1 1.831(5), P1–C7 1.834(5), P1–C13 1.838(5), Cl1–Ir1–P1 90.27(4),
Ir1–P1–C1 118.23(15), Ir1–P1–C7 118.61(15), Ir1–P1–C13 108.27(16), C1–P1–C7 100.7(2), C7–P1–C13
104.2(2), C13–P1–C1 105.3(2).
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Figure 4. ORTEP representation of 6 with thermal ellipsoids drawn at 50% probability level. Hydrogen
atoms and the C6H6 molecule in the unit cell have been omitted for clarity. Selected bond lengths
[Å] and bond angles [deg]: Rh1–P1 2.1930(11), Rh1–Cl1 2.3911(11), Rh1–Cl1i 2.4368(11), Rh1–C19
2.120(4), Rh1–C20 2.131(4), P1–C1 1.827(4), P1–C7 1.842(4), P1–C13 1.825(4), Cl1–Rh1–Cl1i 80.57(4),
Cl1–Rh1–P1 89.66(4), Cl1i–Rh1–P1 166.80(4), P1–Rh1–C19 94.48(12), P1–Rh1–C20 93.38(12), Rh1–P1–C1
113.38(14), Rh1–P1–C7 111.20(14), Rh1–P1–C13 120.94(14), C1–P1–C7 103.73(19), C7–P1–C13 103.51(19),
C13–P1–C1 102.26(19).

The Tolman cone angle of compound 1 can be estimated to be 150.8◦ as the average value for the
complexes 4 and 6, and by considering van der Waals radii of 1.20 Å and 1.47 Å for the H and F nuclei,
respectively [62]. For the calculations, the algorithm reported by Müller and Mingos was used and the
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metal-phosphorus distances were fixed to 2.28 Å [60]. The obtained value is slightly larger than for
other triarylphosphines with a substituent at the para position P(p-C6H4X)3 (X = NMe2, Me, OMe, F,
CF3), all of which have a cone angle of 145◦ [52,63].

2.5. Reactivity of Complexes 4 and 5 towards CO

Bubbling of CO into a dichloromethane solution of [IrCl(COD){P(p-C6H4SF5)3}] (4) resulted
in a partial conversion of 4 to yield a complex, for which we suggest the structure
[IrCl(CO)(COD){P(p-C6H4SF5)3}] (7). However, when a degassed solution was treated with CO
gas, full conversion of complex 4 was observed and a dark unidentified precipitate was formed. In the
solution, the formation of a complex containing both COD and CO ligands without the presence
of phosphine 1 was detected. Unfortunately, no further identification of this complex was possible.
In addition, two products bearing the phosphine ligand 1 in a 1:1 ratio were obtained. Thus complex
[IrCl(CO)(COD){P(p-C6H4SF5)3}] (7) was formed together with a second complex, the analytical data
of which are consistent with the structure [IrCl(CO)2{P(p-C6H4SF5)3}2] (8). To support the structural
assignments further, 13C labeled carbon monoxide was reacted with a solution of complex 4 to give
7′ and 8′. However, the formation of the unknown complex as well as the mixture of products
was avoided and a full conversion of 4 into complexes 8 or 8′ was achieved, when the reaction was
performed in presence of one equivalent of phosphine 1 (Scheme 5).
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Scheme 5. Reactivity of the complexes 4 and 5 towards CO in presence of phosphine 1.

Complexes 7 and 8 show singlet resonances for the phosphine ligands at δ 3.65 and 0.84 ppm,
respectively, in the 31P{1H} NMR spectrum. In addition, the signals for the olefinic protons of COD in
complex 7 appear at δ 4.25 and 3.91 ppm, which would correspond to the protons trans to the CO and
Cl ligands, respectively, suggesting that the phosphine ligand is in a apical position. The 31P{1H} NMR
spectrum for the mixture of complexes 7′ and 8′ showed the two resonances at δ 3.52 and 0.84 ppm
as a doublet (2JP-C = 13.7 Hz) and a triplet (2JP-C = 13.5 Hz), respectively. Note that the values of the
carbon-phosphorus coupling constants are consistent with cis arrangements [64,65]. On the other hand,
in the 13C{1H} NMR spectrum a doublet (δ = 175.6 ppm, complex 7′) and a triplet (δ = 179.6 ppm,
complex 8′) with similar coupling constants are observed for the carbonyl ligands.

The trigonal bipyramid proposed for complex 8 is supported by the IR data in the solid state.
The IR spectrum of complex 8 shows two bands at 1940 and 1986 cm−1 for the symmetric and the
asymmetric stretching bands of the CO ligands, which shift to 1896 and 1933 cm−1 for 8′ suggesting
that the CO ligands are in an equatorial position (see Figure S39). This data for 8 are in the same range
as the ones observed for [IrCl(CO)2(PPh3)2] [66].

For comparison, [RhCl(COD){P(p-C6H4SF5)3}] (5) was also reacted with CO or 13CO in
the presence of one equivalent of phosphine 1 to give complexes, for which we suggest the
structures trans,trans-[RhCl(CO)2{P(p-C6H4SF5)3}2] (9) and trans,trans-[RhCl(13CO)2{P(p-C6H4SF5)3}2]



Molecules 2020, 25, 3977 8 of 15

(9′) (Scheme 5). The NMR data of 9 showed a broad band in the 31P{1H} NMR spectrum at room
temperature at δ 28.6 ppm. When the sample was measured at −70 ◦C, the coupling to rhodium was
observed (1JP-Rh = 130 Hz). As also found for the PPh3 analogue [67], the coupling to carbon in the 13C
labeled complex was not observed even not at −70 ◦C. The 13C{1H} NMR spectrum revealed a Rh-C
coupling constant of 72 Hz in the doublet at 186.5 ppm. Finally, in the IR spectrum, one unique band
was observed for the CO ligands at 1992 and 1945 cm−1 for the complexes 9 and 9′, respectively (see
Figure S40). This is consistent with data for [RhCl(CO)2(PPh3)2], where only one stretching band was
observed for CO at 1990 cm−1 and a square pyramidal structure with the chlorido ligand in the apical
position as the most probable structure was proposed [67].

3. Materials and Methods

3.1. General Procedures, Methods and Materials

All experiments were carried out under an atmosphere of argon by Schlenk techniques. Solvents
were dried by the usual procedures [68] and, prior to use, distilled under argon. The rhodium
and iridium complexes [Rh(µ-Cl)(COE)2]2 and [Ir(µ-Cl)(COD)]2 were prepared as described in the
literature [69,70]. All reagents were obtained from commercial sources. Unless stated, NMR spectra
were recorded at room temperature on a Bruker DPX 300 (Bruker BioSpin, Rheinstetten, Germany,) or a
Bruker Avance 300 spectrometer (Bruker BioSpin, Rheinstetten, Germany). 1H and 13C{1H} signals
are referred to residual solvent signals, those of 31P{1H} to external 85% H3PO4, the 19F NMR spectra
to external CFCl3 and the 77Se NMR spectra to external SePh2 (δ = 414 ppm). 1H and 13C{1H} NMR
signal assignments were confirmed by 1H{31P}, 1H,1H COSY, 1H,13C HMQC and 1H,13C HMBC NMR
experiments. Mass spectra were measured with a Micromass Q–Tof–2 instrument equipped with a
Linden LIFDI source (Linden CMS GmbH, Weyhe, Germany). GC/MS analyses were performed with
an Agilent 6890N gas–phase chromatograph (Shimadzu, Berlin, Germany) equipped with an Agilent
5973 Network mass selective detector at 70eV. Infrared spectra were recorded with the Platinum ATR
module of a Bruker FT-IR Alpha II spectrometer (Bruker Optics, Leipzig, Germany) equipped with an
ATR unit (diamond). NMR spectra are included as Supplementary Material (Figures S1–S38).

3.2. Synthesis of Tris-(p-pentafluorosulfanylphenyl)phosphine (1)

4-iodophenylsulfur pentafluoride (250 mg, 0.76 mmol) was dissolved in 10 mL of hexane at 243 K.
Then, two equivalents of tert–buthyllithium (1.7 M in pentanes, 1.52 mmol, 0.9 mL) was added dropwise
to the solution and the reaction mixture was stirred for 2 h at 243 K. Afterwards, the mixture was
cooled down to 223 K and triethylphosphite (0.25 mmol, 45 µL) was added slowly. The mixture was
stirred while warming up overnight. The volatiles were removed under vacuum, toluene (2 × 10 mL)
was added and the product extracted. The solvent was removed from the extract and the beige solid
obtained dried under vacuum. Yield: 190 mg (39%).

GC–MS (toluene): Calculated (m/z) for [M]: 640.43; found: 640. 31P{1H} NMR (121.5 MHz,
C6D6): δ = −7.8 (s) ppm. 1H NMR (300.1 MHz, C6D6): δ = 7.26 (dm, 3J(H,H) = 8.7 Hz, 6H, m–CH);
6.74 (dd, 3J(H,H) = 8.6, 2J(H,P) = 6.8 Hz, 6H, o–CH) ppm. 19F NMR (282.4 MHz, C6D6): δ = 83.7
(p, 2J(F,F) = 150 Hz, 1F, SF5); 62.6 (d, 2J(F,F) = 150 Hz, 4F, SF5) ppm. 13C{1H} NMR (75.4 MHz, CD2Cl2):
155.5–154.1 (m, Cq–SF5); 140.6 (d, 1J(C,P) = 15.4 Hz, P–Cq); 134.5 (d, 2J(C,P) = 20.9 Hz, o–CH); 126.8 (dp,
3J(C,P) = 6.8 Hz, 3J(C,Feq) = 4.3 Hz, m–CH) ppm.

3.3. Formation of Tris-(p-pentafluorosulfanylphenyl)phosphine oxide (2)

Method a: Tris-(p-pentafluorosulfanylphenyl)phosphine 1 (20 mg, 0.03 mmol) was dissolved in
toluene-d8 (0.4 mL) and the solution was exposed under air. The conversion was followed by NMR
spectroscopy, and after 2 weeks 78% conversion was observed.

Method b: Tris-(p-pentafluorosulfanylphenyl)phosphine 1 (20 mg, 0.03 mmol) was exposed under
air in an open vial. After 1 month, a 41% conversion to compound 2 was found.
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LIFDI (toluene-d8): Calculated (m/z) for [M]: 656.4; found: 656. 31P{1H} NMR (121.5 MHz,
toluene–d8): δ = 21.1 (s) ppm. 1H NMR (300.1 MHz, toluene–d8): δ = 7.30 (dd, 3J(H,H) = 8.3;
3J(H,P) = 2.2 Hz, 6H, m-CH); 7.21 (dd, 2J(H,P) = 10.9, 3J(H,H) = 8.3 Hz, 6H, o-CH) ppm. 19F NMR
(282.4 MHz, toluene-d8): δ = 82.7 (p, 2J(F,F) = 150 Hz, 1F, SF5); 62.3 (d, 2J(F,F) = 150 Hz, 4F, SF5) ppm.

3.4. Synthesis of Tris-(p-pentafluorosulfanylphenyl)phosphine Selenide (3)

Tris-(p-pentafluorosulfanylphenyl)phosphine 1 (50 mg, 0.08 mmol) was dissolved in toluene
(10 mL) and one equivalent of selenium (6 mg, 0.08 mmol) was added. Then, the reaction mixture was
stirred at 343 K for 3 days. The reaction solution was filtered and the volatiles were removed from the
filtrate. The dark solid was dried in vacuum. Yield: 54 mg (94%).

LIFDI (toluene-d8): Calculated (m/z) for [M]: 719.39; found: 719. 31P{1H} NMR (202.4 MHz,
toluene–d8): δ = 32.5 (s + sat, 1J(P,Se) = 791.8 Hz) ppm. 77Se NMR (95.4 MHz, toluene-d8): δ = −273.3
(d, 1J(Se,P) = 792.3 Hz) ppm. 1H NMR (500.1 MHz, toluene-d8): δ = 7.27 (dd, 2J(H,P) = 12.8;
3J(H,H) = 8.7 Hz, 6H, o-CH); 7.20 (dd, 3J(H,H) = 8.8, 3J(H,P) = 2.2 Hz, 6H, m-CH) ppm. 19F NMR
(470.6 MHz, toluene-d8): δ = 82.4 (p, 2J(F,F) = 150 Hz, 1F, SF5); 62.3 (d, 2J(F,F) = 150 Hz, 4F, SF5) ppm.

3.5. Synthesis of [IrCl(COD){P(p-C6H4SF5)3}] (4)

[Ir(µ-Cl)(COD)]2 (100 mg, 0.15 mmol) (COD = cyclooctadiene) was dissolved in toluene (7 mL) and
a solution of P(p-C6H4SF5)3 (1) (192 mg, 0.30 mmol) in 5 mL of toluene was added slowly. After stirring
for 1 h 30′, the volatiles were removed under vacuum and a dark red solid was obtained. The solid
was washed with hexane (3 × 5 mL) and dried in vacuum. Yield: 117 mg (80%).

LIFDI-TOF-MS (toluene): Calculated (m/z) for [M]+: 976.28; found: 976. 31P{1H} NMR (121.5 MHz,
C6D6): δ = 21.7 (s) ppm. 1H NMR (300.1 MHz, C6D6): δ = 7.41–7.23 (m, 12H, Ph); 5.64 (s br, 2H, =CH
trans to P); 2.45 (s br, 2H, =CH trans to Cl); 2.16–1.84 (m, 2H, CH2); 1.82–1.57 (m, 2H, CH2); 1.54–1.29
(m, 2H, CH2); 1.17–0.85 (m, 2H, CH2) ppm. 19F NMR (282.4 MHz, C6D6): δ = 83.0 (p, 2J(F,F) = 150 Hz,
1F, SF5); 62.4 (d, 2J(F,F) = 150 Hz, 4F, SF5) ppm.

3.6. Synthesis of [RhCl(COD){P(p-C6H4SF5)3}] (5)

[Rh(µ-Cl)(COD)]2 (50 mg, 0.10 mmol) was dissolved in toluene (5 mL) and P(p-C6H4SF5)3 (1)
(130 mg, 0.20 mmol) was added to the solution. After stirring for 1h15′, the volatiles were removed
under vacuum and a yellow solid was obtained. The solid was washed with cold hexane (2 × 4 mL)
and finally dried in vacuum. The NMR spectra of the yellow solid confirmed the formation of complex
5. Yield: 162 mg (92%).

31P{1H} NMR (121.5 MHz, C6D6): δ = 31.5 (d, 1J(P,Rh) = 155.9 Hz) ppm. 1H NMR (300.1 MHz,
C6D6): δ= 7.89–7.78 (m, 12H, Ph); 5.67 (s br, 2H, =CH trans to P); 3.12 (s br, 2H, =CH trans to Cl); 2.55–2.35
(m, 4H, CH2); 2.25–1.94 (m, 4H, CH2) ppm. 19F NMR (282.4 MHz, C6D6): δ = 82.33 (p, 2J(F,F) = 150 Hz,
1F, SF5); 61.89 (d, 2J(F,F) = 150 Hz, 4F, SF5) ppm. 13C{1H} NMR (75.4 MHz, CD2Cl2): 156.4–155.0
(m, Cq–SF5); 135.7 (m, overlapped with CH signals, P–Cq); 135.6 (d, 2J(C,P) = 12.8 Hz, o–CH); 126.4
(dp, 3J(C,P) = 9.6 Hz, 3J(C,Feq) = 4.8 Hz, m–CH); 108.7 (dd, 1J(C,Rh) = 12.0 Hz; 2J(C,P) = 7.2 Hz, =CH
trans to P); 72.2 (d, 1J(C,Rh) = 12.8 Hz, =CH trans to Cl); 33.44, 33.43 and 29.2 (all s, CH2) ppm.

3.7. Synthesis of [Rh(µ-Cl)(COE){P(p-C6H4SF5)3}]2 (6)

[Rh(µ-Cl)(COE)2]2 (50 mg, 0.07 mmol) (COE = cyclooctene) was dissolved in toluene (7 mL) and
a solution of P(p-C6H4SF5)3 (1) (90 mg, 0.14 mmol) in 5 mL of toluene was added slowly. Instantly,
the solution turned red and after stirring for 1 day, the volatiles were removed under vacuum. The red
solid obtained was dried in vacuum. Yield: 123 mg (99%)

31P{1H} NMR (121.5 MHz, C6D6): δ = 54.4 (d, 1J(P,Rh) = 194.5 Hz) ppm. 1H NMR (300.1 MHz,
C6D6): δ = 7.39–7.28 (m, 6H, m-CH); 7.54-7.40 (m, 6H, o-CH); 2.66–2.20 (m, 6H, COE); 1.55–1.15 (m, 8H,
COE) ppm. 19F NMR (282.4 MHz, C6D6): δ = 83.2 (p, 2J(F,F) = 150 Hz, 1F, SF5); 62.4 (d, 2J(F,F) = 150 Hz,
4F, SF5) ppm.
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3.8. Reaction of [IrCl(COD){P(p-C6H4SF5)3}] (4) with CO. Formation of [IrCl(CO)(COD){P(p-C6H4SF5)3}]
(7) and [IrCl(CO)2{P(p-C6H4SF5)3}2] (8)

In a Young NMR tube, a solution of [IrCl(COD){P(p-C6H4SF5)3}] (4) (25 mg, 0.03 mmol) in CD2Cl2
(0.4 mL) was cooled to 77 K, degassed and treated with CO. After 10′ the solution turned dark brown
and a black precipitate was formed. The NMR analysis showed full conversion to yield the complexes
7 and 8 in a 1:1 ratio together with an unknown iridium complex bearing no phosphine ligand.

NMR data for 7: 31P{1H} NMR (121.5 MHz, CD2Cl2): δ = 3.65 (s) ppm. 1H NMR (300.1 MHz,
CD2Cl2): δ 7.90–7.82 (m, 12H, Ph); 4.25 (s br, 2H, =CH trans to CO); 3.91 (s br, 2H, =CH trans to Cl); 2.95
(s br, 4H, CH2); 2.79–2.53 (m, 2H, CH2); 2.06-1.83 (m, 2H, CH2) ppm. 19F NMR (282.4 MHz, CD2Cl2):
δ = 82.0 (p, 2J(F,F) = 150 Hz, 1F, SF5); 61.9 (d, 2J(F,F) = 150 Hz, 4F, SF5) ppm.

When the reaction was performed with 13CO, the complexes 7′ and 8′ were obtained.
Selected NMR data for 7′: 31P{1H} NMR (121.5 MHz, CD2Cl2): δ = 3.65 (d, 2J(P,C) = 13.7 Hz) ppm.

13C{1H} NMR (75.4 MHz, CD2Cl2): 176.0 (t, 2J(C,P) = 13.6 Hz, 13CO); 135.6-135.2 (m, P–Cq and
o–CH);127.1–126.6 (m, m–CH) ppm.

NMR data for the unknown complex: 1H NMR (300.1 MHz, CD2Cl2): δ 4.79 (s br, 4H, =CH);
2.79–2.53 (m, 8H, CH2) ppm. 13C{1H} NMR (75.4 MHz, CD2Cl2): 169.7 (s br, CO); 80.4 (s, =CH);
33.7 (s, CH2) ppm.

3.9. Independent Formation of [IrCl(CO)2{P(p-C6H4SF5)3}2] (8)

In a Young NMR tube, complex [IrCl(COD){P(p-C6H4SF5)3}] (4) (25 mg, 0.03 mmol) was dissolved
in C6D6 (0.4 mL) and the phosphine 1 (19 mg, 0.03 mmol) was added. Then, the solution was cooled to
77 K, degassed and treated with CO. After 10 min, the solution turned orange and a yellow precipitate
was formed. The solid was filtered off, washed with C6D6 (2 × 0.25 mL) and dried under vacuum.
Yield: 34 mg (85%).

31P{1H} NMR (121.5 MHz, CD2Cl2): δ = 0.84 (s) ppm. 1H NMR (300.1 MHz, CD2Cl2): δ 7.92 (dm,
3J(H,H) = 8.6 Hz, m–CH); 7.79 (dd, 3J(H,H) = 8.6, 2J(H,P) = 5.8 Hz, o–CH) ppm. 19F NMR (282.4 MHz,
CD2Cl2): δ = 81.7 (p, 2J(F,F) = 150 Hz, 1F, SF5); 61.8 (d, 2J(F,F) = 150 Hz, 4F, SF5) ppm. 13C{1H} NMR
(75.4 MHz, CD2Cl2): 156.1 (p, 1J(C,P) = 18.5 Hz, Cq–SF5); 135.0 (m, overlapped with CH signals,
P–Cq); 134.9 (d, 2J(C,P) = 12.8 Hz, o–CH); 126.5 (dp, 3J(C,P) = 10.0 Hz, 3J(C,Feq) = 4.9 Hz, m–CH) ppm.
The resonance for the CO ligand was not observed. IR (ATR): 1986 (C≡O), 1940 (C≡O), 824 (S–F) cm−1.

When the reaction was performed with 13CO, the complex 8′ was obtained.
Selected NMR data: 31P{1H} NMR (121.5 MHz, CD2Cl2): δ = 0.84 (t, 2J(P,C) = 13.5 Hz) ppm.

13C{1H} NMR (75.4 MHz, CD2Cl2): 179.6 (t, 2J(C,P) = 13.6 Hz, 13CO) ppm. IR (ATR): 1933 (C≡O),
1896 (C≡O), 824 (S–F) cm−1.

3.10. Formation of Trans,trans-[RhCl(CO)2{P(p-C6H4SF5)3}2] (9)

Complex [RhCl(COD){P(p-C6H4SF5)3}] (5) (20 mg, 0.02 mmol) was dissolved in C6D6 (0.4 mL) and
the phosphine 1 (14 mg, 0.02 mmol) was added. Then, the solution was cooled to 77 K, degassed and
treated with CO. After 10 min, the solution turned clear and a yellow precipitate was formed. The solid
was filtered off and washed with C6D6 (2 × 0.25 mL) and dried under vacuum Yield: 29 mg (89%).

31P{1H} NMR (121.5 MHz, acetone-d6): δ = 27.6 (s, br) ppm. 31P{1H} NMR (121.5 MHz, 243 K,
acetone-d6): δ = 29.15 (d, br, 2J(P,Rh) ≈ 130 Hz) ppm. 1H NMR (300.1 MHz, acetone-d6): δ 8.22–8.00 (m,
m–CH + o–CH) ppm. 19F NMR (282.4 MHz, 243 K acetone-d6): δ = 82.9 (p, 2J(F,F) = 148 Hz, 1F, SF5);
61.6 (d, 2J(F,F) = 148 Hz, 4F, SF5) ppm. 13C{1H} NMR (75.4 MHz, acetone-d6): 156.1–154.7 (m, Cq–SF5);
136.3 (s br, P–Cq + o–CH); 127.0 (s br, m–CH) ppm. The resonance for the CO ligand was not observed.
IR (ATR): 1992 (C≡O), 828 (S–F) cm−1.

When the reaction was performed with 13CO, complex 9′ was obtained.
Selected NMR data: 31P{1H} NMR (121.5 MHz, acetone-d6): δ = 28.62 (s, br) ppm. 31P{1H} NMR

(121.5 MHz, 203 K, acetone-d6): δ = 29.49 (d, br, 2J(P,Rh) ≈ 130 Hz) ppm. 13C{1H} NMR (75.4 MHz,
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acetone-d6): 187.4 (t, 1J(C,Rh) = 73.0 Hz, 13CO) ppm. 13C{1H} NMR (75.4 MHz, 203 K, acetone-d6):
187.1 (d, 1J(C,Rh) = 72.6 Hz, 13CO) ppm. IR (ATR): 1945 (C≡O), 824 (S–F) cm−1.

3.11. X-ray Diffraction Analysis

For the structure determination, the data collection was performed with a BRUKER APEX-II CCD
diffractometer (Bruker AXS, Karlsruhe, Germany) using Mo-Kα radiation (λ = 0.71073 Å). Multi-scan
absorption corrections implemented in SADABS [71] were applied to the data. The structures
were solved by intrinsic phasing method (SHELXT-2014) [72] and refined by full–matrix least square
procedures based on F2 with all measured reflections (SHELXL-2018) [73], with anisotropic temperature
factors for all non-hydrogen atoms. In complex 4·0.5C6H6, C(sp3) atoms of COD ligand were treated
with ISOR while in complex 6·C6H6, all the carbon atoms of the solvent molecule were treated with
EADP. All carbon bound hydrogen atoms were added geometrically and refined by using a riding
model. CCDC 2021751–2021754 contain the supplementary crystallographic data. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC,
12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E–mail: deposit@ccdc.cam.ac.uk).

Crystal Data for 1·C6H6. C18H12F15PS3·C6H6, MW 718.53, triclinic, space group P1, a: 10.0772(6) Å,
b: 10.2132(6) Å, c: 15.1197(12) Å, α: 70.446(3)◦, β: 70.770(4)◦, γ = 85.849(3)◦, V = 1383.31(16) Å3, Z = 2,
Dcalc: 1.725 mg m−3, T = 103(2) K, µ = 0.443 mm−1. 28,056 measured reflections (2θ: 2.142–26.416◦),
5658 unique (Rint = 0.0533). Final agreement factors were R1 = 0.0402 (I > 2σ(I)) and wR2 = 0.0862.

Crystal Data for 2·2C6H6. C30H24F15OPS3·2C6H6, MW 812.64, triclinic, space group P1, a: 7.7689(7)
Å, b: 12.3481(10) Å, c: 17.6929(17) Å, α: 106.915(3)◦, β: 90.217(4)◦, γ = 92.514(3)◦, V = 1622.1(3) Å3, Z = 2,
Dcalc: 1.664 mg m−3, T = 102(2) K, µ = 0.391 mm−1. 65,957 measured reflections (2θ: 2.374–26.846◦),
6935 unique (Rint = 0.0577). Final agreement factors were R1 = 0.0388 (I > 2σ(I)) and wR2 = 0.0890.

Crystal Data for 4·0.5C6H6. C26H24ClF15IrPS3·0.5C6H6, MW 1015.30, monoclinic, space group
P21/c, a: 16.8589(11) Å, b: 17.1921(11) Å, c: 11.8495(8) Å, β: 101.744(2)◦, V = 3362.6(4) Å3, Z = 2,
Dcalc: 2.006 mg m−3, T = 100(2) K, µ = 4.390 mm−1. 41,026 measured reflections (2θ: 2.264–26.436◦),
6901 unique (Rint = 0.0505). Final agreement factors were R1 = 0.0340 (I > 2σ(I)) and wR2 = 0.0763.

Crystal Data for 6·C6H6. C52H52Cl2F30Rh2P2S6·C6H6, MW 1856.06, monoclinic, space group
C2/c, a: 19.8800(13) Å, b: 11.6762(7) Å, c: 29.2074(19) Å, β: 96.426(2)◦, V = 6737.1(7) Å3, Z = 4,
Dcalc: 1.830 mg m−3, T = 103(2) K, µ = 0.926 mm−1. 62,530 measured reflections (2θ: 2.182–24.840◦),
5816 unique (Rint = 0.1005). Final agreement factors were R1 = 0.0431 (I > 2σ(I)) and wR2 = 0.0910.

3.12. Computational Details

Calculations were run using the Gaussian 09 (Revision D.01, Gaussian, Inc., Wallingford, CT,
USA) program package [74]. In the case of phosphines and phosphine radical cations the CAM-B3LYP
functional was used and 6-311G(d,p) basis set were employed for all atoms. For the nickel complexes,
the B3LYP functional was chosen. Nickel was described with RECPs and the associated LANL2DZ basis
sets [75] while the ligands were described with 6-31G(d,p). All calculated structures were identified
as minima (no negative eigenvalues). All xyz coordinates are included as Supplementary Material
(Tables S1–S3).

4. Conclusions

An unprecedented phosphine bearing SF5 groups, P(p-C6H4SF5)3 (1), was successfully synthesized.
It exhibits a moderate air stability, which is corroborated experimentally and by theoretical methods.
The HOMO energy level and the phosphorus-selenium coupling constant of the synthesized phosphine
selenide indicate that 1 is a weaker donor than P(p-C6H4CF3)3 and very close to P(m-C6H4(CF3)2)3.
The calculated Tolman electronic parameter are consistent with an electron-withdrawing character.
The molecular structures of iridium and rhodium complexes allowed for an estimation of the
cone angle, which is slightly larger than the one for P(p-C6H4CF3)3. Finally, reactivity studies
of [MCl(COD){P(p-C6H4SF5)3}] (M = Ir (4), Rh (5)) towards CO revealed a preference for the

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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formation of the diphosphine complexes [MCl(CO)2{P(p-C6H4SF5)3}2] (M = Ir (8), Rh (9)) instead of
[MCl(CO)2{P(p-C6H4SF5)3}]. Overall, the presence of SF5 groups in the phosphine 1 qualifies it as
an electron-poor and sterically demanding phosphine. This might provide new opportunities for
applications in catalysis.

Supplementary Materials: The Supplementary Materials are available online.
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