Dyes and Pigments 236 (2025) 112690

Contents lists available at ScienceDirect

DYES
AR
PIGMENTS

)

Dyes and Pigments

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/dyepig

Check for

Highly fluorescent 3-perylenyldiphenylphosphane compounds: An | e
experimental and theoretical study

J. Emilio Expésito®, Sergio Lentijo®, Gabriel Aullén "®, Manuel Bardaji * ©,
Jestis A. Miguel ™
@ JU CINQUIMA/Quimica Inorganica, Facultad de Ciencias, Universidad de Valladolid, 47071, Valladolid, Spain

b Departament de Quimica Inorganica i Organica (Seccié de Quimica Inorganica) and Institut de Quimica Teorica i Computacional, Universitat de Barcelona, 08028,
Barcelona, Spain

ARTICLE INFO ABSTRACT

Keywords: The perylene derivative, 3-perylenyldiphenylphosphane (PPhyPer, 1), was prepared and used to synthesize the
Phosphane oxidized P(V) compounds A = PPhyPer (A = O (2); A = S (3)). Substitution reactions led to mononuclear gold(I)
PDG}:’reylene complexes [AuX(PPhyPer)] (X = Cl (4); X = CgFs (5)), [AuX(S=PPhsyPer)] (X = Cl (6); X = CgFs (7)) and
Fluorescent palladium(II) complexes trans-[Pd(CgFs)2(PPhaPer)2] (8). X-ray single crystal studies of compounds 5 and 7
Gold confirmed the expected structures. The UV-Vis absorption spectra display intense peaks in the visible region with
Ppalladium maxima from 454 to 461 nm. A DFT study was performed for the absorption spectra of ligands and complexes,

showing that the lowest most intense transition is a HOMO — LUMO transition in the perylene core, although
affected by functional group and metallic fragment. The ligands and their complexes are fluorescent in solution,
due to the perylene fragment, showing an emission in the range 450-550 nm, with maxima from 467 to 472 nm.
Quantum yield starts at 13 % for the phosphane and increases dramatically to the range of 63-87 % after
oxidation or coordination to a metal fragment. This work illustrates how the PET effect can be used to recover the
initial extremely intense emission of free unfunctionalized perylene ring system.

1. Introduction

Perylene compounds are fluorescent dyes with excellent chemical
and photochemical stability. They show strong absorption of visible
light and high fluorescence quantum yields due to electronic transitions
centered at the perylene core. As a consequence of these exceptional
properties, they have been employed as industrial pigments [1], as
liquid crystals [2,3], in electronic and optical applications [4-9], for
highly fluorescent J-aggregates [10,11], in thin films [12,13] and in
polymers [14,15].

Phosphane ligands have been widely studied due to their versatility
to control their electronic and steric environment, which is very useful
to create structural diversity and an efficient change in the photo-
physical properties [16-18].

Under these premises, various arylphosphanes derived from aro-
matic polycycles such as anthracene, phenanthrene or hetero-
arylphosphanes have been described, and then, oxidized or coordinated
to change their optical properties [19-23]. The incorporation of heavy
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atom such as gold(I), to the 9-diphenylphosphinophenanthrene changes
the phenanthrene fluorescent behavior to phosphorescent [24]. The
phosphorescence of the pyrenyl ring is strongly enhanced by the heavy
atom effect of the Pt ion in pyrenyl phosphanes, although this effect
depends on the phosphane and metal position in the pyrene core [25].
These phosphane ligands can coordinate a metal, access to the electronic
density of the n system by the metal impacts dramatically the photo-
physical properties [26-28].

The photoinduced electron transfer (PET) mechanism is well docu-
mented for organic probes, where a lone pair of electrons in the receptor
quenches the fluorophore emission. Binding of metal ions through the
lone pair of electrons in the receptor implies a lower energy for the
orbital, which inhibits electron transfer to the fluorophore HOMO, and
therefore leads to fluorescence enhancement: an off-on fluorescent
chemosensor [29-32].

Phosphane ligands containing a n-system have been used as fluo-
rosensors in biological systems [33,34]. Actually, 3-perylenyldiphenyl-
phosphane was prepared in order to be used as biological luminescent
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probe for lipid peroxidation instead of pyrenylphosphane [35,36]. Now,
excitation occurs with visible light instead of the most energetic UV
light, which is more convenient for biological samples.

We report the chromophore ligand 3-perylenyldiphenylphosphane,
its oxidized species and the coordination compounds with gold(I) and
palladium(II). This set of compounds, allow us to study in depth their
optical properties, particularly their intense color and emission prop-
erties. Theoretical calculations were carried out to support the transition
assignments.

2. Results and discussion
2.1. Syntheses and structures

The syntheses of the ligand 3-perylenyldiphenylphosphane
(PPhyPer) (1), its oxide (2), its sulfide (3) and their metal complexes
are outlined in Scheme 1, The phosphane PPhyPer (1) was obtained by a
modified method: addition of BuLi to a solution of 3-bromoperylene
precursor in THF at —70 °C and subsequent addition of PhyPCl. After
chromatographic purification 1 was obtained as a yellow solid with a
yield of 41 %. The compound was characterized, and it agrees with the
reported data [35]. The 3lp NMR spectrum, not described before,
showed the expected singlet at —13.4 ppm.

The phosphane 1 is an air stable solid, but in aerated solution, is
slowly converted to its oxide 2 upon daylight, while it is stable in the
dark. A genuine sample of 2 was quantitatively prepared by intentional
oxidation of 1 with Hy0,. The phosphane sulfide 3 was obtained by
treating 1 with sulfur in refluxing toluene. Both are yellow air stable
solids and were readily characterized. The elemental analyses, yields,
H, and 3'P NMR spectroscopic data are collected in the Experimental
Section. The 3'P NMR spectra showed a singlet low field shifted 46.2 or
55.6 ppm, respectively, compared to the phosphane. Compounds 1-3
are poorly soluble in organic solvents.

The gold(I) compounds [AuX(PPhyPer)] (X = CI (4); X = CgFs (5))
and [AuX(SPPhyPer)] (6, 7) were easily prepared in good yield, as either
orange (4-5) or yellow (6-7) solids, by 1:1 reaction in CH,Cl; of [AuX
(tht)] (tht = tetrahydrothiophene) with the corresponding phosphane 2
or phosphane sulfide 3 (Scheme 1). The complexes were readily char-
acterized by elemental analyses, yields, FTIR spectroscopy, 'H, *°F and
3p NMR spectroscopic data, which are given in the Experimental
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Scheme 1. Synthesis of PPhyPer derivatives: i) n-BuLi, THF (—70 °C); PPh,Cl;
ii) HyOo; iii) Sg; iv) [AuX(tht)]; v) trans-[Pd(CeFs)o(SMe,),].
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Section. The 3'P NMR spectra showed the expected singlet but low field
shifted 39.9 (4) and 50.5 (5) ppm, or slightly shifted —0.4 (6) and 1.4 (7)
ppm, compared to the corresponding initial ligand. Therefore, they
display singlets at 26.5 (4), 37.1 (5), 41.8 (6) and 43.6 (7) ppm. In the
19F NMR spectra of compounds 5 and 7, the typical three resonances
pattern (2F°th°; 1FPar; 9FMet®) for CoFs was observed. These gold
complexes are moderately soluble in organic solvents commonly used,
in any case more soluble than starting perylene ligands.

The reaction of PPhyPer with trans-[Pd(CeFs)2(SMes),] (molar ratio
2:1) in dichloromethane at room temperature afforded complex trans-
[Pd(CgFs5)2(PPhoPer),] (8) as an orange solid. The 31p (a singlet at 20.3
ppm) and '°F NMR (Fo'™M° at —111.9 ppm, FP*@ at —162.0 ppm and F™¢t2
at —162.8 ppm) spectra confirm the presence of only one isomer, and a
trans arrangement of the two phosphanes is proposed to minimize the
steric hindrance between the two bulky phosphane groups.

2.2. Crystal structures

X-ray quality crystals of gold complexes 5 and 7 allowed for the
determination of their molecular structures by single-crystal X-ray
diffraction methods. These are shown in Fig. 1 and Figs. S19-520, and
confirm the structures proposed in Scheme 1. Selected bond lengths and
angles are given in Table 1, while the data collection and refinement
parameters are detailed in the Supplementary Material.

The structures of 5 and 7 show the almost perfectly linear gold co-
ordination with bond angle C-Au-P of 176.34(14)° for 5 and C-Au-S of
179.74(12)° for 7. The Au-S bond length in 7 (2.3036(15) A)is longer
than those found in [AuX(SPPhs)] (2.264 A X = Cl, 2.286 A X = Br),
reflecting the high trans-influence of the pentafluorophenyl group [37].
The C-C-C angles at the ipso carbon of the C¢F5 group in both complexes
are less than 120° (114.9(5) for 5 and 114.4(4)° for 7), a typical feature
due to electronic effects of the electropositive metal and the electro-
negative fluorine substituents at the ortho positions [38]. In both com-
plexes the perylene fragment is essentially planar and is almost
perpendicular to the plane of C¢Fs moiety (96.26°) for 5 and parallel for
7 (2.63°). The shortest Au---Au intermolecular distance between two
metallic centers is 6.012 A for 5 and 4.949 A for 7, which clearly ex-
cludes any Au---Au interaction. However, there are significant n-x in-
teractions between the Cg¢F5 rings at a distance of 3.51 Afor5and3.49 A
for 7 and between the perylene rings at 3.51 A for 5 and 3.38 A for 7
(Figs. S19-S20 in the Supplementary Material).

Fig. 1. Crystal structures of complexes 5 (CCDC2406214) and 7
(CCDC2406215) (H atoms are omitted for clarity).
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Table 1
Selected Interatomic Distances (A) and Angles (°) for the complexes 5 and 7.
5 7

Au(1)-C(40) 2.058(5) 2.017(4)
Au(1)-P(1) 2.2835(17)
Au(1)-S(1) 2.3036(15)
S(1)-P(1) 2.0183(15)
C(40)-Au(1)-P(1) 176.34(14)
C(40)-Au(1)-S(1) 179.74(12)
C(B1)-P(1)-C(21) 104.6(2) 105.76(15)
C(3D)-P(1)-C(1) 105.9(2) 107.22(16)

2.3. Photophysical studies

2.3.1. UV-Vis absorption spectra

The UV-Vis absorption spectra of dilute solutions in chloroform (¢ ~
107° M) of the precursors perylene, PPhyPer (1), OPPhyPer (2),
SPPhyPer (3), and their complexes are shown in Fig. 2 (only one
representative complex of each family is plotted to facilitate compari-
son; Figs. S22-523 in the Supplementary Material show the spectra of all
the compounds). Quantitative absorption data for all the compounds are
summarized in Table 2.

All the spectra display two intense bands, a broad very intense one in
the UV, at 240-315 nm (not shown in Fig. 2), and a second one, in the
visible (350 — 500 nm), with a vibronic structure related to the v(C=C)
frequency of the perylene core and with increasing intensity of the
vibronic bands for the higher 1 value. The visible absorption of the
perylene phosphane is a band (inax 455 nm) covering the range
370-480 nm and red-shifted by about 850 cm ! (17 nm) compared to
perylene.

There is little change after oxidation or/and monodentate coordi-
nation of PPhyPer: the lower energy transition is slightly wider and has a
shift maximum of 286 cm ™! (6 nm) without loss of the fine (vibronic)
structure. This suggests that the electronic connection of the perylene
and the metal fragments through the phosphane link is very weak (loss
of the lone electron pair does not play a significant role in perturbing the
perylenyl rings in the ligand). These bands show very little solvent
dependence, less than 240 em~! (5 nm) for gold compound 4, when the
solvent changes from acetonitrile to toluene (see Fig. S21 in the Sup-
plementary Material). Therefore, the band is tentatively assigned to a
HOMO — LUMO transition centered in the perylene ligand. This will be
discussed in more detail below, with the aid of DFT calculations.

Comparison of the UV-Vis absorption spectra of these perylene
phosphane complexes with their pyrene analogues shows the effect of
increased aromaticity of perylene: the absorption HOMO — LUMO of
PPhyPer is less energetic (5800 cm_l; 95 nm) [25]. The origin of these
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Fig. 2. Absorption spectra recorded in CHCl; solution (~10~°> M) at room
temperature: Perylene (Per), perylene phosphane (1), its sulfide (3) and
selected Au' and Pd" complexes.
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bands is discussed below, with the TD-DFT calculations. The UV-Vis
spectra of phosphane ligand, their oxidized species and metallic com-
plexes are studied in depth below, by DFT.

2.3.2. Molecular orbital calculations

A DFT study was performed to analyze and understand the absorp-
tion spectra of 3-perylenyldiphenylphosphane species. Computational
details are given in the Experimental Section. The oxidized phosphanes
P(V) are studied to understand the importance of donor atom bound to
phosphorous, and followed to its coordination into gold complexes.
Schematic representation of main expected transitions in the absorption
spectra of 1-3 and chloro gold complexes 4 and 6 are shown in Fig. 3.
Calculated absorption parameters, representation of molecular orbitals
involved, main contributions for the transition and their coefficients are
described in the Supplementary Material. Simulated UV-Vis spectra for
these compounds are given in Table S3 in the Supplementary Material.

The absorption spectrum for the 3-perylenyldiphenylphosphane
compound is dominated by two bands at 459 and 256 nm correspond-
ing to perylene framework [39]. The first peak is assigned to HOMO —
LUMO transition, and these two n-orbitals are basically centered in the
perylene with a contribution of 94 and 98 %, respectively [40,41]. The
second peak presents different single monoexcitacions, in particular
HOMO and higher empty orbital having 81 % of the perylene. The
second band is less intense than the former, but it is enhanced by three
extra bands at 259, 261 and 261 nm corresponding to diphenylphos-
phano fragment involving n-orbitals of the phenyl rings, resulting in two
similar absorptions (simulated spectrum yields peaks at 459 and 260
nm). In the 3-perylenyldiphenylphosphane oxide, a blue-shift effect is
observed for the two bands until 454 and 257 nm together an important
decreasing of the absorbance, especially for the low wavelength peak. In
opposition, they are redshifted for the 3-perylenyldiphenylphosphane
sulfide to 459 and 258 nm, with a slight increasing of the absorbance
than related phosphane oxide but not as high as those for the starting
phosphane. We can notice that the second band is overlapping to a
charge-transfer between sulfur lone pair to perylene n-system at 251 nm,
and this can be related these changes with the electronegativities of
oxygen and sulfur atoms bound to phosphorus.

The coordination of both AuCl and Au(CgFs) fragments produces the
same effect in related ligand, and consequently only the former is
commented upon. The [AuCl(PPhyPer)] complex presents a small red-
shift of HOMO — LUMO transition to 462 nm, while [AuCl
(SPPhyPer)] one increases until 469 nm (taken the reference of both free
ligands at 459 nm, respectively). In opposition, the coordination of gold
fragments does not affect the second band, and it remains practically
identical to uncoordinated species (258 and 260 nm, respectively). A
detailed analysis of the molecular orbitals suggests small changes in
their composition, although they are slightly stabilized by the coordi-
nation. However, it is important to point out a reduced participation of
the n-system of the perylene into HOMO/LUMO is accompanied by an
increase in the related wavelength. Moreover, it is remarkable a small
band in the region between 290 and 310 nm for gold-sulfide derivatives
that involve n-orbitals of the perylene as well as an ILCT from phosphano
to perylene groups. Although this absorption is not well defined, a
shoulder clearly appears in simulated spectrum due the coordination of
the sulfur to the metal. Likewise, any monoexcitation involving per-
fluorophenyl is observed above 250 nm. The calculated values match
reasonably with those found experimentally.

In summary, all these compounds display an intense low energy
absorption band assigned to HOMO — LUMO transition, and both or-
bitals are dominated by perylene (90-96 %). In other studies some dif-
ferences were observed, which could support the PET effect [39,42,43].
By carefully looking at the MOs involved in relevant electronic transi-
tions in PPhyPer, the phosphano contributes mainly to several OM as
HOMO-1 (43 % specifically from P atom) or LUMO+1, and this main
contribution is loss for the rest of compounds (or moved to S or to CgFs).

Following the experimental work, we have studied complex [Pd
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Table 2
UV-Visible absorption and emission data for perylene phosphane (1), OPPh,Per (2), SPPhyPer (3), and their complexes (4-8), in chloroform at 298 K.
Comp. A(mm) (1072 ¢)/dm® mol ! em™! Jex/TM Jem’/NM Stokes shifts/cm ™! ®q"/% 1°/ns
PPh,Per 256 (46.4), 402 (16.5), 428 (36.1), 455 (43.3) 414, 440 468, 494 1359 13 4.49
2 259 (30.2), 403 (12.4), 428 (25.4), 454 (29.6) 433, 455 467, 488 565 83 4.89
3 259 (31.1), 406 (13.9), 430 (27.6), 457 (32.5) 433, 455 470, 500 701 71 4.37
4 270 (91.1), 407 (14.2), 431 (27.5), 457 (33.1) 433, 448 471, 497 1090 86 4.55
5 241 (36.3), 258 (28.9), 407 (14.2), 431 (29.4), 457 (35.3) 433, 453 470, 500 798 78 4.32
6 241 (22.1), 260 (26.3), 405 (10.3), 432 (21.1), 457 (24.3) 433, 453 471, 498 844 63 4.74
7 240 (28.5), 262 (45.2), 435 (23.9), 461 (26.1) 433, 454 471, 498 795 87 4.80
8 259 (77.4), 407 (25.2), 431 (53.9), 459 (62.6) 433, 453 472, 503 889 63 3.99
# Emission spectra collected by using ley of 414 or 433 nm.
b Quantum yield relative to perylene in ethanol (®g = 92 %).
¢ Fluorescence lifetimes.
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Fig. 3. Schematic representation of main expected transitions in the absorption spectra of PPhyPer (1), [AuCl(PPh,Per)] (4), [AuCl(SPPhyPer)] (6), SPPhyPer (3),

and OPPhyPer (2).

(CgF5)2(PPhyPer),], which shows a large absorbance due that presence
of two perylene groups, but their bands are split in two ranges, 487-450
and 262-260 nm, resulting maxima about 479 and 265 nm into simu-
lated spectrum. A detailed analysis about two extra bands shows that
these monoexcitations involve phenyl rings of the phosphano frame-
work, being localized in this group (275 nm) or transference between
perfluorophenyl to phosphano (293 nm).

2.3.3. Luminescence spectra

All the compounds are luminescent at room temperature in chloro-
form solution. The excitation and emission data are summarized in
Table 2. The emission spectra of perylene, PPhyPer (1), OPPhyPer (2),
SPPhyPer (3), and their complexes are shown in Fig. 4 (only one
representative complex of each family is plotted to facilitate compari-
son; Figs. S25-526 in the Supplementary Material show the spectra of all
the compounds).

The emission spectrum of PPhyPer shows one band in the range
450-550 nm and a red shift of 1360 cm ™! (28 nm) compared to per-
ylene. As observed in the absorption spectra, there is almost no change
after oxidation or monodentate coordination of PPhyPer, and therefore
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Fig. 4. Emission spectra recorded in CHCl3 solution (10~% M) at room tem-
perature of: Perylene (Per), perylene phosphane (1), its sulfide (3) and selected
Au' complexes.
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compounds 2-8 exhibit only one band in the same range with only a
maximum red shift up to 182 em™! (4 nm). In summary, the emission
maxima of perylene phosphane are slightly affected after oxidation, and
coordination although the quantum yields are dramatically affected as
we are going to explain below.

On the basis of the small Stokes shifts between absorption and
emission and their emission lifetimes in the range 4.0-4.9 ns (Table 2),
the luminescence observed can be assigned to n-n* fluorescence. The
emission properties remain unchanged in the presence of Oy, which is
also consistent with this assignment. Most bands have a vibronic
structure with a vibrational spacing of around 1200 cm™! related to the
stretching C-C frequency of the perylene core, which suggests a perylene
dominated emissive state that can be assigned as intraligand n—r*
disturbed by the PPh; group. In addition, measurements for PPhyPer 1
and gold complex 4 in several solvents with different polarity did not
show change, which again suggests fluorescence due to the perylene
moiety (See Fig. S24 in the Supplementary Data). Chloroform solutions
are stable for weeks at room temperature and under natural light (except
compound 1, as explained above). In addition, these derivatives are
soluble in dimethyl sulfoxide.

This emission behavior is similar to that found in phenan-
thrylphosphane cycloplatinated (II) and in group 11 compounds with
1,6-bis(diphenylphosphano)pyrene, which show only fluorescence [20,
27]. On the contrary, a related phenanthrylphosphane gold(I) complex
exhibits blue-green room temperature phosphorescence (® = 6 %) [24],
and in the same way pyrenylphosphane cycloplatinated (II) analogues
display red phosphorescence (quantum yield up to 1.5 %) [25]. These
works point out that phosphorescence in perylene systems is not an easy
target due to the high and extensive n—delocalization in perylene, which
promotes frontier orbitals centered in the perylene moiety, and there-
fore fluorescence.

The emission quantum yields of PPhyPer (1), OPPhyPer (2),
SPPhyPer (3), and their complexes were measured in chloroform at room
temperature and the data are summarized in Table 2. The free ligand
PPhyPer (1) shows a quantum yield of 13 %, only a seventh that reported
for perylene (®g = 92 %) [44]. However, after oxidation (2-3) or co-
ordination to gold (4-5) or palladium (8) the quantum yield is recovered
(63-86 %). Coordination of SPPhyPer (3) to gold (6-7) does not
significantly affect the quantum yield. These facts can be related to a
PET process: the lone electron pair in the phosphane interferes the
perylene system and is therefore inhibited by oxidation or coordination
to a metal fragment.

In summary, quantum yield exhibits a remarkable dependence on the
phosphorus lone electron pair going from 13 % for the free phosphane to
63-87 % for oxidized forms or to 63-86 % for coordinated to gold or
palladium.

3. Conclusions

We have prepared deep-colored phosphane perylene, its oxide and
sulfide, as well as gold(I) and palladium(II) complexes. The electronic
connection of the perylene and the phosphane substituents is very weak
and therefore the absorption or emission maxima change slightly.
However, the quantum yield is dramatically affected: the PET effect due
to the lone electron pair of phosphane is inhibited by oxidation or co-
ordination, going from 13 to 63-87 %, close to that found for unfunc-
tionalized perylene (92 %). This approach can be applied not only in
biosensing but also in chemosensing, expanding its potential for a wide
range of applications in detecting biological and chemical targets.

4. Experimental Section
4.1. Materials and general methods

All reactions were carried out under dry nitrogen. The solvents were
purified according to standard procedures. Literature methods were
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used to prepare 3-bromoperylene [45], [AuCl(tht)] [46], [Au(CgFs)
(tht)] [47], trans-[Pd(CeFs5)2(SMe3)s] [48]. C, H, N analyses were carried
out on a PerkinElmer 2400 microanalyzer. Infrared spectra were
measured on a PerkinElmer Frontier spectrometer coupled to a Pike
GladiATR-210 accessory. Melting points were measured on a Gallen-
kamp apparatus and are uncorrected. 'H NMR, '°F NMR and 3'P NMR
spectra were recorded on a Varian 500 spectrophotometer in CDClg,
with chemical shifts referred to TMS, CFCls and 85 % H3PO4, respec-
tively. UV-Vis absorption spectra were obtained on a Shimadzu
UV-1603 or UV-2550 spectrophotometer, in chloroform solution (1 x
107> M). Luminescence data were recorded on a PerkinElmer LS-55
luminescence spectrometer, in CHCl3 (1 x 107° M). Luminescence
quantum yields were obtained at room temperature using the optically
dilute method (A < 0.1) in degassed chloroform (quantum yield stan-
dard was perylene in ethanol (®g = 92 %) [44]. The emission lifetime
measurements were carried out with a Lifespec-red picosecond fluo-
rescence lifetime spectrometer from Edinburgh Instruments. The tech-
nique used is “Time Correlated Single Photon Counting” (TCSPC).

4.2. Computational details

Unrestricted calculations were carried out using the Gaussian09
package [49]. The hybrid density function method known as B3LYP was
applied [50]. Effective core potentials (ECP) were used to represent the
innermost electrons of the transition atoms (Au and Pd) and the basis set
of valence double-{ quality for associated with the pseudopotentials
known as LANL2DZ [51]. The basis set for the main group elements was
6-31G* (C, N, O and H) [52,53]. Solvent effects of chloroform (or other
solvents) were taken into account by PCM calculations [54], keeping the
geometry optimized for gas phase (single-point calculations). Excited
states and absorption spectra were obtained from the time-depending
algorithm implemented in Gaussian09 [55].

4.3. Synthesis of PPhaPer (1)

To a solution of 3-bromoperylene (0.600 g, 1.81 mmol) in dry THF
(60 mL) at —70 °C was added dropwise a solution of 1.6 M nBuli in
hexane (1.35 mL, 2.17 mmol) and the resulting brown solution was
stirred at —70 °C (3 h), after which P(CgHs)-Cl (0.33 mL, 1.81 mmol)
was added, and the mixture was stirred for 3 h at —70 °C. The solution
was then allowed to warm up to room temperature and 0.5 mL of
methanol was added. Then, the solvent was removed under vacuum and
the residue was purified by column chromatography (silica gel, eluent
CHyCly/hexane 2:1) to give a yellow solid. Yield: 0.514 (65 %). Mp
271 °C. Found: C, 87.95; H, 4.75; molecular formula C3,H»; P requires C,
88.05; H, 4.85. 3'P{'H} NMR (CDCls): 5 —13.4 (s).

4.4. Synthesis of OPPhyPer (2)

To a solution of 1 (0.05 g, 0.11 mmol) in THF (10 mL) was added
H505 (0.1 mL, 30 %, 0.79 mmol) and the solution was stirred for 12 h at
room temperature. The solvent was removed under vacuum and the
residue was dissolved in dichloromethane (25 mL). The solution was
dried (MgS0y), filtered, and the solvent removed under vacuum to give a
yellow solid, which was washed with diethyl ether (2 x 10 mL). Yield:
0.034g (68 %). Mp 343 °C (decomp.). Found: C, 84.74; H, 4.65; mo-
lecular formula C3oH21 OP requires C, 84.94; H, 4.68. TH NMR (500 MHz,
CDCl53): 6 8.48 (d, J = 7.9 Hz, 1H), 8.27-8.20 (m, 3H), 8.08 (d, J = 7.9
Hz, 1H), 7.80-7.71 (m, 6H), 7.59 (t, J = 7.9 Hz, 2H), 7.56-7.44 (m, 8H).
31p{IH} NMR (CDCl3): & 32.8 (s).

4.5. Synthesis of SPPhyPer (3)
Compound 1 (0.200 g, 0.45 mmol) and sulfur (0.015 g, 0.45 mmol)

were refluxed in dry toluene (20 mL) for 5 h. The solvent was then
evaporated under vacuum giving a yellow residue. This was purified by
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column chromatography on silica gel using dichloromethane/hexane
(2:1) as eluant. The second yellow band was collected, and the solvent
evaporated under vacuum giving a yellow solid, which was washed with
hexane (2 x 3 mL). Yield: 0.157 g (75 %). Mp 317 °C (decomp.). Rf
(CHyCly/hexane (2:1), silica gel): 0.37. Found: C, 81.95; H, 4.45; mo-
lecular formula C3yHo1 PS requires C, 82.03; H, 4.52. 1H NMR (500 MHz,
CDCl5): 6 8.42 (d, J = 8.6 Hz, 1H), 8.24-8.18 (m, 3H), 8.04 (dd, J = 8.0,
2.1 Hz, 1H), 7.94-7.86 (m, 4H), 7.78 (d, J = 8.0 Hz, 1H), 7.74 (d, J = 8.0
Hz, 2H), 7.59-7.48 (m, 8H), 7.41 (dd, J = 8.5, 7.6 Hz, 1H), 7.17 (dd, J =
16.1, 7.9 Hz, 1H). 3'P{'H} NMR (CDCls): & 42.2 (s).

4.6. Synthesis of 4

This compound was obtained from the reaction of 1 (0.111g, 0.25
mL) in dry CHCly (25 mL) with [AuCl(tht)] (0.081 g, 0.25 mmol). The
reaction was stirred for 1 h at room temperature. The solvent was
removed under reduced pressure, and the residual solid was purified by
column chromatography on silica gel using dichloromethane as eluent.
The solvent removed under vacuum to leave an orange solid which was
washed with diethyl ether (2 x 3 mL). Yield 0.12g (69 %). Mp 310 °C
(decomp.). Rf (CHoCly/silica gel): 0.77. Found: C, 57.13; H, 2.99; mo-
lecular formula CspH21AuPCl requires C, 57.46; H, 3.16. FTIR: 330
(Au—Cl) cm ™. 'H NMR (500 MHz, CDCl3): 5 8.30-8.21 (m, 3H), 8.18 (d,
J=7.5Hz, 1H), 8.04 (dd, J = 8.1, 1.7 Hz, 1H), 7.79 (d, J = 8.1 Hz, 1H),
7.75 (d, J = 8.1 Hz, 1H), 7.71-7.62 (m, 4H), 7.58 (dd, J = 7.5, 2.1 Hz,
2H), 7.56-7.42 (m, 7H), 6.97 (dd, J = 14.0, 7.9 Hz, 1H). *'P{'H} NMR
(CDCl3): 6 26.5 (s).

4.7. Synthesis of 5

[Au(CgFs5)(tht)] (0.049 g, 0.11 mmol) was reacted with 1 (0.050 g,
0.11 mmol) in dry CH3Cl, (10 mL) at room temperature for 1 h with
stirring. The solvent was evaporated, and the residue was crystallized
from dichloromethane/hexane to give an orange solid, which was
washed with hexane (2 x 5 mL). Yield: 0.075 g (85 %). Mp 145 °C
(decomp.). Found: C, 57.35; H, 3.15; molecular formula C3gHg;AuFsP
requires C, 57.02; H, 2.64. FTIR: 953, 808 (C¢Fs) cm™ . 'H NMR (500
MHz, CDCl3): 6 8.53 (dd, J = 8.2, 1.6 Hz, 1H), 8.30 (d, J = 7.6 Hz, 1H),
8.26 (d, J = 7.5 Hz, 1H), 8.21 (d, J = 7.5 Hz, 1H), 8.12 (dd, J = 7.9, 1.5
Hz, 1H), 7.82-7.65 (m, 6H), 7.61-7.49 (m, 9H), 7.04 (dd, J = 12.8, 7.9
Hz, 1H). 3'P{'H} NMR (CDCls): 5 37.1 (s). °F NMR (CDCl3): 5 —116.0
(m, 2F°°) _158.4 (t, J = 20.3 Hz, 1FP™?), ~162.4 (m, 2F™%),

4.8. Synthesis of 6

To a solution of 3 (0.040 g, 0.085 mmol) in dry CH,Cl, (10 mL) was
added [AuCl(tht)] (0.027 g, 0.085 mmol). The workup was as 4 and a
yellow solid was obtained. Yield: 0.051 g (86 %). Mp 193 °C (decomp.).
Found: C, 54.39; H, 3.25; molecular formula C35H21AuPSCI requires C,
54.83; H, 3.02. FTIR: 330 (Au-Cl) cm™’. 'H NMR (500 MHz, CDCl3): &
8.29-8.23 (m, 2H), 8.22 (d, J = 7.6 Hz, 1H), 8.14-8.06 (m, 2H),
8.00-7.96 (m, 4H), 7.82 (d, J = 8.1 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H),
7.73-7.67 (m, 2H), 7.61-7.50 (m, 6H), 7.46 (t, J = 8.0 Hz, 1H), 7.36 (dd,
J=17.1, 7.9 Hz, 1H). 3'P{'H} NMR (CDCl5): 5 41.8 (s).

4.9. Synthesis of 7

To a solution of 3 (0.050g, 0.108 mmol) in dry CH5Cl, (10 mL) was
added [Au(CgFs)(tht)] (0.027 g, 0.085 mmol). The workup was as 5
using dichloromethane/diethyl ether, and a yellow solid was obtained.
Yield: 0.079 g (78 %). Mp 174 °C (decomp.). Found: C, 54.91; H, 2.50;
molecular formula C3gHy1 AuFsPS requires C, 54.82; H, 2.54. FTIR: 953,
808 (CgFs) cm L. '"H NMR (500 MHz, CDCl3): 5 8.28-8.24 (m, 3H), 8.16
(dd, J=8.4,0.9 Hz, 1H), 8.14-8.10 (m, 1H), 8.07-8.02 (m, 4H), 7.84 (d,
J=28.2Hz, 1H), 7.78 (d, J = 8.1 Hz, 1H), 7.73-7.66 (m, 2H), 7.62-7.53
(m, 6H), 7.47 (dd, J = 8.5, 7.6 Hz, 1H), 7.40 (dd, J = 17.0, 8.0 Hz, 1H).
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31p{'H} NMR (CDCls): & 43.6 (s). '°F NMR (CDCl3): & —116.1 (m,
2F°), ~160.4 (t, J = 20.3 Hz, 1F*™), —163.1 (m, 2F™%).

4.10. Synthesis of 8

trans-[Pd(CeF5)2(SMe3)2] (0.065 g, 0.11 mmol) was added to a so-
lution of 1 (0.100g, 0.23 mmol) in dry CH5Cl, (20 mL). The mixture was
stirred at room temperature for 2 h. The workup was as for 4, and an
orange solid was obtained. Yield: 0.137 g (93 %). Mp 196 °C (decomp.).
Found: C, 69.62; H, 3.27; molecular formula Cy¢H42F1¢P2Pd requires C,
69.50; H, 3.22. FTIR: 953, 808 (CgFs) cm ™. 'H NMR (500 MHz, CDCl3):
58.27 (d, J = 7.4 Hz, 1H), 8.24-8.06 (m, 4H), 7.85 (d, J = 8.3 Hz, 1H),
7.78 (d, J = 8.1 Hz, 1H), 7.73 (d, J = 8.1 Hz, 1H), 7.56-7.50 (m, 2H),
7.45-7.33 (m, 5H), 7.33-7.29 (m, 2H), 7.21-7.12 (m, 4H). 3!P{'H}
NMR (CDCl3): § 20.3 (s). '°F NMR (CDCl3): & —111.9 (m, 4F°"th°),
—~162.0 (t, J = 20.3 Hz, 2F*¥®), _162.8 (m, 4F™¢%)

4.11. X-ray crystal structure analysis

Single crystals of 5 and 7 suitable for X-ray diffraction studies were
obtained from slow diffusion of hexane into a chloroform solution for 5,
or diethyl ether into a dichloromethane solution for 7 of the products at
—20 °C. Relevant crystallographic details are given in Table S1. Crystals
were mounted in glass fibers, and diffraction measurements were made
using a Bruker AXS SMART 1000 or a Varian Supernova area-detector
diffractometer with Mo-K, radiation (A = 0.71073 /0\). Intensities were
integrated from several series of exposures, each exposure covering 0.3°
in o, the total data set being a hemisphere. Absorption corrections were
applied, based on multiple and symmetry-equivalent measurements.
The structures were solved and refined by least squares on weighted F2
values for all reflections (see Table S1) by using the Olex2 software
including the Shelx software [56,57]. The non-hydrogen atoms were
refined anisotropically and hydrogen atoms were placed at idealized
positions and refined using the riding model. A solvent mask was
calculated to substitute half disordered CHCl3 molecule in compound 5.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as Supplementary publications with deposition
numbers CCDC2406214 for 5, and CCDC2406215 for 7.
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