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Highly fluorescent complexes with gold, palladium
or platinum linked to perylene through a
tetrafluorophenyl group†

Sergio Lentijo,a Gabriel Aullón,b Jesús A. Miguel*a and Pablo Espinet*a

Treatment of 3-(1-hexynyl)perylene with Co2(CO)8 resulted in the formation of the dinuclear cobalt

complex [Co2(CO)6(μ–η2-C4H9CuC-Per)] (Per = 3-perylenyl) (1). The perylene derivatives 3-(2,3,5,6-tetrafl-

uorophenyl)perylene (PerC6F4H) and 3-(2,3,5,6-tetrafluorophenyl)-9(10)hexylperylene (C6-PerC6F4H) were

prepared and used to synthesize [AuR(CNtBu)] (R = PerC6F4 2a), [AuR(CN(C6H2)-3,4,5-(OC12H25)3)] (R =

PerC6F4 (3a), R = C6-PerC6F4 (3b)), trans-[PdR(PR’3)2X] (R = PerC6F4, R’ = Ph, X = I (4a)); (R = C6-PerC6F4,

R’ = Ph, X = I (4b)); (R = PerC6F4, R’ = Et, X = I (5a)); (R = C6-PerC6F4, R’ = Et, X = I (5b)); (R = PerC6F4, R’ =

Ph, X = NCS (6a)), and trans-[Pd(PerC6F4)(PEt3)2X] (X = Br (7a); X = I (8a)). The molecular structure of com-

plexes 1, 2a, and 6a has been determined by X-ray diffraction analysis. The perylenyl fragments of com-

plexes 2a or 6a are essentially planar and make dihedral angles to the tetrafluorophenyl plane of 57.49°

(2a) and 77.75° (6a). No π–π stacking of perylenyl rings is observed in any of the three molecules, but 2a

shows association of two monomers (arranged almost antiparallel), with an Au⋯Au distance of 3.114 Å.

DFT calculations were performed on the absorption spectra of representative PerC6F4Y (Y = H, F,

Au(CNMe), PtBr(PMe3)2 and PdBr(PMe3)2). All complexes exhibit fluorescence associated with the

perylene fragment with emission quantum yields, in solution at room temperature, in the range

0.20–0.90 and emission lifetimes ∼4 ns, and no significant differences in the emission maxima, due to

an efficient electronic decoupling of the metal fragment from the HOMO and LUMO of the perylene

chromophore. The latter is confirmed by DFT calculations.

Introduction

For years several groups have shown the advantages of fluori-
nated aryl ligands to isolate and study organometallic com-
plexes of transition metals, such as Pt or Pd,1 Ag,2 and Au.3 In
general, M–aryl bonds are weaker and more reactive ligands
than the analogous M–fluoroaryl bonds. The higher polarity of
the latter M–C bond contributes to its higher strength and

inertness. Fluoroaryls are also better π-acceptors when bonded
to suitable electron-rich metal centers. The result is that
fluoroaryls allow for isolation of stable organometallic com-
plexes, including some, otherwise difficult to observe, inter-
mediates in important catalytic processes.4

We have recently reported platinum organometallic com-
plexes of perylene with Pt directly σ-bonded to the 3 position
of the perylene core, and studied how the coordination of
platinum affects the photophysical properties of the material.5

It was found that the coordination of Pt has only a moderate
quenching effect on the fluorescence (these organoplatinum
complexes show intense fluorescence, about 70–80% that of
the mother organic molecule), in spite of the fact that directly
attaching metal centers to aromatic cores of organic chromo-
pheres is often very detrimental for fluorescence.6,7

Frequently, the optical properties are noticeably modified
upon changing the metals in the material. We wanted to know
the effect of replacing Pt by Pd or Au in a common perylene
skeleton, but the direct bonds of Pd or Au to perylene are not
stable enough to isolate the corresponding complexes, study
their optical properties, and compare them with the Pt com-
plexes. Thus, we decided to obtain perylene derivatives with
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gold, palladium or platinum attached to perylene through a
tetrafluorophenyl link, by functionalizing the perylene mole-
cule with a tetrafluorophenyl group and submitting it to metal-
lation with Au, Pd or Pt moieties. The presence of the C6F4MLn
substituent (M = Au, Pd, Pt) could be an efficient entry to new
structural and functional motifs, significantly widening the
diversity of photofunctional systems available. As discussed
below, the C6F4 link turned out to be rather efficient to electro-
nically disconnect the MLn from the perylenyl fragment.

Since a problem in the study of perylene derivatives is the
poor solubility of the compounds, our strategy also included
enhancing the solubility by incorporating appropriate ligands
to the metal center. An additional strategy for solubilization
has been to attach an alkyl (hexyl) substituent on the perylene
core. This second strategy is more synthetically demanding,
and leads to mixtures of isomers. Gold(I), palladium(II) and
platinum(II) complexes with the tetrafluorophenylperylenyl
and C6-tetrafluorophenylperylenyl fragments have been
prepared. Since 3-(1-hexynyl)perylene was an intermediate
in the synthesis of C6-tetrafluorophenylperylene, it was used
to prepare another structural type, the corresponding
[Co2(CO)6(μ–η2-C4H9CuC-Per)] (Per = 3-perylenyl).

Results and discussion
Synthesis and characterization

3-(1-Hexynyl)perylene was prepared by a Sonogashira coupling
of 3-bromoperylene with 1-hexine, following a similar litera-
ture procedure.8 Treatment of 3-(1-hexynyl)perylene with
Co2(CO)8 in dichloromethane at room temperature, for 2 h,
resulted in the formation of the dinuclear Co complex 1
(Scheme 1). This dark olive green complex is soluble in
organic solvents such as chloroform, dichloromethane,
toluene, acetone and THF, but insoluble in hexane or alcohols.

The IR spectrum shows three strong absorptions at 2086, 2050
and 2022 cm−1 for the terminal carbonyl groups, in the
expected range for similar η2-alkyne adducts containing a
Co2(CO)6 fragment.9,10 The 1H NMR spectrum of 1 in CDCl3
shows deshielding of the signals of the CαC–CH2 group
(3.32 ppm) as compared with 3-(1-hexynyl)perylene (2.60 ppm).
The structure of 1 was unequivocally confirmed by X-ray
crystallography (see below).

The hydrogenation of 3-(1-hexynyl)perylene in THF yielded
3-hexylperylene quantitatively. Following a literature pro-
cedure,11 3-hexylperylene was brominated with NBS in DMF
to yield a 1 : 1 mixture of isomers 3-bromo-9-hexyl- and
3-bromo-10-hexylperylene, which could not be separated.

Coupling of 3-bromoperylene with tetrafluorophenylboronic
acid, following a literature procedure for highly inactive fluoro-
phenylboronic acids,12 produced very low yield (5%) of
3-(2,3,5,6-tetrafluorophenyl)perylene (PerC6F4H). Much more
effective was a procedure described for intermolecular direct
arylation of electron-deficient arenes,13 which yielded more
than 50% of the coupling product PerC6F4H, impurified with
3–5% of perylene, as a yellow solid. Identical conditions
were used to obtain a mixture of isomers 3-tetrafluorophenyl-
9-hexylperylene and 3-tetrafluorophenyl-10-hexylperylene
(C6-PerC6F4H) as a yellow solid, clearly more soluble in common
organic solvents than PerC6F4H.

The 1H NMR spectrum of PerC6F4H shows the signal of
C6F4H as a multiplet at 7.21 ppm, whereas the 19F NMR spec-
trum displays two sets of multiplets (AA′XX′Z spin system) at
−139.1 and −140.2 ppm. The aromatic region in the 1H NMR
spectrum of C6-PerC6F4H is complex because of the presence
of the two substitutional isomers; in addition, it displays a
multiplet at 7.38 ppm for C6F4H, and the signals of the alkyl
chain attached to perylene: one triplet at 3.05 ppm for the CH2

group bonded directly to perylene, and the remaining alkyl
chain H atoms as unresolved signals in the range 0.8–1.8 ppm.
As expected, the 19F NMR spectrum is very similar to that of
PerC6F4H.

The bromo or iodo derivatives of R-PerC6F4H (R = H, C6)
were obtained by treating a solution of R-PerC6F4H, in THF at
−70 °C, with BuLi, and subsequently adding Br2 or I2, respecti-
vely (Scheme 2). The compounds obtained were contaminated
with perylene (<5%), but were used as such in the subsequent
reactions with metal centers, as it is easier to purify the com-
plexes than the precursor. As expected, the 1H NMR spectra of
the complexes showed the disappearance of the proton of the
fluoroaromatic group, and the 19F NMR spectra displayed AA′
XX′ spin system for the C6F4X moiety, with two groups of
signals corresponding to the Fortho and the Fmeta atoms.

The gold(I) isocyanide complexes 2a and 3a,b were obtained
in two steps by arylation of [AuCl(tht)] followed by ligand
exchange with isocyanide. Their IR spectra show one ν(CuN)
absorption at 2226 cm−1 for 2a, and at 2213 cm−1 for 3a,b, at
higher wavenumbers than for the free isocyanide, as an effect
of coordination to gold(I).3a,14 The 1H NMR spectra of the
gold(I) isocyanide complexes show the signals of the corres-
ponding isocyanide, and the 19F NMR spectra show two

Scheme 1 (i) Pd(OAc)2 (5 mol%), PtBuMe–HBF4 (10 mol%), K2CO3 (1.1 equiv.),
DMA, 120 °C; (ii) 1-hexyne, Pd2dba3, PPh3, CuI.
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complex multiplets corresponding to an AA′XX′ system. Com-
plexes 3a,b were hoped to display mesogenic properties, as
found for some purely organic perylene diimide compounds.15

The compounds have fairly low melting points, but are not
mesomorphic.

The phosphine complexes 4a,b, 5a, 7a and 8a were easily
prepared in good yield, as yellow solids, by oxidative addition
of R-PerC6F4X (R = H, C6H13; X = Br, I) to an appropriate Pd(0)
or Pt(0) precursor. Metathesis of 4a with one molar equivalent
of KSCN leads to 6a, for which the value 2081 cm−1 for
ν(CuN) suggests N-coordination of the thiocyanato ligand.16

This was confirmed by X-ray diffraction methods (see later).
These palladium derivatives are yellow solids, and are more
soluble than the starting organic precursors. The 1H NMR
spectra of the complexes show the expected resonances as
above. The 31P{1H} NMR spectra of the Pd complexes 4–6
show a singlet, consistent with a trans arrangement of the
two phosphines. The 19F NMR spectra show two complicated
multiplets, in the range −116 and −119 ppm for Fortho and
ca. −142 ppm for Fmeta, by coupling to the two 31P atoms
(AA′MM′X2 system). The 31P{1H} NMR spectra of the platinum
complexes are also consistent with a trans arrangement of
the two phosphines and show a singlet with 195Pt satellites, at
ca. 13.8 ppm for 7a and 33.0 ppm for 8a. The 1JPtP values
(2440 Hz) are in the range for a trans-P–Pt–P configuration.5,17

The 19F NMR spectra show two multiplet signals (as for Pd)
further complicated with 195Pt satellites, at ca. −119.2 ppm
(JPt–F = 446 Hz) for Fortho and −142.7 ppm (JPt–F = 120 Hz) for
Fmeta.

X-ray crystal structures

The structures of 1, 2a, and 6a were determined by single-
crystal X-ray diffraction methods, and are shown in Fig. 1.
Selected bond lengths and angles are given in Tables 1 and 2.

Data collection and refinement parameters are given in the
Experimental section.

Complex 1 crystallizes in the triclinic space group P1̄, with
two molecules per asymmetric being chemically equivalent,

Scheme 2 (i) 1. BuLi; 2. ClAu(tht); (ii) 1. BuLi; 2. X2.

Fig. 1 ORTEP of the crystal structures of 1, 2a, and 6a. The ellipsoids are
shown at 30% probability (H atoms are omitted for clarity).

Table 1 Selected interatomic distances (Å) and angles (°) for 1. Data for the
second molecule are given in the ESI

Co(1)–Co(2) 2.459(2) C(1)–C(21) 1.473(10)
Co(1)–C(22) 1.974(8) C(31)–O(1) 1.139(9)
Co(1)–C(21) 2.001(8) C(32)–O(2) 1.134(10)
Co(2)–C(21) 1.971(8) C(33)–O(3) 1.133(10)
Co(2)–C(22) 1.951(8) C(34)–O(4) 1.146(9)
C(21)–C(22) 1.337(10) C(35)–O(5) 1.141(10)
C(22)–C(23) 1.520(10) C(36)–O(6) 1.149(10)

C(22)–Co(1)–Co(2) 50.8(2) C(1)–C(21)–Co(2) 131.8(5)
C(21)–Co(1)–Co(2) 51.2(2) C(1)–C(21)–Co(1) 136.1(5)
C(22)–Co(2)–Co(1) 51.6(2) C(21)–C(22)–Co(2) 70.9(5)
C(21)–Co(2)–Co(1) 52.3(2) C(21)–C(22)–Co(1) 71.5(5)
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and only one of them is represented in Fig. 1. These differ
mostly in the arrangement of the butyl chain with respect to
the perylene. The structure contains a tetrahedral Co2C2 unit
with the C(21)–C(22) bond essentially perpendicular to the
Co(1)–Co(2) bond. In addition, the alkyne unit C(21)–C(22) is
substituted with a perylenyl group at C(21) and a butyl group
at C(22), whereas the two cobalt atoms Co(1) and Co(2) are
each bound to three terminal carbonyls. The Co(1)–Co(2)
(2.459(2) Å) and C(21)–C(22) (1.337(10) Å) distances as well
as the C(1)–C(21)–C(22) (144.6(7)°) and C(21)–C(22)–C(23)
(140.6(7)°) angles are similar to those found for other tetra-
hedral Co2C2 systems.10,18

The perylenyl fragments in complexes 2a or 6a are essen-
tially planar (the dihedral angles between the two “naphthal-
ene” moieties forming the perylene are 2.69° (2a) and 3.69°
(6a)), and make dihedral angles to the tetrafluorophenyl plane
of 57.49° (2a) and 77.75° (6a). The C–C–C angles at the ipso
carbon of the C6F4 group in both complexes are less than 120°
(112.7(11)° and 113.2(4)° for 2a and 6a, respectively), because
of electronic effects of the electropositive metal and electro-
negative fluorine substituents at the ortho positions.19

The gold coordination in 2a is almost perfectly linear,
with C(1)–Au–C(27) bond angles of 178.1° and 179.4° for N(1)–
C(27)–Au. The bond lengths Au–C(1) (tetrafluorophenyl)
(1.999(12) Å) and Au–C(27) (isocyanide) are comparable to
related aryl-gold and isocyanide-gold complexes.20,21 The mole-
cular packing features the association of two monomers
(Fig. 2) arranged almost antiparallel, with an Au⋯Au distance

of 3.114 Å, which is within the range proposed for aurophilic
interactions.22

In complex 6a, the Pd(II) center shows a slightly distorted
square planar geometry. Confirming the spectroscopic studies,
the PEt3 ligands are in trans configuration, with a P(1)–Pd–P(2)
angle of 174.4°. As expected, the thiocyanate is N-bonded, with
C(27)–N(1)–Pd and N(1)–C(27)–S(1) bond angles only slightly
deviated from linearity (167.8(5)° and 174.1(6)°, respectively).
The Pd–N distance (2.131(6) Å) is longer than those found in
most thiocyanato-palladium(II) complexes, reflecting the high
trans-influence of the tetrafluorophenyl group.23

Finally, the potential π–π stacking aggregation of molecules,
often found for organic compounds with extended aromatic
cores, is not observed for any of the complexes, which helps
for the higher solubility observed.

Photophysical studies

(a) UV-Vis absorption spectra. The UV-Vis absorption and
emission spectra of dilute solutions of the metal complexes in
chloroform (c ∼ 10−5 M) are summarized in Table 3. On the
other hand, the absorption spectra of perylene, Per-
CuC–C4H9, PerC6F4H, and C6-PerC6F4H are compared with
those of complexes 1–8 in Fig. 3, to see the influence of the
chain or the C6F4MLn group on the photophysical properties
as compared to perylene.

The profiles of the UV-Vis absorptions of perylene, Per-
CuC–C4H9, PerC6F4H, C6PerC6F4H, and their related com-
plexes 1–8 are closely related, and are dominated by the π–π*
transition of the perylene moiety. The absorption spectra
consist of two strong transitions, a broad very intense one in
the UV, at 240–315 nm, and a second one in the visible, at
350–475 nm, with a vibronic structure; for 1 the coordination
to Co2(CO)6 results in loss of the fine structure and significant
broadening of the spectrum, extending to approximately
700 nm. The vibronic structure, with a vibrational spacing
of ∼1300 cm−1, is related to the ν(CvC) frequency of the poly-
aromatic system.

The perturbation on the perylene spectrum observed in the
visible for the C6F4H group is quite similar (444 nm for C6F4H
versus 439 nm for perylene, that is ∼260 cm−1) and only mod-
erately different to that produced by the (C6F4)MLn fragments
(further 0–230 cm−1). This is in contrast with our previous
observations of larger effects for Pt(PEt3)2X groups (X = NCS,
CN, NO3, CNtBu, PyMe) σ-bonded directly to the perylene
core.5 Moreover, the absorptions for 1–8 show also a very small
solvent dependence. For example, when the solvent is changed
from toluene to acetonitrile, the lowest energy bands of 8 are
red-shifted only by less than 300 cm−1 (see Fig. S1 in ESI†).
This behaviour suggests that these bands are most probably
intraligand π–π* transitions rather than charge transfers. It
also supports the fact that the electronic connection of the per-
ylene and the metal fragments through the C6F4 link is very
weak, which is due to the large dihedral angle between the
perylene and the C6F4 rings observed in the X-ray structures.

Table 2 Selected interatomic distances (Å) and angles (°) for 2a and for 6a

2a 6a

Au(1)–C(1) 1.999(12) Pd(1)–C(1) 2.000(4)
Au(1)–C(27) 1.964(13) Pd(1)–P(1) 2.3617(13)
C(27)–N(1) 1.115(15) Pd(1)–P(2) 2.3239(13)
N(1)–C(28) 1.502(18) Pd(1)–N(1) 2.131(6)

N(1)–C(27) 0.937(6)
C(27)–Au(1)–C(1) 178.1(5) C(27)–S(1) 1.724(5)
N(1)–C(27)–Au(1) 179.4(14) C(1)–Pd(1)–N 176.15(17)
C(27)–N(1)–C(28) 179.4(17) C(1)–Pd(1)–P(1) 90.78(12)
C(2)–C(1)–C(6) 112.7(11) N–Pd(1)–P(1) 91.57(11)

C(1)–Pd(1)–P(2) 91.12(12)
N–Pd(1)–P(2) 86.82(11)
P(1)–Pd(1)–P(2) 174.44(4)
N(1)–C(27)–S(1) 174.1(6)
C(27)–N(1)–Pd(1) 167.8(5)
C(2)–C(1)–C(6) 113.2(4)

Fig. 2 Molecular arrangement into dimers in the crystal structure of 2a.
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Molecular orbital calculations

DFT calculations were performed on representative PerC6F4Y
compounds in order to better understand their absorption
spectra. The selected molecular species were PerC6F4H,
PerC6F5, (PerC6F4)Au(CNMe), (PerC6F4)PdBr(PMe3)2 and
(PerC6F4)PtBr(PMe3)2. Their optimized theoretical structures
are available in the ESI.† The main calculated geometric para-
meters match the experimental observations. For example,
the naphthalene moieties are practically coplanar having only
small dihedral angles between the naphthalene halves: ca. 1°
for the organic molecules, 2° for Au, and 3° in the Pd and Pt
derivatives. The tetrafluorophenyl and perylene planes are
staggered, with dihedral angles of 60° in the organic molecules
and 62° in their metal complexes. The dihedral angles of pery-
lene with the square-planar coordination planes of Pd and
Pt come close to coplanarity (8° for Pd and 7° for Pt). Finally,
C–H⋯F–C contacts are present in all the calculated structures
with 2.6–2.86 Å distances, within the range of experimental
data.24

The absorption spectra were calculated by TD-DFT, in the
gas phase and in CHCl3. In the organic compound PerC6F4H
(Table 4) two bands at 442 and 256 nm are predicted, as
observed. The first peak is the most intense one (f ≈ 0.49), and
it corresponds to a HOMO → LUMO transition. These orbitals
can be described as the antisymmetric and symmetric combi-
nations of π* orbitals of two naphthalene moieties of the pery-
lene, respectively. Since these orbitals are essentially centered
in the perylene fragment without any significant contribution
of the fluoroaryl ring, this energy gap (0.11 au ≈ 3 eV) is
almost the same for the metal complexes. A second band, at
∼256 nm, has lower intensity than the former, and is assigned
to a combination of several transitions between π orbitals of
the perylene. The major contributions are transitions between
the lower occupied MO and the LUMO and between the
HOMO and a higher empty MO (π*(Per) in Fig. 4). In the gas

phase, the first contribution (internal MO → LUMO) is more
important than the second, but in solution the opposite holds.
For simplicity only, the HOMO → π*(Per) transition is depicted
in Fig. 4.

The spectra of the complexes containing the (PerC6F4)Au-
(CNMe), (PerC6F4)PdBr(PMe3)2 and (PerC6F4)PtBr(PMe3)2 frag-
ments were also calculated. The transitions and orbitals
involved are shown in Fig. 4 for (PerC6F4)AuCNMe, and
are given in the ESI† for (PerC6F4)PdBr(PMe3)2 and (PerC6F4)
PtBr(PMe3)2. In the three complexes the lower energy bands
correspond to the HOMO → LUMO transition and are
calculated to appear at 448 nm (Au) and 443 nm (Pd and Pt) in
the gas phase, and 457 nm (Au), 456 nm (Pd) and 457 nm (Pt)
in CHCl3. This is in satisfactory concordance with the experi-
mental values of 445 nm (2a), 445 nm (5a), and 445 nm (7a).
Since the involved orbitals are centered in the perylene frag-
ment, the wavelength values associated with these absorptions
are very similar to that found for PerC6F4H. The calculations
predict an increased intensity (ca. 20%), compared to the free
ligand, for the bands in the complexes. This is also in agree-
ment with the experiment (experimental values: ε = 33 for the
free ligand versus ε = 37 for complexes).

The calculations for the Au complex predict, in addition,
absorptions in the ranges 293–288 and 254–231 nm. According
to the analysis of the orbitals, the peak at 293 nm is assigned
to a transition from π to π* orbitals of the perylene (Fig. 4) and
is related to those observed for PerC6F4H at ca. 256 nm. The
shift observed is due to the electron withdrawing effect of the
C6F4 group. However, when a solvent effect is introduced, this
contribution decreases in the low-intensity band at 291 nm,
increasing the intensity in a band at 260 nm (which is centered
in a transfer from the perylene π system to the tetrafluoro-
phenyl ring and the isocyanide ligand in the gas phase). The
peak at 288 nm is clearly assigned to a charge transfer from
the tetrafluorophenyl ring to the isocyanide ligand, in concor-
dance with our calculation for the complex (C6F5)Au(CNMe)

Table 3 UV-Vis absorption, excitation and emission data for Per-CuC–C4H9, PerC6F4H, C6PerC6F4H and their complexes 1–8, in CHCl3 at 298 K, and half-wave redox
potentials in CH2Cl2

Compound λ(nm) (10−3 ε)/dm3 mol−1 cm−1 λex/nm λem/nm Φa τb/ns E1ox

PerC6F4H 255 (39.6), 398 (12.5), 417 (27.8), 444 (33.5) 418, 443 460, 485 0.96 4.34 (1.027) 1.12
C6PerC6F4H 256 (46.9.2), 396 (12.3), 421 (30.3), 446 (37.0) 423, 448 466 0.96 4.30 (1.077) 1.03
Per-CuC–Bu 259 (48.1), 408 (15.3), 431 (31.4), 459 (38.9) 431, 458 465, 496 0.80 4.32 (1.120) 1.08d

1 257 (32.8), 457 (17.3), 477sh (13.7), 596sh (2.4) 432, 455 465, 494 0.37 3.93 (1.030) 1.08d

2a 259 (77), 398 (13.3), 419 (29.4), 445 (37) 418, 443 460, 487 0.85 4.06 (1.027) 1.08
3a 257 (80), 274 (72.7), 398 (15.6), 420 (33.6), 445 (42) 418, 443 461, 488 0.95 3.35 (1.050) 1.08
3b 257 (56.4), 276 (35.1), 402 (18.1), 425 (35.5), 452 (44.2) 428, 452 469, 496 0.93 3.44 (1.016) 1.02
4a 249 (74.6), 399 (18.3), 421 (37.2), 447 (45.6) 420, 446 461, 489 0.19 0.25 [49.3], 2.18 [50.7] (1.034)c 1.06
4b 241 (67.1), 257 (64.2), 402 (16.5), 428 (35.6), 454 (43.8) 427, 454 469, 497 0.16 0.41 [48.4], 2.42 [51.6] (1.044)c 1.03
5a 256 (66.3), 398 (14.7), 420 (30.6), 445 (37.9) 419, 444 460, 488 0.80 3.48 (1.017) 1.08
6a 257 (50.9), 399 (15.0), 421 (25.0), 445 (30.6) 420, 446 461, 488 0.71 2.09 (1.024) 1.07
7a 256 (56.2), 398 (19.5), 420 (31.0), 445 (38.3) 419, 444 461, 487 0.83 3.59 (1.011) 1.08
8a 256 (48.7), 398 (15.5), 420 (32.8), 445 (40.8) 419, 445 461, 488 0.86 3.63 (1.020) 1.10

aQuantum yield. b Fluorescence lifetimes in dichloromethane; numbers in parentheses indicate the χ2 values of the fits obtained by
deconvolution. cDecays were bi-exponential; numbers in brackets indicate the relative amplitude of components. d Irreversible oxidation
peak.
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(287 nm). According to calculations this LLCT is very sensitive
to solvent effect in both complexes and is calculated to be blue
shifted to 266 and 262 nm, respectively, with increasing inten-
sity. Analogously, the peak at 254 nm is assigned to a charge
transfer from the perylene π system to the isocyanide ligand,
and calculations predict a red shift in CHCl3 to 239 nm. Conse-
quently, these two absorptions should converge in the similar
region with larger intensity in solution, and can be observed
in 3a–b, although only a shoulder can be appreciated in 2a.
Finally, interligand transfer bands from the perylene π system
to the isocyanide ligand are calculated at 254 nm (239 nm in
solution), and interligand transfer bands from the tetrafluoro-
phenyl ring to the perylene fragment are predicted to be below
240 nm.

For (PerC6F4)PdBr(PMe3)2 and (PerC6F4)PtBr(PMe3)2 com-
plexes, the two calculated bands related with the perylene

fragment (443 and 256 nm in the gas phase and 456 and 259
in CHCl3, respectively) do not change significantly. The elec-
tronic structure and orbital analysis of both complexes are dis-
cussed in the ESI.†

It is worth noting that the TD-DFT calculations show clearly
that the frontier orbitals of the C6F4 group do not interact with
the frontier orbitals of the perylene ligands. Consequently the
M orbitals cannot interact, even indirectly, with the perylene
orbitals through the C6F4 group and all the transitions occur
between singlet states.25 This is confirmed by the photophysi-
cal properties discussed below.

(b) Luminescence spectra. The luminescence spectra of
PerC6F4, PerCuC–Bu, C6PerC6F4 and their related complexes
1–8 at room temperature in chloroform are listed in Table 3.
All complexes exhibit strong luminescence in solution and
display emission bands with a well-defined vibronic structure
in the range 450–550 nm (see Fig. 4), which can be correlated
to those for perylene at about 425–525 nm. The similarity of
the overall luminescence spectra of these complexes with the
perylene strongly suggests a ligand-dominated emissive state
that can be assigned as intraligand π–π* disturbed by the sub-
stituents. On the basis of the similar Stokes shifts between
absorption and emission (less than 1000 cm−1 in all cases) the
luminescence observed can be assigned to π–π* fluorescence,26

which was supported by the fact that the emission properties
remaining unchanged in the presence of air would be consist-
ent with this assignment.27 This was further confirmed
with the measurement of their emission lifetimes, in the
range 0.2–4.4 ns (Table 3). The emission lifetimes obtained
for the complexes are similar. Usually, these ligands and
complexes show mono-exponential decay with lower life-
times for the metal derivatives. In contrast, 4a,b show bi-expo-
nential decay with two approximately equal components,
one of about 0.3 ns and another substantially longer of about
2.2 ns.

As shown in Fig. 5, the emission band in compound 1 rela-
tive to PerCuC–Bu (Fig. 5 above) did not show any shift,
suggesting that the emission is fully perylene based, without
significant MLCT contribution by coordination to Co2(CO)6.
For the tetrafluorophenylperylene derivatives, Fig. 5 shows nor-
malized emission spectra in chloroform solutions of 2–8.

Fig. 3 Absorption spectra, recorded in CHCl3 solution (∼10−5 M) at room
temperature, for perylene, Per-CuC–C4H9, PerC6F4H, C6PerC6F4H and their com-
plexes 1–8.

Table 4 Calculated absorption wavelengths (in nm) and intensities (in par-
enthesis) for PerC6F4H and (PerC6F4)Au(CNMe), in gas phase and in CHCl3

Assignment

PerC6F4H (PerC6F4)Au(CNMe)

Gas phase CHCl3 Gas phase CHCl3

Perylene:
HOMO → LUMO

442 (0.49) 455 (0.62) 448 (0.59) 457 (0.72)

Perylene: π → π* 257 (0.13) 259 (0.36) 293 (0.11) 291 (0.03)
255 (0.15) 257 (0.09) 260 (0.33)

LLCT: C6F4 → CNMe 288 (0.18) 266 (0.46)
LLCT: Perylene → CNR 254 (0.08) 239 (0.06)
LLCT: Perylene → C6F4 252 (0.08) 255 (0.06)
LLCT:C6F4 → Perylene 231 (0.22) 227 (0.18)

Paper Dalton Transactions

Dalton Trans. This journal is © The Royal Society of Chemistry 2013

D
ow

nl
oa

de
d 

on
 1

8 
Fe

br
ua

ry
 2

01
3

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3D
T

32
84

3K
View Article Online

http://dx.doi.org/10.1039/c3dt32843k


Bands at λmax = 461 or 469 nm, for the tetrafluorophenyperyl-
enyl complexes without or with an alkyl chain attached to pery-
lene, respectively, are observed, with a vibronic structure
similar to that observed for the perylene parent but less well
defined (Fig. 5 below). Comparison of the emission spectra of
the metal complexes 2–8 with those found for the tetrafluoro-
phenyl ligands reveals that the MLn group does not exert sig-
nificant influence on the long-wavelength emission maxima.

The effect of different solvents (acetonitrile, chloroform and
toluene) on the emission spectra of 8a was studied at room
temperature (Fig. S2 in the ESI†). The nearly identical emission
spectra (<200 cm−1) indicate that the fluorescence of the per-
fluorophenyl derivatives is hardly sensitive to the polarity of
the solvents.

Quantum yields

Although the presence of heavy atoms is usually detrimental
for quantum yields, there are a few literature reports of metal
complexes showing high fluorescence values. This is the case

of perylene substituted organotrialkynyltin compounds where
an alkyl chain connects the perylene core with a trialkynyl-
stannyl group, thus insulating the fluorophore from the
metal;28 or the case of perylene bisimide metal complexes with
a 4-pyridine unit connecting the bisimide to a Pd(II) or Pt(II)
diphosphine complex;29 similar results have been reported for
two palladium complexes of perylene diimides attached to the
bay region,25 which also show strong fluorescence (Φfl = 0.65
and 0.22), or for perylenyl complexes containing a Pt(PEt3)2X
group (70–80% of the fluorescence of the mother organic
molecule).5 In contrast, for Pt(II) complexes ligated via an
acetylide bridge in the bay region to perylenediimide moieties,
the fluorescence is totally quenched;30 the intense fluore-
scence of diazadibenzoperylene (Φfl = 0.80) is also strongly
quenched upon metal coordination.31

For the compounds reported here, the emission quantum
yields, Φfl, for PerC6F4H, C6PerC6F4H, and complexes 1–8,
measured in dichloromethane at room temperature were
determined using perylene in ethanol as standard (Φfl =

Fig. 4 Schematic representation of the main electronic transitions expected in the absorption spectra for PerC6F4H and (PerC6F4)AuCNMe.
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0.92),32 with an excitation wavelength of 407 nm. The com-
plexes are highly fluorescent, with quantum yields in the range
0.16–0.95 (Table 3). A reduction in emission intensity for the
dicobalt complex 1 (Φfl = 0.37) is observed compared to the
uncomplexed perylenyl precursor PerCuC–Bu (Φfl = 0.80), but
this reduction is less than the decrease found in related
pyrenyl complexes (up to 95% decrease).9 Complexes 2–8
exhibit high Φfl values, all higher than 0.7 except for the
palladium complexes 4a and 4b that exhibit unexpectedly low
fluorescence quantum yield (Table 3).

A strong to good conservation of luminescence in our com-
plexes can be attributed to the very good insulation of the fron-
tier empty π*orbitals of the perylene fragment from the heavy
metal filled orbitals through the C6F4 connector group, which
makes a large dihedral angle to the perylene plane leading to
an efficient electronic decoupling of the metal fragment from
the HOMO and LUMO of the perylene chromophore. As
the presence of different metal centres (Au, Pd, Pt) in these
tetrafluorophenylperylenyl complexes has little effect on the
emission maxima and intensity relative to perylene, the intro-
duction of different substituents attached to the various auxili-
ary metal centers does not disturb the photophysical
properties of perylene. This makes the linking system an inter-
esting one for application, for a number of reasons: (i) it
makes strong bonds with late transition metals; (ii) the pres-
ence of ancillary ligands, and the link itself, help to increase
the solubility of the complexes; (iii) the high conservation of

the positions and luminescence of the perylene bands in the
complexes can be used to trace the presence of these com-
plexes in different experimental conditions by luminescence
studies; (iv) the presence of the C6F4 link can be also used for
studies by 19F NMR, avoiding the interference of solvents that
occurs in 1H NMR studies. Metal complexes with luminescent
markers are of interest in a number of fields, for instance in
biological studies.33

The electrochemical properties of the compounds have
been measured in CH2Cl2 by cyclic voltammetry, in the range
+1.6 to −1.8 V, and are listed in Table 3. For the tetrafluoro-
phenyl derivatives 2a–8a only one reversible wave was found
within the range studied, at ca. +1.08 V, with a slightly
decrease in the potential of 0.04 V, relative to PerC6F4H,
(+1.12 V). The latter is very similar to perylene (+1.06 V).34 The
derivatives 3b and 4b (with an hexyl substituent on the pery-
lene core) are slightly easier to oxidize (+1.02 V), due to the
electron-donating nature of the alkyl substituent. The oxi-
dation of Per-CuC–Bu and complex 1 displays one irreversible
wave during the first cycle. Thus, the trends observed for the
redox processes and for the luminescence energies are roughly
coincident, as expected, confirming the insulation between the
π system of the perylenyl group and the metal fragments con-
nected to it through the C6F4 link.

Conclusions

Two tetrafluorophenylperylenes, PerC6F4H and C6PerC6F4H,
and several metallated complexes have been successfully pre-
pared. In most cases, attaching the heavy metal unit to the
fluorophore with C6F4 as a spacer does not significantly affect
the fluorescence properties of the perylene parents. Theoreti-
cal calculations of the absorption spectra of the PerC6F4–Y
compounds (Y = H, F, Au(CNMe), PtBr(PMe3)2 and PdBr-
(PMe3)2) support the fact that these are independent of the
substituent because the π systems of the perylene and tetra-
fluorophenyl fragments are uncoupled, according to the poor
coplanarity found in the molecular structure. Since these com-
plexes are highly luminescent and practically keep the optical
properties of perylene, they could be used as easily detected
markers.

Experimental section
Materials and general methods

All reactions were carried out under dry nitrogen. The solvents
were purified according to standard procedures. Literature
methods were used to prepare AuCl(tht),35 Pd2(dba)3,

36

Pt(PEt3)4,
37 1,2,3-tris(dodecyloxy)-5-isocyanobenzene,38 3-(1-

hexynyl)perylene,8 and 3-bromo-9(10)-hexylperylene.8 C, H, N
analyses were carried out on a Perkin-Elmer 2400 micro-
analyzer. IR spectra (cm−1) were recorded on a Perkin-Elmer
FT-1720X spectrometer. 1H and 31P NMR spectra were recorded
on a Bruker AC 300 or Bruker 400 MHz spectrophotometer in

Fig. 5 Emission spectra recorded in CHCl3 solution (∼10−5 M) at room temp-
erature, for Per-CuC–C4H9, PerC6F4H, C6PerC6F4H and their complexes 1–8.
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CDCl3, with chemical shifts referred to TMS and 85% H3PO4,
respectively. UV-vis absorption spectra were obtained on a
Shimadzu UV-1603 spectrophotometer, in chloroform solution
(1 × 10−5 M). Luminescence data were recorded on a Perkin-
Elmer LS-luminescence spectrometer, in CHCl3 (1 × 10−5 M).
Luminescence quantum yields were obtained at room temp-
erature using the optically dilute method (A < 0.1) in degassed
dichloromethane (quantum yields standard was perylene in
ethanol, Фfl = 0.92,32 and using an excitation wavelength of
407 nm in dichloromethane). The emission lifetime measure-
ments were carried out with a Lifespec-red picosecond fluore-
scence lifetime spectrometer from Edinburgh Instruments.
As excitation sources two diode lasers, with 405 and 470 nm
nominal wavelengths, were used. The first wavelength
(405 nm) has a pulse width of 88.5 picoseconds, and its typical
average power is 0.40 mW. The second wavelength (470 nm)
has a pulse width of 97.2 picoseconds, and its typical average
power is 0.15 mW. The pulse period is 1 μs and the pulse rep-
etition frequency is 10 MHz. The monochromator slit is 2 nm.
The instrument response measured at the HWHM (half width
at high maximum) was below 350 picoseconds. The technique
used is “Time Correlated Single Photon Counting” (TCSPC).
Mono-exponential and bi-exponential fluorescence decay
models were fitted to each decay. Eqn (1) describes the mono-
exponential decay model:

IðtÞ ¼ I0expð�t=τÞ ð1Þ
where I0 is the relative intensity, t is the time and τ is the
fluorescence lifetime, both expressed in ns. The bi-exponential
decay model is expressed by eqn (2) as

IðtÞ ¼ F1expð�t=τ1Þ þ F2expð�t=τ2Þ ð2Þ
where F1 and F2 are the relative intensities associated with two
lifetimes, τ1 and τ2, respectively.

Mono-exponential models are normally used to fit fluore-
scence decay. Bi-exponential fits may be more appropriate for
samples containing non-linear decays. Fitting was done using
FAST software from Edinburgh Instruments by a least-squares
algorithm using a reconvolution approach. In this method,
convolution of eqn (1) or (2) with the instrumental response
function (IRF) is done prior to evaluating the goodness of fit
with a weighted χ2 parameter. The bi-exponential decay model
represents the data better than a single decay for samples 4a
and 4b as evidenced by the even distribution of the residuals
about zero. An extra parameter to the model, the ratio of F1 to
F2, is also given.

Electrochemical measurements

Electrochemical studies employed cyclic voltammetry using a
potentiostat EG&G model 273. The three-electrode system was
equipped with a platinum (3 mm diameter) working electrode,
a saturated calomel reference electrode (SCE), and a Pt wire
counter electrode. The electro-chemical potentials were cali-
brated relative to SCE using ferrocene as an internal standard
(Fc/Fc+) at +0.46 V vs. SCE).39 Tetra-n-butylammonium

hexafluorophosphate (0.1 M) in CH2Cl2 was used as a support-
ing electrolyte and the solutions of the complexes were in the
order 10−3 M. All scans were done at 100 mV s−1.

Computational details

Unrestricted calculations were carried out using the
Gaussian09 package.40 The hybrid density function method
B3LYP was applied.41 Effective core potentials (ECP) were used
to represent the innermost electrons of the transition atoms
(Au, Pt and Pd) and the basis set of valence double-z quality
was associated with the pseudopotentials LANL2DZ.42 The
basis set for the main group elements was 6-31G* (Br, P, C, N,
F and H).43 Solvent effects of chloroform were taken into
account by PCM calculations,44 keeping the geometry opti-
mized for the gas phase (single-point calculations). Excited
states and absorption spectra were obtained from the time-
depending algorithm implemented in Gaussian09,45 using the
B3LYP functional (a benchmark for the perylene molecule
shows a more accurate wavelength than the PBE one, 445 and
480 nm respectively).

3-(2,3,5,6-Tetrafluorophenyl)perylene (PerC6F4H). K2CO3

(0.460 g, 3.33 mmol), PtBu2Me–HBF4 (75 mg, 0.30 mmol), Pd-
(OAc)2 (34 mg, 0.15 mmol) and 3-bromoperylene (1.0 g,
3.02 mmol) were added in a Schlenk tube under N2 atmos-
phere. 1,2,4,5 Tetrafluorobenzene (1.01 mL, 9.05 mmol) and
DMA (20 mL) were then added via a syringe and the reaction
was heated to 120 °C for 15 h. The solvent was then evaporated
and the black residue purified by loading the crude reaction
mixture directly onto a silica gel packed flash chromatography
column using hexane–ethyl acetate (7 : 1) as an eluent (Rf =
0.4). Yield 0.670 g (56%). The product contains ca. 3% of
perylene (by 1H NMR integration). 1H NMR (300 MHz, CDCl3):
δ 8.3–8.23 (m, 4H), 7.65–7.28 (m, 2H), 7.56–7.46 (m, 4H),
7.38–7.35 (m, 1H), 7.21 (m, 1H). 19F NMR (CDCl3): δ −139.1
(m, 2Fortho), −140.3 (m, 2Fmeta). MS (m/z): 400.

3-Tetrafluorophenyl-9(10)hexylperylene (C6PerC6F4H). 3-Tetra-
fluorophenyl-9(10)hexylperylene was prepared similarly to
PerC6F4 using 3-bromo-9(10)-hexylperylene. Yield: 0.305 g
(35%). Rf (silicagel, hexane–ethyl acetate 7 : 1) = 0.5. Anal. calcd
for C32H24F4 (484.54): C, 79.32; H, 4.99. Found: C, 78.92; H,
4.76. 1H NMR (300 MHz, CDCl3): δ 8.28–8.14 (m, 4H),
7.65–7.11 (m, 1H), 7.56–7.46 (m, 4H), 7.37–7.34 (m, 1H),
7.25–7.16 (m, 1H). 19F NMR (CDCl3): δ −139.2 (m, 2Fortho),
−140.3 (m, 2Fmeta). MS (m/z): 484.

PerC6F4Br. To a solution of PerC6F4 (0.161 g, 0.402 mmol)
in dry THF (25 mL) was added dropwise a solution of n-BuLi in
hexane (0.27 mL, 1.6 M, 0.442 mmol) at −78 °C, under N2

atmosphere. After the solution was stirred at −60 °C for 2 h,
Br2 (0.1 mL, 12 mmol) was added at −78 °C and the reaction
mixture was slowly brought to room temperature (3 h). Then, a
saturated aqueous solution of Na2S2O3 (7 mL) was added
and the mixture stirred for 0.5 h. The solvent was removed in
vacuum and the resulting orange residue was redissolved
in dichloromethane (20 mL), and the solution dried with
anhydrous MgSO4. Then, the solution was filtered through a
Kieselguhr filter, and the solvent was evaporated to obtain an
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orange solid. The solid was washed with diethyl ether
(2 × 5 mL) and dried under vacuum. Yield: 0.180 g, 93% (con-
tains ca. 3% of perylene (by 1H NMR integration)). 1H NMR
(300 MHz, CDCl3): δ 8.3–8.24 (m, 4H), 7.65–7.28 (m, 2H),
7.56–7.46 (m, 4H), 7.37–7.34 (m, 1H). 19F NMR (CDCl3):
δ −133.4 (m, 2Fortho), −138.4 (m, 2Fmeta). MS (m/z): 478.

PerC6F4I and C6PerC6F4I. The method was the same as
above but used I2 instead of Br2. 3-(2,3,5,6-Tetrafluoro-4-iodo-
phenyl)perylene, yield: 0.780 g (94%) (the product contains
ca. 5% of perylene (by 1H NMR integration)). 1H NMR
(300 MHz, CDCl3): δ 8.30–8.24 (m, 4H), 7.65–7.28 (m, 2H),
7.56–7.46 (m, 4H), 7.35 (m, 1H). 19F NMR (CDCl3): δ −120.61
(m, 2Fortho), −137.9 (m, 2Fmeta). MS (m/z): 526.

3-(2,3,5,6-Tetrafluoro-4-iodophenyl)-9(10)hexylperylene, yield:
0.300 g (70%). 1H NMR (300 MHz, CDCl3): δ 8.30–8.24 (m, 4H),
7.65–7.28 (m, 2H), 7.56–7.46 (m, 4H), 7.36 (m, 1H). 19F NMR
(CDCl3): δ −122.1 (m, 2Fortho), −139.2 (m, 2Fmeta).

[Co2(CO)6(μ–η2-C4H9CuC-Per)] (1). To a solution of 3-(1-
hexynyl)perylene (60 mg, 0.181 mmol) in 20 mL of dried
dichloromethane (20 mL) was added Co2(CO)8 (64 mg,
0.187 mmol). The resulting solution was stirred for 3 h to
yield a dark green solution. The solution was filtered through
a Kieselguhr filter, concentrated to ca. 10 mL and the dark
green solid 1 was precipitated by the addition of 30 mL of
methanol. Yield: 55 mg (50%). Anal. calcd for C32H20Co2O6: C,
62.16; H, 3.26. Found: C, 62.05; H, 3.10. 1H NMR (400 MHz,
CDCl3): δ 8.27–8.18 (m, 4H), 7.93 (d, J = 8.3 Hz, 1H), 7.79 (d, J =
8.1 Hz, 1H), 7.73 (d, J = 8.3 Hz, 1H), 7.71 (d, J = 8.3 Hz, 1H),
7.60 (m, 1H), 7.50 (m, 2H), 3.33 (t, J = 8.1 Hz, 2H, CH2),
1.75–1.71 (m, 2H, CH2), 1.55–1.50 (m, 2H, CH2), 0.97 (t, J =
7.1 Hz, CH3).

[Au(PerC6F4)(CN
tBu)] (2a). To a solution of PerC6F4 (63 mg,

0.157 mmol) of dried THF (15 mL) was added a solution of
LiBu in hexane (0.108 mL, 1.6 M, 0.173 mmol) at −78 °C,
under nitrogen. After the solution was stirred for 1 h at
−60 °C, solid [ClAu(tht)] (50 mg, 0.157 mmol) was added at
−78 °C and the reaction mixture was slowly brought to room
temperature (2 h). Then, a few drops of water were added and
after CNtBu (18 μL, 0.16 mmol) and the solution was stirred
for 0.5 h. The solvent was then evaporated and the residue was
redissolved in CH2Cl2, and the solution dried with magnesium
sulfate. The solution was filtered through a silicagel filter, and
the solvent was then removed in vacuum. The solid was recrys-
tallized from CH2Cl2/diethyl ether affording a yellow precipi-
tate 2a, which was vacuum-dried. Yield: 67 mg (67%). Anal.
calcd for C31H20AuF4N: C, 54.80; H, 2.97; N, 2.06. Found: C,
54.62; H, 3.06; N, 2.13. 1H NMR (300 MHz, CDCl3): δ 8.25 (m,
4H), 7.73 (d, J = 8.31 Hz, J = 3.51 Hz, 2H), 7.55–7.44 (m, 5H),
1.65 (s, 9H, CNtBu). 19F NMR (CDCl3): δ −117.8 (m, 2Fortho),
−141.8 (m, 2Fmeta). IR (KBr, cm−1): 2226 ν(CuN).

[AuRCN(C6H2)-3,4,5-(OC12H25)3] (R = PerC6F4 (3a), R = C6-
PerC6F4 (3b)). The method was the same as above but used
1,2,3-tris(dodecyloxy)-5-isocyanobenzene instead of CNtBu and
the product was chromatographed on deactivated alumina
with CH2Cl2–hexane (1 : 1) as the eluent. 3a: Yield 70 mg,
(40%). Anal. calcd for C69H88AuF4O3N: C, 66.17; H, 7.08; N,

1.12. Found: C, 66.20; H, 7.02; N, 1.18. 1H NMR (300 MHz,
CDCl3): δ 8.25 (m, 4H), 7.72 (m, 2H), 7.40–7.60 (m, 5H), 6.74
(s, 2H, CNC6H2), 4.0 (m, 6H, OCH2)3, 1.90–1.65 (m, 6H, OCH2–

CH2), 1.54–1.15 (m, 54H, C9H18–CH3)3, 0.90 (t, 9H, CH3).
19F NMR (CDCl3): δ −117.6 (m, 2Fortho), −141.6 (m, 2Fmeta). IR
(KBr, cm−1): 2213 ν(CuN). 3b: Yield, 110 mg (65%). Anal.
calcd for C75H100AuO3NF4: C, 67.40; H, 7.54; N, 1.05. Found:
C, 67.15; H, 7.40; N, 1.10. 1H NMR (300 MHz, CDCl3):
δ 8.32–8.12 (m, 4H), 7.91 (d, J = 8.3 Hz, 1H), 7.59–7.42 (m, 4H),
7.37 (d, J = 7.5, 1H), 6.75 (s, 2H, CNC6H2) 4.0 (m, 6H, OCH2),
3.03 (t, J = 7.5 Hz, 2H, Per–CH2), 1.90–1.65 (m, 6H, OCH2–

CH2), 1.55–1.17 (m, 62H, (C9H18–CH3)3, and C4H8–CH3), 0.95
(m, 12H, CH3).

19F NMR (CDCl3): δ −117.5 (m, 2Fortho), −141.6
(m, 2Fmeta). IR (KBr, cm−1): 2213 ν(CuN).

trans-[PdR(PPh3)2I] (R = PerC6F4 (4a); R = C6-PerC6F4
(4b)). To a solution of Pd2dba3 (0.140 g, 0.142 mmol) and
PPh3 (0.150 g, 0.57 mmol) in toluene (12 mL) under N2 atmos-
phere was added PerC6F4I or C6PerC6F4I (0.285 mmol) and the
mixture was stirred for 2 h at 50 °C. Then, the solvent was
removed in vacuum and the residue was chromatographed on
deactivated alumina with CH2Cl2–hexane (1 : 1) as the eluent.
4a: Yield: 56%. Rf (CH2Cl2–hexano (1 : 1)): 0.62. Anal. calcd
for C62H41F4IP2Pd C, 64.35; H, 3.57. Found: C, 64.22; H, 3.79.
1H NMR (300 MHz, CDCl3): δ 8.20 (m, 4H), 7.88–7.60 (m, 14H),
7.60–7.30 (m, 21H), 7.16 (d, J = 7.9 Hz, 1H), 6.98 (d, J = 8.8 Hz,
1H). 31P{1H} NMR (CDCl3): δ 22.6. 19F NMR (CDCl3): δ −118.9
(m, 2Fortho), −141.9 (m, 2Fmeta). 4b: Yield: 0.140 g (56%). Rf
(CH2Cl2–hexane (1 : 1)): 0.5. Anal. calcd for C68H53F4IP2Pd: C,
65.79; H, 4.30. Found: C, 65.50; H, 4.05. 1H NMR (300 MHz,
CDCl3): δ 8.25–8.12 (m, 4H), 7.91 (d, J = 8.0 Hz, 1H), 7.82–7.65
(m, 12H), 7.55 (m, 1H) 7.50–7.30 (m, 20H), 7.13 (d, J = 7.9 Hz,
1H), 6.98 (d, J = 8.8 Hz, 1H), 3.03 (t, J = 7.5 Hz, 2H, Per-CH2),
1.78 (m, 2H, Per-CH2–CH2–C4H9), 1.48 (m, 2H, Per-C2H4–

C3H6–CH3), 1.37 (m, 4H), 0.91 (t, J = 7.5 Hz, 3H, CH3).
31P{1H}

NMR (CDCl3): δ 22.6. 19F NMR (CDCl3): δ −119.1 (m, 2Fortho),
−141.9 (m, 2Fmeta).

trans-[PdR(PEt3)2I] (R = PerC6F4, (5a); R = C6-PerC6F4
(5b)). The method was the same as for 4a,b with Pd2dba3
(0.061 g, 0.058 mmol), PEt3 (0.06 mL, 0.33 mmol) and
PerC6F4I or C6PerC6F4I (0.11 mmol). Yield: 40 mg (42%). Rf
(CH2Cl2–hexane (1 : 2)): 0.62. Anal. calcd for C38H41F4IP2Pd: C,
52.52; H, 4.76. Found: C, 52.22; H, 4.58. 1H NMR (300 MHz,
CDCl3): δ 8.33–8.16 (m, 4H), 7.78–7.65 (m, 1H), 7.55–7.46
(m, 4H), 7.38–7.36 (m, 1H), 1.9 (m, 12H, 6CH2CH3), 1.3–1.03
(m, 18H, 6CH2CH3).

31P{1H} NMR (CDCl3): δ 16.5. 19F NMR
(CDCl3): δ −116.5 (m, 2Fortho), −141.5 (m, 2Fmeta). 5b: Yield:
53 mg (48%). Anal. calcd for C44H53F4IP2Pd: C, 55.44; H, 5.60.
Found: C, 55.19; H, 5.38. 1H NMR (300 MHz, CDCl3):
δ 8.33–8.15 (m, 5H), 7.94 (m, 1H), 7.54–7.43 (m, 4H), 7.38–7.30
(m, 2H), 3.05 (t, J = 7.5 Hz, 2H, Per-CH2), 1.88 (m, PCH2), 1.79
(m, 2H, Per-CH2–CH2–C4H9), 1.49 (m, 2H, Per-C2H4–C3H6–

CH3), 1.37 (m, 4H), 1.15 (m, PCH2CH3) 0.92 (t, J = 7.5 Hz, 3H,
CH3).

31P{1H} NMR (CDCl3): δ 16.5. 19F NMR (CDCl3): δ −116.5
(m, 2Fortho), −141.5 (m, 2Fmeta).

trans-[Pd(PerC6F4)(PPh3)2(NCS)] (6a). KSCN (9 mg,
0.092 mmol) was added to the stirred solution of 5a (0.040 g,
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0.046 mmol) in 10 mL of acetone under N2 atmosphere. After
12 h, the solvent was distilled off, and the residue was
redissolved in a minimal amount of dichloromethane, and the
cloudy solution was filtered through Kieselguhr. Complex 6a
was precipitated by the addition of hexane (30 mL) as a yellow
solid. Yield: 0.035 g, 70%. Anal. calcd for C63H41F4NP2PdS:
C, 69.52; H, 3.80; N, 1.29. Found: C, 69.13; H, 3.79, N, 1.26.
1H NMR (300 MHz, CDCl3): δ 8.22 (m, 4H), 7.77–7.60 (m,
14H), 7.57–7.39 (m, 21H), 7.13 (d, J = 7.9 Hz, 1H), 6.93 (d, J =
8.8 Hz, 1H). 31P{1H} NMR (CDCl3): δ 23.8. 19F NMR (CDCl3):
δ −118.3 (m, 2Fortho), −141.9 (m, 2Fmeta). IR (KBr, cm−1): 2081
ν(NvCvS).

trans-[Pd(PerC6F4)(PEt3)2X] (X = Br (7a); X = I (8a)). To a
solution of Pt(PEt3)4 (0.190 g, 0.285 mmol) in toluene (20 mL)
under N2 atmosphere was added PerC6F4Br (for 7a) or
PerC6F4I (for 8a) (0.285 mmol) and the mixture was stirred for
12 h at room temperature. Then, the solvent was removed in
vacuum and the residue was chromatographed on deactivated
alumina with CH2Cl2–hexane (2 : 1) as the eluent. 7a: Yield:
0.060 g, (23%). Anal. calcd for C38H41F4BrP2Pt: C, 50.12;
H, 4.54. Found: C, 49.62; H, 3.93. 1H NMR (300 MHz, CDCl3):
δ 8.26 (m, 4H), 7.73 (m, 2H), 7.60–7.43 (m, 5H), 7.40–7.32
(m, 1H), 1.85 (m, 12H, 6CH2CH3), 1.17 (m, 18H, 6CH2CH3).
31P{1H} NMR (CDCl3): δ 13.9 (s, JPPt = 2442 Hz). 19F NMR
(CDCl3): δ −119.3 (m, 2Fortho, JFPt = 446 Hz), −142.7 (m, 2Fmeta,
JFPt = 104 Hz). 8a: Yield: 0.075 g, (27%). Anal. calcd
for C38H41F4IP2Pt: C, 47.66; H, 4.31. Found: C, 47.40; H, 4.15.
1H NMR (300 MHz, CDCl3): δ 8.25 (m, 4H), 7.72 (m, 2H),
7.60–7.43 (m, 5H), 7.40–7.32 (m, 1H), 1.85 (m, 12H, 6CH2CH3),
1.16 (m, 18H, 6CH2CH3).

31P{1H} NMR (CDCl3): δ 33.0 (s, JPPt =
2442 Hz). 19F NMR (CDCl3): δ −120.2(m, 2Fortho, JFPt = 426 Hz),
−143.1 (m, 2Fmeta, JFPt = 97 Hz).

X-ray crystal structure analysis

Single crystals of 1, 2a and 6a suitable for X-ray diffraction
studies were obtained from slow diffusion of hexane into a
dichloromethane solution of the products at −20 °C. Crystals
were mounted in glass fibers, and diffraction measurements
were made using a Bruker SMART CCD diffractometer with
Mo-Kα radiation (λ = 0.71073 Å).46 Intensities were integrated
from several series of exposures, each exposure covering 0.3°
in ω, the total data set being a hemisphere.47 Absorption
corrections were applied, based on multiple and symmetry-
equivalent measurements.48 The structures were solved by
direct methods and refined by least squares on weighted F2

values for all reflections (see Table 5).49 All non-hydrogen
atoms were assigned anisotropic displacement parameters and
refined without positional constraints. All the hydrogen atoms,
including those involved in hydrogen bonding, were calculated
with a riding model. Complex neutral-atom scattering factors
were used.50 Several peaks of low intensity were found in the
structure of compound 2a which, despite repeated attempts,
could not be fitted to a chemically sensible model. Crystallo-
graphic data (excluding structure factors) for the structures
reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary

publications with the deposition numbers CCDC-870559 for 1,
CCDC-870560 for 2a, and CCDC-870561 for 6a. www.ccdc.cam.

Acknowledgements

We thank the Spanish Ministerio de Economía y Competitivi-
dad (CTQ2011-2513 and CTQ2011-23862-C02), the Junta de
Castilla y León (Project VA248A11-2), and the Generalitat de
Catalunya (grant 2009SGR-1459) for financial support. Com-
puting resources at the Centre de Supercomputació de Catalu-
nya (CESCA) were used through a grant of Fundació Catalana
per a la Recerca (FCR).

References

1 (a) Y. Nishihara, H. Onodera and K. Osakada, Chem.
Commun., 2004, 192; (b) P. Espinet, A. C. Albéniz,
J. A. Casares and J. M. Martínez-Ilarduya, Coord. Chem.
Rev., 2008, 252, 2180; (c) A. J. Canty, in Comprehensive Orga-
nometallic Chemistry, ed. E. W. Abel, F. G. A. Stone and

Table 5 Crystal data and structure refinements for 1, 2a and 6a

Compound 1 2a 6a. CH2Cl2

Empirical formula C32H20Co2O6 C31H20AuF4N C63H41F4NP2PdS
Formula weight 618.34 679.45 1173.29
Temperature (K) 298(2) 298(2) 298(2)
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system Triclinic Orthorhombic Triclinic
Space group P1̄ Pccn P1̄
a (Å) 8.818(7) 7.685(3) 11.526(3)
b (Å) 14.019(11) 24.297(8) 12.499(4)
c (Å) 22.704(18) 30.344(10) 20.347(6)
α (°) 78.851(16) 90 78.327(6)
β (°) 84.38(2) 90 80.155(6)
γ (°) 89.824(19) 90 70.918(6)
V (Å3) 2740(4) 5666(3) 2695.5(14)
Z 4 8 2
Dcalc (g cm−3) 1.499 1.593 1.446
Absorpt.
coefficient (mm−1)

1.255 5.238 0.598

F(000) 1256 2624 1192
Crystal size (mm) 0.29 × 0.21 ×

0.02
0.26 × 0.10 ×
0.09

0.28 × 0.23 ×
0.20

Theta range for
data collection

0.92 to 23.56 1.34 to 26.66 1.03 to 26.43

Reflections
collected

18 633 47 834 23 773

Independent
reflections

7968 5939 11 010

Absorption
correction

Multi-scan Multi-scan Multi-scan

Max. and min.
transmission
factor

1.000 and
0.739836

1.000 and
0.596514

1.000 and
0.786607

Data/restraints/
parameters

7968/0/723 5939/0/336 11 010/0/676

Goodness-of-fit on
F2

0.966 1.075 1.028

R1 [I > 2σ(I)] 0.0579 0.0657 0.0572
wR2 (all data) 0.1735 0.2173 0.1733

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2013 Dalton Trans.

D
ow

nl
oa

de
d 

on
 1

8 
Fe

br
ua

ry
 2

01
3

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3D
T

32
84

3K
View Article Online

http://dx.doi.org/10.1039/c3dt32843k


G. Wilkinson, Pergamon Press, Oxford, 1995, ch. 5, vol. 9;
(d) P. M. Maitlis, P. Espinet and M. J. H. Russell, in Compre-
hensive Organometallic Chemistry, ed. G. Wilkinson and
F. G. A. Stone, Pergamon Press, Oxford, 1982, ch. 38.4, vol.
6; (e) I. Ara, L. R. Falvello, S. Fernández, J. Forniés,
E. Lalinde, A. Martín and M. T. Moreno, Organometallics,
1997, 16, 5023; (f ) I. Ara, J. R. Berenguer, J. Forniés,
E. Lalinde and M. Tomás, Organometallics, 1996, 15, 1014;
(g) J. Forniés, M. A. Gómez-Saso, E. Lalinde, F. Martínez
and M. T. Moreno, Organometallics, 1992, 11, 2873;
(h) I. Ara, J. Forniés, A. García, J. Gómez, E. Lalinde and
M. T. Moreno, Chem.–Eur. J., 2002, 8, 3698.

2 W. Tyrra, S. Aboulkacem and I. Pantenburg, J. Organomet.
Chem., 2006, 691, 514.

3 (a) R. Bayón, S. Coco, P. Espinet, C. Fernández-Mayordomo
and J. M. Martín Álvarez, Inorg. Chem., 1997, 36, 2329;
(b) S. Coco, C. Fernández-Mayordomo, S. Falagán and
P. Espinet, Inorg. Chim. Acta, 2003, 350, 366; (c) J. Arias,
M. Bardají and P. Espinet, Inorg. Chem., 2008, 47, 3559;
(d) E. Fernández, A. Laguna and M. E. Olmos, Coord. Chem.
Rev., 2008, 252, 1630; (e) J. Arias, M. Bardají, P. Espinet,
C. L. Folcia, J. Ortega and J. Etxebarría, Inorg. Chem., 2009,
48, 6205.

4 (a) M. H. Pérez-Temprano, J. A. Casares, A. R. de Lera,
R. Álvarez and P. Espinet, Angew. Chem., Int. Ed., 2012, 51,
4917; (b) M. García-Melchor, B. Fuentes, A. Lledós,
J. A. Casares, G. Ujaque and P. Espinet, J. Am. Chem. Soc.,
2011, 133, 13519; (c) B. Fuentes, M. García-Melchor,
A. Lledós, F. Maseras, J. A. Casares, G. Ujaque and
P. Espinet, Chem.–Eur. J., 2010, 16, 8596 and references in
these papers.

5 S. Lentijo, J. A. Miguel and P. Espinet, Inorg. Chem., 2010,
49, 9169.

6 H. Yersin and J. Strasser, Coord. Chem. Rev., 2000, 208, 331.
7 A. K. Chandra, N. J. Turro, A. L. Lyons Jr. and P. Stone,

J. Am. Chem. Soc., 1978, 100, 4964.
8 P. Schlichting, U. Rohr and K. Müllen, Liebigs Ann./Recueil,

1997, 395.
9 A. Coleman and M. T. Pryce, Inorg. Chem., 2008, 47, 10980.
10 W. Y. Wong, H. Y. Lam and S. M. Lee, J. Organomet. Chem.,

2000, 595, 70.
11 (a) R. H. Mitchell, Y. H. Lai and R. V. Williams, J. Org.

Chem., 1979, 44, 4733; (b) R. Lapuyade, J. Pereyre and
P. Garrigues, C. R. Acad. Sci., Ser. II: Mec., Phys., Chim., Sci.
Terre Univers., 1986, 303, 903.

12 (a) T. Korenaga, T. Kosaki, R. Fukurama, T. Ema and
T. Sakai, Org. Lett., 2005, 7, 22; (b) N. Takimiya, N. Niihara
and T. Otsubo, Synthesis, 2005, 1589; (c) J. Chen and
A. Cammers-Coodwin, Tetrahedron Lett., 2003, 44, 1503.

13 M. Lafrance, C. N. Rowley, T. K. Woo and K. Fagnou, J. Am.
Chem. Soc., 2006, 128, 8754.

14 (a) T. Kaharu, T. Tanaka, M. Sawada and S. Takahashi,
J. Mater. Chem., 1994, 4, 859; (b) R. Bayón, S. Coco and
P. Espinet, Chem. Mater., 2002, 14, 3515; (c) R. Benavente,
P. Espinet, S. Lentijo, J. M. Martín-Álvarez, J. A. Miguel and
M. P. Rodríguez-Medina, Eur. J. Inorg. Chem., 2009, 5399.

15 (a) Z. An, Y. Yu, S. C. Jones, S. Barlow, S. Yoo, B. Domercq,
P. Prins, L. D. A. Siebbeles, B. Kippelen and S. E. Marder,
Adv. Mater., 2005, 17, 2580; (b) F. Würthner, C. Bauer,
V. Stepanenko and S. Yagai, Adv. Mater., 2008, 20, 1695;
(c) X. Li, X. Zhang, S. Ghosh and F. Würthner, Chem.–Eur.
J., 2008, 14, 8074.

16 (a) G. Wilkinson, R. D. Gillard and J. A. McCleverty,
Comprehensive Coordination Chemistry, Pergamon Press,
New York, 1987, vol. 2, p. 225; (b) A. H. Norbury, Adv. Inorg.
Chem. Radiochem., 1975, 17, 232.

17 (a) D. Kim, J. H. Paek, M.-J. Jun, J. Y. Lee, S. O. Kang and
J. Ko, Inorg. Chem., 2005, 44, 7886; (b) Y. K. Kryschenko,
S. R. Seidel, A. M. Arif and P. J. Stang, J. Am. Chem. Soc.,
2003, 125, 5193.

18 (a) R. S. Dickson and P. J. Fraser, Adv. Organomet. Chem.,
1974, 12, 323; (b) R. Adams, U. Bunz, W. Fu and L. Nguyen,
J. Organomet. Chem., 1999, 578, 91; (c) M. I. Bruce,
M. E. Smith, B. W. Skelton and A. H. White, J. Organomet.
Chem., 2001, 637, 484; (d) L. C. Song, G. S. Jin, W. Zhang
and Q. M. Hu, Organometallics, 2005, 24, 700.

19 (a) P. G. Jones, J. Organomet. Chem., 1988, 345, 405;
(b) A. Domenicano, A. Vaciago and C. A. Coulson, Acta
Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem., 1975,
31, 221; (c) A. Domenicano, P. Murray-Rust and A. Vaciago,
Acta Crystallogr., Sect. B: Struct. Sci., 1983, 39, 457 and
references cited therein; (d) R. Norrestam and L. Schepper,
Acta Chem., Scand. Ser. A, 1981, 35, 91; (e) A. Domenicano,
P. Mazzeo and A. Vaciago, Tetrahedron Lett., 1976,
1029.

20 (a) R. Usón and A. Laguna, Coord. Chem. Rev., 1986, 70, 1;
(b) R. Usón, A. Laguna, J. Vicente, J. García, P. G. Jones and
G. M. Sheldrick, J. Chem. Soc., Dalton Trans., 1981, 655.

21 (a) S. Coco, C. Cordovilla, P. Espinet, J. M. Martín-Alvarez
and P. Muñoz, Inorg. Chem., 2006, 45, 10180; (b) R. Bayón,
S. Coco and P. Espinet, Chem.–Eur. J., 2005, 11, 1079,
(Chem.–Eur. J., 2005, 11, 3500) (corrigenda); (c) N. Castillo,
C. F. Matta and R. J. Boyd, Chem. Phys. Lett., 2005, 409, 265;
(d) S. Coco, C. Cordovilla, C. Domínguez and P. Espinet,
Dalton Trans., 2008, 6894.

22 (a) C. Bartolomé, M. Carrasco-Rando, S. Coco,
C. Cordovilla, J. M. Martín-Álvarez and P. Espinet, Inorg.
Chem., 2008, 47, 1616; (b) P. G. Jones, Gold Bull., 1981, 14,
102; (c) H. Schmidbaur, Chem. Soc. Rev., 1995, 24, 391;
(d) H. Schmidbaur, W. Graf and G. Müller, Angew. Chem.,
Int. Ed., 1988, 27, 417.

23 (a) K. Z. Ha, Z. Kristallogr. – New Cryst. Struct., 2010, 225,
299; (b) G. J. Paleknik, M. Mathew, W. Steffen and
G. Beran, J. Am. Chem. Soc., 1975, 97, 1059; (c) X. Cheng,
K.-E. Lee, S. Jeon, Y. J. Kim, H. K. Lee and S. W. Lee, Dalton
Trans., 2005, 3722; (d) A. J. Carty, P. C. Chieh, N. J. Taylor
and Y. S. Wong, J. Chem. Soc., Dalton Trans., 1976, 572.

24 L. Brammer, E. A. Bruton and P. Sherwood, Cryst. Growth
Des., 2001, 1, 277.

25 H. Weissman, E. Shirman, T. Ben-Moshe, R. Cohen,
G. Leitus, L. J. W. Shimon and B. Rybtchinski, Inorg.
Chem., 2007, 46, 4790.

Paper Dalton Transactions

Dalton Trans. This journal is © The Royal Society of Chemistry 2013

D
ow

nl
oa

de
d 

on
 1

8 
Fe

br
ua

ry
 2

01
3

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3D
T

32
84

3K
View Article Online

http://dx.doi.org/10.1039/c3dt32843k


26 Although the possibility of some triplet formation cannot
be completely ruled out, the high quantum yields observed
suggest that such a contribution should not be important.

27 “In general, room temperature phosphorescence can be
quenched by molecular oxygen during measurement since
oxygen is one of the most effective dynamic quenchers in
liquid room temperature phosphorimetry”, in: W. Zhu and
L. Fan, Dyes Pigm., 2008, 76, 663. For some recent cases
see: (a) A. G. Tennyson, E. L. Rosen, M. S. Collins,
V. M. Lynch and C. W. Bielawski, Inorg. Chem., 2009, 48,
6924; (b) H. Guo, M. L. Muro-Small, S. Ji, J. Zhao and
F. N. Castellano, Inorg. Chem., 2010, 49, 6802;
(c) N. M. Shavaleev, F. Monti, R. D. Costa, R. Scopelliti,
H. J. Bolink, E. Ortí, G. Accorsi, N. Armaroli, E. Baranoff,
M. Grätzel and M. K. Nazeeruddin, Inorg. Chem., 2012, 51,
2263.

28 G. Vilaça, K. Barathieu, B. Jousseaume, T. Toupance and
H. Allouchi, Organometallics, 2003, 22, 4584.

29 (a) F. Würthner and A. Sautter, Chem. Commun., 2000, 445;
(b) F. Würthner, A. Sautter, D. Schmid and P. J. A. Weber,
Chem.–Eur. J., 2001, 7, 894.

30 (a) E. O. Danilov, A. A. Rachford, S. Goeb and
F. N. Castellano, J. Phys. Chem., 2009, 113, 5763;
(b) A. A. Rachford, S. Goeb, R. Ziessel and F. N. Castellano,
Inorg. Chem., 2008, 47, 4348.

31 A. Sautter, D. G. Schmid, J. Günter and F. Würthner, J. Am.
Chem. Soc., 2001, 123, 5424.

32 M. Montalti, A. Credi, L. Prodi and M. T. Gandolfini,
Handbook of Photochemistry, CRC Press LLC, Boca Raton,
FL, 3rd edn, 2005.

33 (a) J. J. Wilson, J. F. Lopes and J. Lippard, Inorg. Chem.,
2010, 49, 5303; (b) P. Marqués-Gallego, H. den Dulk,
J. Brouwer, H. Kooijman, A. L. Spek, O. Roubeau, S. J. Teat
and J. Reedijk, Inorg. Chem., 2008, 47, 11171.

34 V. D. Parker, J. Am. Chem. Soc., 1976, 98, 98.
35 R. Usón, A. Laguna and M. Laguna, Inorg. Synth., 1989,

26, 85.

36 T. Ukai, H. Kawazura and Y. Ishii, J. Organomet. Chem.,
1974, 65, 253.

37 R. A. Schunn, Inorg. Chem., 1976, 15, 208.
38 S. Coco, P. Espinet, J. M. Martín-Alvarez and A.-M. Levelut,

J. Mater. Chem., 1997, 7, 19.
39 N. G. Connelly and W. E. Geiger, Chem. Rev., 1996, 96, 877.
40 M. J. Frisch, et al. GAUSSIAN 09 (Revision B.1), Gaussian

Inc, Wallingford, CT, 2010.
41 (a) A. D. Becke, J. Chem. Phys., 1993, 98, 5648; (b) C. Lee,

W. Yang and R. G. Parr, Phys. Rev. B: Condens. Matter, 1988,
37, 785.

42 P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 299.
43 (a) P. C. Hariharan and J. A. Pople, Theor. Chim. Acta, 1973,

28, 213; (b) M. M. Francl, W. J. Petro, W. J. Hehre,
J. S. Binkley, M. S. Gordon, D. J. DeFrees and J. A. Pople,
J. Chem. Phys., 1982, 77, 3654.

44 (a) J. Tomasi and M. Persico, Chem. Rev., 1994, 94, 2027;
(b) C. Amovilla, V. Barone, R. Cammi, E. Cancès, M. Cossi,
B. Mennucci, C. S. Pomelli and J. Tomasi, Adv. Quantum
Chem., 1998, 32, 227.

45 M. E. Casida, C. Jamorski, K. C. Casida and D. R. Salahub,
J. Chem. Phys., 1998, 108, 4439.

46 (a) SMART V5.051 Diffractometer Control Software,
Bruker Analytical X-ray Instruments Inc., Madison, WI,
1998; (b) CrysAlisPro, Oxford Diffraction Ltd, Version
1.171.33.48.

47 (a) SAINT V6.02 Integration Software, Bruker Analytical X-ray
Instruments Inc., Madison, WI, 1999; (b) CrysAlisPro,
Oxford Diffraction Ltd, Version 1.171.33.48.

48 (a) G. M. Sheldrick, SADABS: A Program for Absorption
Correction with the Siemens SMART System, University of
Göttingen, Germany, 1996; (b) CrysAlisPro, Oxford Diffrac-
tion Ltd, Version 1.171.33.48.

49 SHELXTL Program System version 5.1, Bruker Analytical
X-ray Instruments Inc., Madison, WI, 1998.

50 International Tables for Crystallography, Kluwer,
Dordrecht, 1992, vol. C.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2013 Dalton Trans.

D
ow

nl
oa

de
d 

on
 1

8 
Fe

br
ua

ry
 2

01
3

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
13

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3D
T

32
84

3K
View Article Online

http://dx.doi.org/10.1039/c3dt32843k

