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Luminescent gold-silver complexes derived from
neutral bis(perfluoroaryl)diphosphine gold(i)
precursorst

R. Vilma Bojan,? Rafal Czerwieniec,*® Antonio Laguna,* Tania Lasanta,?

José M. Lopez-de-Luzuriaga,*® Miguel Monge, M. Elena Olmos® and Harmut Yersin*P
Complex [Au{4-CgF4(4-CgBrFs)}(tht)] reacts with diphosphines (L-L) such as bis(diphenylphosphino)-
methane (dppm) or 1,2-bis(diphenylphosphino)benzene (dppb) in a 2: 1 molar ratio in dichloromethane,
leading to neutral products of stoichiometry [(Au{4-CgF4(4-CgBrF4)})2(p-L-L)] (L-L = dppm (1), dppb (2)).
In the crystal structure of complex 2 short Au---Au interactions of 2.9367(5) and 2.9521(5) A appear. This
complex displays an orange emission, which is assigned to arise from a charge transfer transition from a
metal centered Au—Au orbital to an orbital located at the diphosphine ligand. Addition of silver trifluoro-
acetate to these complexesina 1:1 ora 2:1 molar ratio generates polymeric heterometallic gold-silver
compounds of stoichiometry [AgoAux{4-CgF4(4-CBrF4)}(CF3CO5),(p-L-L)], (L-L = dppm (3), dppb (4)),
which confirms the capability of the neutral [(Au{4-CgF4(4-CBrF4)})>(p-diphosphine)] units to act as elec-
tron density donors when treated with a Lewis acid substrate. These heterometallic derivatives show blue
emissions indicating large HOMO-LUMO band gaps, due to the stabilization that the gold-based HOMO
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Introduction

Aurophilic Au(1)---Au() interactions have traditionally been the
most studied nonbonding contacts between closed-shell metal
ions." However, over the past few years, complexes with metallo-
philic interactions between gold(1) centres and other closed-
shell metal atoms (Au---M) have attracted great interest due to
their theoretical interest,” photophysical properties® or poten-
tial applications.” In this sense, the presence of a heavy gold
atom (Au) in these complexes enhances the spin orbit coupling
of the systems, which in turn facilitates the access to triplet
excited states via intersystem crossing. In addition, the possibi-
lities of electronic transitions are numerous, thus the lowest
excited states may be of metal-centred (MC), ligand-to-metal
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orbitals suffer when the electron withdrawing silver trifluoroacetate fragments interact with them.

charge transfer (LMCT), metal-to-ligand charge transfer
(MLCT), metal-to-metal charge transfer (MMCT), ligand-to-
ligand charge transfer (LLCT) and intraligand charge transfer
(IL) types.® Nevertheless, the use of phosphines as ligands
allows the interaction of metal pr and phosphine w-acceptor
orbitals generating low-energy empty = orbitals in the ligands,
which are available as acceptor orbitals for MLCT transitions,
although a mixed MLCT/MC excited state cannot either be
excluded.

Additionally in these systems, a strategy that permits the
tuning of the emission is to incorporate electron donating
or accepting groups, which modify the relative energy of the
frontier orbitals in the coordination sphere of the gold centres.
In that sense, our group has contributed a number of
examples in which heteronuclear complexes are formed by
Lewis acid-base reactions between basic gold complexes and
metallic acid salts. Usually, the stability of these complexes is
enhanced by an appreciable ionic component because the met-
allic fragments are of opposite charge. In those examples, the
main ionic character of the interaction makes the excited
states to arise from MMCT transitions and, therefore, the
direct comparison of the energies of the transitions with those
observed for the precursor gold complexes is not possible.

Also, a recent strategy consists of the synthesis of hetero-
nuclear complexes starting from neutral precursors. In this
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way, the metal-metal interactions are formed by weaker van
der Waals forces and the charge transfer component that
dominated the excited state in the former is diminished.

On the other hand, as it is well known, the neutral deriva-
tives [Au(Ce¢X;5)(tht)] (X = halogen, tht = tetrahydrothiophene)
are important starting materials for the synthesis of gold(i)
complexes through displacement reactions of the weakly co-
ordinated tht ligand by other neutral or anionic ligands, result-
ing in the formation of mononuclear [Au(C¢Xs)L] or [Au(CeXs)-
XT" (L, X' = monodentate ligands) or polynuclear compounds
[{AU(CeXs)laL), or [{Au(CeXs)lX],™ (L, X' = polydentate
ligands) that often display aurophilic interactions.® With
these precedents, we wondered if the neutral diaryl derivative
[Au{4-CgF4(4-CoBrF,)}Htht)] could react with diphosphines, in
order to obtain basic gold(i) compounds where the presence of
intramolecular interactions is favoured by the bidentate
ligand. The choice of this diaryl precursor is based on
the experience acquired by our group in reactions with bis-
(perhalophenyl)aurate(1) derivatives and acid metallic salts, in
which the basicity of the gold precursor is strongly influenced
by the type of aryl groups.*”“”* In addition, phosphines are
well known to stabilize electron-rich transition metals in low
oxidation states due to the important & back bonding.

As Lewis acid we have chosen the dinuclear silver(i)
trifluoroacetate, whose acid capability is very high as we have
shown in previous papers.”™

Taking into account all above, we studied the behaviour
of the new diaryldiphosphine gold(r) derivatives [Au{4-C¢F,-
(4-C4BrF,)}(L)] (L = dppm, dppb) as electron density donors by
treating them with the Lewis acid silver(1) trifluoroacetate. The
crystal structures of the resulting complexes have been deter-
mined by X-ray diffraction methods, and their optical proper-
ties have been experimentally and theoretically studied in
order to rationalize the results.

Results and discussion
Synthesis and characterization

Compounds [(Au{4-C¢F4(4-C¢BrF,)}),(p-L-L)] (L-L = bis(di-
phenylphosphino)methane (dppm) (1) or 1,2-bis(diphenyl-
phosphino)benzene (dppb) (2)) were obtained by reactions of
[Au{4-CcF4(4-C¢BrF,)}tht)] and the selected diphosphines in a
2:1 molar ratio, using dichloromethane as a solvent. As
expected, the reactions occur with displacement of the weakly
bound tetrahydrothiophene as a free ligand and in almost
quantitative yields (see eqn (1)).

Complexes 1 and 2 are isolated as white solids, stable to air
and moisture at room temperature. They are soluble in
dichloromethane, tetrahydrofuran, acetone and diethyl ether,
and insoluble in n-hexane.

Analytical and spectroscopic data of complexes 1 and 2
agree well with the stoichiometries (see the Experimental
section). Their IR spectra show, among others, absorptions at
~1630, ~1600, ~1570, ~1100 and ~855 cm™" arising from the
presence of the 4-C¢F4(4-C¢BrF,) group bonded to gold(), and
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Fig. 1 Identification of the four inequivalent fluorine atoms in compounds 1
and 2.

at 548-461 cm™' due to the bidentate diphosphine ligands.
Mass spectra (MALDI-TOF(—)) show signals corresponding to
[Au{4-CeF4(4-CcBrF,)}, ]~ at m/z = 949 (100%).

The "H NMR spectra of complexes 1 and 2 recorded in
CDCl; show signals at 7.80-7.28 ppm (1) and 7.62-7.26 ppm
(2), corresponding to the aromatic hydrogen atoms. Besides,
in the spectrum of 1 a triplet at 3.65 ppm is present (*/u-p) =
9.2 Hz) due to the methylenic hydrogens, which are coupled
with both equivalent phosphorus atoms of the dppm ligand.

The "°F NMR spectra of complexes 1 and 2 show four multi-
plets corresponding to the four inequivalent fluorine atoms in
the 4-C¢F4(4-C¢BrF,) ligand at —116.5, —133.9, —137.1 and
—140.5 ppm (1) or —114.7, —133.5, —137.2 and —141.0 ppm (2)
for F,-F,, respectively (see Fig. 1). The positions for the signals
observed in the "’F NMR spectrum for complex 1 are similar to
those described for the starting material [Au{4-C¢F4(4-C¢BrF,)}-
(tht)]."® However, the signal for F; in complex 2 is shifted to
down field.

The *'P{"H} NMR spectra of these complexes display a
singlet at 32.3 (1) and 34.1 ppm (2), which confirms the

This journal is © The Royal Society of Chemistry 2013
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equivalence of the phosphorus atoms in the molecule and
their coordination to the gold centres.

Treatment of [(Au{4-CcF4(4-C¢BrF4)}),(p-L-L)] (L-L = bis-
(diphenylphosphino)methane (dppm) (1) or 1,2-bis(diphenyl-
phosphino)benzene (dppb) (2)) with silver trifluoroacetate
in dichloromethane, ina 1:1 or a 1:2 molar ratio, leads to the
formation of heterometallic gold silver compounds [Ag,Au,-
{4-CgF4(4-CgBrF,)},(CF3CO,),(p-L-L)], (L-L = dppm (3), dppb
(4)) (see eqn (2)).

n[Au,{4-C¢F4(4-C¢BrFy) },{p-PPh,RPPh, }| +2n AgCF,CO,
(R = CH,(1),CeHa(2))

— n[Au,Ag,{4-CoF, (4-C¢BrF, ) },(CF5C0,), {u-PPh,RPPh, }]
(R = CH,(3), CgH,(4))

(2)

Reactions of these precursors with the silver salt in
different molar ratios lead in all cases to a mixture of com-
plexes 3 or 4 and the metal complex added in excess.

Complexes 3 and 4 are isolated as pale yellow solids, stable
to air and moisture at room temperature. They are soluble in
dichloromethane, tetrahydrofuran, acetone and diethyl ether,
and insoluble in n-hexane.

Analytical and spectroscopic data of these complexes agree
with the proposed stoichiometries (see the Experimental
section). Their IR spectra show, among others, absorptions
at 1571, ~1100 and 856 cm™ " arising from the presence of the
{4-CcF4(4-C¢BrF,)} group bonded to gold(r), at 547-459 cm™"
corresponding to the phosphine ligands, and at ~1645 and
~1180 cm ™" due to C-O and C-F stretching modes, which con-
firms the presence of trifluoroacetate anions in the molecule.

The "H NMR spectra in CDCl; of complexes 3 and 4 show
the signals corresponding to the methylenic (3) and aromatic
hydrogen atoms (3, 4) at similar shifts to those described for
compounds 1 and 2, respectively.

The '°F NMR spectra of complexes 3 and 4 show four multi-
plets corresponding to the four inequivalent fluorine atoms in
the aromatic ligand 4-C¢F4(4-CeBrF,) at —115.6, —133.7, —137.0
and —140.0 ppm (3) or —114.2, —133.4, —137.2 and —140.7 ppm
(4) for F,-F,, respectively. In addition, the CF; group of the tri-
fluoroacetate ligands appears at —73.1 (3) and —73.3 ppm (4).

Finally, the *'P{"H} NMR spectra of these complexes display
a singlet at 32.4 (3) and 33.9 ppm (4), which confirms the
equivalence of the phosphorus atoms in the molecule and
their coordination to the gold centres.

The resemblance between the spectroscopic data of com-
plexes 3 and 4 with those of their precursor complexes would
be in agreement with the loss of the intermetallic interactions
in solution.

X-ray structural determination of derivatives 2, 3 and 4

Single crystals suitable for X ray diffraction studies of complex
2 were obtained by slow diffusion of n-hexane into a saturated
solution of the complex in dichloromethane. The crystal struc-
ture for 2 shows two dinuclear molecules of [Auy{4-CcF,-

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Crystal structure of one molecule (up) and packing of molecules in the
crystal (bottom) for compound 2. Hydrogen atoms are omitted for clarity.

(4-C¢BrFy)}o{p-1,2-C¢Hy(PPhy),}] in the asymmetric unit, where
the diphosphine ligand acts as a bridge between the two gold
centres. A perspective view of the [Au,{4-C¢F4(4-C¢BrFy)}{p-1,2-
CgH,4(PPh,),}] molecule and the packing in the crystal of 2 are
shown in Fig. 2.

In this complex the Au-Au distances are 2.9367(5)
and 2.9521(5) A, which are considered Au---Au intramolecular
interactions (see Table 2). The shortest intermolecular Au-Au
distance is 8.323 A, which excludes any considerable metal-
metal intermolecular interaction. Thus, the [Au,{4-CcF,-
(4-C¢BrF,)}o{p-1,2-C¢Hy(PPhy),}] molecules in the crystal of 2
can be regarded as isolated molecules in a rigid crystalline
environment.

Each gold atom is coordinated to the ipso carbon of the
bis(perhalophenyl) ligand, with normal Au-C and Au-P
bond distances between 2.045(10) and 2.063(9) A, and between
2.272(2) and 2.295(3) A, respectively, the longer ones
being similar to those found in related complexes of the type
[Aus(aryl),(w-L-L))."

The environment of the gold centres shows a deviation
from the linearity, with C-Au-P angles in the range 173.8(3)-
169.3(3)°, probably due to the presence of aurophilic intramole-
cular interactions aided by the rigidity generated by the
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Table 1 Data collection and structure refinement details for 1-3
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Compound

2

3-0.5C¢H,4-H,0

4.0.5CH,Cl,

Chemical formula
Crystal habit
Crystal size/mm

Cs4Hz4AU,BroFi6Ps
Colourless prism
0.3 x0.28 x 0.2

Cs53H22A2,AU,Br,F5,0,4P,:0.5CcH 1 4-H,O
Colourless prism
0.25 % 0.25 % 0.2

CssH4Ag,AU,BI,F2,0,4P,-0.5CH,Cl,
Colourless plate
0.35 x 0.3 X 0.15

Crystal system Monoclinic Triclinic Triclinic
Space group P24/n P1 Pi

alA 15.3232(3) 13.0125(6) 12.1335(3)
b/A 17.5150(5) 14.8392(5) 15.0322(6)
c/A 37.5226(9) 17.5999(7) 18.1077(7)
al° 90 91.369(2) 102.664(1)
pl° 99.901(1) 110.783(2) 91.933(2)
7/° 90 92.024(2) 107.338(2)
VIA® 9920.5(4) 3172.9(2) 3058.51(19)
zZ 8 2 2

D./g cm™? 2.132 2.126 2.255

M 1592.43 2031.22 2076.67
F(000) 6000 1910 1950

T/°C -150 —-173 —-150
20,max/° 56 56 56
u(Mo-Ka)/mm™ 7.683 6.637 6.929

No. refl. measured 124 465 47 997 49615

No. unique refl. 23182 14985 14674
Rint 0.0701 0.0627 0.0549
R[F>20(F)]" 0.0637 0.0576 0.0675

wR [F?, all refl]® 0.1259 0.1558 0.2387
No. of refl. used 23182 14985 14674
No. of parameters 1369 798 856

No. of restraints 332 33 190

s¢ 1.197 1.043 1.125
Max. residual electron density/e A= 4.599 4.815 3.430

“R(F) = Z||Fo| = |Fe||/Z|Fo|. PWR(F?) = [E{w(F,2 — F2HEAW(F2)2™% w = 6*(F,2) + (aP)* + bP, where P = [F,? + 2F.*]/3 and a and b are constants
adjusted by the program. ¢S = [E{w(F,” — F.>)’}/(n — p)]*°, where n is the number of data and p the number of parameters.

Table 2 Selected bond lengths [A] and angles [°] for complex 2

Au(1)-C(1) 2.058(9) Au(3)-C(101) 2.063(9)
Au(2)-C(21) 2.045(10) Au(4)-C(121) 2.053(10)
Au(1)-P(1) 2.277(3) Au(3)-P(3) 2.272(2)
Au(2)-P(2) 2.295(3) Au(4)-P(4) 2.278(3)
Au(1)-Au(2) 2.9367(5) Au(3)-Au(4) 2.9521(5)
C(1)-Au(1)-P(1) 173.8(3) C(101)-Au(3)-P(3) 173.5(3)
C(21)-Au(2)-P(2) 169.8(3) C(121)-Au(4)-P(4) 169.3(3)

1,2-C¢H,4(PPh,), ligand. The aromatic rings in the 4-C¢F,-
(4-C¢BrF,) ligands display dihedral angles of 52.12(29)° and
58.80(30)°, lower than the value described for the free ligand:
60.2(1)°."?

Single crystals suitable for X-ray diffraction studies of com-
plexes 3-0.5C¢H;4-H,O and 4-0.5CH,Cl, were obtained by
slow diffusion of n-hexane into a saturated solution of the
complexes in dichloromethane, both of them crystallizing
with the solvent. Crystal structures of 3:0.5C¢H;,-H,O and
4-0.5CH,Cl, are formed by the repetition of alternating dinuc-
lear [Au,{4-C¢F,(4-C¢BrF,)},(p-L-L)] (L-L = dppm, dppb) and
[Ag,(CF3;CO,),] units, which are connected by short un-
supported Au---Ag contacts, generating polymeric chains (see
Fig. 3 and 4).

These Au---Ag interactions, of 2.8377(7) and 2.7984(8) A
in 3.0.5C¢H;,-H,0, and 2.9106(10) and 2.8532(9) A in
4-0.5CH,Cl,, are in general shorter than those described for
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Fig. 3 Expansion of the crystal structure for compound 3. Hydrogen atoms are
omitted for clarity. Colour code: gold: yellow; silver: blue; phosphorous: orange;
carbon: grey; oxygen: red; fluorine: light green; bromine: dark red.

other polymeric Au/Ag species, such as [AuAgR(CF;CO,)(tht)],
(R = CgFs, CeCls), [AUAZ,(CsCl,F5)(CF5C0,),(tht)],," [AuAg,-
(mes)(RCO,)4(tht),], (x = 1, R = CF3, CF,CF3; x = 3, R = CF,CFy3;
mes = mesityl, 2,4,6-CcMesH,), {[AuAg,(mes)(CF;CO,),(tht)-
(H,0)]-H,0-CH,Cl,},,,”* (NBuy),[AuAg,(CcCL,F5), (CF3CO,)s]””
or [AuAg;(CeF5)(CF5CO,);(CH,PPh;)],,° where the Au-Ag dis-
tances lie in the range of 2.8135(5)-3.1347(7) A (average value
of 2.9054 A) (see Table 3 and 4).

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Expansion of the crystal structure for compound 4. Hydrogen atoms are
omitted for clarity. Colour code: gold: yellow; silver: blue; phosphorous: orange;
carbon: grey; oxygen: red; fluorine: light green; bromine: dark red.

Table 3 Selected bond lengths [A] and angles [°] for complex 3:0.5CgH14-H,0

Au(1)-C(1) 2.052(8) Ag(1)-0(1) 2.184(8)
Au(2)-C(21) 2.047(9) Ag(1)-0(2)#1 2.181(7)
Au(1)-P(1) 2.287(2) Ag(2)-0(3) 2.204(8)
Au(2)-P(2) 2.275(2) Ag(2)-O(4)#2 2.233(9)
Au(1)-Au(2) 2.9830(5)  Ag(2)-C(75)#2 2.666(12)
Au(1)-Ag(1) 2.8377(7)  Ag(1)-Ag(1)r1 2.8214(14)
Au(2)-Ag(2) 2.7984(8)  Ag(2)-Ag(2)#2 2.8860(16)
C(1)-Au(1)-P(1) 174.8(2) O(2)#1-Ag(1)-0(1) 157.7(2)
C(21)-Au(2)-P(2) 173.9(3) 0(3)-Ag(2)-0(4)#2 160.3(3)
Ag(1)-Au(1)-Au(2)  149.85(2)  Ag(1)#1-Ag(1)-Au(1l)  123.30(4)
Ag(2)-Au(2)-Au(1)  139.90(2)  Au(2)-Ag(2)-Ag(2)#2 122.49(4)

Symmetry transformations used to generate equivalent atoms: #1 —x +
1,-y+2,-z+1#2-x+2,-y+1,-z+1.

Table 4 Selected bond lengths [A] and angles [°] for complex 4-0.5CH,Cl,

Au(1)-C(1) 2.079(13) Ag(1)-Ag(1)#1 2.8605(16)
Au(2)-C(21) 2.044(9) Ag(2)-Ag(2)#2 2.9293(19)
Au(1)-P(1) 2.268(3) Ag(1)-0(2) 2.202(9)
Au(2)-P(2) 2.285(2) Ag(1)-0(1) 2.207(10)
Au(1)-Ag(2) 2.9106(10)  Ag(2)-0(3) 2.213(12)
Au(2)-Ag(1) 2.8532(9) Ag(2)-0(4) 2.226(12)
Au(1)-Au(2) 2.9884(5) Ag(2)-C(1) 2.698(12)
C(1)-Au(1)-P(1) 173.0(3) 0(2)-Ag(1)-0(1) 163.6(3)
C(21)-Au(2)-P(2) 175.6(3) 0O(3)-Ag(2)-0(4) 157.0(4)
Ag(2)-Au(1)-Au(2)  149.66(3) Au(2)-Ag(1)-Ag(1)#1  133.47(5)
Ag(1)-Au(2)-Au(1)  145.08(3) Au(1)-Ag(2)-Ag(2)#2  114.05(5)

Symmetry transformations used to generate equivalent atoms: #1 —x +
1, —y+1,—z+1#2—x+1, -y, -z

In addition to these metal-metal contacts, there are Ag---Ag
intramolecular interactions within the silver trifluoroacetate
dimers of 2.8214(14) and 2.8860(16) A in 3-0.5C¢H,,-H,0, and
2.8605(16) and 2.9293(19) A in 4-0.5CH,Cl,, obviously favoured
by the presence of bridging ligands. Finally, also the gold
centres of each dinuclear unit maintain an intermetallic
contact of 2.9830(5) A in 3-0.5C¢H;,-H,O and 2.9884(5) A in
4-0.5CH,Cl,. It is worth noting that the Au-Au distances are of
the same order in both structures, about 0.04 A longer than in
complex 2. Therefore, this shortening seems to be a conse-
quence of the incorporation of the [Ag,(CF;CO,),] units.

This journal is © The Royal Society of Chemistry 2013
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The gold atoms are linearly coordinated to the C,,, of the
perhalobiphenyl ligand and to one of the phosphorus of the
diphosphine, with normal Au-C (2.044(9)-2.079(13) A) and
Au-P distances (2.268(3)-2.287(2) A). The aromatic rings in the
4-C4F,(4-C¢BrF,) ligand form dihedral angles between 54.52(15)
and 73.90(51)°.

Regarding the silver atoms, it is worth mentioning the pres-
ence of a rather unusual Ag---C contact of 2.666(12) A between
one of the silver atoms of each unit and the meta carbon of a
phenyl group of the diphosphine in the crystal structure of
3:0.5C¢H4-H,0. Similarly, one of the silver atoms of each
[Ag,(CF3CO,),] interacts with one ipso carbon of the perhalobi-
phenyl ligand, with a Ag-C distance of 2.698(12) A in the case
of complex 4:0.5CH,Cl,.

Photophysical properties

The absorption spectra of the precursor gold complexes 1 and
2 in dichloromethane solutions (%10™® mol L7') display
similar features with strong absorptions starting at 225 nm
with tails extending to 325 nm. Thus, both show intense
maxima at 233 (¢ = 11 x 10* (1), 9 x 10° mol™* L em™" (2)) and
254 nm (e = 13 x 10* (1), 9.4 x 10° mol™" L em™" (2)). These
bands can arise from transitions located in the bis(perhalo-
phenyl) ligand, probably between n—-r* orbitals, and from ¢ —
a, transitions associated with coordinated phosphines. In fact,
the perhalophenyl precursor gold complex [Au{4-CgF,(4-
CeBrF,)}(tht)] displays one absorption at 259 nm, which is red
shifted from the corresponding free perhalophenyl (248 nm)
and, on the other hand, free phosphines display bands
assigned to 1 — a, transitions at higher wavelengths.'?
Additionally, for both complexes a broadening can be observed
in the less energetic region that can be related to the presence
of intramolecular gold-gold interactions.

In the case of the heterometallic gold-silver complexes 3
and 4, the absorption spectra display almost identical features.
Thus, complex 3 shows bands at 234 (¢ =7 x 10’ mol ™" L cm™")
and 254 nm (e = 8.3 x 10’ mol ™" L em™") and complex 4 at 238
(e =8.7x10° mol™" L em™) and 251 nm (& = 9 x 10°> mol ™' L
em™Y), respectively. Consequently, we assign these bands to
similar origins to that in the precursors. In addition, both
show weak non-well resolved bands at 295 nm (¢ = 2.6 x 10°
mol™ L em™ (3)) and 310 nm (¢ = 1.5 x 10> mol ™" L cm ™" (4)).
These bands are not present in the spectra of the phosphines
or perhalophenyl ligands. Therefore, we can tentatively assign
them to the presence of intermetallic interactions (Au---Au or
Au---Ag) (see Fig. 5).

Both Au(i) complexes 1 and 2 as well as the hybrid Au-Ag
crystals 3:0.5C¢H;4-H,0 and 4-0.5CH,Cl, are brightly lumines-
cent. The emission spectra together with the excitation profiles
recorded for solid samples at room temperature are repro-
duced in Fig. 6. Emission maxima, quantum yields and decay
times are listed in Table 5.

Crystalline samples of the studied Au(1) complexes show
intense green (1) and orange (2) luminescence with high
quantum yields ¢p;, of 58 and 14% for 1 and 2, respectively.
They show broad and unstructured emission bands centered
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Fig. 5 UV-Vis spectra of complexes 1-4 in dichloromethane.
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Fig. 6 Room-temperature excitation and luminescence spectra of solid Au()
complexes 1 and 2 and Au-Ag hybrid crystals 3-0.5C¢H14-H>0 and 4-0.5CH,Cl,.
Emission spectra were recorded upon excitation at ey = 380 nm. Excitation
spectrum of each sample was recorded at a detection wavelength Age: corre-
sponding to the respective emission maximum. Luminescent intensity is in arbi-
trary units. Energy scale (in cm™') is given for orientation.

at Amax Of 496 (1) and 593 nm (2), respectively. The emission
spectra are considerably red-shifted relative to the lowest-
energy absorptions manifested in the excitation spectra
(Fig. 6). For instance, for complex 1, emission maximum (4max
=496 nm) and the lowest absorption band maximum (Aaps ~
365 nm) are separated by ca. 7000 cm ™",

On the other hand, the decay times 7., of luminescence
determined for 1 and 2 are 7., = 1.5 and 6.2 ps, respectively.

Such high 7., values show that these emissions represent
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Table 5 Summary of the photophysical properties of Au(i) complexes 1 and 2
and hybrid Au-Ag compounds 3-0.5C¢H4-H,0 and 4-0.5CH,Cl, determined for
solid samples at ambient temperature. Respective emission spectra are drawn in
Fig. 6. All measurements were carried out under an inert N, atmosphere

RT ley®  Emission decay Photoluminescence quantum
[nm] time 7em [ps] yield ¢pr ¢ [%]

1 49 1.5° 58

2 593 6.2° 14

3 439 2.5” 24

4 436 0.3 <3¢

1.0°

“ Experimental error + 1 nm. ? Experimental error + 0.2 ps. “ The decay
is distinctly non-monoexponential. The measured decay profile could
be successfully fitted only by using a biexponential decay function.
dExperimental error + 3%. ®¢p;, of this material lies below the
resolution threshold of our setup, which is about 3%.

largely forbidden transitions. Therefore, they are assigned as
phosphorescence from the lowest excited triplet state T, to the
ground state S,. Intensive T; — S, emissions with ¢pp, of tens
of percent and radiative decay times of several microseconds
are frequently found for organometallic compounds of tran-
sition metal ions (mostly 3-rd row, e.g. Pt, Ir, Au),"* in which
strong spin-orbit coupling (SOC) induced by the heavy metal
atom leads to effective mixing of the triplet and singlet wave-
functions.'®'> In particular, the lowest triplet state can get
certain contributions from higher lying singlet states and, as a
result, the formally spin-forbidden T; — S, transition becomes
partly allowed. Compounds with distinctly strong SOC, like
Ir-tris(2-phenylpyridine), Ir(ppy), may show ¢p. values of
almost 100% with an emission decay time 7.y, in the order of
1 microsecond.'*”*®

The large difference between the energy of the emissions in
complexes 1 and 2 suggests that, in this case, a metal centred
Au-Au transition is not likely, since as it is expected, small
differences in metal-metal distances in the complexes should
not lead to important changes in the energy of the emissions.
On the other hand, an intraligand (IL) nn* transition located in
the diaryl groups or in the phosphine ligand can be excluded
because more energetic emissions should be expected. Also
metal (gold) to ligand (bis(perfluoroaryl)) charge transfer
(MLCT) transitions can also be ruled out, since in such cases
similar emissions should be expected for both complexes.
What it seems likely is that the photophysical properties of 1
and 2 strongly depend on the bridging diphosphine ligand.
However, the exact role of the dppm and dppb ligands is
difficult to assess. Among the possibilities, reasonable
assumptions are, for example, that the emissions can arise
from a metal (gold) to ligand (phosphine) charge transfer
(MLCT), or from a ligand (bis(perfluoroaryl)) to ligand (phos-
phine) charge transfer. Especially in the case of complex 1, an
ILCT associated with the ¢ — a, transition in the phosphine
cannot be ruled out, since its emission appears at similar ener-
gies than those reported for other gold-diphosphine com-
plexes in which the emissions were assigned to have that
origin."
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Interestingly, the reaction between the gold complexes 1
and 2 and silver trifluoroacetate with the subsequent
formation of heterometallic Au-Ag structures leads to con-
siderable changes in the photophysical behaviour. Both
mixed-metal Au-Ag crystals of 3 and 4 display blue lumine-
scence, with Ay, = 439 and 436 nm, respectively. Interestingly,
compound 3 displays a high luminescence quantum yield of
24% while the decay time is determined to be 7.y, = 2.5 ps. As
in the precursor complexes, they do not show emissive proper-
ties in solution and the lifetimes suggest phosphorescent pro-
cesses (see Table 5). In principle, the origins of the electronic
transitions that give rise to the luminescence can be similar to
the precursor gold complexes (see above), nevertheless a
curious blue shift, which is larger in the case of complex 2, is
observed when silver trifluoroacetate is incorporated into the
structure.

Taking into account the molecular structures of complexes
2 and 4, the Au-Au distance in [Ag,Au,{4-CgF4(4-C¢BIF,)},-
(CF3CO,),(u-dppb)],, is only 0.04 A longer than that found for
complex 2. This small variation seems not to be responsible
for a blue shift of more than 6500 cm™. Consequently, the
interacting gold centres seem not to be the only responsible
for the transitions, although the blue shift suggests the stabil-
ization of the HOMO orbitals, probably due to the electron
withdrawing silver trifluoroacetate fragments interacting with
them. Therefore, what it seems likely is that the emissions
arise from transitions between the electron rich bis(perhalo-
phenyl) groups to empty antibonding orbitals of the phos-
phines and that the introduction of the electron withdrawing
silver trifluoroacetate diminishes the electron density in those
ligands through the gold centres, stabilizing the HOMO orbi-
tals and shifting the emissions to higher energies. In order to
get more insight into the orbital nature of the emitting state
DFT computational studies on models of the complexes were
performed (see below).

DFT calculations

In view of the different photophysical properties observed
experimentally for the dinuclear diphosphinogold(i) precur-
sors and the corresponding gold(1)-silver(r) heteronuclear
derivatives, we have carried out single point DFT and TD-DFT
calculations on model systems of complexes 2 and 4. In the
case of model 2, it consists of the [Au,{4-CcF4(4-C¢BrF,)},-
(p-dppb)] structure obtained through X ray diffraction studies,
whereas in the case of model 4 we have built up a model
system using the X-ray diffraction results that is based on the
dinuclear gold(1) moiety of model 2 with two dinuclear
[Agy(CF5CO,),] units, each one interacting with one gold(r)
centre. We have also made an analysis of the electron density
from the total SCF density mapped with electrostatic potential
(ESPs) on these models in order to check which are the donor-
and the electron-acceptor parts of the molecule. Finally, the
use of TD-DFT has allowed us to estimate the energy of the
first triplet excitation that could be related to the phosphores-
cent emissions observed experimentally for both compounds.

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Theoretical excitation energy (red line) compared to the excitation spec-
trum for complex 2 (up). Frontier molecular orbitals involved in the lowest triplet

excitation for model [Aux(CeFs-CeF4Br)o(dppb)] representing complex 2
(bottom).

First, the nature of the frontier orbitals has been analysed
from the results obtained in single-point DFT-B3LYP calcu-
lations (see Fig. 7 and 8). For the dinuclear gold(r) model
[Au,{4-CcF4(4-C¢BrF,)},(p-dppb)] (2), the highest occupied
molecular orbital HOMO is mostly located at the metal centres
showing a 5d,2¢6* antibonding character (51% of contribution
obtained from the population analysis), with some contri-
bution from the perhalophenyl ligands (38%) and the diphos-
phine (11%). The population analysis of other highly occupied
molecular orbitals (HOMO — 1 to HOMO — 5) shows a main
contribution from the perhalophenyl ligands. By contrast, the
lowest unoccupied molecular orbital LUMO is mainly centered
at the phosphine ligand (89%) with a smaller contribution
from the gold(r) centres (7%). A similar assignment of the
LUMO orbital was recently proposed for dinuclear diphos-
phine gold(i) thiolate complexes."” Other unoccupied mole-
cular orbitals such as LUMO + 1 to LUMO + 3 are also mainly
located at the phosphine ligand, although some small contri-
butions from perhalophenyl groups and gold centres are also
noticeable (see population analysis in Table 6).

In the case of model [AuyAg,{4-CgF,(4-C¢BIF,)},(CF;CO,),-
(u-dppb)], representing complex 4, the character of the frontier
orbitals shows significant differences with respect to that of
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Fig. 8 Theoretical excitation energy (red line) compared to the excitation spec-
trum for complex 4 (up). Frontier molecular orbitals involved in the lowest triplet
excitation for model [AuAg4(CeFs-CoF4Br)o(CF3CO,)4(dppb)]  representing
complex 4 (bottom).

Table 6 Population analysis showing the contribution of the different mole-
cular parts for [Aux{4-CgF4(4-CgBrF,)}>(u-dppb)]

Model (orbital) %Au %4-CgF4(4-C¢BrF,) %dppb
(LUMO + 3) 9 23 68
(LUMO + 2) 10 12 78
(LUMO + 1) 10 5 85
(LUMO) 7 4 89
(HOMO) 51 38 11

model 2. Thus, the HOMO orbital is mostly located (97%) at
the bis(perhalophenyl) ligands bonded to gold(i), while the
occupied orbital showing a 5d,26* antibonding character in
the Au(r) metal centres (38%), with some contribution of the
bis(perhalophenyl) ligands (32%), is now the HOMO - 1
orbital. Again, HOMO — 2 is placed at the bis(perhalophenyl)
ligands. Another interesting difference is found for the charac-
ter of the LUMO orbital, in which a larger metal-character is
developed (23% at Au and 10% at Ag) if compared to model 2,
although the diphosphine is still the largest contribution to
this orbital (48%) (see Fig. 8 and Table 7).
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Table 7 Population analysis showing the contribution of the different mole-
cular parts for [Au>Ag4{4-CeF4(4-CeBrF4)}2(CF3CO5)4(p-dppb)]

%4-CoF,-
Model (orbital)  %Au  %Ag  (4-C¢BrF,)  %dppb  %CF;CO,
(LUMO) 23 10 16 48 3
(HOMO) 2 0 97 0 1
(HOMO - 1) 38 14 32 12 4
(HOMO - 2) 1 2 95 1 1

Fig. 9 Electron densities from the total SCF density mapped with electrostatic
potentials (ESPs) for models of complexes 2 (up) and 4 (bottom).

In Fig. 9 we show the electron densities from the total SCF
density mapped with electrostatic potentials (ESPs) for models
2 and 4. In the case of model 2, we observe that most of the
electron density is located at the bis(perhalophenyl) groups
and, to a less extent, at gold centres. It is worth mentioning
that the electron-deficient part of the molecule is the phos-
phine ligand, what, together with the observed experimental
results and the molecular orbital analysis, would suggest that
the luminescence observed for this complex would arise from
a mixed triplet ligand to ligand transition between the bis-
(perhalophenyl) ligand and the diphosphine (*LLCT) and a
metal (gold centres) to ligand (diphosphine) charge transfer
transition (*MLCT). In the case of model 4, the colour contrast
is not very clear but it seems that the electron-rich part of the
molecule is mainly the anionic bis(perhalophenyl) ligands
and, to a lesser extent, the gold(1) centres, whereas the diphos-
phine ligand and the silver centres are the electron-deficient
part of the molecule. Again, this result would be in agreement
with the experimental observations and the molecular orbital
structure, which suggests that the emission in these

This journal is © The Royal Society of Chemistry 2013
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heteronuclear compounds would arise from a ligand to ligand
charge transfer transition from the perhalophenyl groups to
the diphosphine, although a small contribution from a tran-
sition among the metals could not be ruled out.

As we have commented above, complexes 2 and 4 display
phosphorescent emissions at different energies. The use of the
TD-DFT approach allows us to estimate the energy and mole-
cular orbitals involved in the lowest triplet electronic excitation,
which can be related to the observed emissions. The calculated
triplet excitation energy for model 2 is 388 nm and it is com-
parable with the experimental excitation spectrum of complex
2 in solid state at room temperature (see Fig. 7). This triplet
excitation arises from the occupied HOMO and arrives
mainly to LUMO with some contributions from LUMO + 1 to
LUMO + 3. Taking into account the above mentioned character
for these orbitals, we can confirm the experimental and
the theoretically predicted phosphorescent emission for
complex 2, based on the MO calculations and the electrostatic
potentials as an admixture of a *LLCT and a *MLCT transition.

A similar TD-DFT analysis has been carried out for model
system  [AupAg,{4-CeF4(4-CeBrF,)},(CF;CO,),(p-dppb)] repre-
senting complex 4. The theoretically predicted triplet exci-
tation energy of 393 nm fits fairly well with the experimental
excitation maximum at 375 nm (see Fig. 8). In this case, the
molecular orbitals involved in this electronic transition are the
occupied HOMO to HOMO - 2 and the empty LUMO. This
MO’s combination would indicate that the experimentally
observed phosphorescence would arise from a *LLCT tran-
sition, involving MOs located at the bis(perhalophenyl) units
as the starting orbitals and arriving to an orbital placed mainly
at the diphosphine, although a contribution from the metals,
both in the starting and the arriving orbitals, could not be
neglected.

Conclusions

The use of different diphosphines, such as dppm or dppb,
leads to the synthesis of a new class of bisaryldiphosphinegold(i)
orange emitters. The addition of silver trifluoroacetate to the
complexes [(Au{4-C¢F4(4-C¢BrF,)}),(p-L-L)] (L-L = dppm (1),
dppb (2)) generates a very large shift of their emission maxima
to the blue region.

Experimental results and DFT and TD-DFT calculations on
the model system of 2 reveal an admixture of a *LLCT and a
*MLCT transition as the origin for its phosphorescent behav-
iour, whereas on the model system of complex 4 phosphor-
escence would mainly arise from a *LLCT transition.

Experimental
General

Silver trifluoroacetate, bis(diphenylphosphino)methane and
1,2-bis(diphenylphosphino)benzene are commercially available
and were purchased from Aldrich.

This journal is © The Royal Society of Chemistry 2013
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Instrumentation

Infrared spectra were recorded in the 4000-200 cm™" range on
a Nicolet Nexus FT-IR using Nujol mulls between polyethylene
sheets. C, H analyses were carried out with a Perkin-Elmer
240C microanalyzer. Mass spectra were recorded on a Bruker
Microflex MALDI-TOF, using dithranol (DIT) as a matrix. 'H,
F and *'P{"H} NMR spectra were recorded on a Bruker ARX
300 in CDCI; solutions. Chemical shifts are quoted relative to
SiMe, ('H, external), CFCl; (*°F, external) and H3;PO, (85%)
(*'P{"H}, external). Luminescence spectra were recorded for
solid samples with a Horiba Jobin Yvon Fluorolog 3 steady-
state fluorescence spectrometer. This spectrometer was modi-
fied to allow for measurements of emission decay times. As
excitation source a pulsed diode laser (PicoQuant GmbH
Model LDH-P-C-375) with the excitation wavelength Ae, =
372 nm and a pulse width of 100 ps was used. The emission
was detected with a photomultiplier attached to a FAST
ComTec multichannel scaler PCI card with a time resolution
of 250 ps. Photoluminescence (PL) quantum yields were deter-
mined using a Hamamatsu system for absolute PL quantum
yield measurements (type €9920-02) equipped with an inte-
grating sphere with the Spectralon® inner surface coating.

Synthesis

Synthesis of [Au,{4-CgF4(4-CeBrF,)},{p-PPh,CH,PPh,}] (1)
and [Au,{4-C¢F4(4-C¢BrF,)}»{p-1,2-(CcH,)(PPh,),}] (2). Toasolu-
tion of [Au{4-C¢F4(4-C¢BrF,)}(tht)]"" (0.227 mmol, 150.0 mg) in
dichloromethane was added PPh,CH,PPh, (0.113 mmol,
44.0 mg) or 1,2-C¢H4(PPh,), (0.113 mmol, 51.0 mg). After 1 h
of stirring, the solution was concentrated under vacuum.
Finally, the addition of n-hexane (5 mL) led to the precipitation
of products 1 or 2 as white solids.

(1) Yield: 90%. Elemental analysis (%) caled for 1
(C4oH2,AU,Br,F¢P,): C 38.46, H 1.45. Found: C 39.04, H 1.48.
'H NMR (300 MHz, CDCl;, ppm): § 7.80-7.28 (20H, C¢H;) and
3.65 (t, 2H, CH,, *Juip) = 9.2 Hz). '°F NMR (283 MHz, CDCl;,
ppm): § —116.5 (m, 4F, F;), —133.9 (m, 4F, F,), —137.1 (m, 4F,
F3), —140.5 (m, 4F, F,). *'P{'"H} NMR (121 MHz, CDCl;, ppm): &
32.3 (s). MALDI-TOF(—) m/z (%): 949 [Au{4-C¢F4(4-CsBrFy)},]”
(100). FT-IR (Nujol): u(4-CcF4(4-C¢BrF,)) at 1629, 1597, 1571,
1097 and 858 cm™', y(CH,(PPh,),) at 524, 509, 479 and
461 cm™.

(2) Yield: 95%. Elemental analysis (%) caled for 2
(Cs54H24AU,Br,F¢P,): C 40.73, H 1.52. Found: C 40.85, H 1.50.
'H NMR (300 MHz, CDCl;, ppm): § 7.62-7.26 (m, 24H). '°F
NMR (283 MHz, CDCl;, ppm): § —114.7 (m, 4F, F;), —133.5 (m,
4F, F,), —137.2 (m, 4F, F;), —141.0 (m, 4F, F,). *'P{'"H} NMR
(121 MHz, CDCl;, ppm): 6 34.1 (s). MALDI-TOF(—) m/z (%):
949 [Au{4-C¢F4(4-C¢BrF,)},]” (100). FT-IR (Nujol): v(4-CeFy-
(4-C¢BrF,)) at 1630, 1598, 1570, 1096 and 854 cm ', y(1,2-
CeH4(PPh,),) at 548, 536, 516 and 501 cm ™.

Synthesis of [Ag,Au,{4-CF,(4-C¢BrF,)},(CF;CO,){p-
PPh,CH,PPh,}],, (3) and [Ag,Au,{4-CcF4(4-CBrF,)},(CF5CO,),-
{1-1,2-C¢H4(PPh,),}], (4). To a solution of [Auy{4-CeFs-
(4-CgBrF,)},{pu-PPh,CH,PPh,}] (1) (0.068 mmol, 105.0 mg) or
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[Auy{4-CeF4(4-CBrFy)}a{p-1,2-(CsH,)(PPhy),}] (2) (0.068 mmol,
108.0 mg) in dichloromethane (20 mL) was added AgCF;CO,
(0.136 mmol, 30.0 mg). After 1 h of stirring, the solution was
concentrated under vacuum. Finally, the addition of n-hexane
(5 mL) led to the precipitation of products 3 or 4 as pale yellow
solids.

(3) Yield: 65%. Elemental analysis (%) caled for 3
(Cs3H,,Au,Ag,Br,F,,0,P,): C 32.32, H 1.12. Found: C 32.40, H
1.15. "H NMR (300 MHz, CDCl;, ppm): § 7.79-7.28 (20H, CsH3)
and 3.80 (t, 2H, CH,, *Jup) = 11.0 Hz). '°F NMR (283 MHz,
CDCl;, ppm): 6 —=73.1 (s, 3F, —-CF;), —115.6 (m, 4F, F,), —133.7
(m, 4F, F,), —137.0 (m, 4F, F;), —140.0 (m, 4F, F,). *'P{'H}
NMR (121 MHz, CDCl;, ppm): § 32.4 (s). MALDI-TOF(+) m/z
(%): 1065 [AgAu{4-C¢F,(4-C¢BrF,)H{u-PPh,CH,PPh,}]" (50),
1639 [AgAU,{4-C¢F,4(4-C4BrF,)}h,{-PPh,CH,PPh,}]" (25). FT-IR
(Nujol): 1(4-C¢F4(4-C¢BrF,)) at 1571, 1102 and 856 cm™’,
1(CF5CO,) at 1648 and 1174 cm™", 1(CH,(PPh,),) at 524, 508,
479 and 459 cm™.

(4) Yield: 65%. Elemental analysis (%) caled for
4 (CsgH,,Au,Ag,Br,F,,0,P,): C 34.23, H 1.18. Found: C 34.45,
H 1.19. '"H NMR (300 MHz, CDCl;, ppm): § 7.61-7.28 (24H,
C¢Hs). "F NMR (283 MHz, CDCl;, ppm): § —73.1 (s, 3F, -CF3),
-114.2 (m, 4F, F,), —133.4 (m, 4F, F,), —137.2 (m, 4F, F;),
-141.0 (m, 4F, F,). *'P{'"H} NMR (121 MHz, CDCl;, ppm):
8 33.9 (s). MALDI-TOF(—) m/z (%): 333 [Ag(CF5CO,),]” (100),
555 [Ag,y(CF3CO,);]” (25). FT-IR (Nujol): 1(4-CgF,(4-C4BrF,)) at
1098 and 856 cm™', y(CF;CO,) at 1645 and 1197 cm™*,

U(CH,(PPh,),) at 547, 534, 518 and 501 cm ™.

Crystallography

Crystals were mounted in inert oil on glass fibers and trans-
ferred to the cold gas stream of a Nonius Kappa CCD diffracto-
meter equipped with an Oxford Instruments low-temperature
attachment. Data were collected using monochromated Mo Ko
radiation (4 = 0.71073 A). Scan type @ and ¢. Absorption correc-
tions: semiempirical (based on multiple scans). The structures
were solved by direct methods and refined on F* using the
program SHELXL-97.'® All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included using a riding
model. Further details of the data collection and refinement
are given in Table 1. Selected bond lengths and angles are col-
lected in Tables 2-4 and crystal structures of complexes 2-4 in
Fig. 2-4. In spite of absorption corrections have been carried
out, the low quality of the crystals and the high absorption
coefficients have given rise to the presence of slightly high
residual density peaks. Similarly, due to the same reasons, the
value of S parameter in complex 4 is slightly larger than
usually. CCDC-891443-891445 contains the supplementary
crystallographic data for this paper.

Computational details

The model systems used in the theoretical studies of [Au,-
{4-C¢F,4(4-CeBrF,)},(p-dppb)] and [Au,Ag,{4-CeF,(4-CeBrF,)},-
(CF;3CO,)4(p-dppb)] were taken from the X ray diffraction data
for complexes 2 and 4. Keeping all distances, angles and dihe-
dral angles frozen, single-point DFT or TD-DFT calculations
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were performed. The B3LYP functional’® as implemented in
GAUSSIAN09*° was used. In all calculations, the Karlsruhe
split-valence quality basis sets>" augmented with polarization
functions®* were used (SVP). The Stuttgart effective core poten-
tials of Andrae augmented with two f-type polarization func-
tions were used for Au and Ag.”* The population analysis has
been carried out using the GaussSum 2.2 program.>* We have
also carried out an analysis of the electron densities from the
total SCF density mapped with electrostatic potentials (ESPs)
for model systems [Au,{4-CgF4(4-C¢BrF,)},(p-dppb)] and
[Au,Ag,{4-CgF,4(4-CeBrF,)},(CF;CO,)4(p-dppb)].
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