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Three novel dinuclear bis-dicarbene silver(l) complexes of general formula [Ag,(Melm-phenylene-Melm),](PFe), (Im =

www.rsc.org/

imidazol-2-ylidene) were synthesized. The corresponding copper(l) and gold(l) complexes were obtained by

transmetalation of the di(N-heterocyclic carbene) ligand from the silver(l) species, and both coordination geometry and

stoichiometry are maintained for all three group 11 metals as expected. The photophysical properties of the Ag(l) and

Au(l) complexes were also investigated and discussed; in particular the most strongly emitting complex was also studied

via DFT calculations. In addition, the ruthenium(ll) and iridium(lll) complexes [RuCl(Melm-(o-phenylene)-Melm)(p-

cym)](PFs) and [IrCICp*(Melm-(o-phenylene)-Melm)](PFs) were prepared and shown to present in these cases a chelating

coordination of the di(N-heterocyclic carbene) ligand.

Introduction

Late transition metal complexes of N-heterocyclic carbene
(NHC) ligands® have been intensively investigated over the last
twenty years.2 This attention results from the wide range of
possible applications of complexes of this type in catalysis,3
material science* and bioinorganic chemistry.5 Recently there
has been much interest in the preparation and study of
luminescent NHC complexes of late transition metals® e.g.
cu(l),” Ag(),® Au(L,im,® Ni(n),* pd(n,* ™ pt(),"** e,
Ru(l1).** Due to the planar nature of NHCs, these donors are
well suited to the synthesis of luminescent dinuclear Au(l)
complexes that support short aurophilic Au---Au interactions. A
number of complexes of this type with di(N-heterocyclic
carbene) ligands (diNHC)™ and a variety of linker groups have
been reported and some of them display fascinating
luminescent properties.m‘21 Generally the di(N-heterocyclic
carbene) ligands (diNHC) have either an alkyl chain, (CH,), (n =
1 - 4), or a ortho-, meta- or para-xylylene as bridging group
between the two carbene moieties.

In this work, we extend our studies to rigid ortho-, meta- and
para-phenylene bridging groups. The different substitution
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patterns on the phenylene ring were found to influence the
bridging versus chelating coordination properties of the
dicarbene ligands. A limited number of examples have been
previously reported in the literature with this class of Iigandszz'
3 and, in most cases they involve diNHC groups with the meta-
phenylene bridge. This choice is justified by the fact that these
ligands commonly behave as CCC-pincers, as a consequence of
metalation of the carbon in position 2 of the phenylene bridge
(mainly to Ir(111),?>** Ru(11)*%2° or Pt(11)*).

In the present study, a series of dinuclear silver(l) complexes of
the phenylene bridged NHC ligands were prepared from the
imidazolium salt precursors and Ag,0. The synthesis of the
corresponding gold(l) and copper(l) complexes was readily
achieved through transmetalation of the carbene ligand from
the corresponding silver(l) complexes. Finally, transmetalation
of the dicarbene ligand to iridium(lll) and ruthenium(ll) was
successful with the ortho-phenylene ligand only.

Results and discussion
Synthesis of diiimidazolium salts

The bis(imidazol-1-yl)benzene precursors were prepared from
ortho-, meta- or para-dibromobenzene and imidazole, using
Cu(l) catalysed Ullmann-type coupling procedure (Scheme 1).
The diimidazolium cations were prepared by alkylation of the
bis(imidazole-1-yl)arenes with methyl iodide in
dimethylsulfoxide at room temperature, to give the bis-
imidazolium diiodide salts. The solubility of these compounds
was improved via anion | /PFs exchange, vyielding the
bis(hexafluorophosphate) salts. The same or analogous (with
different nitrogen substituents) diimidazolium cationic
compounds were already reported in the literature, and the
synthesis involved a very similar two-step procedure.zz’35
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Scheme 1. Preparation of diimidazolium salts. Experimental details: i) imidazole,
dibromobenzene, Cu0, K,CO3;, DMSO, 150 “C, 48 h. ii) Mel, DMSO, room temperature,
12 h. iii) NH4PFg methanol.

Synthesis of group 11 metal complexes

The silver(l) di(N-heterocyclic carbene) complexes of general
formula [Ag,(diNHC),](PFg), were synthesized by reaction of
the appropriate diimidazolium bis(hexafluorophosphate) salt
with excess silver(l) oxide in acetonitrile at 65 °C for 24 hours
(Scheme 2). Initially, the synthesis of the silver complexes was
attempted using the diimidazolium diiodide salt with Ag,0 in
water for 24 hours at room temperature, followed by anion I’
/PFs metathesis. Unfortunately, with this type of procedure,
the obtained solids were not pure and contaminated by an
appreciable quantity of the starting materials, as indicated by
the presence in the '"H-NMR spectra of the signal
corresponding to the C2-H protons.

Complexes 1a-c are light grey solids, soluble in common polar
organic solvents (e.g. acetonitrile and dimethylsulfoxide). The
deprotonation of the diimidazolium salt is confirmed by the
absence of the C2-H signal in the 'H NMR spectrum of the
reaction products and the formation of the silver complexes is
supported by the presence of the carbene carbon signal in the
3¢ NMR spectra at 6 180-185 ppm, in the typical range of
carbene carbons coordinated to a silver(l) center.®®®” The
dinuclear dicationic nature of the complexes with the two
dicarbene ligands bridging the two metal centers is then
further established with the ESI-MS spectra, which show the
peaks corresponding to the [Ag,L,PFs]*, [Ag,L,]" and [Ag,L,]*"
fragments. Analogous results have been reported by Hahn et
al. with a para-phenylene dicarbene ligand having ethyl
instead of methyl groups, as substituents to the nitrogen
atoms in position 1.2%

+

2:
/\ [\ —l 2PFg

—|2+

N == 2PFg N N<y Ny N—

/@N/\;L Ag;0 Y Y

(/\N > S — Ag Ag

= CHyCN 1 1

) 65 °C, 24h N ARY-NAN—
\—/ \—/

1a, Y = ortho-phenylene
1b, Y = meta-phenylene
1c, Y = para-phenylene

Scheme 2. Synthesis of the silver(l) di(N-heterocyclic carbene) complexes.

The crystal structures of the compounds 1a and 1b have been
fully elucidated by single crystal X-ray diffraction analysis. The
crystals of 1a and 1b contain cationic complexes and PFg

anions. In particular in the unit cell of 1a two

2| J. Name., 2012, 00, 1-3

crystallographically independent but very simjlar, €ationic
complexes and four PFg anions are preseft. Thi® BRTER QARG
of one of the two cationic moieties in complex 1a and the
cation in 1b are reported in Figure 1 and Figure 2 respectively
together with the atomic labelling scheme; a list of the most
important bond distances and angles is collected in the
captions. Cationic complexes in 1a as well as in 1b are
dinuclear with two dicarbene ligands bridging the two silver
atoms. In 1a the bridging ligands form a 14-membered ring
while in 1b the meta isomers of the bridging phenylene cause
the formation of a 16-membered ring. The conformation of the
two complexes is different, with the cationic moiety of 1b
being centrosymmetric with the inversion center located in the
middle of the 16-membered ring thus forcing an ‘anti’
conformation, while the 14-membered ring in the cationic
moiety of 1a shows a ‘syn’ conformation.®® The Ag-Cearbene
bond lengths span from 2.076(5) to 2.094(5) A in 1a and from
2.086(4) to 2.092(4) A in 1b, and fall in the typical range for
[Ag(NHC),]* complexes. Considering the Cearbene-A8-Cearbene
bond angle, it deviates only slightly from linearity in the case of
complex 1b (175.16(13)°), while in the case of 1a it is more
deviated (175.8(2) and 170.7(2)° in one of the two
independent cationic moieties and 176.7(2) and 171.5(2)° in
the other). Moreover while in 1b the Ag:--Ag separation is
7.165(2) A, in 1a the Ag---Ag distance is 3.289(2) and 3.265(1)
in the two independent cationic moieties and this interatomic
separation is slightly shorter than the sum of the Van der
Waals radii for silver. Because of the centrosymmetry of
complex 1b, the mean planes of the phenyl rings are parallel at
a distance of 4.306(2) A (centroid to centroid separation of
4.409(2) A), considering the crystal packing it is evident that
77 interactions are also present between the phenyl rings of
adjacent molecules (centroid to centroid distance of 4.803(2)
A) and between the phenyl ring and the imidazole ring of
facing molecules (centroid to centroid distance of 4.299(2) A)
(see Figure 3).

Figure 1. ORTEP view of one of the two cationic units of complex 1a. Ellipsoids are
drawn at their 30% probability. Hydrogen atoms and PFg¢ anions have been omitted for
clarity. Selected bond distances (A) and angles (deg) (data in squared parentheses are
referred to the second cationic unit): C1-Agl 2.076(5) [2.092(5)], C28-Agl 2.076(5)
[2.085(5)], C14-Ag2 2.088(5) [2.091(5)], C1/5-Ag2 2.088(5) [2.094(5)], C1-N2 1.345(7)
[1.346(6)], C5-N2 1.430(7) [1.427(7)], C5-C10 1.387(8) [1.379(7)], C10-N3 1.414(7)
[1.433(7)], C14-N3 1.347(7) [1.356(6)], C15-N6 1.360(6) [1.346(7)], C19-N6 1.410(7)
[1.428(7)], C19-C24 1.383(7) [1.390(8)], C24-N7 1.422(7) [1.434(8)], C28-N7 1.346(6)

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 12


http://dx.doi.org/10.1039/c6dt01129b

Published on 06 May 2016. Downloaded by University of California- Santa Barbara on 06/05/2016 11:22:19.

=-Dalton; Tra

Journal Name

[1.356(7)], Agl--Ag2 3.289(2) [3.265(1)]; C1-Ag1-C28 175.8(2) [176.7(2)], C15-Ag2-C14
170.7(2) [171.5(2)].

Figure 2. ORTEP view of the cationic part of complex 1b. Ellipsoids are drawn at their
30% probability. Hydrogen atoms and PF6- anions have been omitted for clarity.
Selected bond distances (A) and angles (deg): C1-Ag 2.092(4), C14’-Ag 2.086(4), C1-N2
1.350(5), C5-N2 1.431(4), C5-C6 1.392(5), C6-C7 1.383(5), C7-N3 1.437(4), C14-N3
1.352(5); C14’-Ag-C1 175.16(13). Symmetry code for equivalent atoms: '= 1-x, -y, -z.

@ @ @ 'Y
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Figure 3. Packing diagram of cationic complexes in 1b evidencing the stacking of
adjacent molecules.

Interestingly, in the crystallization process of complex 1a in
acetonitrile, very few crystals of a second species, namely 1a¥,
have been obtained. The ORTEP view of 1a* is shown in Figure
4 and a list of the most important bond distances and angles is
collected in the caption.

Figure 4. ORTEP view of the polymeric structure of complex 1a*. Ellipsoids are drawn at
their 30% probability. Hydrogen atoms have been omitted for clarity. Selected bond
distances (A) and angles (deg): C1-N1 1.348(5), C1-N2 1.352(5), C1-Ag 2.067(4), C2-N1
1.462(5), C3-C4 1.340(6), C3-N1 1.378(5), C4-N2 1.382(5), C5-C6 1.379(5), C5-C5’
1.383(7), C5-N2 1.436(5), Ag-02 2.111(3), Ag---Ag’ 2.9279(8), Ag--Ag” 3.0462(7); N1-C1-
N2 104.6(3), N1-C1-Ag 128.8(3), N2-C1-Ag 126.6(3), C5'-C5-N2 119.73(18), C1-Ag-02
176.63(14), C1-N1-C3 110.8(3), C1-N1-C2 124.1(3), C3-N1-C2 125.0(3), C1-N2-C4
111.1(3), C1-N2-C5 122.9(3), C4-N2-C5 126.0(3), C8-02-Ag 126.6(3), Ag'--Ag:Ag"’
148.51(1). Symmetry code for equivalent atoms:’ = %-x, vy, z; ' = X, 1-y, -z.
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Compound 1a* is a coordination cationic metallepalymer
formed by infinite chains of dimers [Ag;(CHCOOIIINMHEA
connected by Ag--Ag Van der Waals interactions. The
polymeric structure develops along the a axis of the cell. The
symmetric dinuclear complex, which is constructed over a
mirror m orthogonal with respect to the metal---metal
separation, is formed by two silver atoms bridged by the
diNHC ligand and by an acetate anion. The diNHC ligand and
the metal atoms form an eight membered ring with a boat
conformation. The Ag atom is bonded to a carbene carbon
atom (C1-Ag 2.067(4) A), and an oxygen atom of an acetate
anion (Ag-02 2.111(3) A) in a nearly linear arrangement (C1-
Ag-02 176.63(14)°). The mean planes of the imidazole rings of
the bridging diNHC ligand form a dihedral angle of 64.01(2)°.
The Ag’---Ag and Ag---Ag”’ separations are 2.9279(8) and
3.0462(7) A. The polymeric structure develops in a zig zag
chain with an Ag’--Ag---Ag’”’ angle of 148.51(1)°. In the crystals
of compound 1a*, PFg anions are also present to neutralize
the positive charges. The process leading to the formation of
complex 1a* should involve the hydrolysis of acetonitrile
solvent to ammonium acetate.

Gold(l) and copper(l) complexes were synthesized via
transmetalation of the dicarbene ligand from the
corresponding silver(l) complexes (Scheme 3). The H-NMR
spectra of the gold(l) complexes are similar to those of the
dinuclear silver(l) precursors, thus indicating that the
symmetric  dinuclear structure is maintained upon
transmetalation of the ligand. In particular, the 'H NMR signals
of the two hydrogen atoms of the imidazole backbone and the
aromatic signals of phenylene bridge are slightly shifted
downfield in comparison with the corresponding silver(l)
complex; the same shift is observed also in the Bc NMR
spectra for the C4 and C5 carbon atoms. A different behavior is
generally observed for the carbene carbon signal, which is
slightly upfield shifted due to the higher Lewis acidity of the
gold(l) center with respect to the silver(l) one. The formation
of the dinuclear gold(l) complexes is further confirmed by the
ESI-MS spectra, which present the peaks of the [Au,L,PF¢]" and
[Ausz]2+ fragments, whose nature is also supported by the
simulation of the isotopic pattern.

2+ 2+
[/\ [\ T 2PFg = [\ 2PFg
/N\JN~Y-N\\(N\ /N?N\Y,N?N\
Ag Ag AuCI(SMe,) or Cul M M
PN CHLCN By v
SNTINTITNTINT RT SNTINTTNTINT
\—/ \—/ \—/ \—/

2a, M = Au, Y = ortho-phenylene
2b, M = Au, Y = meta-phenylene
2c, M = Au, Y = para-phenylene
3a, M = Cu, Y = ortho-phenylene
3b, M = Cu, Y = meta-phenylene
3c, M =Cu, Y = para-phenylene

1a, Y = ortho-phenylene
1b, Y = meta-phenylene
1c, Y = para-phenylene

Scheme 3. Synthesis of the gold(l) and coppe:r(l) di(N-heterocyclic carbene) complexes.

This journal is © The Royal Society of Chemistry 20xx

The dinuclear complex 2b could be also prepared by heating
the appropriate diimidazolium diiodide salt with (THT)AuCl in
the presence of a weak base like sodium acetate (Scheme 4).39
The reaction was carried out in DMF at 110 C for 2 h, diethyl

J. Name., 2013, 00, 1-3 | 3
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ether was used to fully precipitate the crude product, which
was then converted to the PFg complex by way of anion
metathesis reaction, using KPFs; in water. The NMR
characterisation of the complex obtained with this procedure
fully matched that of the complex obtained via trasmetalation
of the diNHC ligand.

—_ — 2PF
= NN Nhe
) NaOAc, Au(THTICl, —No N~
ERE TR e T
N N Au Au
(/; @ ii) KPFg, MeOH/H,0 Iy 1
N N -
/ \ NN NN
\—/ \—/

2b

Scheme 4. Direct synthesis of complex 2b.

The structure of complexes 2a and 2b has been further
confirmed on the basis of X-ray crystal structure analysis. In
the crystals of 2a cationic moieties, PFg anions and acetonitrile
solvent molecules are present. The ORTEP views of the cationic
moieties in complexes 2a and 2b are reported in Figure 5 and
Figure 6 respectively together with the atomic labelling
scheme; a list of the most important bond distances and
angles is collected in the captions. The cationic moieties are
dinuclear with two dicarbene ligands bridging the two gold
atoms in a very similar manner to what observed in the case of
silver. In particular in complex 2a the two bridging ligands form
a 14-membered ring with a boat conformation. The complex is
highly symmetric, being constructed over two mutually
perpendicular mirror planes and shows a ‘syn’ conformation.*®
The Au---Au separation is 3.656(2) A and the Au-Ccapene bond
distance (2.013(5) A) is in the typical range for analogous NHC-
Au(l) complexes. The Ccarpene-AU-Cearbene bOnd angle shows a
slight deviation from linearity (174.1(2)°). In the crystal packing
of complex 2a there is no evidence of m---w stacking between
adjacent molecules.

Compound 2b is isostructural with the silver analogous 1b. In
the dinuclear dicationic moiety the two bridging ligands form a
symmetric 16-membered ring, with ‘anti’ conformation. The
Au-—-Au separation is 7.140(2) A and the Ceipene-AU-Cearbene
bond angle shows a slight deviation from linearity
(175.68(16)°). The mean planes of the phenyl rings are parallel
at a distance of 4.363(2) A (centroid to centroid separation of
4.416(2) A). Considering the crystal packing, 7---m interactions
are also present between the phenyl rings of adjacent
molecules (centroid to centroid separation of 4.775(2) A) and
between the phenyl ring and the imidazole ring of faced
molecules (centroid to centroid distance of 4.423(2) A) (see
Figure 7), in a very similar way to that exhibited by the
corresponding silver complex 1b.

In the case of di(N-heterocyclic carbene) ligands bearing a 1,3-
disubstituted arene linker, two possible structures are
reported in the literature: (i) open ring stretched out
conformation characterized by a long intramolecular Au---Au
distance and by intermolecular 11t interactions and (ii) a
twisted conformation with a short intramolecular Au---Au
distance. Examples of both type (i)* and type (ii)** have

4| J. Name., 2012, 00, 1-3
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been recently reported in the literature with silyer(l),.geld(l)
and mercury(ll) metal centers. The structiPé He¥&SPEpdrted ¥t
complex 2b (as well as for complex 1b) shows the open
conformation (i).

Figure 5. ORTEP view of the cationic complex 2a. Ellipsoids are drawn at their 30%
probability. Hydrogen atoms, PFs anions and acetonitrile solvent molecule have been
omitted for clarity. Selected bond distances (A) and angles (deg): C1-Au 2.013(5), C1-N2
1.363(5), C5-N2 1.434(4), C5-C5” 1.392(7); C1-Au-C1"” 174.1(2). Symmetry code for
equivalent atoms: ' = 1-x,y, %-z; " =x,vy, %-z; "' = 1-x,y, z.

m

Au@

Figure 6. ORTEP view of the cationic complex 2b. Ellipsoids are drawn at their 30%
probability. Hydrogen atoms, PFg anions and acetonitrile solvent molecule have been
omitted for clarity. Selected bond distances (A) and angles (deg): C1-Au 2.021(5), C14’-
Au 2.025(5), C1-N2 1.359(6), C5-N2 1.437(6), C5-C10 1.392(6), C10-C9 1.388(6), C9-N3
1.447(6), C14-N3 1.343(6); C14’-Au-C1 175.7(2). Symmetry code for equivalent atoms:
‘=X, -y, 1-z.

Figure 7. Packing diagram of cationic complexes in 2b evidencing the stacking of
adjacent molecules.

This journal is © The Royal Society of Chemistry 20xx
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The transmetalation route allows also the syntheses of the
copper(l) complexes 3a - 3c. For example complex 3c, with
para-phenylene bridge, shows in the NMR spectra the
expected set of signals, similar to the silver(l) analogue.
Furthermore, in the ESI-MS spectrum, the fragments
[Cu,L,PFel", [Cu,l,]" and [Cu,L,1** can be observed. The copper
complexes are fairly stable, even if a slight darkening of the
powder and of their acetonitrile solution is observed with time
(24-48 h). Particular care should be taken with the copper
complex 3a, with the ortho-phenylene diNHC, which could be
synthesized and stored only in strictly anaerobic conditions,
i.e. dry box. By exposure to air of an acetonitrile solution of
complex 3a, it quickly decomposes giving inter alia evolution
products such as [Cu(CH3CN),]" (evidenced by X-ray structure
determination of few isolated crystals) and an organic
species.43 The NMR spectra of the evolved solution show the
presence of the ligand functional groups albeit at markedly
different chemical shift with respect to those observed in the
pristine complex 3a. The value of the C2 carbon resonance at
127.4 ppm, seems to rule out the possibility of coordination to
the copper(l) center.

The photophysical properties of both gold(l) and silver(l)
complexes have been investigated at room temperature in the
solid state as powder. All the excitation profiles, reported in
Figure 8 and recorded by monitoring the emission maxima, are
centered in the UV region (below 400 nm) and can be
attributed to the m—mnt* Ligand Centered (LC) transitions (see
further in the text).19b

ACtIoONS: 1

ARTICLE

Table 1. Photophysical data of the investigated complexes in the solidstate{as online
DOI: 10.1039/C6DT01129B

powder) at room temperature.

Complex Amax D (%)’ 7 (ps)® M---M
(nm)a distance (A)

1a 410 <1% c 3.266
1b 420 <1% c 7.165
1c 460 <1% 15.0-234 -
2a 380 1.0 1.1 3.657
2b 450 5.7 0.4 7.140
2c 478 2.8 22 - 140 7.213d

? Lexc = 300 0r 330 NM; ® heye = 330 nm; © Not detected due to the weakness of the
signal. 4From Ref.28

1/a.u.

300 350 400 300 350 400
Al nm
Figure 8. Excitation spectra (Aem = Amax) in the solid state as powder at 298 K. Left

window: 1a (black), 1b (red) and 1c (green). Right window: 2a (black), 2b (red) and 2¢
(green).

The emission spectra, reported in Figure 9, are centred in the
410 - 480 nm window (blue region). The gold(l) complexes
show a discrete quantum efficiency (up to ~6% for 2b, Table 2)
while the corresponding silver(l) compounds are weak
emitters (PLQY < 1%). Both the shape profiles and the relative
lifetime decays indicate the presence of two emitting states.
For instance, the complexes 1c and 2c show broader and red-
shifted profiles compared to those involving ligands a and b.
Moreover, their lifetimes follow a biexponential decay and are
much longer (up to two order of magnitude) than 2a-b
(unfortunately, the lifetimes of 1a and 1b could not be
measured because of the weakness of the signals). These
optical features suggest a Metal Centered (MC) emission for 1-
2c and a predominant LC character for 1-2a and 1-2b. 190

In order to rationalize the dependence of the PL performances
on the geometrical factors, the aurophilic interaction model*
can be taken into account since it states the central role of the
metal-metal distance to this regard. Unfortunately, in the
present case the samples have different emitting states (MC
and LC) and a proper correlation cannot be made for the
whole series. For example complexes 2a and 2b (M-M distance
of 3.66 and 7.14 A, respectively), having both LC emissive
nature, show different quantum efficiencies (1.0 and 5.7%,
respectively) suggesting that additional factors, rather than the
distance between metals, such as sample geometry and m---1t
crystal stacking, influence the optical properties of the
dinuclear gold(l) complexes.

This journal is © The Royal Society of Chemistry 20xx

1/a.u.

/TN

400 500 600 400 500 600 700
Al nm

Figure 9. Emission spectra (hexc = 300 or 330 nm) in the solid state as powder at 298 K.
Left window: 1a (black), 1b (red) and 1c (green). Right window: 2a (black), 2b (red) and
2c (green). For each window, the profile intensities have been normalized according to
the corresponding quantum efficiencies.
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Complex 2b was found to be non-emissive in acetonitrile
solution both at room temperature and in frozen solution at
77 K. Nonetheless, considering the interesting emitting
properties of complex 2b in the solid state, we decided to
further explore the nature of the observed Uv-vis transitions
for this complex by performing TDDFT calculations.
The geometry of the cationic part of complex 2b was
optimised at the MO06-L/def2-SVP level of theory, and the
results were in good agreement with the available X-ray crystal
structure. In particular, the Au---Au distances is ca. 0.15 A
greater than that obtained from X-ray crystallography, and the
near-linear Cgarpene-AU-Cearpene geOMetry is predicted with an
average bond angle of 174.1° in agreement with 175.4° from
the available crystal structure.
Furthermore, natural bond orbital (NBO) calculations provide
for an analysis of the electronic structure and interaction
between Au atoms. The Wiberg bond index (WBI) for the
Au---Au interaction in the open form is 0.002-0.005, indicative
of insignificant aurophilic interactions.* The Au atoms are
calculated to be positively charged (NPA average of +0.26),
which results in a breaking of the formal 5d™ 6s° electronic
structure of Au(l): the electronic configuration is 5d°% 650
6p°'12 from NBO calculations, and the small amount of
hybridization is a further confirmation of very weak (or non-
existent) aurophilic interaction in this system. The simple van
der Waals interaction between two M® centres may be
calculated using the London formula as

_3[M+a§4+
4[r(M, - M)’
where I, is the ionization potential (20.5 eV for Au®), ay. is
the polarizability (1.72 A%, and r(M;-M,) is the metal-metal
distance. For complex 2b, E;,; is 0.04 kJ/mol at the optimized
bond distance, again reflecting the small Au---Au interaction in
the complex.*®
Molecular orbital contour plots for the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of complex 2b were calculated at the
CAM-B3LYP/def2-SVP level of theory and are shown in Figure
10. These contour plots show that the LUMO is primarily
associated with a ©* antibonding orbital located on the aryl-
linker with a smaller component lying on the NHC units. The
HOMO is primarily ligand centred (69%), with a smaller
contribution (31%) from the Au(l) 5d orbitals. TD-DFT has been
employed to calculate the nature of the transitions involved in
the electronic absorption spectra (Table 2), which are, as
expected, best described as a combination of LC and ML-LCT

int ~

P
e e

Lumo 77N = HOMO
Figure 10. CAM-B3LYP/def2-SVP molecular orbitals of the cationic part of complex 2b.
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Table 2. CAM-B3LYP/def2-SVP calculated absorbance transitions with\agetanitriteonline

solvent for complex 2b. DOI: 10.1039/C6DT01129B

A (nm) f Assignment
237 0.27 H - L+2 ML-LCT
235 0.13 H-1->L ML-LCT
218 0.94 H->L+4 LC
217 0.95 H-1-> L+1 LC
205 0.27 H-3->1L LC
202 1.32 H-> L+3 ML-LCT
188 0.29 H-> L+6 LC, LMCT
126
1.004
0.75
2 0.50 4
0254
0.00-
2_%0 360 SF;U

wavelength / nm

Figure 11. UV-visible absorbance spectra from acetonitrile solution for complex 2b (3.0
x10° M).

Synthesis of Ir(111) and Ru(ll) diNHC complexes

The transmetalation synthetic procedure was then used with
partial success for the synthesis of dicarbene ruthenium(ll) and
iridium(Ill) complexes. The reaction of the silver(l) complex 1a
with [IrCl,Cp*], or [RuCl,(p-cymene)], at room temperature in
acetonitrile, using a Ag:M ratio 1:1 (M = Ir) or 1:2 (M = Ru),
affords complexes 4a and 5a respectively (Scheme 5).

In both cases monocationic complexes are obtained, in which
one di(N-heterocyclic carbene) ligand is chelating the metal
center. The coordination sphere is completed by one chloride
ligand and by an aromatic ring (Cp* for the iridium(lll) and p-
cymene for the ruthenium(ll) complex). The ESI-MS spectra
support indeed this formulation and show the fragments
corresponding to [IrCICp*L]" or to [RuClL(p-cymene)]”
respectively. The coordination of the carbene ligand to the
metal center is further supported by the chemical shift of the
carbene carbon in the *C-NMR spectra, 157.0 for C2-Ir and
179.5 for C2-Ru, in the typical range of carbene carbons
coordinated respectively to an iridium(lll) or ruthenium(ll)
center.”’

This journal is © The Royal Society of Chemistry 20xx
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Scheme 5. Synthesis of the iridium(lll) and ruthenium(ll) di(N-heterocyclic
carbene) complexes.

The iridium(lIl) complex tends to slowly (in ca. 10 days) react in
solution and, in the NMR spectra, appears a second set of
signal, related to the new species 4a’, formed by replacement
of the chloride ligand with a deuterated acetonitrile solvent
molecule. The formation of the complex
[IGC*L(CD3CN)]2+ (4a’) has been supported by a qualitative
test, that is by addition of AgPF; to a freshly prepared solution
of complex 4a: a new set of NMR signal emerges and coincides

dicationic

with that observed on 4a standing. The changes observed in
the 'H and *C-NMR spectra further point to the formation of a
dicationic complex: in particular, the signals of the dicarbene
ligand move downfiled, as a consequence of the increased
positive charge on the complex, with the exception of the
carbene carbon, which instead moves upfield (150.3 for 4a’
and 157.0 for 4a). This is a consequence of the higher Lewis
acidity of the metal center and a similar behavior has been
already reported for other iridium(lll) or palladium(ll)
complexes.*’*®

The crystal structure of complex 5a has been fully elucidated
by X-ray diffraction analysis and in the crystals of 5a, cationic
moieties, PFs anions and acetonitrile solvent molecules are
present. The ORTEP view of the cationic complex in 5a is
reported in Figure 12 together with the atomic labelling
scheme; a list of the most important bond distances and
angles is collected in the caption.

Figure 12. ORTEP view of the cationic complex in 5a. Ellipsoids are drawn at their
30% probability. Hydrogen atoms, PFs anions and acetonitrile molecules have
been omitted for clarity. Selected bond distances (A) and angles (deg): C1-Rul

This journal is © The Royal Society of Chemistry 20xx
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2.051(5), C1-N2 1.353(7), C5-N2 1.428(7), C5-C10 1.396(7), C10-N3 1.424(7), C14»
N3 1.381(7), C14-Rul 2.035(5), Cl-Rul 2.4182(13), Rul-CT 1.Z3&(5)tCl=Runl;

Rt 80.402), CLRULEIBS AL2). Cr e the cortrond o @@é‘;ﬁé‘yﬁ%(§§é‘ﬁ@ﬂ‘?%
The ruthenium center shows a distorted tetrahedral
coordination environment considering the two carbene carbon
atoms of the chelating ligand, the chlorine atom and the
centroid of the p-cymene molecule. The chelating ligand forms
a 7-member coordination ring with a boat conformation. The
Ccarbene-RU-Cearbene DONd angle is 88.4(2)°, and the C.yrpene-RU-Cl
bond angles are 84.4(2) and 85.4(2)° while the bond angles at
the ruthenium atom involving the centroid of the p-cymene
ligand are wider spanning from 126.7(2) to 128.9(2)° as usually
observed in other ruthenium (arene) NHC complexes in the
literature.”® The Cearbene-RU, Ru-Cl and Ru-C bond distances for
the p-cymene ligand lie in the usual range.

Unfortunately, reaction of the silver complexes 1b,c with
[RuCly(p-cymene)], or [IrCl,Cp*], in acetonitrile in different
reaction conditions (molar ratios of the reagents, temperature,
reaction time) does not allow the isolation of a pure product.
For example the "H-NMR spectra of the ruthenium(ll) reaction
mixtures show the signals of free p-cymene, probably due to
decomposition processes, whose presence is also apparent
from the dark-green color of the reaction mixture. In the
literature?®*** the coordination of meta-phenylene based
dicarbene is often accompanied also by the metalation of the
C2 carbon atom of the aromatic bridge; however, it is
important to underline that generally the adopted synthetic
procedure is different from the one used in this work and
involves the deprotonation of the carbene proligand with a
strong base in the presence of the proper metal precursor.

Conclusions

In this work, we have synthesized three different dinuclear
silver(l) complexes of general formula [Ag,(diNHC),](PFs),
bearing bridging di(N-heterocyclic carbene) ligands with
phenylene linkers between the carbene moieties. The
transmetalation of the diNHC ligand from silver(l) complexes
to gold(l) and copper(l) was successful, and the copper(l) and
gold(l) complexes displayed the same coordination geometries
as the precursor Ag(l) complexes. The same transmetallation
procedure furnished chelating complexes of ruthenium(ll) and
iridium(I11) with the ortho-phenylene bridged dicarbene ligand.
We are currently exploring possible catalytic applications of
the resulting complexes, for example in transfer
hydrogenation.

Experimental

All manipulations of air and moisture sensitive compounds
were carried out using standard Schlenk techniques under an
atmosphere of argon or nitrogen or using a dry-box. The
reagents were commercially available and generally used as
received. All solvents were purified and dried by standard
methods. The 1,1'-(phenylene)bis(imidazole) precursors were
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prepared according to literature procedures.35 Generally NMR
spectra were recorded either on a Bruker Avance 300 (300.1
MHz for *H, 75.5 MHz for 3C and 121.5 MHz for >'P) or on a
Bruker Avance 400 (400 MHz for 'H and 100 MHz for 13C) at
298 K unless otherwise stated; chemical shifts (6) are reported
in units of ppm relative to the residual solvent signals (for 'H
and 2C) or to 85% H;PO, (for >'P). ESI-MS analyses were
performed using a LCQ-Duo (Thermo-Finnigan) operating in
positive ion mode. Instrumental parameters: capillary voltage
10 V, spray voltage 4.5 kV, capillary temperature 200 °C, mass
scan range from 150 to 2000 amu, N, was used as sheath gas,
and the He pressure inside the trap was kept constant. The
pressure directly read by an ion gauge (in the absence of the
N, stream) was 1.33 x 10> Torr. Sample solutions were
prepared by dissolving the compounds in acetonitrile and were
directly infused into the ESI source by a syringe pump at
8uL/min flow rate. Elemental analysis were carried out by the
microanalytical laboratory of Chemical Sciences Department
(University of Padova) with a Fisons EA 1108 CHNS-O
apparatus.

General procedure for the synthesis of the 1,1’-dimethyl-3,3’-
(phenylene)bis(imidazolium) diiodide salts [H,L]l,.

CHsl (120 pL, 1.9 mmol) was added to a solution of the
appropriate 1,1’-(phenylene)bis(imidazole) (0.55 g, 0.74 mmol)
in DMSO (1 mL). The reaction mixture was stirred for 24 hours
at room temperature and an orange solution was obtained.
Addition of CH,Cl, (35 mL) affords the product as an off-white
solid, which was filtered and dried under vacuum. The NMR
spectra of the diimidazolium salts compare well with those
reported in the literature. 32?33

[Hy(L)]1,. White solid, yield 94%. *H NMR (dg-DMSO, 300
MHz): 6 3.92 (s, 6H, CH3), 7.74 (s, 2H, CH), 7.85 (s, 2H, CH), 7.93
(s, 4H, CH Ar), 9.45 (s, 2H, NCHN).

[H,(L™™)]1,. White solid, yield 95%. *H NMR (ds-DMSO, 300
MHz): & 3.99 (s, 6H, CHs), 7.99 (s, 3H, CH Ar), 8.02 (s, 2H, CH),
8.29 (s, 1H, CH Ar), 8.36 (s, 2H, CH), 9.86 (s, 2H, NCHN).
[H,(L”)]1,. White solid, yield 91%. 'H NMR (dg-DMSO, 300
MHz): 6 3.97 (s, 6H, CH3), 8.00 (s, 2H, CH), 8.09 (s, 4H, CH Ar)
8.38 (s, 2H, CH), 9.87 (s, 2H, NCHN).

General procedure for the synthesis of the 1,1’dimethyl-3,3’-
(phenylene)bis(imidazolium) bis(hexafluorophosphate) salts
[H,L](PFe),.

A solution of NH4PFg (0.28 g, 1.7 mmol) in MeOH (1 mL) was
added to a solution of 1,1’-dimethyl-3,3’-
(phenylene)bisimidazolium diiodide (0.30 g, 0.61 mmol) in
MeOH (4 mL). The mixture was stirred for two hours at room
temperature, giving a white solid that was filtered and dried
under vacuum.

[H,(L”™)](PFe),. White solid, yield 76%. "H NMR (CDsCN, 300
MHz): & 3.90 (s, 6H, CHs), 7.35 (d, *Jus = 1.8 Hz, 2H, CH), 7.46
(d, *Juy = 1.8 Hz, 2H, CH), 7.73 - 7.76 (m, 2H, CH Ar), 7.88 - 7.91
(m, 2H, CH Ar), 8.66 (s, 2H, NCHN). **P{*H} NMR (CDsCN, 121
MHz): 6 -144.6 (heptet, PFg).

[H(L™")](PFg),. White solid, yield 76%. ‘H NMR (CD5CN, 300
MHz): & 3.98 (s, 6H, CH3), 7.60 (s, 2H, CH), 7.81 - 7.88 (m, 3H,
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CH Ar), 7.91 (s, 2H, CH), 8.02 - 8.04 (m, 1H, CH Ar),.9.25.(so2H,
NCHN). **P{*H} NMR (CD3CN, 121 MHz): 8224406 (h¥pest] HELPB
[H,(L"™)](PF),. White solid, yield 80%. "H NMR (CDsCN, 300
MHz): & 3.96 (s, 6H, CH3), 7.58 (s, 2H, CH), 7.82 (s, 2H, CH), 7.85
(s, 4H, CH Ar), 8.96 (s, 2H, NCHN). **P{*H} NMR (CDsCN, 121
MHz): & -144.6 (heptet, PFg).

General procedure for the syntheses of the silver(l)
complexes [Ag,L,](PFg),, 1a-1c.

[H,L](PFg), (0.10 g, 0.19 mmol) and Ag,0 (0.12 g, 0.52 mmol)
were placed in a two neck round bottom flask. Subsequently,
CH3CN (10 mL) was added and the reaction mixture was stirred
for 24 hours at 65 °C. Afterwards, it was filtered through Celite
and the filtrate was concentrated at low pressure. Addition of
diethyl ether (10 mL) afforded the product as a white solid,
that was filtered and dried under vacuum.

1a. Grey solid, yield 40%. 'H NMR (CDsCN, 300 MHz): 6 3.81 (s,
6H, CHs), 7.04 (s, 2H, CH), 7.20 (s, 2H, CH), 7.37 (m, 2H, CH Ar),
7.47 (m, 2H, CH Ar). ®c{*H} NMR (CDsCN, 75 MHz): 6 39.1
(CHs), 123.6 (CH), 124.2 (CH), 128.7 (CH Ar), 131.3 (CH Ar),
135.8 (C Ar), 186.7 (CAg). ESI-MS' (CHsCN): m/z 836.88
[Ag,L,PFes]’, 690.97 [Ag,L,]", 346.09 [Ag,L,)**. Crystals of
complex 1a were obtained by slow diffusion of diethyl ether
into a solution of the complex.

1b. Grey solid, yield 32%. 'H NMR (CDsCN, 300 MHz): 6 3.97 (s,
6H, CHs), 7.31 (m, 1H, CH Ar), 7.38 (d, *Jus = 1.8 Hz, 2H, CH),
7.48 (d, *Juy = 1.8 Hz, 2H, CH), 7.56 (m, 3H, CH Ar). *c{*H} NMR
(CDsCN, 75 MHz): & 39.2 (CHs), 120.5 (CH Ar), 122.7 (CH), 124.5
(CH), 124.9 (CH Ar), 131.0 (CH Ar), 141.5 (C Ar), 181.7 (CAg).
ESI-MS™ (CH3CN): m/z 836.88 [Ag,L,PF¢]’, 691.04 [Ag,L,]",
346.19 [Ag2L2]2+. Crystals of complex 1b were obtained by
diffusion of vapours between diethyl ether and an acetonitrile
solution of the complex.

1c. Grey solid, yield 20%. 4 NMR (CDsCN, 300 MHz): 6 3.98 (s,
6H, CHs), 7.39 (s, 2H, CH), 7.54 (s, 2H, CH), 7.65 (s, 4H, CH Ar).
Bc{*H} NMR (CDsCN, 75 MHz): § 39.7 (CHs), 122.3 (CH), 124.4
(CH), 125.4 (CH Ar), 141.0 (C Ar), 180.0 (CAg). ESI-MS" (CH5CN):
m/z 836.89 [Ag,L,PF¢]", 691.04 [Ag,L,]", 346.22 [Ag,L,]*".
General procedure for the syntheses of gold(l) complexes
[Au,L,](PFg¢), 2a-2c.

A solution of AuCIl(SMe,) (0.031 g, 0.105 mmol) in acetonitrile
(5 mL) was added to a solution of [Ag,L,](PFg), (0.051 g, 0.052
mmol) in the same solvent (5 mL). The reaction mixture was
stirred for 2 hours at room temperature. Afterwards, it was
filtered on Celite and the filtrate was concentrated at low
pressure. Addition of diethyl ether (15 mlL) afforded the
product as a white solid, which was filtered and dried under
vacuum.

2a. White solid, yield 30%. Anal. Calcd for C,gH,5NgAu,F,P,: C,
28.98; H, 2.43; N, 9.66%. Found: C, 29.09; H, 2.40; N, 9.36%. "H
NMR (CDsCN, 300 MHz): & 3.82 (s, 6H, CH5), 7.03 (d, *Jyy = 1.5
Hz, 2H, CH), 7.21 (d, *J4u = 1.5 Hz, 2H, CH), 7.42 (m, 2H, CH Ar),
7.51 (m, 2H, CH Ar). ®c{*H} NMR (CDsCN, 75 MHz): & 38.0
(CHs), 123.9 (CH), 124.5 (CH), 129.1 (CH Ar), 131.9 (CH Ar),
135.5 (C Ar), 185.3 (CAu). ESI-MS* (CHsCN): m/z 1015.08
[Au,L,PFel", 435.42 [Au,L,)*". Crystals of complex 2a were

This journal is © The Royal Society of Chemistry 20xx
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obtained by diffusion of vapours between diethyl ether and an
acetonitrile solution of the complex.

2b. White solid, yield 38%. Anal. Calcd for C,gH,5sNgAu,F,P,: C,
28.98; H, 2.43; N, 9.66%. Found: C, 28.75; H, 2.49; N, 10.06%.
'H NMR (CD3CN, 300 MHz): & 3.98 (s, 6H, CH3), 7.36 - 7.44 (m,
6H, CH + CH Ar), 7.64 (m, 2H, CH Ar). **c{"H} NMR (CD;CN, 75
MHz): & 38.5 (CHs), 122.4 (CH Ar), 123.3 (CH), 124.5 (CH), 126.6
(CH Ar), 131.2 (CH Ar), 140.3 (C Ar), 183.2 (CAu). ESI-MS"
(CHsCN): m/z 1015.09 [Au,L,PFe]*, 435.40 [Au,L,]**. Crystals of
complex 2b were obtained by diffusion of vapours between
diethyl ether and an acetonitrile solution of the complex.

2c. White solid, yield 46%. Anal. Calcd for CsoH3,Au,F1,NgP,
(2c:CH3CN) C, 29.99; H, 2.60; N, 10.49%. Found: C, 30.97; H,
2.65; N, 10.19%. ‘H NMR (CDsCN, 300 MHz): & 4.00 (s, 6H,
CHs), 7.40 (s, 2H, CH), 7.52 (s, 2H, CH), 7.74 (s, 4H, CH Ar).
B3Cc{"H} NMR (CD;CN, 75 MHz): & 39.2 (CHs), 122.5 (CH), 124.6
(CH), 126.1 (CH Ar), 139.8 (C Ar), 183.8 (CAu). ESI-MS" (CH5CN):
m/z 1015.07 [Au,L,PFe]*, 435.33 [Au,L,]*".

Direct synthesis of gold(l) complex 2b.

To a stirred slurry of (THT)AuCl (0.09 g, 0.28 mmol) and the
diimidazolium diiodide salt (0.15 g, 0.28 mmol) in DMF (10 mL)
at 110 °C was added sodium acetate (0.09 g, 1.21 mmol). The
reaction mixture was stirred at this temperature for 2 h and
filtered while hot. The filtrate was cooled to room
temperature and diethyl ether (50 mL) was added to
precipitate the complex as a white powder. The crude product
was dissolved in water, filtered and a saturated solution of
KPF¢ in water (2 mL) was added. The resultant precipitate was
recrystallized from a mixture of acetonitrile and diethyl ether.
Yield: 0.06 g, 37%. *H NMR (dg-DMSO, 400 MHz): & 4.01 (s,
12H, CHs), 7.45 (t, *Juy = 8.0 Hz, 2H, CH Ar), 7.63 (t, Juy = 2.0 Hz,
2H, CH Ar), 7.70 (dd, *Juu = 8.0 Hz, “Juy = 2.0 Hz, 4H, CH Ar),
7.75 (d, *Juy = 1.7 Hz, 4H, CH), 7.81 (d, *Juy = 1.7 Hz, 4H, CH).
13C NMR (ds-DMSO, 100 MHz): & 37.9 (NCHs), 121.3 (CH Ar),
123.0 (CH), 124.2 (CH), 125.5 (CH Ar), 130.3 (CH Ar), 139.0 (CH
Ar), 181.8 (CAu). ESI-MS' (CHsOH): m/z 1015.2
[CogH2sNgAU,]PFs", calcd 1015.14. m/z 435.3 [CygHosNgAu,l™,
calcd 435.26.

General procedure for the syntheses of the copper(l)
complexes [Cu,L,](PFg),, 3b and 3c.

Cul (0.032 g, 0.017 mmol) was added to a solution of the
appropriate complex [Ag,L,](PFg), (0.041 g, 0.042 mmol) in
acetonitrile (5 mL). The reaction mixture was stirred for one
hour. Afterwards, it was filtered through Celite and the filtrate
was concentrated at low pressure. Addition of diethyl ether
(10 mL) affords the product as a white/grey solid, which was
filtered and dried under vacuum. Unfortunately, the instability
of the products does not allow to obtain good elemental
analyses. For this reason, the products were characterised only
by means of spectroscopic techniques.

3b. Off-white solid, yield 29%. *H NMR (CDsCN, 300 MHz): 6 =
4.00 (s, 6H, CHs), 7.09 (m, 1H, CH Ar), 7.35 (d, *Jyu = 1.8 Hz, 2H,
CH), 7.49, (s, 1H, CH Ar), 7.52 (d, ®Juy = 1.8 Hz, 2H, CH), 7.58 (m,
2H, CH Ar). *C{*H} NMR (CDsCN, 75 MHz): & 39.2 (CH), 122.2
(CH Ar), 124.1 (CH Ar), 124.7 (CH), 130.5 (CH Ar), 177.7 (CCu),

This journal is © The Royal Society of Chemistry 20xx
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CAr not detected. ESI-MS™ (CH3CN): m/z 746.95,/CusLaPFel’,
601.25 [CU2L2]+r 301.33 [Cu2L2]2+. DOI: 10.1039/C6DT01129B
3c. Off-white solid, yield 30%. ‘H NMR (CDs;CN, 300 MHz): &
3.99 (s, 6H, CHs), 7.34 (d, *Juy = 1.8 Hz, 2H, CH), 7.47 (d, *Jyy =
1.8 Hz, 2H, CH) 7.61 (s, 4H, CH Ar). *c{*H} NMR (CDsCN, 75
MHz): 6 39.1 (CH3), 122.2 (CH), 124.7 (CH), 125.9 (CH Ar), 137.2
(C Ar), 177.2 (CCu). ESI-MS" (CH3CN): m/z 747.05 [Cu,L,PF]",
601.13 [Cu,L,]*, 301.22 [Cu,L,]*".

In situ synthesis of the copper complex 3a.

This compound was prepared in situ using the same procedure
described in the previous section, however the reaction was
carried out in a dry box in deuterated acetonitrile and the
colorless solution was analyzed. 'H NMR (CD5CN, 300 MHz): &6
3.75 (s, 6H, CHs), 7.01 (d, 4y = 1.8 Hz, 2H, CH), 7.05 (d, ) =
1.8 Hz, 2H, CH), 7.56 (m, 2H, CH Ar), 7.64 (m, 2H, CH Ar).
Bc{*H} NMR (CDsCN, 75 MHz): &6 = 38.8 (CHs), 123.2 (CH),
123.3 (CH), 129.3 (CH Ar), 131.0 (CH Ar), 137.4 (C Ar), 180.1
(CCu). Upon standing 12 hours in air, the color of the solution
turned yellow and a new spectrum was recorded. The main
signals are assigned to species 3a*. 'H NMR (CDsCN, 300 MHz):
5 4.51 (s, 6H, CHs), 8.08 (m, 2H, CH Ar), 8.19 (d, *Juy = 2.1 Hz,
2H, CH), 8.49 (m, 2H, CH Ar), 8.65 (d, *Juy = 2.1 Hz, 2H, CH).
Bc{*H} NMR (CDsCN, 75 MHz): 6 = 42.6 (CHs), 119.3 (CH),
119.5 (CH Ar), 123.7 (C Ar), 127.4 (NCN), 131.7 (CH), 132.7 (C
Ar). "H NMR (dg-DMSO, 400 MHz): 6 4.60 (s, 6H, CHs), 8.12 (m,
2H, CH Ar), 8.67 (bs, 2H, CH), 8.80 (m, 2H, CH Ar), 9.50 (bs, 2H,
CH). C{*H} NMR (d¢-DMSO, 100 MHz): & 41.7 (CHs), 118.3
(CH), 118.9 (CH Ar), 123.2 (C Ar), 127.4 (NCN), 130.8 (CH),
131.7 (C Ar).

Synthesis of the iridium(Ill) complex [IrCICp*(L°"°)](PF¢), 4a.

A solution of [IrCl,Cp*], (0.026 g, 0.033 mmol) in CH3CN (7 mL)
was added to a solution of the silver complex 1a (0.031 g,
0.031 mmol) in the same solvent (7 mL). The reaction mixture
was stirred for 5 hours at room temperature. Afterwards, it
was filtered through Celite and the filtrate was concentrated at
low pressure. Addition of diethyl ether (15 mL) afforded the
product as a yellow solid, which was filtered and dried under
vacuum. Yield 20%. Anal. Calcd for C,4H,9N4CIFgIrP: C, 38.63; H,
3.92; N, 7.51%. Found: C, 36.34; H, 3.71; N, 6.61%. The
elemental analysis confirm the expected C/H/N ratio, however
the values are lower than the estimated ones probably
because of a small amount of silver salt. *H NMR (CDsCN, 300
MHz): & 1.42 (s, 15H, CHs), 3.92 (s, 6H, CHs), 7.38 (d, 4y = 2.1
Hz, 2H, CH), 7.49 (d, *Juu = 2.1 Hz, 2H, CH), 7.52 (m, 2H, CH Ar),
7.62 (m, 2H, CH Ar). **c{*H} NMR (CDsCN, 75 MHz): § 9.1 (CHs),
40.1 (NCH3), 94.0 (CCp*), 124.7 (CH), 127.3 (CH), 129.6 (CH Ar),
130.7 (CH Ar), 134.2 (C Ar), 157.0 (CIr). ESI-MS" (CHsCN): m/z
601.26 [IrCICp*L]*, 363.19 [IrCICp*]*. The NMR solution of
complex 4a slowly evolves and in ca. 10 days a second similar
set of signals emerges. The new signals can be attributed to
the dicationic species [IrCp*L(CD3CN)](PFg), (4a’), in which the
chloride ligand has been substituted by an deuterated
acetonitrile solvent molecule. To confirm this, [IrCICp*L](PF)
4a (5.5 mg, 0.0074 mmol) and AgPF¢ (7.5 mg, 0.0134 mmol, 3.5
eqg.) were placed in a vial. Afterwards CD3CN (1.0 ml) was
added and the solution was heated at 50 °C for two hours,
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giving complete conversion of complex 4a in 4a’. 'H NMR
(CD5CN, 300 MHz): & 1.50 (s, 15H, CH3), 3.77 (s, 6H, CHs), 7.50
(d, ¥ = 2.1 Hz, 2H, CH), 7.58 (m, 4H, CH + CH Ar), 7.68 (m, 2H,
CH Ar). *c{*H} NMR (CDsCN, 75 MHz): § 9.3 (CH5), 39.8 (NCHs),
96.4 (CCp*), 125.8 (CH), 127.3 (CH), 129.8 (CH Ar), 131.3 (CH
Ar), 133.2 (C Ar), 150.3 (CIr). ESI-MS™ (CH;CN): m/z 585.17
[IrCp*L(HDO)]*, 565.34 [IrCp*L]*, 303.38 [IrCp*L(CHsCN)]*",
283.32 [IrCp*L]™".

Synthesis of the ruthenium(ll) complex [RuCI(L
cymene)](PFg), 5a.

ortho) ( p-

Complex 1a (0.042 g, 0.043 mmol) and [RuCl,(p-cymene)l,
(0.053 g, 0.086 mmol) were placed in a two neck round
bottom flask. Subsequently, CH;CN (5 mL) was added and the
reaction mixture was stirred for one hour at room
temperature. Afterwards, it was filtered through Celite and the
filtrate was concentrated at low pressure. Addition of diethyl
ether (10 mL) afforded the product as an orange solid, which
was filtered and dried under vacuum. Yield 23%. Anal. Calcd
for Cy4H,gN,CIFsPRU-CH5CN: C, 44.93; H, 4.50; N, 10.08. Found:
C,44.98; H, 4.25; N, 10.30%. 'H NMR (CDsCN, 300 MHz): 6 0.85
(d, ®Jun = 6.9 Hz, 6H, CH(CHs),), 1.65 (hept, 1H, CH(CHs),), 1.94
(s superimposed to the deuterated solvent signal, 3H, CHs),
4.04 (s, 6H, NCH3), 5.20 (d, 3JHH = 6.3 Hz, 2H, CH Ar p-cymene),
5.32 (d, 3JHH = 6.3 Hz, 2H, CH Ar p-cymene), 7.39 (s, 2H, CH),
7.48 (m, 4H, CH Ar + CH), 7.62 (m, 2H, CH Ar). *c{*H} NMR
(CD5CN, 75 MHz): & 18.7 (CH; p-cymene), 22.7 (CH(CHs),), 31.8
(CH(CHs;),), 40.8 (NCH5), 86.1 (CH Ar p-cymene), 91.6 (CH Ar p-
cymene), 124.5 (CH), 127.2 (CH), 128.9 (CH Ar), 130.2 (CH Ar),
134.4 (C Ar), 179.5 (CRu). ESI-MS* (CHsCN): m/z 509.05
[RuCIL(p-cymene)]”, 415.82 [RuCl(p-cymene)PF¢]", 375.01
[RuCIL], 311.86 [RuCl(CHs;CN)(p-cymene)]”. Crystals of
complex 5a were obtained by diffusion of vapours between
diethyl ether and an acetonitrile solution of the complex.

X-ray crystal structure determination of compounds 1a, 1a¥,
1b, 2a, 2b and 5a.

The crystallographic data for all complexes were collected on a
Bruker Smart Apex Il single-crystal diffractometer working with
monochromatic Mo-Ka radiation and equipped with an area
detector.”® The structures were solved by direct methods and
refined against F? with SHELXL-2014/7°" with anisotropic
thermal parameters for all non-hydrogen atoms. Idealized
geometries were assigned to the hydrogen atoms. Details for
the X-ray data collection are reported in the supporting
information. Crystallographic data have been deposited with
the Cambridge Crystallographic Data Centre as supplementary
publication. Copies of the data can be obtained free of charge
on application to the CCDC, 12 Union Road, Cambridge CB2
1EZ, U.K. (fax, (+44) 1223 336033; e-mail,
deposit@ccdc.cam.ac.uk).

Photophysical measurements

Uncorrected emission spectra were obtained with an
Edinburgh FLS980 spectrometer equipped with a peltier-
cooled Hamamatsu R928 photomultiplier tube (185-850 nm).
An Edinburgh Xe900 450 W Xenon arc lamp was used as
exciting light source. Corrected spectra were obtained via a
calibration curve supplied with the instrument. Emission

10 | J. Name., 2012, 00, 1-3

lifetimes in the ns-us range were determined with,the single
photon counting technique by means ofthe Gara% Edinburgh
FLS980 spectrometer using pulsed NanoLED excitation sources
at 330 nm, (pulse width < 0.3 ns, after deconvolution). Solid
samples, @, have been calculated by corrected emission
spectra obtained from an apparatus consisting of a barium
sulphate coated integrating sphere (4 or 6 inches), a 450W Xe
lamp and a R928 photomultiplier tube signal detectors,
following the procedure described by De Mello et al.”?
Experimental uncertainties are estimated to be + 8% for
lifetime determinations, £ 20% for emission quantum yields.
Theoretical Methods

Density functional theory (DFT) calculations were carried out
within the Gaussian 09 suite of programs.53 Ground state
geometries were optimised in the absence of solvent with the
MO6-L functional® in conjunction with the def2-SVP basis set
and associated core potential.55 Single-point  energy
calculations were carried out with the def2-TZVP basis set and
core potential. The polarisable continuum model (PCM)56 self-
consistent reaction field (SCRF) was used to model solvent
effects at the gas-phase optimised geometries with a solvent
of acetonitrile, consistent with the experimental system.
Frontier MO energies were calculated using DFT MOs
(including solvent effects) with M06-L and CAM-B3LYP*" An
SCF convergence criteria
throughout.

of 10% awu. was employed
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