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Abstract 

The chemistry and photophysics of mono- and dinuclear platinum (II) complexes with 

cyclometalated N-Heterocyclic carbenes and pyrazoles/pyrazolates ligands have been 

investigated in this PhD thesis. New bis-pyrazolyl compounds [Pt(C^C*A)(RpzH)2]X, 

containing the NHC cyclometalated group C^C*A (CH^C*A = 1-(4-(ethoxycarbonyl)phenyl)-

3-methyl-1H-imidazol-2-ylidene) were prepared as chloride, perchlorate or 

hexafluorophosphate salts. The photophysical properties of these compounds were studied and 

the lowest energy absorption and the blue emission of these compounds were mainly assigned 

to intraligand charge-transfer transition (1,3ILCT) on the NHC. Quantum yield measurements 

in 5%wt PMMA films showed that these compounds are excellent blue emitters with values up 

to 100%.  

These mononuclear compounds were used as precursors to prepare dinuclear pyrazolate 

bridging complexes [{Pt(C^C*A)(μ-Rpz)}2] with a butterfly-like structure. Experimental and 

theoretical studies reveal the existence of two close-lying minima in both, the ground and the 

first excited triplet, states corresponding to the butterfly-wing-spread and the butterfly-wing-

folded conformers which are characterized by long and short Pt-Pt distances, respectively. The 

very low barriers between the two minima support a fast interconversion process, resembling a 

butterfly flapping motion, that influences not only the photo- and mechanoluminescence 

properties but also the reactivity of these species. 

The pyrazolate bridging complex [{Pt(C^C*A)(μ-pz)}2] reacts with haloforms CHX3 (X= Cl, 

Br, I) and haloalkanes RX (RX = MeI, BnBr, BnI) rendering dinuclear complexes with the same 

core [{Pt(C^C*)(μ-pz)}2] but different oxidation states Pt2(III,III), Pt2(III,III) ↔ Pt2(II,IV) and 

Pt2(IV,IV). Metal-metal cooperation seemed to be the key for the [2c, 2e] oxidation processes 

whose mechanisms were studied by DFT calculations. 
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Resumen 

Los compuestos mono- y dinucleares de Platino (II) con ligandos carbeno N-heterocíclicos 

ciclometalados y pirazoles o pirazolatos como grupos auxiliares han sido el objeto de estudio 

en esta Tesis Doctoral. Se prepararon nuevos bis-pirazol compuestos [Pt(C^C*A)(RpzH)2]X, 

con el grupo NHC ciclometalado C^C*A (CH^C*A = 1-(4-(etoxicarbonil)fenil)-3-metil-1H-

imidazol-2-ilideno) y diferentes contra-aniones (cloruro, perclorato o hexafluorofosfato). Se 

estudiaron las propiedades fotofísicas de estos complejos, en los que tanto la absorción de 

menor energía como la emisión se asignaron principalmente a transiciones intraligando 

(1,3ILCT) centradas en el grupo NHC. Las medidas de rendimientos cuánticos en film de 

PMMA al 5% en peso alcanzaron valores cercanos al 100%, demostrando que son excelentes 

emisores de luz azul. 

Utilizando estos compuestos mononucleares como precursores, se prepararon complejos 

dinucleares con puentes pirazolato [{Pt(C^C*A)(μ-Rpz)}2] que exhiben una estructura de tipo 

mariposa. Estudios experimentales y teóricos revelaron la coexistencia de dos mínimos 

energéticos tanto en el estado fundamental como en el primer estado excitado triplete, 

correspondientes a los confórmeros de tipo mariposa “alas-extendidas” o “alas-plegadas”, 

caracterizados por distancias Pt-Pt largas o cortas, respectivamente. Las pequeñas barreras 

energéticas permiten un rápido proceso de interconversión, similar al aleteo de una mariposa, 

y que influye en las propiedades foto y mecanoluminiscentes así como en la reactividad de estas 

especies. 

El compuesto [{Pt(C^C*A)(μ-pz)}2] reaccionó con haloformos CHX3 (X= Cl, Br, I) y 

haloalcanos RX (RX = MeI, BnBr, BnI) dando lugar a complejos dinucleares con el mismo 

esqueleto [{Pt(C^C*)(μ-pz)}2] pero diferentes estados de oxidación Pt2(III,III), Pt2(III,III) ↔ 

Pt2(II,IV) y Pt2(IV,IV). Los efectos de cooperación metal-metal fueron claves para los procesos 

de oxidación de [2c, 2e], cuyos mecanismos se estudiaron por cálculos DFT. 
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List of Abbreviatios  

 

Techniques and Experiments 

ATR Attenuated total reflectance 

COSY Correlated Spectroscopy 

CV Cyclic Voltammetry 

DCTB trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile 

(MALDI matrix) 

DRUV Diffuse Reflectance UV-vis 

HMQC Heteronuclear Multiple Quantum Coherence 

IR Infrared 

MALDI Matrix-Assisted Laser Desorption/Ionization 

NMR Nuclear Magnetic Resonance 

NOE Nuclear Overhauser Effect 

PLQY Photoluminescence Quantum Yield 

QY Quantum Yield 

UV Ultraviolet 

  

Ligands and Reagents 

3,5-dmpzH 3,5-dimethylpyrazole 

3,5-dppzH 3,5-diphenylpyrazole 

4-MepzH 4-methylpyrazole 

Bn Benzyl 

COD Cycloocta-1,5-diene 

Et Ethyl 

Gal· Galvinoxyl Free Radical 

Me Methyl 

NHC N-Heterociclyc Carbene 

nPr Linear Propyl 

Ph Phenyl 

PMMA Poly(methyl methacrylate) 

pzH Pyrazole 

tBu tert-butyl 
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Luminescence and Computational calculations 

BO Bond Order 

CIE coordinates Commission Internationale de L’Éclaire coordinates 

DFT / TD-DFT Density Functional Theory / Time-Dependent Density Functional Theory 

FO Frontier Orbital 

GS Ground State 

HOMO Highest Occupied Molecular Orbital 

IC Internal Conversion 

IL Intraligand 

ILCT Intraligand Charge Transfer 

ISC Intersystem Crossing 

LC Ligand Center 

LL'CT Ligand to Ligand Charge Transfer 

LUMO Lowest Unoccupied Molecular Orbital  

MC Metal Center 

MLCT Metal to Ligand Charge Transfer 

MMLCT Metal-Metal to Ligand Charge Transfer 

MO Molecular Orbital 

MUE Mean Unsigned Error 

NBO Natural Bond Orbital 

o.s. Oscillator Strength 

PCM Polarizable Continuum Model 

PES Potential Energy Surface 

PSC Photostructural Change 

SOC Spin-Orbit Coupling 

TS Transition State 

VR Vibrational Relaxation 

  

Others 

LEC Light Emitting Cell 

OA Oxidative Addition 

PhOLED Phosphorescent Organic Light Emitting Diodes 

r.t. Room Temperature 

SN2 Bi-Molecular Nucleophilic Substitution 

Tg Glass-Transition Temperature 
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Phosphorescent Pt(II) complexes are a kind of photofunctional materials. An extensive research 

on them has been carried out in the last two decades, driven by their many challenging 

applications such as light-emitting devices (phosphorescent organic light emitting diodes, 

PhOLEDs and light emitting cells, LECs),1-5 optical sensors,6 photodynamic therapy7-8 or 

biolabeling.9-10 The emission efficiency in the visible spectral range, upon excitation with UV-

light, is attributed to the strong spin−orbit coupling (SOC, ), induced by the heavy-metal atom 

(Pt, : 4481 cm-1)11 that facilitates both fast intersystem crossing (ISC) and formally spin-

forbidden triplet radiative decay, leading to conversion rates up to 100% (Figure 1). 

 

Figure 1. A simplified Jablonski diagram for conjugated organic molecules illustrating key 

processes: IC represents internal conversion; VR vibrational relaxation; ISC intersystem 

crossing  

 

In square-planar d8 complexes, like those of Pt(II), the simple ligand field splitting diagram for 

d orbitals has been represented in Figure 2.12 The energies of the orbitals depend on the nature 

of the ligand set, with the dx2-y2 being always the highest.  
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Figure 2. Simple ligand field splitting diagram for d orbitals in a square-planar Pt(II) complex. 

 

In platinum (II) complexes with weak field ligands, light absorption leads to the population of 

the antibonding dx2-y2 orbital (Figure 3a), which use to be accompanied by elongation of Pt-L 

bonds, and severe geometrical distortions in the metal center (MC) excited state. Consequently, 

it promotes non-radiative deactivation and degradation via bond-breaking processes.  

Keeping in mind the Photoluminescence quantum yield (PLQY, ϕPL) (ratio of the conversion 

of absorbed photons into emitted photons, expression in eq.1),13 to get highly efficient 

phosphorescent complexes requires to minimize the non-radiative processes (∑𝑘nr). 

ϕPL = 𝑘r
T {𝑘r

T + ∑𝑘nr
T }⁄  (eq.1) 

In the chemistry of platinum(II), a common approach for the design of efficient and stable 

phosphorescent systems is the incorporation of strong field ligands, with strong -donor/-

acceptor character, into the metal coordination sphere, such as C-deprotonated imines able to 

act as bidentate (C^N),14-15 tridentate14, 16 or tetradentate14, 17 ligands. This kind of ligands raises 

the energy of the dx2-y2 orbital, preventing from population upon light absorption (Figure 3b). 

Moreover, they provide the complexes with rigidity and lower energy excited states, in such a 

way that their emissions arise from triplet metal perturbed intra-ligand charge transfer (3ILCT, 

π → π*) and/or metal-to-ligand charge transfer (3MLCT).  
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Figure 3. Simple MO diagram in a square-planar Pt(II) complex with weak field ligands(a); 

and strong field ligands as C^N (b) or C^C* (c).  

 

In this context, cyclometalated N-heterocyclic carbenes (NHCs; C^C*) may surpass the high 

ligand-field splitting capacity of the C^N ligands because they form two σ M-C bonds (Figure 

3c). Another consequence of the presence of strong carbon−metal bonds is the robustness and/or 

stability of the carbene complexes, which may provide long-term functional materials.3, 18 

 

Prof. Thomas Strassner and co-

coworkers have extensively 

investigated in this field. They 

developed a one-pot strategy 

(Scheme 1) to get β-diketonate 

complexes, [Pt(R-C^C*)(O^O)].19-22 

  

Scheme 1. Synthetic one pot strategy developed 

by Prof. Thomas Strassner et al. 
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By changing the nature of the R-C^C*, they have been able to tune the emission of these 

materials from blue to green-yellow.  

 

Our group, with important contributions in the chemistry of Pt complexes with C,N-

cyclometalated groups,23-25 published its first paper in the field of cyclometalated NHCs 

“Pt(C^C*)” in 2015.26 It describes a stepwise procedure to get a chloride-bridged complex with 

a cyclometalated NHC, [{Pt(Naph^C*)(µ-Cl)}2] (HNaph^C*-kC*=3-methyl-1-(naphthalen-2-

yl)-1H-imidazol-2-ylidene), which is represented in Scheme 2.  

 

Scheme 2. Stepwise procedure for the synthesis of generic complexes [{Pt(C^C*)(µ-Cl)}2]. 

 

This strategy was extended to get other similar complexes with different C^C* groups. Since 

the elimination of the chloride groups creates two available coordination positions, complexes 

[{Pt(C^C*)(µ-Cl)}2] probed to be excellent precursors to get complexes with different kinds of 

ligands, [Pt(C^C*)LL’]0,+/- (L, L’ = Cyanide, isocyanide, phosphines, diphosphines, acac, 

dithiocarbamates). Therefore, the photoluminescence of these complexes can be now 

successfully tuned by varying either the cyclometalated groups or the ancillary ligands.  
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In the course of the research on Pt(II) complexes with cyclometalated NHCs “Pt(C^C*)”, it was 

observed that the trans influence of the carbene (C*) and that of the metalated carbon atom 

(CAr) are very high, and not much different from one to another. That is why the synthesis of 

heteroleptic complexes, [Pt(C^C*)LL’], lead to mixtures of isomers, except  when L= PPh3, 

[Pt(C^C*)(PPh3)L’] (L’ = py, CN-Xyl, MMI (2-mercapto-1-methylimidazole)). In these 

cases, the greatest T[CAr/PPh3)] (T= transphobia) accounts for the stereoselective formation of 

a unique isomer, the trans-(C*,PPh3) one.27 To avoid this problem, most of the prepared 

complexes in our group have either, two equal monodentate ancillary ligands or symmetrical 

bidentate ones. When the appended Z (Z-C^C*) is H or an electron-acceptor group (Z= CN, 

CO2Et), it was possible to reach blue-emitters with high PLQYs in doped PMMA films: up to 

70% in NBu4[Pt(C^C*)(CN)2],
28 93% in [Pt(C^C*)(PPh3)L]PF6

18 or [Pt(C^C*)(acac)],29 and 

95% in [Pt(C^C*)(P^P)]PF6.
30-32 By contrast, those complexes containing Naph^C*, due to the 

more extended π system, are efficient emitters in the yellow spectral range. Many of these 

complexes have been proved in light- emitting devices.18, 30, 32-33  

 

Objectives and Thesis Structure  

Keeping in mind the interest in blue-light emitting systems, since blue light is an essential 

component of white light, this Thesis research was focused on the synthesis of platinum-based 

blue-light emitters. For that we used [{Pt(C^C*A)(µ-Cl)}2] (HC^C*A=  1-(4-

(ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-2-ylidene) as starting material and pyrazoles/ 

pyrazolates as auxiliary ligands, trying to combine the robustness of the Pt(C^C*) chromophore 

and the structural versatility of RpzH/Rpz ligands. This research explores a thematic unit of 

knowledge and resulted in the five publications listed at the beginning of this Memory. They 

show the synthesis, full characterization and deep study of the photophysical properties of 

highly efficient blue-light emitters, the mononuclear [Pt(C^C*)(RpzH)2]
+ and the dinuclear 

complexes [{Pt(C^C*)(µ-Rpz)}2] (RpzH = pyrazole (pzH), 4-methylpyrazole (4-MepzH), 3,5-
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dimethylpyrazole (3,5-dmpzH), 3,5-diphenylpyrazole (3,5-dppzH)), with the former being used 

as precursors of the dinuclear Pt2(II,II) complexes. In the course of this research we observed 

that the luminescence of the dinuclear systems quenched in contact with halogenated solvents. 

This quenching was proved to be due to the oxidation of these Pt2(II,II) complexes to give 

metal-metal-bonded Pt2(III,III) ones. Considering that the mechanisms of oxidation of Pt2(II,II) 

complexes, with the metal centers held in proximity by bridging ligands, using haloforms had 

being scarcely explored (see Introduction of Chapter 2 in the Discussion),34-35 we decided to 

study these processes and expand this research to alkyl halides, such as methyl iodide (MeI) 

and benzyl halides (BnBr and BnI). A joint experimental and theoretical study of the 

mechanisms accounted for this unexpected behavior and the formation of new high-valent 

pyrazolate-bridged platinum complexes, which were also fully characterized. 

In the interest of providing a coherent discussion of the results, the global discussion of this 

Thesis has been split in the Methodology followed during this research and two chapters:  

Chapter 1: Mono and Dinuclear Platinum (II) Emitters, contains information about the 

synthesis, characterization and luminescent properties of mononuclear (Chem. Eur. J. 2018, 24, 

9377-9384) and dinuclear complexes (Inorg. Chem. 2021, 60, 12274-12284). 

Chapter 2: Oxidation of the Flapping Platinum Butterfly [{Pt(C^C*A)(μ-pz)}2] by 

Halocarbons, contains information about the mechanisms of oxidation by haloforms (Chem. 

Eur. J., 2018, 24, 18743-18748 and Inorg. Chem. 2020, 59, 12586-12594) and alkyl halides 

(Inorg. Chem. 2022, 61, 12559-12569) of the dinuclear complexes. 

This Memory contains also the Conclusions of the entire Thesis and ends with a list of 

References. 
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&Heterocycles

The Use of Cyclometalated NHCs and Pyrazoles for the
Development of Fully Efficient Blue PtII Emitters and Pt/Ag
Clusters

Lorenzo Arnal,[b] Sara Fuertes,*[b] Antonio Mart&n,[b] and Violeta Sicilia*[a]

Abstract: New bis-pyrazole complexes [Pt(C^C*)(RpzH)2]X,
containing a cyclometalated N-heterocyclic carbene ligand

(HC^C* = 1-(4-(ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-

2-ylidene) were prepared as chloride (X = Cl@ , RpzH: 3,5-
Me2pzH 1 a, 4-MepzH 2 a, pzH 3 a), perchlorate (X = ClO4

@ ,

1 b–3 b), or hexafluorophosphate (X = PF6
@ , RpzH: 3,5-

Me2pzH 1 c) salts. The X-ray structure of 1 a showed that the

Cl@ anion is trapped by the cation through two N@H···Cl
bonds. In solution of methanol, acetone and THF at RT, 1 a–
3 a coexist in equilibrium with the corresponding

[PtCl(C^C*)(RpzH)] (B) and RpzH species. In CH2Cl2, this equi-

librium takes place just for 2 a and 3 a, but it is completely
shifted to the left at 243 and 223 K for 2 a and 3 a, respec-

tively. The low-lying absorption and emission bands were as-

signed to intraligand (ILCT) charge transfer on the NHC
group. Quantum yield measurements in PMMA films re-

vealed that 1 b, 2 b and 1 c are amongst the most efficient
blue-light emitters, with values up to 100 %. Proton abstrac-

tion from the coordinated 3,5-Me2pzH in 1 b by NEt3 and re-
placement by Ag+ afforded a neutral [Pt2Ag2] cluster con-
taining Pt!Ag dative bonds.

Introduction

Cyclometalated N-heterocyclic carbenes (NHCs) have been re-
vealed to be useful groups in the production of efficient and

stable phosphorescent transition metal complexes.[1] The pres-
ence of two strong carbon–metal bonds confers robustness

and stability and may provide long-term functional materials.[2]

In the chemistry of PtII they also induce high crystal field split-
ting, therefore reducing the photo- or thermal population of
high-lying metal dd* states, which result in non-radiative deac-

tivation and degradation via bond-breaking processes.[3] Since
population of a high energy excited state is required for an ef-
ficient blue emission, the incorporation of strong field ligands
such as NHCs is essential in the design of efficient blue-emit-
ting compounds.[2d,e,h–j] Moreover, the use of bidentate cyclo-

metalated NHCs ligands allows the emission tunability of the

PtII complexes by varying either the substituents in the NHC or
the nature of the ancillary groups.[1d, 4] As an example, our pre-
vious work showed that PtII compounds containing cyclometa-

lated N-heterocyclic carbenes (Scheme 1) were efficient emit-
ters in the blue–yellow region of the visible spectra.[4]

Furthermore, there is significant interest in pyrazole (RpzH)
complexes in fields such as medicine, because cis-dichloro-

bis(pyrazole)platinum(II)[5] and related compounds have been
shown to have anticancer activity.[6] Pyrazole-based complexes

are also useful in catalysis, and in hydrogenation and transfer
hydrogenation processes through metal–ligand bifunc-
tional cooperation.[7] Moreover, mononuclear pyrazole com-

plexes are of interest in molecular architecture and lumines-
cence. PtII complexes, such as [Pt(C/CPh)2(RpzH)2] ,[8]

[Pt(C^N)(RpzH)2](PF6),[9] [Pt(N^N)(RpzH)2](PF6)2,[9a] [PtCl(3,5-
Ph2pzH)3]Cl, [PtCl(3,5-Ph2pz)(3,5-Ph2pzH)2] , [Pt(3,5-Ph2pz)(3,5-

Me2pzH)(3,5-Ph2pzH)2]Cl,[10] and [Pt(3,5-Me2pzH)4]Cl2
[11] are easily

deprotonated and have been used as synthons for the synthe-

Scheme 1. Overview of cycloplatinated NHC based motifs reported by the
authors.
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sis of a great variety of homo- and hetero-polynuclear ([PtM2] ,
[Pt2M2] , M = Ag, Au) compounds. The 1,2-dihaptobridging Rpz

ligands can hold metal atoms in close proximity while permit-
ting a wide range of structures and intermetallic separations,

with the strength of the metallophilic interactions affecting the
emissive properties.[8, 9]

Keeping this in mind, we decided to expand our work[4] to
pyrazole complexes, to combine the robustness of the cyclo-
metalated NHCs PtII chromophores and the structural versatility
of RpzH ligands to achieve new stable and efficient photolumi-
nescent compounds. As a result, we got the new mononuclear
bis-pyrazole complexes [Pt(C^C*)(RpzH)2]X, containing a cyclo-
metalated NHC ligand (HC^C* = 1-(4-(ethoxycarbonyl)phenyl)-

3-methyl-1H-imidazol-2-ylidene). They were isolated as chloride
(Cl@), perchlorate (ClO4

@) or hexafluorophosphate (PF6
@) salts,

which were possible because of the availability of [{Pt(C^C*)(m-

Cl)}2](A)[4b] as a starting material. Here, we describe their syn-
thesis, characterization, and photophysical properties, ex-

plained in some cases with the aid of theoretical calculations
(TD and DFT). Some of these compounds were found to be

very efficient blue emitters with photoluminescent quantum
yields (PLQY) up to 100 %. The replacement of the proton in

the coordinated pyrazoles of [Pt(C^C*)(3,5-Me2pzH)2]ClO4 by

Ag+ allowed us to get a heteronuclear [Pt2Ag2] cluster and its
luminescent properties have been compared with those of its

precursor.

Results and Discussion

Synthesis and characterization of mononuclear bis-pyrazole
PtII compounds

The new bis-pyrazole complexes [Pt(C^C*)(RpzH)2]+ , contain-
ing a cyclometalated N-heterocyclic carbene ligand (HC^C* =

1-(4-(ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-2-ylidene)

were prepared and isolated as the chloride (X = Cl@ , RpzH: 3,5-
Me2pzH 1 a, 4-MepzH 2 a, pzH 3 a), perchlorate (X = ClO4

@ ,1 b–

3 b), or hexafluorophosphate (X = PF6
@ , RpzH: 3,5-Me2pzH 1 c)

salts following the strategies indicated in Scheme 2.
Compounds 1 a, 2 a and 3 a were prepared by treatment of

a suspension of A with 4.4 equivalents of the corresponding

pyrazole ligand (RpzH) in acetone at room temperature (see
Scheme 2 path a).

They were obtained from their solutions as pure solids in
moderately good yield (61 % 1 a, 64 % 2 a, 60 % 3 a) and fully
characterized (see Experimental Section and Figures 1 and S1–

S9). The proposed stoichiometry for them was later confirmed
by single crystal X-ray diffraction of 1 a (see below Figure 1). In

solution, the 1H NMR spectrum in CD2Cl2 of 1 a (Figure S1)
shows one set of signals corresponding to the C^C* group

and two non-equivalent 3,5-Me2pzH ligands. However the
1H NMR spectra of 2 a and 3 a (Figures S3 and S4 (top)) showed
the additional presence of the corresponding species

[PtCl(C^C*)(RpzH)](B). Species B result also from the reaction of
A with 2 equiv of RpzH. The cis-(C*,Cl) and trans-(C*,Cl) isomers

appeared in ratios of 14:1 and 16:1 for 4-MepzH and pzH re-
spectively (see Figure S8) and were identified on the bases of

the 1H NMR.[12] Species B would be formed from 2 a/3 a by dis-
placement of a RpzH ligand by the Cl@ , and co-exist in solution
with 2 a/3 a in a dynamic equilibrium, such as the represented
in Scheme 3. In agreement with this, addition of 4-MepzH/pzH

to a solution of compound 2 a/3 a in CD2Cl2 shifts this equilibri-
um to the left and the signals attributed to B disappear (see
Figures S3/S4 bottom).

Variable temperature 1H NMR studies, carried out in CD2Cl2,
for 2 a and 3 a showed that, as the temperature decreases, the

amount of B decreases, in such a way that 2 a and 3 a are the
only species in solution at temperatures equal to or below 243

and 223 K respectively (see Figures S5 and S6). Because the

equilibrium represented in Scheme 3 becomes spontaneous
(DG =DH@TDS<0) when the temperature raises and DS>0,

the dissociation must be an endothermic process. The calculat-
ed values for DS (93.7 J k@1 mol@1 2 a, 111.2 J k@1 mol@1 3 a) and

DH (DH = 26.5 KJ mol@1 2 a, 30.3 KJ mol@1 3 a) confirmed these
statements (Figure S9). These results illustrate the higher basic-

Scheme 2. Numbering scheme and synthetic pathways.

Figure 1. Molecular structure of 1 a. Ellipsoids are drawn at their 50 % proba-
bility level ; solvent molecules and hydrogen atoms were omitted for clarity.
Selected bond lengths (a) and angles (8) for 1 a·CH2Cl2 : Pt(1)@C(1) = 1.964(3) ;
Pt(1)@C(6) = 2.003(2) ; Pt(1)@N3 = 2.100(2) ; Pt(1)@N5 = 2.077(2) ; C(1)-Pt-
C(6) = 80.17(10); C(6)-Pt-N(5) = 95.49(9) ; C(1)-Pt-N(3) = 96.76(9); N(5)-Pt-
N(3) = 87.55(8).
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ity of 3,5-Me2pzH with respect to 4-MepzH and pzH in agree-
ment with the pKa value of their conjugate acids (3,5-Me2pzH:

4.06, pzH: 2.83).[10] This equilibrium occurs also in methanol,

acetone and THF for all the three compounds 1 a–3 a, for THF
being completely shifted to the right in such a way that just

species B and RpzH are observed in the corresponding spectra.
The molecular structure of 1 a, determined from a single-

crystal X-ray diffraction study, showed the cis arrangement of
the two 3,5-Me2pzH-kN ligands in the mononuclear complex

and the presence of the chloride anion joined to the cation

through two N@H···Cl hydrogen bonds (see Figure 1). The small
bite angle of the cyclometalated ligand [80.17(10)8] together

with the Pt@C6 and Pt@C1(C*) distances are similar to those
found in other five-membered metalocycles of PtII with NHC li-

gands.[4a,d] These distances evidence the low trans influence of
the 3,5-Me2pzH ligands since them are shorter than those ob-

served in complexes such as [Pt(NC-C^C*)(P P)]PF6 (P^P = di-

phenylphosphino-ethane)[12] and [Pt(R-C^C*)(C/NR’)2]PF6

(R = CN, CO2Et; R’= Xyl, tBu).[4b] The Pt@N bond distances are

rather long and similar to those found in complex
cis-[Pt(C/C)2(Hdmpz)2] ,[8] which is in agreement with the high

trans influence of both C atoms (C1 and C6) of the EtO2C-
C^C*-kC,C* ligand, mainly the s-bonded CAr(C6). The plane de-

fined for the 5-membered metalocycle (Plane 1: Pt, C1, N2, C5,

C6) is basically co-planar with the platinum coordination plane
(Plane 2: Pt, C1, C6, N3, N5). However, the 3,5-Me2pzH ligands

are almost perpendicular to it with interplanar angles of
88.18(0.07)8 and 80.34(0.06)8 for planes 3 (N3, N4, C14@C16)

and 4 (N5, N6, C19@C23) respectively, and they are also per-
pendicular one to another with the interplanar angle being

89.34(0.09)8.
The two 3,5-Me2pzH ligands trap the chloride anion through

two N@H···Cl hydrogen bonds, with the H4-Cl1-H6 angle being

79.22(1.22)8, almost the theoretical value (908) for the lone
electron pairs of the chloride ligand. The parameters corre-

sponding to both, the two H bonds show values typical for
this kind of interaction (H4···Cl1 = 2.3164 (361) a, N4@H4···Cl1 =

162.398, H6···Cl1 = 2.2662 (356) a, N6@H6···Cl1 = 171.98).[13]

In order to avoid the above analyzed chemical equilibria in
solution and be able to study the optical properties of these

new bis-pyrazole platinum complexes, we addressed their syn-
thesis as salts of non-coordinating anions: ClO4

@ and PF6
@ . So,

compounds 1 b, 2 b, 3 b and 1 c were prepared by treatment of
a suspension of A with 2 equivalents of AgX (X = ClO4 1 b–3 b,

PF6 1 c) and 4 equivalents of the corresponding RpzH ligand in
acetone at room temperature (see Scheme 1 path b). The

workup of their corresponding solutions allowed them to be

obtained in good yield (71 % 1 b, 89 % 2 b, 78 % 3 b, 45 % 1 c)
and be characterized (see Experimental Section and Figur-

es S10–S18 in the Supporting Information).
The strong IR absorptions due to ClO4

@ and PF6
-anions for

1 b–3 b, and 1 c ; the corresponding [Pt(C^C*)(RpzH)2]+ peak in
their MALDI(++) mass spectra, molar conductivity[14] and their
1H, 13C{1H} and 195Pt{1H} NMR spectra are in agreement with the

proposed stoichiometry. For these compounds the NH reso-
nances appear shifted upfield compared to those of 1 a (see

Figure S18 for 1 a–1 c), most surely due to differences in the H-
bond interactions with the counteranion. Taking into account

that stronger interactions lead to higher downfield shifting,[15]

the H-bond interactions are significantly stronger in 1 a
(NH···Cl) than in 1 b (NH···O@ClO3) and 1 c (NH···F@PF5).

In spite of their similarities while 1 b, 2 b, and 1 c are stable
in CH2Cl2 solution at RT, 3 b partially evolves to give

[{Pt(C^C*)(m-pz)}2] and free pzH. After one hour in CD2Cl2, the
ratio 3 b : [{Pt(C^C*)(m-pz)}2] was 8:1. Once again this result il-

lustrates the lower basicity of pzH with respect to 3,5-Me2pzH
and to 4-MepzH.[10]

Reactivity of [Pt(C^C*)(3,5-Me2pzH)2]ClO4 (1 b) towards AgI

species to give the [Pt2Ag2] cluster, 4

The reactions of [Pt(C^C*)(3,5-Me2pzH)2]ClO4 (1 b) with AgClO4

in 1:1 molar in the presence of NEt3 resulted in the elimination
of the two acidic hydrogen atoms and their replacement by

AgI centers with the subsequent formation of the tetranuclear
cluster [{Pt(C^C*)(3,5-Me2pz)2Ag}2] (4) (see Experimental Section
and Figures S19–S22). The absence of absorptions due to N@H

bonds in the IR and the FAB + mass spectra are in agreement
with the single-crystal X-ray structure of 4 (see Figure 2,

Table S1).
As can be seen, 4 is a tetranuclear [Pt2Ag2] cluster comprised

of two “Pt(C^C*)(3,5-Me2pz)2Ag” subunits joined through Ag@N

bonds and Ag···Ag interactions. Each subunit consists of one
“Pt(C^C*)(3,5-Me2pz)2Ag” fragment with a 3,5-Me2pz bridging

the Pt and Ag centers located in close proximity.
The angle between the Pt@Ag vector and the platinum coor-

dination plane (35.628) in addition to the Pt@Ag distance are
indicative of Pt!Ag dative bonds.[16] This Pt@Ag distance is

Scheme 3. Dynamic equilibria of 2 a and 3 a in CH2Cl2 solution at RT For B the major isomer is just represented.
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shorter than those observed in the related tetranuclear clusters

[Pt2Ag2(N^C)2(Me2pz)4]0, 2 + (N^C = ppy-, dfppy, bpy, dPt@Ag>

3.4 a).[9a] The Ag center of each subunit completes its coordina-

tion environment with a N of a 3,5-Me2pz belonging to the
other Pt subunit with N-Ag-N angles close to 1808. Both silver

centers interact with each other, with the Ag···Ag distance
being 3.2171(9) a, quite similar to those observed in other pyr-

azolate-bridged Pt/Ag clusters, which is indicative of argento-

philic interactions.[9a, 10, 16]

In line with the X-ray structure, the 1H NMR spectrum of

freshly solutions of 4 in CD2Cl2 (RT, Figure S19; 183 K Fig-
ure S20) shows the expected resonances for half of the mole-

cule with two sets of signals corresponding to the inequivalent
pyrazolates of one “Pt(C^C*)(3,5-Me2pz)2” unit. Upon interac-

tion with the silver center, all resonances shift upfield except

that of H7 that moves to downfield and shows a moderately
reduction of the 3J(H,Pt) coupling constant from 59.2 Hz in 1 b
to 51.2 Hz in 4. This is in line with the existence of the Pt-M in-
teractions in solution.[17] Also, 195Pt NMR spectrum of 4 sup-

ports this statement, showing a signal at @3753 ppm in CD2Cl2

solution at 183 K (Figure S22) which is downfield-shifted when

compared to that of 1 b (@3920 ppm, 298 K), in agreement

with reported results.[9b, 18]

Optical Properties

UV/Vis spectra and theoretical calculations

The absorption spectra of compounds 1 a–1 c, 2 b and 3 b in

CH2Cl2 (10@4 m) solutions (Table S2, Figure S23 and 3 for 1 a) ex-
hibit intense absorptions at l<300 nm (e+104 m@1 cm@1), nor-

mally attributed to intraligand (1IL) transitions of the NHC
ligand. They also display absorption bands at around 315 nm

(e~103 m@1 cm@1) with a shoulder in the range 340–360 nm.
The absorptions of 1 b and 1 c at l>300 nm are very similar to

each other, whereas that of 1 a appears slightly redshifted (Fig-

ure S23 (a)) indicating subtle differences because of the change
in the counteranion. When comparing the perchlorate deriva-

tives (1 b–3 b, Figure S23 (b)), we observed a great similarity in
the lower-energy region of their spectra. Thus, it seems that

the RpzH ligands do not much affect the absorption nor partic-
ipate in the low energy transitions.

The absorptions at l>300 nm do not change either in
CH2Cl2 at concentrations ranging from 10@3 to 10@6 m (see Fig-

ure S24 for 2 b) nor in different solvents (CH2Cl2, 2-MeTHF, and
MeOH) at low concentration (10@4 m) (see Table S2 and Fig-

ure S25 for 1 b) indicating these absorptions to be due to tran-
sitions in the molecular species with no significant aggregation

occurring within this concentration range and the absence of
significant solvatochromism.

Diffuse reflectance spectra of powdery samples of 1 a–1 c,

2 a, 2 b 3 a, and 3 b (Figure S26) show no significant differences
with respect to those observed in CH2Cl2 solution in the range
200–400 nm. However, unlike them, they show weak and simi-
lar absorptions in the range 400–450 nm, which could be relat-

ed with the intermolecular interactions absent in diluted solu-
tions. Like in solution, the changes of both, the RpzH and the

counteranion neither seem to have significant effect in the ab-

sorption properties in solid state at room temperature. When
comparing the UV/Vis spectra of 4 with that of its precursor,

1 b, a lower energy band at ~350 nm appeared (see Fig-
ure S27 (a)). Diffuse reflectance spectrum of 4 resembles the

UV/Vis one obtained from a freshly solution of 4 in CH2Cl2 (see
Figure S27). Therefore, according to this and the NMR experi-

ments, the Pt2Ag2 core is most likely kept in solution.

The time-dependent density functional theory (TD-DFT) re-
sults (Figure 3 and Table 1; Figure S28, and Tables S3–S6 in the

Supporting Information) indicate that the HOMO!LUMO tran-
sition is the only contribution to the calculated spin-allowed

Figure 2. Molecular structure of compound 4. Ellipsoids are drawn at their
50 % probability level and hydrogen atoms were omitted for clarity. Selected
bond lengths (a) and angles (8): Pt@Ag, 3.2626(5) ; Ag@Ag#1, 3.2171(9) ; N4-
Ag-N6#1, 169.2(2).

Figure 3. UV/Vis absorption spectrum, calculated transition in CH2Cl2 (bars)
and calculated molecular orbitals for 1 a.

Table 1. S1 states calculated by TD-DFT in solution of CH2Cl2 (o.s. = oscil-
lator strength).

Comp. lexc (calc.) [nm] o.s. Transition [%] Assignment

1 a 337.8 0.0084 H!L (95) ILCT, MLCT
1 b 337.3 0.0064 H!L (96) ILCT, MLCT
2 b 334.8 0.0051 H!L (96) ILCT, MLCT
3 b 334.6 0.0059 H!L (96) ILCT, MLCT
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transition from S0 to S1 (see Table 1). The lowest energy calcu-
lated absorptions (S1) fit well with the experimental ones (Fig-

ures 3 and S28).
Hence, the UV/Vis spectra of these compounds can be inter-

preted by focusing on the analysis of their molecular orbitals
(MO) obtained by the DFT calculations, which show that the

highest occupied molecular orbital (HOMO) and the lowest un-
occupied molecular orbital (LUMO) are mainly centered on the

NHC ligand (63–72 % H; 76–85 % L) and the Pt (27–33 % H; 14–

25 % L) with a marginal contribution of the ancillary ligands (<
5 %), which confirm that the Cl and the pyrazole ligands show

barely any involvement in the crucial transition processes.
Also, the neutral or cationic nature of the compounds (1 a

vs. 1 b) appears to have very little effect on them. In view of
the nature of the HOMO and LUMO, the lowest energy absorp-
tion in all compounds has been attributed to a metal-per-

turbed intraligand charge-transfer transition on the N-hetero-
cyclic carbene (ILCT [(NHC)]) with a small metal-to-ligand

charge-transfer contribution (MLCT).

Luminescence spectra

The emission spectra of compounds 1 a–3 a, 1 b, 2 b and 1 c in

rigid matrix (10@5 m CH2Cl2 solution at 77 K) or in poly(methyl

methacrylate) (PMMA) films at 5 wt % are quite similar. They
show highly structured emissions (lmax&455 nm) with vibronic
spacings [ca. 1450 cm@1] corresponding to the C=C/C=N
stretches of the cyclometalated NHC ligands (see Figure 4 for

1 b Figure S29 and Table 2) with long emission lifetime decays
(14–22 ms), typical of phosphorescent PtII systems. The emis-

sion energies are neither affected by the nature of the RpzH

ligand nor the anion and are very similar to those of related
compounds containing the same “(C^C*)Pt” fragment.[4b,c]

Thus, taking into account all these data and the TD-DFT cal-
culations, these phosphorescent emissions are originated from

the monomeric species and assigned mainly to intraligand
charge transfer on the N-heterocyclic carbene (3ILCT [(NHC)]).

Powdery solid samples of 1 a–3 a, 1 b–3 b and 1 c display

bright blue emissions at 298 K (see Table 2 and Figure S30 for

1 a–1 c, 1 b–3 b) exhibiting band profiles and lifetimes that re-

semble those obtained in rigid matrix of CH2Cl2.
As can be observed, the emission of powdery solid samples

is slightly blueshifted when the counter anion is Cl@ (1 a) in-

stead of ClO4
@ (1 b) or PF6

@ (1 c). Luminescent mononuclear
bis-pyrazole PtII compounds are very scarce in the literature.

When comparing the emission properties of these mononu-
clear species with those of other bis-pyrazole compounds

[Pt(fppz)(3,5-Me2pzH)2]Cl [fppzH = 3-(trifluoromethyl)-5-(2-pyri-
dyl)pyrazole)][13c] and [(C^N)Pt(pz)2BEt2] [C^N = (2-(2,4-difluoro-

phenyl)pyridyl] ,[19] some similarities concerning the emission

profiles and lifetimes were found, but the photoluminescence
quantum yields (PLQY) of our complexes in PMMA films
(5 wt %) are far more higher with values up to 100 %.

As observed in Table 2 and Figure 5, all emissions in PMMA

films, except that of 1 a render QY values of 100 % and Com-
mission Internationale de L’Pclairage (CIE) coordinates of (0.15,

0.22) which are very close to the desirable ones for blue emit-
ters (0.15, 0.15).[2j] These mononuclear bis-pyrazole compounds
are amongst the best blue light emitters of PtII with QY values

in PMMA film higher than the reported ones: [Pt(C^C*)(acac)]
(F= 0.86,[2d] 0.90),[2e] [Pt(C*^C^C*)Cl] (F = 0.32)[2j] and [Pt(C^X-

L^L’)] [C^X = phenyl methyl imidazole; L^L’= phenoxy pyri-
dine, F = 0.58; L^L’= carbazolyl pyridine, F= 0.89; C^X =

phenyl pyrazole; L^L’= carbazolyl pyridine, F= 0.85].[2i] The

emission efficiency of 1 b, 2 b and 1 c in PMMA films is in the
range, but even larger than those of the related compounds

[Pt(R-C^C*)(acac)] (QY = 0.98 R = CN, 0.93 R = CO2Et in 5 wt %
PMMA films).[4d] Undoubtedly, the presence of an electron-

withdrawing substituent in the para position to the carbene
fragment guarantees a high efficiency. In these bis-pyrazole

Figure 4. Normalized emission spectra of 1 b. Picture of 1 b taken under UV
light (365 nm).

Table 2. Photophysical data for 1 a–3 a, 1 b–3 b, 1 c and 4.

Comp Media (T/K) lex [nm] lem [nm] t [ms][b] f[c]

1 a CH2Cl2
[a] (77) 322 454max, 486, 514 14.0

PMMA Film 360 449, 476max, 504 0.66
Solid (298) 362 448, 475max, 505, 540sh 17.7

2 a[d] CH2Cl2
[a] (77) 325 453max, 481, 520 14.9

Solid (298) 363 447, 477max, 509, 546sh

3 a[d] CH2Cl2
[a] (77) 325 454max, 486, 518 12.3

Solid (298) 362 452, 483max, 515, 550sh

1 b CH2Cl2
[a] (77) 319 453max, 483, 512, 553sh 21.6

PMMA Film 360 447, 475max, 505,540sh 1.00
Solid (298) 360 463, 489max, 517, 560sh 13.4 0.33

2 b CH2Cl2
[a] (77) 319 456max, 488, 517 18.2

PMMA Film 360 446, 475max, 500 0.99
Solid (298) 370 458, 487max, 516 10.1

3 b[e] CH2Cl2
[a] (77) 316 451max, 481, 511, 555sh 19.7

Solid (298) 366 460, 484max, 515 15.9
1 c CH2Cl2

[a] (77) 319 454max, 482, 512sh 21.2
PMMA Film 360 455, 478max, 512 1.00
Solid (298) 370 461, 487max, 518sh 12.9

4 CH2Cl2
[a] (77) 340 453max, 484, 512sh 8.4

Solid (298) 360 454, 483max, 510 6.4 0.51

[a] 10@5 m ; [b] measurements at lmax ; [c] PMMA films in Ar atmosphere;
[d] the dynamic equilibrium in solution hindered the PMMA film to be
prepared conveniently for photophysical measurements. [e] QY in PMMA
film has not been measured because 3 b evolves partially to [{Pt(C^C*)(m-
pz)}2] in CH2Cl2 at RT.
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compounds, the likely perpendicular disposition of the RpzH
with respect to the Pt coordination plane will hinder the inter-

molecular Pt···Pt interactions, a fact that seems to lower the

emission efficiency, as we observed in a previous report.[4d]

The most significant feature of 4, regarding its emissive be-

havior, is the blueshift of the emission band of powdery solid
in relation to that of its precursor, 1 b (see Figure S31). This re-

flects the formation of the Pt!Ag dative bond since the elec-
tron density of the Pt center decreases upon bonding to Ag+ ,

lowering the energy of HOMO.[20] Likewise, there is a considera-

ble reduction of the emission lifetime and an increase of the
QY values from 0.33 (1 b) to 0.55 (4) in powdery solid samples.

According to this and in line with similar compounds,[9] this
emission has been assigned to a mixed 3IL/3MLCT emissive

state.

Conclusions

The availability of the cyclometalated N-heterocyclic carbene
compound [{Pt(C^C*)(m-Cl)}2](A) (HC^C* = 1-(4-(ethoxycarbo-
nyl)phenyl)-3-methyl-1H-imidazol-2-ylidene) as starting material

allowed to get the new bis-pyrazole complexes
[Pt(C^C*)(RpzH)2]X, as chloride (Cl@), perchlorate (ClO4

@) or hex-

afluorophosphate (PF6
@) salts. Their behavior in CH2Cl2 solution

at room temperature illustrates the higher basicity of the 3,5-
Me2pzH with respect to 4-MepzH and pzH and the depend-

ence of the stability of these compounds on the solvent, RpzH
and X nature. Then, among the chloride compounds, just

[Pt(C^C*)(3,5-Me2pzH)2Cl](1 a) is stable in CH2Cl2 solution at RT
while the 4-MepzH and pzH derivatives coexist with the corre-

sponding [Pt(C^C*)(R-pzH)Cl](B) and RpzH species in a dynamic

equilibria which can be avoided by lowering the temperature
to around 220 K. In other solvents, such as methanol, acetone

or THF this equilibrium takes place for all the three chloride
compounds, even for 1 a. Regarding the perchlorate com-

pounds, [Pt(C^C*)(pzH)2]ClO4 partially evolves to give
[Pt(C^C*)(m-pz)}2] and free pzH in solution at RT Experimental

data and TD-DFT calculations showed that both, the anion and
the substituent of the ancillary ligands (RpzH) do not deeply
affect the nature of the emission of these compounds, which
can be mainly assigned to intraligand charge transfer transi-

tions on the N-heterocyclic carbene (3ILCT [(NHC)]). The per-
chlorate and hexafluorophosphate derivatives (1 b, 2 b, 1 c) are

fully efficient blue-light emitters with QY up to 100 % in PMMA
films. Compound 1 b has been proved to behave as a useful
synthon to reach the [Pt2Ag2] cluster, 4, by the replacement of
the acidic H of 3,5-Me2pzH by Ag+ .

Experimental Section

Information describing materials, instrumental methods used for
characterization, photophysical and spectroscopic studies, compu-
tational details concerning TD-DFT calculations, and X-ray struc-
tures are provided in the Supporting Information. All chemicals
were used as supplied unless stated otherwise. The starting materi-
al [{Pt(m-Cl)(C^C*)}2] (A) was prepared following the literature pro-
cedure.[4b] 3,5-Me2pzH, 4-MepzH, AgClO4 were purchased from
Sigma–Aldrich. pzH was purchased from Merck and AgPF6 was pur-
chased from fluorochem.

Synthesis of [Pt(C^C*)(3,5-Me2 pzH)2Cl] (1 a)

3,5-Me2pzH (46.5 mg, 0.48 mmol) was added to a suspension of A
(100.0 mg, 0.11 mmol) in acetone (30 mL) at room temperature
and the mixture stirred for 24 h. Subsequently, the solvent was re-
moved under reduced pressure. The residue was treated with
hexane/Et2O (20:1 mL) and the resulting solid was filtered, and
washed with hexane to give 1 a as a yellow solid. Yield: 133.4 mg
(61 %). 1H NMR (400 MHz, CD2Cl2, 25 8C): d= 14.5 (s br, 1 H; NH), 14.3
(s br, 1 H; NH), 7.72 (dd, 3J(H9,H10) = 8.1, 4J (H9,H7) = 1.8, 1 H; H9),
7.48 (d, 3J(H2,H3) = 2.1, 1 H; H2), 7.15 (d, 3J (H10,H9) = 8.1, 4J(H,Pt) =
23.5, 1 H; H10), 6.92 (d, 4J(H9,H7) = 1.8, 3J(H,Pt) = 57.5, 1 H; H7), 6.80
(d, 3J(H3,H2) = 2.1, 1 H; H3), 6.05 (s, 1 H, H4’; 3,5-Me2pzH), 5.98 (s,
1 H, H4’’; 3,5-Me2pzH), 4.22 (q, 3J(H,H) = 7.1, 2 H, CH2; CO2Et), 2.97 (s,
3 H; H4), 2.38, 2.37, and 2.31 (s, 12 H, Me; 3,5-Me2pzH), 1.29 ppm (t,
3J(H,H) = 7.1, 3 H, CH3 ; CO2Et). 13C{1H} NMR (101 MHz, CD2Cl2, 25 8C):
d= 166.9 (s; CO2Et), 155.5 (s; C1), 151.5 (s; C5), 149.6, 148.9, 143.3
and 143.1 (s, 4C, C3’, C3’’, C5’, C5’’; 3,5-Me2pzH), 135.6 (s; C7), 129.0
and 127.4 (s, 2C; C6 and C8), 127.1 (s; C9), 123.0 (s; C3), 115.9 (s;
C2), 110.9 (s; C10), 106.2 (s, C4’; 3,5-Me2pzH), 106.0 (s, C4’’; 3,5-
Me2pzH), 61.0 (s, CH2 ; CO2Et), 35.3 (s; C4), 14.9 and 14.7 (s, 2C, Me;
3,5-Me2pzH), 14.5 (s, CH3 ; CO2Et), 11.3 ppm (s, 2C, Me; 3,5-Me2pzH).
195Pt{1H} NMR (85.6 MHz, CD2Cl2, 25 8C): d=@3889.6 ppm (s). IR
(ATR): ñ= 2917 (br m, NH), 1708 cm@1 (m, C=O). MS (MALDI +): m/z
616.3 [M]+ . Elemental analysis calcd (%) for C23H29ClN6O2Pt: C
42.37, H 4.48, N 12.89; found: C 42.01, H 4.29, N 12.88.

Synthesis of [Pt(C^C*)(4-MepzH)2Cl] (2 a)

Complex 2 a was synthesized following the same procedure used
for 1 a with 4-MepzH (22 mL, 0.27 mmol) and A (54 mg, 0.06 mmol).
2 a, yellow solid. Yield: 35.0 mg (64 %). 1H NMR (400 MHz, CD2Cl2,
@40 8C): d= 14.7 (s br, 1 H; NH), 14.5 (s br, 1 H; NH), 7.70 (dd,
3J(H9,H10) = 8.1, 4J(H9,H7) = 1.7, 1 H; H9), 7.63 (s, 1 H; 4-MepzH),
7.61 (s, 1 H; 4-MepzH), 7.53 (s, 1 H; 4-MepzH), 7.51 (s, 1 H; 4-
MepzH), 7.47 (d, 3J(H2,H3) = 1.8, 1 H; H2), 7.14 (d, 3J(H10,H9) = 8.1,
1 H; H10), 6.91 (d, 4J(H7,H9) = 1.7, 3J(H, Pt) = 51.3, 1 H; H7), 6.72 (d,
3J(H3,H2) = 1.8, 1 H; H3),4.15 (q, 3J(H,H) = 7.1, 2 H, CH2; CO2Et), 2.92
(s, 3 H; H4), 2.12 (s, 3 H, Me; 4-MepzH), 2.05 (s, 3 H, Me; 4-MepzH),

Figure 5. CIE 1931 chromaticity diagram with the (x, y) positions of the emis-
sions of 1 a–1 c and 2 b in PMMA films.
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1.15 ppm (t, 3J(H,H) = 7.1, 3 H, CH3 ; CO2Et). 195Pt{1H} NMR (85.6 MHz,
CD2Cl2, @40 8C): d=@3874.1 ppm (s). IR (ATR): ñ= 2926 (m, br, NH),
1703 cm@1 (m, C = O). MS (MALDI +): m/z 506.2 [Pt(C^C*)(4-
MepzH)]+ . Elemental analysis calcd (%) for C21H25ClN6O2Pt: C 40.42,
H 4.04, N 13.47; found: C 40.31, H 3.84, N 13.42.

Synthesis of [Pt(C^C*)(pzH)2Cl] (3 a)

Complex 3 a was synthesized following the same procedure used
for 1 a with pzH (20.6 mg, 0.30 mmol) and A (61.3 mg, 0.07 mmol).
3 a, yellow solid. Yield: 31.4 mg (60 %). 1H NMR (400 MHz, CD2Cl2,
@60 8C): d= 15.0 (s br, 1 H; NH), 14.9 (s br, 1 H; NH), 7.89 (s, 1 H;
pzH), 7.85 (s, 1 H; pzH), 7.75 (s, 1 H; pzH), 7.73 (s, 1 H; pzH), 7.68
(dd, 3J(H9,H10) = 8.1, 4J(H9,H7) = 1.4, 1 H; H9), 7.57 (s, 1 H; H2), 7.20
(d, 3J(H10,H9) = 8.1, 1 H; H10), 6.83 (d, 4J(H7,H9) = 1.4, 3J(H,Pt) =
50.5, 1 H; H7), 6.64 (s,1 H; H3), 6.51 (s, 1 H; pzH), 6.44 (s, 1 H; pzH),
4.13 (q, 3J(H,H) = 6.9, 2 H, CH2 ; CO2Et), 2.83 (s, 3 H; H4), 1.23 ppm (t,
3J(H,H) = 6.9, 3 H, CH3 ; CO2Et). 195Pt{1H} NMR (85.6 MHz, CD2Cl2,
@60 8C): d=@3880.8 ppm (s). IR (ATR): ñ= 2975 (m, br, NH),
1700 cm@1 (m, C = O). MS (MALDI +): m/z 492.2 [Pt(C^C*)(pzH)]+ .
Elemental analysis calcd (%) for C19H21ClN6O2Pt: C 38.29, H 3.55, N
14.10; found: C 37.97, H 3.42, N 13.71.

Synthesis of [Pt(C^C*)(3,5-Me2pzH)2]ClO4 (1 b)

AgClO4 (45.5 mg, 0.22 mmol) was added to a stirred suspension of
A (100.0 mg, 0.11 mmol) in acetone (50 mL) in the dark at room
temperature. After 2 h of reaction, 3,5-Me2pzH (42.2 mg,
0.44 mmol) was added to the mixture and allowed to react for
16.5 h in the darkness. Then, the resulting suspension was filtered
through Celite and the solvent was removed under reduced pres-
sure. The residue was treated with hexane/Et2O (20:1 mL) and fil-
tered to give 1 b as a pale yellow solid. Yield: 110.7 mg (71 %).
1H NMR (400 MHz, CD2Cl2, 25 8C): d= 11.8 (s br, 1 H; NH), 11.6 (s br,
1 H; NH), 7.75 (dd, 3J(H9,H10) = 8.1, 4J(H9,H7) = 1.8, 1 H; H9), 7.36 (d,
3J(H2,H3) = 2.2, 1 H; H2), 7.07 (d, 3J(H10,H9) = 8.1, 1 H; H10), 6.86 (d,
3J(H3,H2) = 2.2, 1 H; H3), 6.84 (d, 4J(H7,H9) = 1.8, 3J(H,Pt) = 59.2, 1 H;
H7), 6.13 (s, 1 H, H4’; 3,5-Me2pzH), 6.06 (s, 1 H, H4’’; 3,5-Me2pzH),
4.22 (q, 3J(H,H) = 7.1, 2 H, CH2 ; CO2Et), 3.06 (s, 3 H; H4), 2.41, 2.37,
2.36 and 2.34 (s, 12 H, Me; 3,5-Me2pzH), 1.29 ppm (t, 3J(H,H) = 7.1,
3 H, CH3; CO2Et). 13C{1H} NMR (101 MHz, CD2Cl2, 25 8C): d= 166.7 (s ;
CO2Et), 155.0 (s ; C1), 151.0 (s; C5), 150.2, 150.0 and 144.4 (s, 4C,
C3’, C3’’, C5’, C5’’; 3,5-Me2pzH), 135.6 (s; C7), 128.2 (s ; C8), C6 is not
detected, 127.5 (s; C9), 123.0 (s; C3), 115.7 (s; C2), 110.8 (s; C10),
106.8 (s, C4’; 3,5-Me2pzH), 106.6 (s, C4’’; 3,5-Me2pzH), 61.1 (s, CH2 ;
CO2Et), 35.5 (s ; C4), 14.7 (s, 1C, Me; 3,5-Me2pzH), 14,8 (s, 1C, Me;
3,5-Me2pzH), 14.5 (s; CH3, CO2Et), 11.3 ppm (s, 2C; Me, 3,5-Me2pzH).
195Pt{1H} NMR (85.6 MHz, CD2Cl2, 25 8C): d=@3920.1 ppm (s). IR
(ATR): ñ= 3140 (m, br, NH), 1668 (m, C = O), 1060, 620 cm@1 (s,
ClO4). MS (MALDI +): m/z 616.2 [M]+ . LM (5 V 10@4 m acetone solu-
tion): 103.5 W@1 cm@2 mol@1. Elemental analysis calcd (%) for
C23H29ClN6O6Pt: C 38.58, H 4.08, N 11.73; found: C 38.49, H 4.05, N
11.80.

Synthesis of [Pt(C^C*)(4-MepzH)2]ClO4 (2 b)

AgClO4 (45.5 mg, 0.22 mmol) was added to a stirred suspension of
A (100.0 mg, 0.11 mmol) in acetone (50 mL) in the dark at room
temperature. After 3 h, 4-MepzH (36 mL, 0.44 mmol) was added to
the mixture and allowed to react for 14 h in the darkness. Then,
the resulting suspension was filtered through Celite and the sol-
vent was evaporated to dryness. The residue was treated with
hexane/Et2O (20/1 mL) and filtered, to give 2 b as a pale yellow
solid. Yield: 133.5 mg (89 %). 1H NMR (400 MHz, CD2Cl2, 25 8C): d=

12.2 (s br, 1 H; NH ), 12.0 (s br, 1 H; NH), 7.76 (dd, 3J(H9,H10) = 8.1,
4J(H9,H7) = 1.9, 1 H; H9), 7.65 (s, 1 H, H3’’; 4-MepzH), 7.64 (s, 1 H,
H3’; 4-MepzH), 7.59 (s, 1 H, H5’’; 4-MepzH), 7.54 (s, 1 H, H5’; 4-
MepzH), 7.35 (d, 3J(H2,H3) = 2.1, 1 H; H2), 7.07 (d, 3J(H10,H9) = 8.1,
1 H; H10), 6.90 (d, 4J(H7,H9) = 1.7, 3J(H7,Pt) = 58.5, 1 H; H7), 6.85 (d,
3J(H3,H2) = 2.1, 1 H; H3), 4.22 (q, 3J(H,H) = 7.1, 2 H, CH2; CO2Et), 3.01
(s, 3 H; H4), 2.16 (s, 3 H, Me“; 4-MepzH), 2.11 (s, 3 H, Me’’; 4-MepzH),
1.28 ppm (t, 3J(H,H) = 7.1, 3 H, CH3 ; CO2Et). 13C{1H} NMR (101 MHz,
CD2Cl2, 25 8C): d= 166.7 (s ; CO2Et), 154.2 (s ; C1), 151.4 (s; C5),
140.7(s, C5’’; 4-MepzH), 140.6 (s, C5’; 4-MepzH), 135.6 (s; C7), 131.1
(s, C3’’; 4-MepzH), 130.8 (s, C3’; 4-MepzH), 127.8 (s ; C9), 127.5 (s, 2C;
C6 and C8), 123.0 (s; C3), 118.6 (s, C4’’; 4-MepzH), 118.3 (s ; C4’, 4-
MepzH), 115.7 (s; C2), 111.0 (s ; C10), 61.2 (s, CH2 ; CO2Et), 35.8 (s ;
C4), 14.5 (s, CH3 ; CO2Et), 9.1 ppm (s, 2C, Me” and Me’’; 4-MepzH).
195Pt{1H} NMR (85.6 MHz, CD2Cl2, 25 8C): d=@3915.6 (s). IR (ATR):
ñ= 3137 (m, NH), 1655 (m, C = O), 1077, 623 cm@1 (s, ClO4). MS
(MALDI +): m/z 588.3 [M]+ . LM (5 V 10@4 m acetone solution):
103.8 W@1 cm@2 mol@1. Elemental analysis calcd (%) for
C21H25ClN6O6Pt: C 36.66, H 3.66, N 12.22; found: C 36.29, H 3.66, N
12.35.

Synthesis of [Pt(C^C*)(pzH)2]ClO4 (3 b)

Complex 3 b was synthesized following the same procedure used
for 2 b with AgClO4 (46.2 mg, 0.22 mmol), A (101.4 mg, 0.11 mmol)
and pzH (30.0 mg, 0.44 mmol). 3 b, white solid. Yield: 114.0 mg
(78 %). 1H NMR (400 MHz, CD3OD, 25 8C): d= 8.02 (m, 2 H; pzH),
7.93 (d, 3J(H,H) = 1.9, 1 H; pzH), 7.80 (m, 2 H; H2 and H (pzH)), 7.75
(dd, 3J(H9,H10) = 8.2, 4J (H9,H7) = 1.7, 1 H; H9), 7.31 (d, 3J(H10,H9) =
8.2, 1 H; H10), 7.22 (d, 3J (H3,H2) = 2.1, 1 H; H3), 7.01 (d, 4J(H7,H9) =
1.7, 3J(H,Pt) = 57.0, 1 H; H7), 6.61 (m, 2 H, H4’ and H4’’; pzH), 4.23 (q,
3J(H,H) = 7.1, 2 H, CH2; CO2Et), 3.15 (s, 3 H; H4), 1.30 ppm (t,
3J(H,H) = 7.1, 3 H, CH3 ; CO2Et). 13C{1H} NMR (101 MHz, CD3OD, 25 8C):
d= 168.0 (s ; CO2Et), 155.0 (s; C1), 152.9 (s ; C5), 141.8 (s, 1C; pzH),
141.4 (s, 1C; pzH), 136.3 (s ; C7), 132.7 (s, 1C; pzH), 132.6 (s, 1C;
pzH), 128.4 (s; C9), 128.7 and 127.7 (s ; C6 and C8), 124.4 (s ; C3),
116.7 (s ; C2), 111.7 (s; C10), 108.5 (s, 1C; pzH), 108.1 (s, 1C; pzH),
61.8 (s, CH2 ; CO2Et), 35.6 (s ; C4), 14.5 ppm (s, CH3 ; CO2Et).
195Pt{1H} NMR (85.6 MHz, CD3OD, 25 8C): d=@3923.7 ppm (s). IR
(ATR): ñ= 3134 (m, br, NH), 1662 (m, C = O), 1086, 622 cm@1 (s,
ClO4). MS (ESI +): m/z 560.1 [M]+ . LM (5 V 10@4 m acetone solution):
100.6 W@1 cm@2 mol@1. Elemental analysis calcd (%) for
C19H21ClN6O6Pt·2 H2O: C 32.79, H 3.62, N, 12.08; found: C 33.1, H
3.48, N 12.10.

Synthesis of [Pt(C^C*)(3,5-Me2pzH)2]PF6 (1 c)

AgPF6 (44.0 mg, 0.17 mmol) was added to a stirred suspension of
A (80.0 mg, 0.09 mmol) in acetone (50 mL) in the darkness at room
temperature. After 3 h, 3,5-Me2pzH (33.79 mg, 0.35 mmol) was
added to the mixture and allowed to react for 14 h in the darkness.
Then, the resulting suspension was filtered through Celite and the
solvent was evaporated to dryness. The residue was treated with
hexane/Et2O (20/1 mL) and filtered to give 1 c as a pale yellow
solid. Yield: 60.0 mg (45 %). 1H NMR (300 MHz, CD2Cl2, 25 8C): d=
11.0 (s br, 1 H; NH), 10.9 (s br, 1 H; NH), 7.76 (dd, 3J(H9,H10) = 8.1,
4J(H9,H7) = 1.5, 1 H; H9), 7.37 (d, 3J(H2,H3) = 1.9, 1 H; H2), 7.08 (d,
3J(H10,H9) = 8.1, 4J(H,Pt) = 22.2, 1 H; H10), 6.88 (d, 3J(H3,H2) = 1.9,
1 H; H3), 6.86 (s, 3J(H,Pt) = 58.9, 1 H; H7), 6.14 (s, 1 H, H4’; 3,5-
Me2pzH), 6.07 (s, 1 H, H4’’; 3,5-Me2pzH), 4.22 (q, 3J(H,H) = 7.1, 2 H,
CH2 ; CO2Et), 3.07 (s, 3 H; H4), 2.40, 2.34 (s, 12 H, Me; 3,5-Me2pzH),
1.29 ppm (t, 3J(H,H) = 7.1, 3 H, CH3 ; CO2Et). 195Pt{1H} NMR (85.6 MHz,
CD2Cl2, 25 8C): d=@3931.3 ppm (s). IR (ATR): ñ= 3150 (m, NH), 1675
(m, C = O), 831, 555 cm@1 (s, PF6). MS (MALDI +): m/z 616.2 [M]+ .
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LM (5 V 10@4 m acetone solution): 134.8 W@1 cm@2 mol@1. Elemental
analysis calcd (%) for C23H29F6N6O2PPt: C 36.27, H 3.84, N 11.04;
found: C 36.09, H 3.80, N 11.02.

Synthesis of [{Pt(C^C*)(3,5-Me2 pz)Ag}2] (4)

To a solution of 1 b (150 mg, 0.21 mmol) in methanol (10 mL) was
added AgClO4 (45 mg, 0.21 mmol) and excess of NEt3 (0.5 mL,
3.58 mmol). The solution was stirred for 1 h at r.t. in the dark. The
resulted yellow precipitate was collected, washed with methanol,
and dried in vacuum. Yield 116 mg (78 %). 1H NMR (400 MHz,
CD2Cl2, 25 8C): d= 7.63 (dd, 3J(H9,H10) = 8.1, 4J(H9,H7) = 1.7, 2 H;
H9), 7.18 (d, 3J(H2,H3) = 2.0, 2 H; H2), 7.15 (d, 4J(H7,H9) = 1.7,
3J(H,Pt) = 51.2, 2 H; H7), 6.88 (d, 3J(H10,H9) = 8.1, 2 H; H10), 6.57 (d,
3J(H3,H2) = 2.0, 2 H; H3), 6.01 (s, 2 H, H4’; 3,5-Me2pz), 5.78 (s, 2 H,
H4’; 3,5-Me2pz), 4.21 (m, 4 H; CH2, CO2Et), 2.41 (s, 6 H; H4), 2.22 (s,
6 H, Me; 3,5-Me2pz), 2.21 (s, 6 H, Me; 3,5-Me2pz), 2.03 (s, 6 H, Me;
3,5-Me2pz), 1.70 (s, 6 H, Me; 3,5-Me2pz), 1.28 ppm (t, 3J (H,H) = 7.1,
6 H, CH3 ; CO2Et). 13C{1H} NMR (101 MHz, CD2Cl2, @90 8C): d= 166.8
(s; CO2Et), 159.0 (s ; C1), 151.5 (s; C5), 148.2, 147.0, 146.1 (s ; 3,5-
Me2pz), 137.1 (s; C7), 134.5 (s; C6), 126.3 (s; C8), 125.8 (s; C9), 122.5
(s; C3), 113.8 (s; C2), 109.6 (s; C10), 102.8 (s, C4 ; 3,5-Me2pz), 102.6 (s,
C4’; 3,5-Me2pz), 60.8 (s, CH2 ; CO2Et), 33.6 (s, C4), 14.2, 14.1, 14.0 (s,
CH3; CO2Et and 3,5-Me2pz), 13.6, 13.2 ppm (s, Me; 3,5-Me2pz).
195Pt{1H} NMR (85.6 MHz, CD2Cl2, @90 8C): d=@3753.5 (s). IR (ATR):
ñ= 1701 cm@1 (m, C = O). MS (MALDI +): m/z 627.2 [M-(3,5-
Me2pz)2]2 + ; 1349.3 [M-(3,5-Me2pz)]+ ; 1553.4 [M + Ag]+ . Elemental
analysis calcd (%) for C46H54Ag2N12O4Pt2 : C 38.24, H 3.77, N 11.63;
found: C 38.00, H 3.63, N 11.54.
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ABSTRACT: DFT investigations on the ground (GS) and the first
triplet (T1) excited state potential energy surfaces (PES) were
performed on a new series of platinum-butterfly complexes,
[{Pt(C∧C*)(μ-Rpz)}2] (Rpz: pz, 1; 4-Mepz, 2; 3,5-dmpz, 3; 3,5-
dppz, 4), containing a cyclometalated NHC in their wings. The
geometries of two close-lying local minima corresponding to
butterfly spread conformers, 1s−4s, and butterfly folded ones, 1f−
4f, with long and short Pt−Pt separations, respectively, were
optimized in the GS and T1 PES. A comparison of the GS and T1
energy profiles revealed that an opposite trend is obtained in the
relative stability of folded and spread conformers, the latter being
more stabilized in their GS. Small ΔG (s/f) along with small-
energy barriers in the GS support the coexistence of both kinds of
conformers, which influence the photo- and mechanoluminescence
of these complexes. In 5 wt % doped PMMA films in the air, these complexes exhibit intense sky-blue emissions (PLQY: 72.0−
85.9%) upon excitation at λ ≤ 380 nm arising from 3IL/MLCT excited states, corresponding to the predominant 1s−4s conformers.
Upon excitation at longer wavelengths (up to 450 nm), the minor 1f−4f conformers afford a blue emission as well, with PLQY still
significant (40%−60%). In the solid state, the as-prepared powder of 4 exhibits a greenish-blue emission with QY ∼ 29%, mainly due
to 3IL/3MLCT excited states of butterfly spread molecules, 4s. Mechanical grinding resulted in an enhanced and yellowish-green
emission (QY ∼ 51%) due to the 3MMLCT excited states of butterfly folded molecules, 4f, in such a way that the
mechanoluminescence has been associated with an intramolecular structural change induced by mechanical grinding.

■ INTRODUCTION
Cyclometalated complexes of Pt(II) are characterized by
outstanding photoluminescent properties,1 arising from the
radiative deactivation of triplet excited states, which are at the
origin of many challenging applications such as optical
sensors,2 biological imaging,3 or light emitting devices.4 The
planar geometry of the mononuclear complexes allows them to
assemble through Pt···Pt and π−π interactions. Recent
computational investigations demonstrate that mononuclear
complexes often possess very different photophysical proper-
ties than their aggregates. Thus, while mononuclear complexes
are likely to deactivate nonradiatively through triplet metal-
centered (3MC) excited states,5 the formation of the latter
states is likely more hindered in condensed phases. Addition-
ally, it was found that the formation of excimers in Pt(II)
complexes is more favored than the formation of ground state
aggregates.6 As a result, the nature of the emissive triplet state
changes from a monomer-based triplet emission to a triplet
metal−metal-to-ligand charge transfer (3MMLCT) like
emission in the molecular ensembles, leading to red-shifted
emissions.7,8 This kind of platinum compound very often
suffers the so-called aggregation-cause quenching (ACQ)9

effect, which limits their applications. However, many

transition metal complexes exhibit aggregation-induced
phosphorescent emission (AIPE),10−14 and they can success-
fully be used to achieve white light15,16 or NIR17,18 organic-
light-emitting diodes by adjusting the doping concentration.
The emission color strongly depends on the extent of these
intermolecular interactions, and in their turn, on environ-
mental factors able to affect them, such as temperature
variations,8 mechanical force,12,19 or volatile solvent molecules
embedded into the lattice.2,20 Thus, these compounds become
thermo-, mechano-, and/or vapoluminescent complexes,
enlarging the technological interest of these smart functional
materials.
Compared to mononuclear complexes, binuclear lumines-

cent complexes have been less explored.21−28 In binuclear
Pt(II) cyclometalated compounds, the metallophilic inter-

Received: May 14, 2021
Published: August 2, 2021

Articlepubs.acs.org/IC

© 2021 American Chemical Society
12274

https://doi.org/10.1021/acs.inorgchem.1c01470
Inorg. Chem. 2021, 60, 12274−12284

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
 Z

A
R

A
G

O
Z

A
 o

n 
A

ug
us

t 2
3,

 2
02

1 
at

 0
6:

43
:4

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

19

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Violeta+Sicilia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorenzo+Arnal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Escudero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+Fuertes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Martin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.1c01470&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01470?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01470?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01470?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01470?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c01470?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/60/16?ref=pdf
https://pubs.acs.org/toc/inocaj/60/16?ref=pdf
https://pubs.acs.org/toc/inocaj/60/16?ref=pdf
https://pubs.acs.org/toc/inocaj/60/16?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf


actions and thereto their luminescent properties can partially
be controlled by selecting the bridging ligands, which result in
different degrees of rigidity and steric hindrance.21,23,24 Among
them, platinum complexes with bridging pyrazolates have been
deeply studied by Castellano,25 Thompson,26,27 and Ma28 and
co-workers. It was found that the Pt−Pt distance and the
extent of the metallophilic interactions can be tuned by the
bulkiness of the pyrazolate unit (butterfly body), in such a way
that when the bulkiness increases, the cycloplatinated units
(butterfly wings) are pushed closer together. As a result, the
emission color of this kind of complexes can be tuned from
blue to green or red.23 In addition, in solution they exhibit
sometimes a photoinduced structural change (PSC) on the
lowest triplet-state potential energy surface (PES), resulting in
a dramatic change of the Pt−Pt bond distance and thereto on
the emission.28 This unique butterfly-like structure allows the
contraction of the Pt−Pt distance with temperature, thus
leading to solid-state thermochromism and thermolumines-
cence. This is the case of [{Pt(ppy)(μ-Ph2pz)}2],

29 which at a
low temperature exhibits monomer-based 3LC/MLCT emis-
sion, and it changes to excimer-like 3MMLCT emission above
160 K.
The cyclometalating groups play also an important role in

the stability and the control of the photophysical properties.30

In this sense, the platinum-butterfly complexes reported by
Strassner et al., i.e., [{Pt(C∧C*)(μ-Rpz)}2]

31,32 are exemplary
ones. They revealed that the cyclometalated N-heterocyclic
carbenes (C∧C*), forming two strong metal−carbon bonds,
are excellent wingsa for the synthesis of highly efficient blue
and orange emitters. In this field, we reported compound
[{Pt(C∧C*)(μ-pz)}2] (HC∧C* = 1-(4-(ethoxy-carbonyl)-
phenyl)-3-methyl-1H-imidazol-2-ylidene; pz: pyrazolate 1)
which undergoes two-center, two-electron [2c, 2e] oxidation
in the presence of haloforms (CHX3, X = Cl, Br, I).33 Herein,
we report three new complexes, [{Pt(C∧C*)(μ-Rpz)}2] (Rpz:
4-methylpyrazolate (4-Mepz), 2; 3,5-dimethylpyrazolate (3,5-
dmpz), 3; and 3,5-diphenylpyrazolate (3,5-dppz), 4) bearing
the same wings, C∧C*, but different bodies (Rpz). Besides the
experimental synthesis and characterization of compounds 1−
4, the intriguing luminescence and mechanoluminescence have
been studied and deciphered with density functional theory
(DFT) and time-dependent DFT (TD-DFT) investigations.
For all of the complexes, two close-lying local minima
corresponding to the folded (f) and spread (s) conformers
were located on both the ground-state (GS) and the lowest
adiabatic triplet excited state (T1) PES. A low energy barrier
for the thermal interconversion between both structures in the
GS seems to be at the core of the stimuli-responsive
luminescence of complex 4 in the solid state.

■ EXPERIMENTAL SECTION
Compounds [{Pt(EtO2C−C∧C*)(μ-Cl)}2] (A),34 [Pt(EtO2C−
C∧C*)(4-MepzH)2]ClO4 (B2),35 and [{Pt(EtO2C−C∧C*)(μ-
pz)}2] (1)

36 were prepared as described elsewhere.
Synthesis of syn-/anti-[{Pt(EtO2C−C∧C*)(μ-4-Mepz)}2] (2).

NEt3 (0.5 mL, 3.62 mmol) was added to a solution of B2 (133.5
mg, 0.19 mmol) in acetone (30 mL) at room temperature. After 2 h
of reaction, the solvent was removed in vacuo to 2 mL. The solution
was treated with H2O (20 mL), filtered, and washed with H2O to give
2-anti (83%)/2-syn(17%) as a yellow solid. Yield: 73.7 mg, 75%. Anal.
Calcd for C34H36N8O4Pt2: C, 40.40; H, 3.59; N, 11.08. Found: C,
40.00; H, 3.75; N, 11.06. 1H NMR data for 2-anti (500 MHz,
acetone-d6): δ 8.02 (d, 4JH7,H9 = 1.8, 3JH7,Pt = 55.1, 2H, H7), 7.65 (d,
3JH2,H3 = 2.1, 2H, H2), 7.63 (dd, 3JH9,H10 = 8.1, 4JH9,H7 = 1.8, 2H, H9),

7.50 (s, 2H, H3′, 4-Mepz), 7.46 (s, 2H, H5′, 4-Mepz), 7.18 (d, 3JH10,H9
= 8.1, 2H, H10), 7.06 (d, 3JH3,H2 = 2.1, 2H, H3), 4.23 (m, CH2,
CO2Et), 3.35 (s, 6H, H4), 2.12 (s, 6H, Me, 4-Mepz), 1.31 (t, 3JH,H =
7.1, 6H, CH3, CO2Et).

1H NMR data for 2-syn: δ 7.97 (d, 4JH7,H9 =
1.8, 2H, H7), 7.68 (d, 3JH2,H3 = 2.1, 2H, H2), 7.58 (dd, 3JH9,H10 = 8.1,
4JH9,H7 = 1.8, 2H, H9), 7.54 (s, 2H, H3′, 4-Mepz), 7.42 (s, 2H, H5′, 4-
Mepz), 3.63 (s, 6H, H4), 1.35 (t, 3JH,H = 7.1, 6H, CH3, CO2Et). The
rest of the signals appear overlapped with those of the 2-anti isomer.
13C{1H} NMR plus HSQC and HMBC data for 2-anti (125.75 MHz,
acetone-d6): δ 161.2 (C1), 152.9 (C5), 139.6 and 138.3 (C3′ and C5′),
136.3 (C7), 133.8 and 126.8 (C6 and C8), 126.3 (C9), 123.3 (C3),
116.2 (C2), 116.1 (C4’), 110.9 (C10), 60.7 (CH2, CO2Et), 36.5 (C4),
14.6 (CH3, CO2Et), 9.5 (Me, 4-Mepz). 13C{1H} NMR plus HSQC
and HMBC data for 2-syn (125.75 MHz, acetone-d6): δ = 160.3 (C1),
123.1 (C3), 36.7 (C4).

195Pt{1H} NMR (108 MHz, acetone-d6): δ
−3775 (2-anti), −3785 (2-syn) ppm. (MS (MALDI+): m/z 1010.4
[{Pt(C∧C*)(μ-4-Mepz)}2].
Synthesis of syn-/anti-[{Pt(EtO2C−C∧C*)(μ-3,5-dmpz)}2] (3).

Compound A (106.3 mg, 0.12 mmol) was added to a solution
containing NaOtBu (22.2 mg, 0.23 mmol) and 3,5-dmpzH (22.5 mg,
0.23 mmol) in acetone/EtOH (10 mL/5 mL). After 3 h of reaction at
−10 °C, the solvent was removed to 3 mL under reduced pressure,
filtered, and washed with 2 × 5 mL of H2O to give 3-anti(80%)/3-
syn(20%) as a yellow solid. Yield: 70 mg, 58%. Anal. Calcd for
C36H40N8O4Pt2: C, 41.62; H, 3.88; N, 10.79. Found: C, 41.24; H,
4.02; N, 10.76. 1H NMR data for 3-anti (500 MHz, methylene
chloride- d2): δ 7.83 (d, 4JH7,H9 = 1.7, 3JH7,Pt = 52.3, 2H, H7), 7.67 (d,
3JH9,H10 = 7.5, 2H, H9), 7.20 (s, br, 2H, H2), 6.94 (d, 3JH10,H9 = 7.5,
2H, H10), 6.67 (s, br, 2H, H3), 6.11 (s, 2H, H4′, dmpz), 4.24 (m, CH2,
CO2Et), 3.33 (s, 6H, H4), 2.32 and 2.27 (s, 12H, Me, dmpz), 1.35 (t,
3JH,H = 7.1, 6H, CH3, CO2Et).

1H NMR data for 3-syn: δ 6.13 and
6.04 (s, 2H, H4′, dmpz), 3.58 (s, 6H, H4). The rest of the signals
appear overlapped with those of the 3-anti.

13C{1H} NMR plus HSQC and HMBC data for 3-anti (125.75
MHz, methylene chloride-d2): δ 160.7 (C1), 152.2 (C5), 146.7 (C3′
and C5′). 136.9 (C7), 133.4 and 126.7 (C6 and C8), 125.9 (C9), 122.1
(C3), 115.4 (C2), 110.2 (C10), 104.6 (C4’), 60.8 (CH2, CO2Et), 35.7
(C4), 14.7 (CH3, CO2Et), 14.2 (Me, dmpz). 13C{1H} NMR plus
HSQC and HMBC data for 3-syn (125.75 MHz, methylene chloride-
d2): 160.2 (C1), 35.8 (C4).

195Pt{1H} NMR (108 MHz, methylene
chloride- d2): δ = −3771 ppm (3-anti), −3799 (3-syn) ppm. MS
(MALDI+): m/z 1038.2 [{Pt(C∧C*)(μ-dmpz)}2].

Synthesis of syn-/anti- [{Pt(EtO2C−C∧C*)(μ-3,5-dppz)}2] (4).
AgClO4 (52.7 mg, 0.25 mmol) was added to a stirred suspension of A
(115.8 mg, 0.12 mmol) in acetone (30 mL) in the dark at room
temperature. After 2 h of reaction, 3,5-dppzH (110.9 mg, 0.50 mmol)
was added to the mixture and allowed to react overnight in the
darkness. Then, the resulting suspension was filtered through Celite
and concentrated to ca. 20 mL. NEt3 (0.5 mL, 3.62 mmol) was added
to the reaction mixture and stirred for 2 h. Then, the solvent was
removed in vacuo. The residue was treated with cold MeOH (5 mL)
and filtered to give 4-anti (94%)/4-syn (6%) as a yellow solid. Yield:
90.0 mg, 74%. Anal. Calcd for C56H48N8O4Pt2: C, 52.25; H, 3.76; N,
8.71. Found: C, 52.64; H, 3.90; N, 8.82. 1H NMR data for 4-anti (500
MHz, DMSO-d6, 353 K): δ 8.59 (d, 3JHo,Hm = 7.2, 4H, Ho), 8.25 (dd,
3JHo,Hm = 7.2, 4JHo,Hp = 1.8, 4H, Ho), 7.84 (s, br, 1H, HC

∧
C*), 7.72−

7.53 (m, 4H, HC
∧
C*), 7.50−7.24 (m, 9H, Hpz and HC

∧
C*), 7.20−7.03

(m, 8H, Hpz and HC
∧
C*), 6.99 (s, br, 2H, Hpz), 4.18 (q, 3JH,H = 7.0,

4H, CH2, CO2Et), 3.18 (s, 6H, H4), 1.29 (t, 3JH,H = 7.0, 6H, CH3,
CO2Et).

1H NMR data for 4-syn: δ 3.32 (s, 6H, H4). The rest of the
signals appear overlapped with those of the 4-anti isomer. 13C{1H}
NMR plus HSQC and HMBC data for 4-anti (125.75 MHz, DMSO-
d2,353 K): δ 155.5 (C1), 135.1 (CC

∧
C*), 132.7 (Cpz), 132.6 (Cpz),

127.6 (Cpz), 127.0 (Cpz), 126.8 (CC
∧
C*), 126.7 (Co), 125.4 (Co),

124.7 (CC
∧
C*), 124.5 (CC

∧
C*), 122.1 (CC

∧
C*), 109.7 (CC

∧
C*), 103.2

(CC
∧
C*), 59.3 (CH2, CO2Et), 34.3 (C4), 13.6 (CH3, CO2Et).

195Pt{1H} NMR (108 MHz, DMSO-d6, 353 K): δ −3680 ppm (4-
anti). (MS (MALDI+): m/z 1286.5 [{Pt(C∧C*)(μ-3,5-dppz)}2].
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■ RESULTS AND DISCUSSION

Compounds [{Pt(C∧C*)(μ-Rpz)}2] (HC∧C* = 1-(4-(ethox-
ycarbonyl) phenyl)-3-methyl-1H-imidazol-2-ylidene; Rpz: 4-
methylpyrazolate (4-Mepz), 2; 3,5-dimethylpyrazolate (3,5-
dmpz), 3; 3,5-diphenylpyrazolate (3,5-dppz), 4) were prepared
following path a (for 3) or b (for 2 and 4) in Scheme 1).
The inability to get compound 3 through path b is in

agreement with the greater basicity of 3,5-dmpzH37 with
respect to pzH, 4-MepzH, and 3,5-dppzH, which prevents it
from being removed from the coordination sphere of the
platinum center (experimental details for 2−4 in the SI). All
the complexes were obtained as a mixture of syn/anti isomers
with respect to the relative orientation of the cyclometalated
C∧C* groups, with the anti-isomer being the predominant one,
as can be seen in the 1H and the 195Pt{1H} NMR spectra of 2−
4 (Figures S1−S4). The single-crystal X-ray diffraction study of
2 and 3 confirmed the expected spread butterfly-like structure
(Figure 1). Like compound 1,36 complex 2 showed three
different molecules in the asymmetric unit (A, B, C) with
intermetallic distances of 3.355(4) Å (2A), 3.224(3) Å (2B),
and 3.156(3) Å (2C). However, complex 3 exhibited only one
dinuclear molecule with an intermetallic separation of
3.131(17) Å, in the low range of distances observed in other

platinum-butterfly complexes with the same body (3,5-dmpz)
but bearing different wings (3.128−3.203 Å).26,38−40 Unfortu-
nately, no good quality crystals were obtained for 4, but we
could confirm the atom connectivity. Two different molecules
with a Pt−Pt separation of 3.054 and 2.982 Å were found in
the asymmetric unit. Therefore, once again it can be
established that when the steric demand of the bridging
pyrazolate increases the platinum centers are pushed closer
together, like in other butterfly-like platinum complexes
reported by Thompson et al.,26 Umakoshi et al.,40 and
Strassner et al.32 An extended description of these molecules
has been included in the SI (see Table S2 and Figures S5−S7).

Theoretical Calculations. DFT calculations on the GS
and the lowest adiabatic triplet excited state (T1) PESs for 1−4
were performed, and the geometries of relevant stationary
points, such as, e.g., local minima and transition states (TS),
were optimized (see SI for computational details) accounting
for solvent effects in THF.
For all of the complexes, the geometries of two close-lying

local minima were optimized in the GS PES (see Figure S8 in
SI) which corresponded to the butterfly spread structures 1s−
4s and the butterfly folded ones 1f−4f. Those corresponding
to the butterfly spread conformers 1s−4s show long Pt−Pt

Scheme 1. Synthetic Routes Followed for Compounds 1−4c

a−2 KCl (NaCl)/−2 H2O (tBuOH). b−2 NHEt3Rpz/−2 NHEt3ClO4.
cJust the major isomer “anti” appears, represented for clarity along with its

numerical scheme for NMR analysis. Compound 1 is included for overview.

Figure 1.Molecular structures of 2A (left) and 3 (right). Ellipsoids are drawn at their 50% probability level; solvent molecules and hydrogen atoms
have been omitted for clarity.
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distances (3.10 Å for 4s, 3.10 Å for 3s, <3.20 Å for 1s, <3.22 Å
for 2s) and intramolecular C∧C* separations (>4.5 Å)
following the same trend as the one observed in the
experimental values. Also, they are characterized by a small
Pt−Pt bond order (BO: 0.036 4s, <0.106 3s, <0.110 1s,
<0.111 2s). On the other hand, the GS optimized geometries
corresponding to the butterfly folded conformers 1f−4f are
characterized by shorter Pt−Pt distances (2.96 Å for 4f, <2.97
Å for 3f, 2.97 Å for 1f, <2.98 Å for 2f) and intramolecular
C∧C* contacts (<3.8 Å) along with larger Pt−Pt bond orders
(BO: 0.170 4f, 0.174 3f, <0.228 1f, <0.233 2f) than those of
1s−4s. The computed energy profiles in the GS PES are
shown in Figure 2. For all compounds, the conformers 1s−4s,

featuring longer Pt−Pt distances, are more stable than the
conformers 1f−4f (ΔG: 0.076 eV (1.76 kcal/mol) for 4, 0.129
eV (2.97 kcal/mol) for 1, 0.152 eV (3.50 kcal/mol) for 3, and
0.220 eV (5.08 kcal/mol) for 2). Especially, this is remarkable
for 2s, which bears the longest Pt−Pt separation and the
largest dihedral angle between the two platinum coordination
planes. In addition, for complexes bearing bulkier Rpz units (3
and 4), their 3s and 4s minima are stabilized at shorter Pt−Pt
distances than 1s and 2s.
Furthermore, for complexes 1 and 2, we have successfully

located the transition state (TS) associated with the
interconversion between both conformers (see their optimized
geometries in Figure S8). These TSs lie exemplarily 0.0077 eV
(0.18 kcal/mol) above 1f and 0.037 eV (0.86 kcal/mol) above
2f (see Figure 2). Their optimized geometries display Pt−Pt
distances which lie in between those found for the butterfly
folded and butterfly spread optimized minima. In the case of
1,33 a small ΔG (1s/1f) value along with a small activation
barrier supports, within the experimental error, a fast thermal
equilibration in the ground state PES, thus resembling an
intramolecular butterf ly f lapping-like motion.
These results are fully consistent with the presence of both

conformers in solution, with the butterfly spread being the
predominant one. Attempts to optimize the geometries of the
TSs for the interconversion between conformers of complexes
3 and 4 were unsuccessful. In view of this piece of evidence,

the flapping process likely occurs in a barrierless manner for
the latter complexes.
Let us now discuss the results for the calculations on the

lowest adiabatic triplet excited state (T1) PES. The geometries
of two local minima, i.e., s/f, were optimized for all of the
complexes (Figure 3 and Figure S9 in the SI). The optimized

geometries for the butterfly spread conformers, 1s−4s, show
Pt−Pt distances (3.02 Å for 4s, <3.09 Å for 3s, <3.20 Å for 2s,
<3.21 Å for 1s) and Pt−Pt bond orders (BO: 0.116 3s, 0.110
2s, 0.102 4s, 0.099 1s), similar to those observed for most of
them in the GS.
However, the T1 optimized geometries for the butterfly

folded conformers, 1f−4f, exhibit intermetallic separations
(2.74 Å for 4f, <2.75 Å for 1f−3f), which are shortened by ca.
0.22 Å with respect to those in the GS, and Pt−Pt bond orders
(BO: 0.586 4f, 0.591 3f, 0.626 2f, 0.621 1f), which are
increased by 0.4 with respect to those in the GS. The
calculated spin density distribution for 1s−4s indicates a mixed
3IL/3MLCT [π(C∧C*) → π*(C∧C*)]/[5d(Pt) → π*-
(C∧C*)] character for their T1 states (see Figures 3 and
S10) but a 3MMLCT [dσ*(Pt−Pt) → π*(C∧C*)] character
for the T1 states of 1f−4f. Note that the changes in the Pt−Pt
distances and the BO values from the GS to T1 states in the
butterfly folded conformers 1f−4f almost agree with a one-
electron excitation from the dσ*(Pt−Pt) orbital.
Like in the previously reported C,N-cycloplatinated

butterfly-like complexes by Ma et al.,28 as the steric bulk of
the Rpz ligand increases, their spread-like minima
(3IL/3MLCT) display shorter Pt−Pt bond distances (compare
e.g., 1s and 2s vs 3s and 4s in Figure 3). Importantly,
comparing the 1s−4s and the 1f−4f optimized geometries in
their T1 states, there is a considerable shortening of the Pt−Pt
distances in the folded-like structures. The change of excited
state character when going from the 1s−4s minima
(3IL/3MLCT) to the 1f−4f ones (3MMLCT) leads to an
extra stabilization of the latter conformers41 by 0.085 eV (1.95
kcal/mol), 0.015 eV (0.36 kcal/mol), 0.084 eV (1.93 kcal/
mol), and 0.166 eV (3.83 kcal/mol) for complexes 1−4,

Figure 2. Calculated relative energy profile (PCM-M06/6-31G(d)
and MWB60(Pt)) in the GS for the interconversion between the 1f−
4f and 1s−4s conformers. Values calculated in THF.

Figure 3. Calculated relative energy profile (PCM-M06/6-31G(d)
and MWB60(Pt)) in the lowest adiabatic triplet excited state (T1) for
the interconversion between the 1f−4f and 1s−4s conformers. Values
calculated in THF. Spin density distribution plots of 3f (left) and 3s
(right).
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respectively. Note also that a certain amount of Pt−Pt bonding
is only possible in the T1 state but not in the GS.
All in all, a comparison of the GS and T1 energy profiles

reveals that an opposite trend is obtained in the relative
stability of folded and spread conformers, the former being
clearly more stabilized in their T1 states, regardless of the steric
hindrance of the bridging Rpz, but specially for complex 4. In
addition, we located the transition states (TSs) for the
interconversion between conformers in the T1 state for 1−3,
which are shown in Figure S9. These TSs all bear one
imaginary frequency associated with the interconversion
between both conformers. These TSs lie 0.115 eV (2.65
kcal/mol), 0.162 eV (3.73 kcal/mol), and 0.132 eV (3.04 kcal/
mol) above the local minima 1s−3s, respectively. These energy
barriers for PSC are larger than those for the flapping-like
intramolecular motion in the GS
The absorption properties of 1−4 were also investigated

with PCM-TD-DFT calculations in the presence of THF (see
details in the SI). The results are collected in Tables S3 and S4
and Figure S11. The frontier molecular orbitals (Figure S11)
for 1s−4s and 1f−4f along with the energies of their lowest
singlet excited states were also calculated (see inset of Figure 4

and Table S4 in SI). The lowest singlet excited states have
predominant HOMO to LUMO character and can be
described mainly as 1MLCT/1IL [5d(Pt) → π*(C∧C*)]/
[π(C∧C*) → π*(C∧C*)] for 1s−4s, while some additional
1MMLCT [dσ*(Pt−Pt) →π*(C∧C*)] character is found for
those of 1f−4f. The vertical ΔSCF-M06 emission energies
from the T1 optimized geometries were calculated as well,
rendering values of ca. 510 nm for 1s−4s and of ca. 570 nm for
1f−4f (see Table S4 in SI).

Photophysical Properties. The absorption and emission
properties of 1−4 were investigated and explained on the basis
of the DFT calculations. The UV−vis spectra of 1−4 (Figure 4
and Table S26 in SI) do not show differences between diluted
(10−5 M) and concentrated solutions (10−3 M). They show
their lowest-energy absorption bands (ε ∼ 9 × 103 M−1 cm−1)
in the range 325−390 nm. These absorptions bands match the
S0 → S1 transitions calculated for the butterfly spread
molecules 1s−4s (see Figure 4), which are the predominant
species according to the calculations.
However, in spite of the low contribution of the Rpz to the

frontier molecular orbitals (FMOs), this absorption appears
clearly red-shifted as the bulkiness of the R groups on the
bridging pyrazolate increases. So, for species 3s and 4s,
exhibiting shorter intermetallic distances and smaller inter-
planar angles in the GS, some 1MMLCT [dσ*(Pt−Pt) →
π*(C∧C*)] character could be reasonably attributed (see
Figures S8 and S11).
Diluted solutions (10−5 M) of 1−4 in 2-MeTHF were fast-

cooled to 77 K. Upon excitation at λ ≤ 340 nm, each of their
emission spectra were characterized by highly structured
emission bands with λmax ∼ 450 nm and vibronic spacings
[∼1450 cm−1], likely corresponding to the CC/CN bond
stretching modes of the cyclometalated NHC ligands (Figure
5, left). The emission energies are not affected by the nature of
the Rpz ligands, and they are very similar to those observed in
the mononuclear compounds bearing the same “(C∧C*)Pt”
fragment.34,35,42,43

The computed emission energies for the butterfly spread
conformers, i.e., 1s−4s, agree better with the experimental
findings at 77 K than those calculated from 1f−4f. Thus, these
results highlight that the barriers for interconversion between
s/f conformers at the T1 state (see Figure 3) are large enough
to prevent their thermal equilibrium at 77 K.

Figure 4. UV−visible spectra (path length: 1 mm) of 1−3 in 2-
MeTHF 10−3 M and 4 in 2-MeTHF 10−5 M (path length: 1 cm).
Inset: Expanded view of the UV−vis spectra along with the TD-M06/
6-31G(d) and MWB60(Pt) S0 → S1 transitions of the butterfly spread
(solid bars) and butterfly folded (dashed bars) conformers.

Figure 5. Normalized excitation (dotted lines) and emission (solid lines) spectra at 77 K under an Ar atmosphere. Left: 1−4 in 2-MeTHF 10−5 M.
Right: 1−3 in 2-MeTHF 10−3 M.
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Complexes 1 and 4 show additional excitation and emission
bands at lower energies (λexc ∼ 450 nm, λem > 600 nm),
attributable to the butterfly folded molecules (calculated S1 ∼
426 nm and T1 = 572 nm for 1f; S1 ∼ 429 nm and T1 = 570
nm for 4f), although for 1 they are only perceptible in
concentrated solutions (10−3 M; Figure 5, right). The
coexistence of butterfly spread and butterfly folded molecules
for 1 and 4 is in accordance with the small ΔG value computed
between the two conformers, s/f in the ground state (ΔG:
0.076 eV (1.76 kcal/mol) 4s/4f, 0.129 eV (2.97 kcal/mol) 1s/
1f) within the margin of error for the calculation of the
energies of similar complexes with the M06 functional (MUE
= 2.48 kcal/mol, see SI). For complexes 2 and 3 because of the
greater ΔG between them (0.220 eV (5.08 kcal/mol) 2s/2f,
0.152 eV (3.50 kcal/mol) 3s/3f), it seems to be more unlikely
and undetectable at 77 K.
In 5 wt % doped PMMA films in the air, excitation of

complexes 1−4 at λ ≤ 380 nm affords intense sky-blue
emissions with quantum yields of 72.0% 1, 83.4% 2, 79.0% 3,
and 85.9% 4 (see Table 1). These emissions match with those
observed in 2-MeTHF (10−5 M) at 77 K. The slight blue shift
in the emission spectra upon cooling is in accordance with an
emissive state of 3IL/ 3MLCT character. The excitation of
these films at longer wavelengths, up to 450 nm, render less
intense but matched emission bands (see Figure 6; Table S27
and Figure S12 in the SI). The short radiative decay of these
emissions at room temperature should be noted, which are
similar to those observed in analogous complexes [{Pt(C∧C*)-
(μ-Rpz)}2](HC

∧C* = 3-dibenzofuran-4-yl-1-methyl-3H-imi-
dazol-2-ylidene, imidazopyridine-2-ylidene; R = H, Me,
tBu)31,32 but clearly shorter than those measured for
mononuclear compounds containing the same “(C∧C*)Pt”
fragment.42,43

All of these pieces of evidence highlight a greater metallic
contribution to the excited state and, then, a greater 3MLCT
character of the blue emissions of complexes 1−4 in PMMA
films compared to those of the mononuclear complexes.42,43

Note that the large radiative rate constant values (kr, Table
1) support this. Also, compared to 2−4 (kr > 1.0 × 105 s−1), a
smaller radiative rate constant was obtained for 1 (kr = 1.0 ×
104 s−1), suggesting that the spin−orbit coupling (SOC)
efficiency was lower because of a larger energy separation
between the manifold of triplet and singlet states.44

Exemplarily, from the absorption and the PMMA emission
data, the energy differences between S1 and T1 (ΔES−T = 0.93
eV 1, 0.81 eV 2; 0.75 eV 3, 0.70 eV 4) were found to follow
the same trend observed for the kr.
In solution at room temperature, compounds 1−4 are

scarcely luminescent even in an argon atmosphere, a usual
feature for blue-emitting Pt(II) complexes since the population
of dd* states and formation of exciplexes are very common
thermal quenching processes.43 However, in a fluid solution of
2-MeTHF (10−5 M) at room temperature under an argon
atmosphere (Figures S13 in SI), excitation in the low-energy
absorption range (λ ≤ 380 nm) renders for complexes 1 and 2

Table 1. Photophysical Data for 1−4 in PMMA Films and Solid State in the Air at 298 K

C media λexc (nm) λem (nm) CIE (x;y) τ (μs) φ(%) kr
b knr

c

1 PMMAa 390 483max, 517sh, 567sh 0.18; 0.32 3.7 20 5.4 × 104 21.6 × 104

PMMAa 350 483max,517sh, 567sh 0.18; 0.32 72
solid 390 469, 527sh, 556max 0.41; 0.52 0.4 (20%) 3 2.5 × 104 79.2 × 104

1.4 (80%)
2 PMMAa 390 469, 485max, 524sh 0.16; 0.29 3.5 54 15.4 × 104 13.1 × 104

PMMAa 370 473, 492max, 536sh 0.16; 0.27 83
solid 390 472, 527sh, 559max 0.41; 0.53 0.3 (22%) 3 3.2 × 104 103.2 × 104

1.1 (78%)
3 PMMAa 390 464, 484max, 523sh 0.15; 0.25 3.4 53 15.7 × 104 13.8 × 104

PMMAa 380 464, 484max, 523sh 0.15; 0.25 79
solid 390 468, 487max 0.19; 0.35 0.3 (32%) 16 30.1 × 104 158.1 × 104

0.6 (68%)
ground 390 468, 492max, 519 0.29; 0.47 0.2 (20%) 6 11.2 × 104 175.4 × 104

solid 0.6 (80%)
4 PMMAa 390 480max 0.14; 0.26 2.2 69 31.7 × 104 14.1 × 104

PMMAa 380 480max 0.14; 0.26 86
solid 390 469,482max, 553sh 0.24; 0.37 0.5 (30%) 29 32.9 × 104 80.7 × 104

1.1 (70%)
ground 390 553max 0.39; 0.55 1.1 (33%) 51 28.3 × 104 27.2 × 104

solid 2.2 (67%)
a5 wt %. bRadiative decay rate constant given as kr = φ/τexp.

cknr = (1 − φ)/τexp.

Figure 6. Normalized emission and excitation spectra of complex 4 in
5 wt % PMMA film in the air, Picture was taken under 365 nm UV
light.
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a weak emission from 1s and 2s, for complex 3 a dual emission
with maxima at 456 and 552 nm, likely corresponding to 3s
and 3f, and for complex 4 an emission with a maximum at 559
nm arising from 4f, according to theoretical calculations.
In summary, photoexcitation of complexes 1−4 at λ < 380

nm allows the major 1s−4s conformers to reach the high-
energy 1IL/MLCT excited state; then, by a rapid intersystem
crossing (ISC), the 3IL/MLCT (Ts) state will be populated,
which is calculated to have a similar Pt−Pt separation than that
of its corresponding ground state geometry (see Scheme 2). In

fluid solution, where the geometries of neither ground states
nor those of the excited states are constrained, a photoinduced
structural change (PSC) process between Ts and Tf con-
formers could happen depending on both, ΔG (Tf−Ts) and
the PSC energy barrier.28 In the case of 4, the computed
barrierless PSC process along with the large ΔG values (T4f−
T4s = −0.166 eV, −3.83 kcal) leads to T4f almost in an
exclusive manner. This piece of evidence explains why the
emission from T4f is the only one observed experimentally. In
the case of complex 3, characterized by a smaller ΔG (T3f−T3s
= −0.84 eV, −1.93 kcal) and a non-negligible PSC barrier
(0.132 eV, 3.04 kcal), a thermal equilibrium between T3s and
T3f is likely at room temperature, thus explaining its dual
emission.
In the case of complex 2 with a lower ΔG (T2f−T2s =

−0.015 eV, −0.36 kcal) but larger energy barrier (0.162 eV,
3.73 kcal/mol), the PSC seems not to take place and the
emission arises only from T2s. For complex 1, with ΔG (T1f/
T1s= 0.085 eV, 1.95 kcal) and the PSC energy barrier (0.115
eV, 2.65 kcal) on the same order of magnitude as those
calculated for complex 3, the PSC was expected to occur, but,
the emission arises only from T1s.
In this case, we recently reported that internal conversion

(IC) from 1IL/MLCT to 1MMLCT competes with ISC to
3IL/MLCT.33 Therefore, a faster quenching of the 1/3MMLCT
states of complex 1, as compared to that occurring in
complexes 3 and 4, enabled by the lack of steric hindrance
of the reactive positions in complex 1, could account for the
absence of this low-energy emission.
In rigid media (2-MeTHF 10−5 M at 77 K or PMMA films),

photoexcitation of complexes 1−4 at λ < 380 nm leads in an
analogous manner to the emission from the higher-lying triplet
state 3IL/MLCT, despite the greater stability of the 3MMLCT

state. This indicates that the energy barriers to connect the Ts/
Tf wells are large enough to prevent the PSC in 2-MeTHF at
77 K, and it is also in agreement with PMMA being a rigid
glass at r.t. (Tg = 378 K).29 Notably, the frozen glass
environment leads to a deceleration of the nonradiative
pathways, thus leading to large PLQY values in PMMA films
(see Table 1).
On the other hand, irradiation at λ > 400 nm will populate

the low-energy states of the minor 1f−4f conformers, 1IL/
MLCT with some 1MMLCT character (see right panel in
Scheme 2). A fast ISC to the close-lying triplet state 3IL/
MLCT45 would lead to the high-energy emission, which is the
only one observed in 5 wt % PMMA films of 1−4. The low
PLQYs when compared with those observed by irradiation at λ
< 380 nm (see Table S27 and Figure S12 in SI) are in
agreement with the low ratio of butterfly folded molecules in
the samples but still being significant. Therefore, for complexes
2−4, the existence of close-lying 1IL/MLCT/MMLCT−3IL/
MLCT states makes it possible to get intense blue emissions
(PLQY: 40%−60%) from doped films by irradiation with
wavelengths in the visible region.

Mechanoluminescence in the Solid State. The as-
prepared powders of 1 and 2 are scarcely emissive. They
exhibit a weak (PLQY < 5%), broad, structureless emission
centered at λ ∼ 555 nm (Table 1 and Figure S14) with a
shoulder at λ ∼ 450 nm. The shape and energy of the main
band could match with the one arising from the low-lying
triplet state for the butterfly folded molecules that is the
3MMLCT state. Yet, the role of excimeric 3π−π* states can not
be fully disregarded, given the extended and numerous
intermolecular π−π interactions observed in the single-crystal
X-ray structures of 1 and 2 (see Figure S6) and the lower
quantum yield of compounds 1 and 2 in solid state compared
to those in 5 wt % PMMA films. Keeping in mind that other
mononuclear Pt(II) compounds containing cyclometalated
NHCs reported previously42,46,47 exhibit a similar behavior
mainly as a consequence of π−π intermolecular interactions, it
seems likely that the emission of 1 and 2 arises from excimeric
3π−π* states with intermolecular π−π interactions affording
efficient nonemissive deactivation channels12 through an
aggregation-caused quenching (ACQ) effect.9,48 Neither the
excitation nor the emission spectra of 1 and 2 exhibit changes
after grinding the solids with a mortar and pestle (see Figure
S15 for 2 as an example). However, complexes 3 and 4 exhibit
mechanoluminescence in the solid state. After grinding, the
pale-yellow solids do not visually change their colors, but their
photoluminescence changes from blue to yellowish-green.
Before being ground, a powdered sample of 3 exhibits a sky-
blue emission, similar but weaker than that exhibited in
PMMA film (5 wt %), which we attribute to 3IL/MLCT. After
grinding, the emission becomes green (Figure S16) due to the
presence of an intense lower-energy band with λ ∼ 540 nm
that could be assigned to the 3MMLCT state of molecules with
the butterfly folded configuration in accordance with the
theoretical calculations. However, in view of the intermolecular
π−π interactions observed in the single-crystal X-ray structure
of 3 (see Figure S6) and the decreased PLQY upon grinding,
the participation of excimeric 3π−π* states to the low-energy
band cannot be ruled out.9,48

In case of compound 4, photoexcitation of as-prepared
powder leads to a greenish-blue emission with λmax at 480 nm
and an incipient shoulder at 553 nm that can be assigned to
3IL/MLCT and 3MMLCT emissions, respectively, in accord-

Scheme 2. Schematic Diagrams of Photophysical Processes
Based on the Steady-State Excitation and Emission Spectra
along with the Results of the Theoretical Investigations
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ance with the theoretical calculations and with the 3MMLCT
emission observed for [{Pt(C∧C*)(μ-NPh-CH-NPh)}2] ex-
hibiting a short Pt···Pt distance, of about 2.8 Å.24 Mechanical
grinding resulted in a suppression of the 3IL/MLCT band
along with an increase of the 3MMLCT one and, unlike
complex 3, an enhancement of the PLQY (see Figure 7). As a
result, the photoluminescence of powdery samples of 4 is
intensified and changed from greenish-blue to yellowish-green
upon grinding.

From the excitation and emission spectra, it seems that the
as-prepared powder of 4 shows phosphorescence from the two
kinds of conformers, 4s and 4f, that from 4s being
predominant. This is in agreement with the butterfly spread
conformer, 4s being the major one in the GS and the fact that
no PSC can take place in rigid media. Mechanical grinding
seems to induce changes in the GS that somehow shorten the
Pt−Pt distances and enforces the intramolecular Pt−Pt
interactions, in such a way that in the ground solid, 4-g, the
phosphorescence arises mainly from 4f.
Structural changes involving the intramolecular Pt−Pt

separation in the GS as the origin of mechanoluminesce
seems plausible on the bases of experimental and theoretical
data, and once other causes were dismissed, like desolvation,
since there is no solvent embedded in the solid (see CHN
elemental analysis and NMR experiments) or intermolecular
interactions, we proved that the luminescence spectrum of 4 in
40 wt % doped PMMA films match that at 5 wt % (see Figure
S17), and its PLQY drops to 40%.
The ground solid, 4-g, undergoes the reverse change

partially upon cooling to 77 K, as deduced from the emission
and excitation spectra collected at room temperature and 77 K
(Figure S18).
Structural changes involving the intramolecular Pt−Pt

separation in the GS were reported for the thermochromic
platinum-butterfly compound [{Pt(ppy)(μ-Ph2pz)}2],

29 but
those induced by mechanical grinding have never been
reported. In this case, like in complex 4, elongation of the
Pt−Pt distance occurs when the temperature drops. Also, the
transformations resulted to be reversible by the addition of
THF, toluene, or diethyl ether to the ground samples of 3 and
4 that led to the recovery of the blue emission (see Figure 8
and S19), and thus presumably restoring the previous structure
arrangement.

Therefore, it could be argued that the bulkiness of the μ-
pyrazolates has a strong impact not only on the luminescence,
but also on the mechanoluminiscence of these platinum
butterflies in the solid state. As the bulkiness increases, the
intermolecular π−π interactions become more hindered,
affording less efficient nonemissive deactivation channels and
consequently a more efficient emission. In addition, as the
steric demand of the μ-pyrazolates increases, the Pt−Pt
interaction, enhanced by mechanical stimulation, causes a
bathochromic shift of the emission (2750 cm−1 4) along with a
remarkable increment of its PLQY.49−54

■ CONCLUSIONS
Photoluminescence and DFT calculations on a new series of
platinum butterflies, [{Pt(C∧C*)(μ-Rpz)}2] (Rpz: pz 1, 4-
Mepz 2, 3,5-dmpz 3, 3,5-dppz 4) containing a cyclometalated
NHC in their wings, prove the presence of two conformers in
the ground state at room temperature, the butterfly spread,
1s−4s and the butterfly folded, 1f−4f ones, which are
characterized by long and short Pt−Pt separations, respec-
tively. DFT calculations revealed that the former are the more
stable in the GS but, in most of them, low ΔG (s/f) and low
energy barriers in solution of THF support a fast thermal
equilibration in the ground state PES, thus resembling an
intramolecular butterf ly f lapping-like motion. By contrast, the
butterfly folded, 1f−4f, conformers are the more stable in the
T1PES. In 5 wt % doped PMMA films in the air, these
complexes show intense sky-blue emissions (PLQY: 72.0−
85.9%) upon excitation at λ ≤ 380 nm mainly arising from an
3IL/MLCT excited state, the first triplet state of the major
butterfly spread conformer 1s−4s, in accord with no PSC
occurring in a rigid matrix. The existence of close-lying 1IL/
MLCT/MMLCT-3IL/MLCT states for the 1f−4f species
enables the obtaining of intense blue emissions (PLQY: 40%−
60%) under excitation with wavelengths in the visible region,
up to 450 nm.
In addition, it could be argued that the bulkiness of the μ-

pyrazolates has a strong impact on the luminescence and
mechanoluminescence of these platinum butterflies in a solid
state. In complexes 3 and 4, the intermolecular π−π
interactions become more hindered than in complexes 1 and
2, affording more efficient emissions. In addition, in the 3,5-

Figure 7. Normalized emission and excitation spectra of complex 4 in
the solid state in the air at room temperature. Pictures were taken
under 365 nm UV light.

Figure 8. Photographic images of mechanical grinding samples of 4 in
response to solvent treatment taken under 365 nm UV light
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dppz derivative, 4, mechanical grinding causes a bathochromic
shift of the emission from greenish-blue to yellowish-green
along with a remarkable increment of its PLQY. This
mechanoluminescence mechanism has been associated with
an intramolecular structural change in the GS that somehow
shortens the Pt−Pt distances and enhances the Pt−Pt
interactions in such a way that the thermal butterfly flapping
can be induced by mechanical grinding.
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A Cyclometalated N-Heterocyclic Carbene: The Wings of the First
Pt2(II,II) Butterfly Oxidized by CHI3
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Dedicated to Professor Ernesto Carmona on the occasion of his 70th birthday

Abstract: The X-ray study on a single crystal of the butter-
fly-like complex [{Pt(C^C*)(m-pz)}2] (1), containing a cyclome-
talated N-heterocyclic carbene ligand as wings (HC^C*=1-

(4-(ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-2-ylidene),
showed three molecules in the asymmetric unit with inter-
metallic separations (a) of 3.2294(4) (1A), 3.2834(4) (1B), and
3.1208(6) (1C). From the reaction of 1 with excess of CHI3 in
the air and the sunlight, complex [{Pt(C^C*)(m-pz)I)}2] (2) (dPt@
Pt=2.6079(2) a) was obtained as the major product, while

[IPt(C^C*)(m-pz)2Pt(C^C*)CHI2] (3) (dPt@Pt=2.6324(3) a) was
obtained as the major product under argon atmosphere in
the dark. Experimental and theoretical investigations

showed that an easily accessible radical-like mechanism op-
erates under thermal conditions, with dioxygen acting as an
efficient radical (RC) scavenger. The oxidation of a Pt2(II,II)
“butterfly” by CHI3 to give metal@metal bonded Pt2(III,III)
compounds is described now for the first time.

Introduction

The oxidative addition (OA) reaction is a fundamental process
in organometallic chemistry with significant implications in
many important catalytic reactions.[1] The use of unsaturated

dinuclear metal complexes can lead to reaction pathways and
products not possible from mononuclear ones because of the

cooperative effects between the two adjacent metals.[2] The
mechanisms of OA of a range of halocarbons (RX) to d8 rhodi-
um and iridium dinuclear bis-pyrazolate complexes have been
proved to proceed through a bimetallic SN2 pathway yielding

metal–metal bonded M2(II,II) compounds.[3] Other times it fol-
lows a radical-like mechanism[4] or a monometallic SN2 path-
ways, the latter resulting in the mixed valence MI–MIII com-
pounds.[5] The mechanism of these reactions depends on many
factors, such as the metal, the ligands or the nature of the

added molecule,[6] and sometimes requires visible or UV-light,

especially for chloroalkanes.[7] In the case of pyrazolate-bridged
dinuclear PtII complexes, the chemistry has been focused on

butterfly-like complexes such as [{Pt(N^N)(m-Rpz)}2] (N^N=dii-
mines or pyridylpyrazolate),[8] [{Pt(C^N)(m-Rpz)}2] (C^N: C,N-cy-
clometalated ligand)[9] and [{Pt(C^C*)(m-Rpz)}2]

[10] due to their

phosphorescent behavior. Many studies addressed the control
of the bulkiness of the pyrazolate bridge (the butterfly body)

and the bulk and electronic properties of the C^N (the butter-
fly wings), as the way to control the Pt···Pt distance and then,
the nature of the emissive state (3IL/3MLCT or 3MMLCT) and the
color of the emission (from greenish-blue to orangish-red).[9]

To our knowledge, two-center two-electron [2c, 2e] oxidation
processes of Pt2(II,II) complexes with halocarbons (RX) to give
the corresponding Pt2(III,III)X2 or Pt2(III,III)RX have been de-
scribed for lantern- or half-lantern complexes, such as
[Pt(pop)4]

4@ (pop=pyrophosphite),[11] [Pt2(pyt)4] ,
[12]

[Pt2(ppy)2(pyt)2] ,
[13] and [Pt2(bzq)2(m-N^S)2] ,

[14] all of them with
intermetallic distances of ca. 2.9 a. However, for bis-pyrazolate

complexes,[8, 9a–c,15] with intermetallic separations ranging from

3.4863(6) to 3.0457(7) a (except in complex with C^N=2-(2,4-
difluorophenyl)pyridyl and Rpz=3,5-bis(tert-butyl)pyrazolate,

dPt··Pt=2.8343(6) a), this kind of reaction has been never report-
ed. Herein, we show compound [{Pt(C^C*)(m-pz)}2] (1) as the

first “platinum-butterfly” ever oxidized by halocarbons, such as
CHI3. In the wings: a cyclometalated N-heterocyclic carbene
ligand, C^C*. The mechanism of the [2c, 2e] oxidation of 1 has

been elucidated experimentally and explained with the aid of
theoretical calculations.
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Results and Discussion

Compound 1 was prepared by two paths, from [{Pt(C^C*)(m-
Cl)}2]

[16] or [Pt(C^C*)(pzH)2]ClO4
[17] as a mixture of syn/anti iso-

mers with respect to the relative orientation of the two cyclo-

metalating C^C* ligands (see Scheme 1 paths a, b). The com-
position of 1, with the anti isomer being the major one (1H

and 195Pt{1H} NMR spectra in Figures S1 and S2 in Supporting
Information), is in agreement with the DFT ground-state (S0)

calculations, which showed the anti isomer to be 3.1 kcalmol@1

lower in energy than the syn one (See Figure S3 in Supporting
Information).[9f] The synthesis of 1 was also performed at

@10 8C and in refluxing acetone following path b, always pro-
viding mixtures of isomers with little differences in the syn/anti
ratio. Variable-temperature NMR spectra of 1 in [D8]THF (298 K,
318 K, 323 K, and 323 K) or [D6]benzene (298 K, 318 K, 338 K,
and 343 K) showed no change in the syn/anti ratio (see Figur-
es S4 and S5 in the Supporting Information). Therefore, it

seems that these two diastereoisomers (syn/anti), once formed,
do not transform one into the other, even at 343 K. The X-ray
study on a single crystal of 1 showed three butterfly-like mole-
cules (A, B, C; see Table 1 and Figure 1 and Figure S6 in Sup-
porting Information) in the asymmetric unit with intermetallic

separations of 3.2294(4) a (1A), 3.2834(4) a (1B) and
3.1208(6) a (1C), each of them shorter than those observed in

other platinum “butterflies” with the same body (pz) but differ-
ent wings (3.231–3.486 a).[8, 9a–c, 15] In each of them, 1A–1C, the
molecule shows a dinuclear structure comprised of two

“Pt(EtO2C-C^C*)” metallocycles bridged by two pz ligands and
displaying an anti arrangement of the C^C* groups. The six-

membered ring Pt2N4 has the typical boat-like conformation
with an angle between the Pt-N-N-Pt fragments of about 828

Scheme 1. Reaction pathways involving synthesis and reactivity of 1 including the Numerical Scheme for NMR purposes.

Table 1. Selected bond lengths (a) and angles (8) for 1·0.5tol·0.16OEt2.

1A 1B 1C

Pt(1)@C(1) 1.964(7) 1.964(6) 1.961(6)
Pt(1)@C(6) 2.003(6) 2.003(7) 2.007(6)
Pt(1)@N(5) 2.055(5) 2.043(5) 2.057(5)
Pt(1)@N(7) 2.092(5) 2.083(5) 2.089(5)
Pt···Pt 3.2294(4) 3.2834(4) 3.1210(3)
Pt(2)@C(14) 1.966(7) 1.956(6) 1.951(6)
Pt(2)@C(19) 2.013(6) 2.012(6) 2.020(6)
Pt(2)@N(6) 2.086(5) 2.082(5) 2.094(5)
Pt(2)@N(8) 2.043(5) 2.051(5) 2.064(5)
C(1)-Pt(1)-C(6) 80.0(3) 80.0(3) 80.3(3)
C(1)-Pt(1)-N(7) 100.5(3) 101.3(2) 100.2(2)
C(6)-Pt(1)-N(5) 94.8(2) 94.6(2) 94.8(2)
N(5)-Pt(1)-N(7) 84.8(2) 84.1(2) 84.4(2)
C(14)-Pt(2)-C(19) 80.0(3) 79.7(3) 80.5(3)
C(14)-Pt(2)-N(6) 100.8(3) 99.8(2) 98.6(2)
C(19)-Pt(2)-N(8) 95.1(2) 94.2(2) 95.5(2)
N(6)-Pt(2)-N(8) 84.2(2) 86.17(19) 85.3(2)

Figure 1. Molecular structure of complex 1A. Ellipsoids are drawn at their
50% probability level; solvent molecules and hydrogen atoms have been
omitted for clarity.
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(82.27(13)8 1A, 80.21(14)8 1B, 83.64(14)8 1C) and an angle be-
tween the best least-squares planes of the platinum environ-

ments [Pt1,C1,C6,N5,N7; Pt2,C14,C19,N6,N8] of ca. 708
(73.84(18)8 1A, 78.96(15)8 1B, 66.68(13)8 1C). The angles be-

tween the Pt–Pt line and both metal coordination planes are
close to 358 (36.55(13)8 Pt(1) and 37.41(12)8 Pt(2) 1A, 35.95(9)8
Pt(1) and 43.24(11)8 Pt(2) 1B, 33.40(10)8 Pt(1) and 33.51(8)8
Pt(2) 1C). In the molecule, each Pt center lies in a distorted

square planar coordination environment as a consequence of

the small bite angle of the EtO2C-C^C* cyclometalated ligand
ca 808. These angles and the Pt@CAr and Pt@C* distances are
similar to those found in other compounds containing five-
membered cycloplatinated N-heterocyclic carbenes.[16–18] The

Pt@N bond lengths are also similar to those found in dinuclear
bis-pyrazolate-bridge complexes containing ligands with high

trans influence.[9a,15, 19]

The reaction of 1 (syn/anti mixture) with an excess of CHI3
(molar ratio 1:4, see Scheme 1 path c) in the air and in sunlight

rendered Pt2(III,III)I2 as the major species, with complex
[{Pt(C^C*)(m-pz)I)}2] (2), with an anti arrangement of the C^C*

groups, being precipitated and separated from the mixture in
a 41% yield. However, under Ar atmosphere, the reaction was

observed to render species “Pt2(III,III)I(CHI2)” almost selectively.

Compound [IPt(C^C*)(m-pz)2Pt(C^C*)(CHI2)](3), with an anti ar-
rangement of the C^C* groups, was in this case precipitated

and separated from the mixture in a 43% yield. Compounds 2
and 3 were fully characterized (see Experimental Section, Fig-

ures 2, 3, and 4 and Figures S7–S19 in Supporting Information).
Their X-ray structures showed for both, 2 and 3 (see

Figure 2) the expected boat-like shape of the mole-

cule and also, the shortening of the intermetallic dis-
tance (dPt@Pt : 2.6079(2) a 2, 2.6324(3) a 3) with re-

spect to 1 due to the formation of a PtIII@PtIII
bond.[12,14,20] These distances are shorter than the ob-

served in the mixed-valent PtIIIPtIIIPtII complex
[Pt3Br2(m-pz)6] (dPt(III)-Pt(III)=2.7787(8) a).[21] In these

complexes each PtIII center has a distorted octahedral

environment with the axial positions occupied by an
X fragment (I 2, I and CHI2 3) and the other PtIII

center with the X-Pt-Pt angles close to 1658. The Pt@
Pt distance in 3 (2.6324(3) a) is slightly longer than

that in 2 (2.6079(2) a) (see Table 2), likely due to the
larger trans influence of the CHI2 fragment when

compared to the I one. The Pt@I distances are also in
the range of those found in other PtIII complexes.[14,20
b,e,f] In the two complexes, 2 and 3, the “Pt(EtO2C-

C^C*)” metallocycles display an anti-arrangement of
the Pt@C* bonds (C1-Pt1-Pt2-C14 torsion angles are

82.25(17)8 2 and 79.65 (31)8 3), the six-membered
ring Pt2N4 has the typical boat-like conformation (the

angle between the Pt-N-N-Pt fragments being 89.25(6)8 for 2
and 89.32(9)8 for 3). In each complex, the equatorial platinum
coordination planes are non-parallel and form interplanar

angles close to 408 (37.58(9)8 2, 40.19(14)8 3) quite smaller
than those observed for complexes 1A–1C (66.68(13)–

78.96(15)8), which undoubtedly must be a consequence of the
metal–metal bond formation. It also affects the angles be-

tween the Pt coordination planes and the Pt–Pt line [18.03(7)8
Pt1, 19.59(6)8 Pt2 2 and 21.30(11)8 Pt1, 18.89(10)8 Pt2 3] that
became smaller than those in 1 (close to 368).

The increased oxidation state of Pt in 2 and 3 is evident
from the significant downfield shift of the 195Pt NMR signals

with respect to that of 1 (see Figure 3). The presence of two
widely separated 195Pt signals at @2454 and @3107 ppm in the

Figure 2. Molecular structure of complex (a) 2·1.75Me2CO and (b) 3. Ellip-
soids are drawn at their 50% probability level; solvent molecules and hydro-
gen atoms have been omitted for clarity.

Figure 3. 195Pt{1H} NMR spectra of 1([D6]acetone), 2 and 3 (CD2Cl2).

Figure 4. 1H NMR spectrum of 3 in CD2Cl2 (sample prepared in the dark).
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195Pt{1H} NMR spectrum of 3 in CD2Cl2 evidences the non-equiv-
alence of the two Pt fragments within this diplatinum(III) com-

plex. In spite of its low solubility, platinum satellites could be
also detected with a 1JPt,Pt coupling constant of 1674 Hz, which

is similar to the one observed for [Pt2(pop)4MeI] (1JPt,Pt=
1550 Hz).[11b] Structurally significant is also the singlet corre-

sponding to the CHI2 fragment at 5.11 ppm, which displays the

expected 195Pt satellite pattern (2JPt,H=30.2 Hz, 3JPt,H=5.9 Hz)
for its structure (see 1H NMR spectrum in Figure 4).

The mechanism of this unexpected [2c,2e] oxidation process
was studied. To do that 1 was reacted with CHI3 in a

1:4 molar ratio in [D6]acetone in NMR tubes in differ-
ent conditions and the reactions followed by 1H NMR
spectroscopy (see Scheme 1). In the air, 1 was com-

pletely reacted in 15 min to give a mixture of 2 and
3. However, while in the reaction performed in the
dark the mixture remained unchanged for at least
24 h (see Figure S20), in that performed in the sun-

light, after 24 h complex 3 was completely trans-
formed into the dihalocomplex 2 and minor un-

known species (see Figure S21).

Under Ar atmosphere in the dark, compound 1
was completely reacted in 1 h to render 3 in about a

93% but, the formation of 2 is also evident (see Fig-
ure S22). The mixture also remains unchanged for at

least 24 h. So, the simultaneous formation of 2 and 3
in this reaction suggests a radical pathway for the

thermal addition process.[11b]

Comparative experiments were performed under
Ar atmosphere in the dark with and without the

trapping alkyl reagent galvinoxyl (GalC). They showed
that the reaction of 1 with CHI3 in the presence of

GalC resulted to be slower than in the absence of it
(in 1 h, most amount of 1 remains unreacted). After

24 h, 1 is completely reacted, being the ratio 2 :3 bigger with
GalC, than without it (Figure S22). In spite of the fact that in the
air the formation of quite small quantities of iodine (generated
by O2) and its subsequent addition to 1 can be not absolutely

ruled out, the experimental results are in agreement with a
radical pathway [Eq. (1)–(4)] in which O2 (or GalC) acts as an effi-
cient radical trap (RC), increasing the ratio 2 :3.

Pt2 þ RI ! Pt2IC þ RC ð1Þ

Pt2 þ RC ! Pt2RC ð2Þ

Pt2IC þ RI ! Pt2I2 þ RC ð3Þ

Pt2RC þ RI ! Pt2RIþ RC ð4Þ

To gain more in-depth knowledge about the thermal reac-

tion of the dimer 1 and CHI3, we carried out theoretical calcula-
tions (see computational details in the Supporting Informa-

tion). Thus, we have considered four conceptually different
metal oxidation pathways: i) a classical SN2 addition of iodo-
form to the PtII@PtII dimer; ii) an iodine transfer from iodoform
to the PtII@PtII dimer; iii) an electron-transfer from the PtII@PtII
dimer to iodoform and; iv) an OA via singlet–triplet crossover
processes (see Scheme 2 and Scheme S1 in the Supporting In-
formation). DFT calculations indicate that the pathways involv-
ing spin crossover processes and triplet state (T1) Pt@Pt species
(paths iva and ivb in Scheme S1) can be ruled out under ther-

mal conditions, so they will not be further discussed here. In
contrast, the formation of either the Pt-Pt···CHI3 or the Pt-

Pt···ICHI2 adducts as reaction intermediates are energetically

feasible (Scheme 2). Interestingly, even though the SN2 addition
pathway (i) appears energetically accessible (DG*=23.6 kcal

Table 2. Selected bond lengths (a) and angles (8) for for 2·1.75Me2CO
and 3·0.25Me2CO.

2·1.75Me2CO 3·0.25Me2CO

Pt(1)@C(1) 1.983(4) 1.992(7)
Pt(1)@C(6) 2.031(4) 2.012(6)
Pt(1)@N(5) 2.086(3) 2.055(5)
Pt(1)@N(7) 2.117(3) 2.105(5)
Pt(1)@I(1) 2.7030(3) 2.8066(5)
Pt@Pt 2.6079(2) 2.6324(3)
Pt(2)@C(14) 1.991(4) 1.960(6)
Pt(2)@C(19) 2.025(4) 2.014(6)
Pt(2)@N(8) 2.075(3) 2.065(5)
Pt(2)@N(6) 2.115(3) 2.128(5)
Pt(2)@X’ 2.7176(3) X’= I(2) 2.145(8) X’=CHI2
C(1)-Pt(1)-C(6) 79.64(16) 79.6(3)
C(1)-Pt(1)-N(7) 96.79(14) 98.6(3)
C(6)-Pt(1)-N(5) 96.45(14) 95.3(3)
N(5)-Pt(1)-N(7) 85.17(13) 84.91(18)
I(1)-Pt1-Pt2 163.328(10) 162.412(14)
C(14)-Pt(2)-C(19) 79.97(16) 80.4(3)
C(14)-Pt(2)-N(6) 98.38(15) 96.9(3)
C(19)-Pt(2)-N(8) 94.71(14) 94.7(2)
N(6)-Pt(2)-N(8) 85.71(13) 85.7(2)
X’-Pt2-Pt1 164.776(10) X’= I(2) 167.85(18) X’=CHI2

Scheme 2. Single-state DFT-calculated pathways and energy barriers (kcalmol@1 in blue)
for the conversion of 1 to 3.
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mol@1), iodine-atom transfer to the platinum dimer (iia) is clear-
ly favored (DG0=17.0 kcalmol@1) and therefore emerges as the

most likely reaction mechanism. Other variants as iodide trans-
fer (iib), iodine-cation transfer (iic) and electron transfer from

the platinum dimer to the iodoform (iii) are energetically disfa-
vored processes.

DFT calculations show that pathway iia is energetically com-
patible with the experimental results, that is, with a fast reac-

tion which is completed in minutes. This means that the for-

mation of the PtIII@PtIII compound 3 proceeds via a homolytic
breakage of the I@C bond[22] in a S0 [Pt-Pt···ICHI2] adduct. Fur-
thermore, the concomitant generation of radicals in the reac-
tion media is consistent with the observed formation of the

diiodide derivative 2 and also with the variable outcomes ob-
served in the reactions carried out under argon atmosphere or

in the presence of O2 or galvinoxyl.

Conclusion

In summary this paper shows the first reported “platinum but-
terfly” ever oxidized by halocarbons (CHI3) to give metal–metal
bonded platinum(III) complexes, Pt2(III,III)I2 and Pt2(III,III)I(CHI2).
In the wings: a cyclometalated N-heterocyclic carbene ligand,

C^C*. The thermal addition seems to follow a radical-like path-
way, with O2 acting as an efficient radical trap (R·), likely due to

the easily accessible Pt2-promoted homolytic I@C bond break-

age of iodoform. By controlling the reaction conditions it was
possible to get Pt2(III,III)I2 and Pt2(III,III)I(CHI2) species almost se-

lectively. Preliminary studies on the mechanism and reactivity
of 1 towards other halocarbons, such as CHBr3, CHCl3 or CH2Cl2
indicate that under ambient conditions the behavior is quite
similar, which indicates the inconvenience of treating this kind

of compound with halogenated solvents.

Experimental Section

Information describing Instrumental methods used for characteri-
zation, details concerning DFT calculations and X-ray structure de-
termination are provided in the Supporting Information. The start-
ing materials [{Pt(m-Cl)(EtO2C-C^C*)}2] (A)[16] and [Pt(EtO2C-
C^C*)(pzH)2]ClO4 (B)

[17] were prepared following the literature pro-
cedure. pzH was purchased from MERCK.

Synthesis of syn/anti-[{Pt(C^C*)(m-pz)}2] (1)

Method A : Compound A (100.0 mg, 0.11 mmol) was added to a so-
lution containing KOH (13.6 mg, 0.22 mmol) and pzH (14.8 mg,
0.22 mmol) in acetone/EtOH (16 mL/8 mL). After 24 h of reaction at
r.t. the solvent was removed under reduced pressure, filtered and
washed with 2V5 mL of H2O to give 1-anti (92%)/1-syn (8%) as a
yellow solid. Yield: 66 mg, 62%. Method B : NEt3 (0.5 mL,
3.62 mmol) was added to a solution of B (120 mg, 0.18 mmol) in
acetone (40 mL) at r.t. After 2 h of reaction the solvent was re-
moved in vacuo. The residue was treated with MeOH (5 mL), fil-
tered, and washed to give 1-anti (86%)/1-syn (14%) as a yellow
solid. Yield: 60 mg, 68%. Anal. Calcd for C32H32N8O4Pt2 : C, 39.11; H,
3.28; N, 11.40. Found: C, 38.72; H, 3.34; N, 11.26. 1H NMR data for
1-anti (500 MHz, [D6]acetone): d=7.97 (d, 4JH7,H9=1.7, 3JH7,Pt=54.2,
2H, H7), 7.72 (d, 3JH,H=1.7, 2H, pz), 7.96 (d, 3JH2,H3=2.1, 2H, H2),

7.68 (d, 3JH,H=2.0, 2H, pz), 7.65 (dd, 3JH9,H10=8.1, 4JH9,H7=1.8, 2H,
H9), 7.22 (d, 3JH10,H9=8.1, 2H, H10), 7.11 (d, 3JH3,H2=2.1, 2H, H3), 6.38
(t, 3JH,H=2.0, 2H, H4’, pz), 4.23 (q, 3JH,H=7.1, 4H, CH2, CO2Et), 3.32 (s,
6H, H4), 1.29 (t, 3JH,H=7.1, 6H, CH3, CO2Et).

1H NMR data for 1-syn :
d=7.92 (d, 4JH7,H9=1.7, 2H, H7), 7.60 (dd, 3JH9,H10=8.1, 4JH9,H7=1.8,
2H, H9), 6.41 (t, 1H, 3JH,H=1.7) and 6.30 (t, 3JH,H=1.7, 1H) (H4’ and
H4’’, pz) ; the rest of the signals appear overlapped with those of
the 1-anti isomer. 195Pt{1H} NMR (85.6 MHz, [D6]acetone): d=@3778
(s) 1-anti ; d=@3789 (s) 1-syn. MS (MALDI+): m/z 981.1
[{Pt(C^C*)(m-pz)}2]

Synthesis of [{Pt(C^C*)(m-pz)I)}2] (2)

CHI3 (83.4 mg, 0.21 mmol) was added to a solution of 1 (51.4 mg,
0.052 mmol) in acetone (15 mL) at r.t and sunlight. After 8 h of re-
action the resulting suspension was concentrated to a volume of
ca. 5 mL, filtered and washed with n-hexane (20 mL) to give 2 as a
dark orange solid. Yield: 26 mg, 41%. Anal. Calcd for
C32H32I2N8O4Pt2 : C, 31.08; H, 2.61; N, 9.06. Found: C, 30.76; H, 2.57;
N, 8.76. 1H NMR data (400 MHz, CD2Cl2): d=7.98 (d, 3JH,H=1.9,
4JH,Pt=12.3, 2H), 7.82 (d, 3JH,H=1.9, 4JH,Pt=10.4, 2H) [H3’and H5’, pz],
7.54 (dd, 3JH9,H10=8.3, 4JH9,H7=1.6, 2H, H9), 7.47 (d, 4JH9,H7=1.6,
4JH7,Pt=40.4, 2H, H7), 6.97 (d, 3JH3,H2=1.8, 2H, H2), 6.89 (d, 3JH10,H9=
8.3, 2H, H10), 6.37 (d, 3JH3,H2=1.8, 2H, H3), 6.35 (t, 3JH,H=1.9, 2H, H4’,
pz), 4.37–4.22 (m, 4H, CH2, CO2Et), 3.22 (s, 6H, H4), 1.33 (t, 3JH,H=
6.9, 6H, CH3 (CO2Et)).

13C{1H} NMR plus HMBC and HSQC (101 MHz,
CD2Cl2): d=166.4 (s, 2C, CO2Et), 147.0 (s, 2C, C5), 146.7 (s, 2C, C1),
139.4 (s, 2C) and 138.3 (s, 2C) [C3’ and C5’, pz], 134.0 (s, 2C, C7),
127.3 (s, 2C, C9), 127.3 (s, 2C) and 124.2 (s, 2C) [C6 and C8, pz],
123.4 (s, 2C, C2), 114.9 (s, 2C, C3), 111.2 (s, 2C, C10), 106.5 (s, 2C, C4’),
61.5 (s, 2C, CH2, CO2Et), 37.5 (s, 2C, C4), 14.6 (s, 2C, CH3 (CO2Et)).
195Pt{1H} NMR (85.6 MHz, CD2Cl2): d=@3092.1 (s). MS (MALDI+): m/
z 1109.1 [{Pt(C^C*)(m-pz)}2I]

+

Synthesis of [IPt(C^C*)(m-pz)2Pt(C^C*)CHI2] (3)

CHI3 (25.0 mg, 0.06 mmol) was added in the dark to a solution of 1
(50.0 mg, 0.05 mmol) in degassed acetone (5 mL) at r.t under an
argon atmosphere. After 30 min of reaction, an orange precipitate
was filtered off and washed with n-hexane (5 mL) to give 3 as an
orange solid. Yield: 30 mg, 43%. Anal. Calcd for C33H33I3N8O4Pt2 : C,
28.79; H, 2.42; N, 8.14. Found: C, 28.56; H, 2.47; N, 7.82. 1H NMR
data (400 MHz, CD2Cl2): d=8.60 (d, 3JH,H=2.3, 3JH,Pt=5.0, 1H, pz),
8.24 (d, 3JH,H=2.2, 3JH,Pt=6.6, 1H, pz), 8.12 (d, 3JH,H=1.9, 3JH,Pt=11.1,
1H, pz), 7.96 (d, 3JH,H=2.1, 3JH,Pt=9.2, 1H, pz), 7.73 (dd, 3JH9,H10=8.1,
4JH9,H7=1.7, 1H, H9 (Pt-CHI2)), 7.55 (dd, 3JH9,H10=7.5, 4JH9,H7=1.8, 1H,
H9 (Pt-I)), 7.54 (m, partially overlapped with H9,

3JH,Pt=44.9, 1H, H7

(Pt-I)), 7.46 (d, 3JH,H=2.3, 3JH,Pt=44.8, 1H, H7 (Pt-CHI2)), 7.02 (d,
3JH3,H2=2.2, 4JH,Pt=5.0, 1H, H2 (Pt-CHI2)), 6.97 (d, 3JH3,H2=2.2, 1H, H2

(Pt-I)), 6.94 (d, 3JH10,H9=8.2, 1H, H10 (Pt-I)), 6.87 (d, 3JH10,H9=8.8, 1H,
H10 (Pt-CHI2)), 6.47 (t, 3JH,H=2.2, 1H, H4’, pz), 6.43 (t, 3JH,H=2.1, 1H,
H4’, pz), 6.40 (d, 3JH3,H2=2.1, 4JH,Pt=6.8, 1H, H3, (Pt-CHI2)), 6.35 (d,
3JH3,H2=2.2, 4JH,Pt=6.9, 1H, H3, (Pt-I)), 5.11 (s, 2JPt,H=30.4, 3JPt,H=5.9,
1H, CHI2), 4.25–4.41 (m, 4H, CH2, CO2Et), 3.31 (s, 4JPt,H=4.3, 3H, H4

(Pt-CHI2)), 3.11 (s, 3H, H4 (Pt-I)), 1.36 (t, 6H, CH3 (CO2Et)).
13C{1H}

NMR plus HMBC and HSQC (101 MHz, CD2Cl2): d=141.4, 140.1,
133.8 and 131.6 (s, 4C, CH, pz), 132.8 (s, 1C, C7), 128.1 (s, 1C, C9),
126.2 (s, 2C, C7 and C9), 123.7 (s, 1C, C3 (Pt-CHI2)), 121.9 (s, 1C, C3

(Pt-I)), 111.8 (s, 1C, C10), 110.5 (s, 1C, C10), 105.9 (m, 2C, C4’), 61.6 (s,
2C, CH2, CO2Et), 61.3 (s, 2C, CH2, CO2Et), 37.4 and 37.2 (s, 2C, C4),
14.6 (s, 6C, CH3 (CO2Et)). The rest of signals are not detected due
to solubility issues.195Pt{1H} NMR (85.6 MHz, CD2Cl2): d=@2454 (s,
1JPt,Pt=1674 Hz, Pt-CHI2) and @3107 ppm (s, Pt-I). MS (MALDI+): m/
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z 1109.1 [{Pt(EtO2C-C^C*)(m-pz)}2I] , 1249.0 [{Pt(EtO2C-C^C*)(m-
pz)}2CHI2]
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ABSTRACT: The model 1-DFT for the butterfly complex [{Pt(C∧C*)(μ-pz)}2] (1;
HC∧C* = 1-(4-(ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-2-ylidene) shows two
minima in the potential energy surface of the ground state in acetone solution: the
butterfly-wing-spreading molecules 1-s, (dPt−Pt ≈ 3.20 Å) and the wing-folding
molecules 1-f (dPt−Pt ≤ 3.00 Å). Both minima are very close in energy (ΔG° = 1.7
kcal/mol) and are connected through a transition state, which lies only 1.9 kcal/mol
above 1-s and 0.2 kcal/mol above 1-f. These very low barriers support a fast
interconversion process, resembling a butterf ly f lapping, and the presence of both conformers in acetone solution. However, the 1-f
ratio is so low that it is undetectable in the excitation and emission spectra of 1 in 2-MeTHF of diluted solutions (10−5 M) at 77 K,
while it is seen in more concentrated solutions (10−3 M). In acetone solution, 1 undergoes a [2c, 2e] oxidation by CHX3 (X = Cl,
Br) in the sunlight to render the Pt2(III,III) compounds [{Pt(C∧C*)(μ-pz)X)}2] (X = Cl (2-Cl), Br (2-Br)). In concentrated
solutions, 1 can react with CHCl3 under blue light to give 2-Cl and with CHBr3 in the dark, the latter rendering the compound
[BrPt(C∧C*)(μ-pz)2Pt(C

∧C*)CHBr2] (3-Br) or mixtures of 2-Br and 3-Br if the reaction is performed under an argon atmosphere
or in the air, respectively. Mechanistic studies showed that in concentrated solutions the oxidation processes follow a radical
mechanism being the MMLCT-based species 1-f, those which trigger the reaction of 1 with CHBr3 and CHCl3. In the ground state
(S0f), it promotes the thermal oxidation of 1 by CHBr3 and in the first singlet excited state (S1f) the blue-light-driven photooxidation
of 1 by CHCl3. Complexes, 2-Cl, 2-Br, and 3-Br were selectively obtained and fully characterized, showing Pt−Pt distances (ca. 2.6
Å) shorter than that of the starting complex, 1. They are, together with the analogous [{Pt(C∧C*)(μ-pz)I)}2] and [IPt(C∧C*)(μ-
pz)2Pt(C

∧C*)CHI2], the only dinuclear metal−metal-bonded PtIII(μ-pz)2Pt
III compounds reported to date.

■ INTRODUCTION
Cooperative effects between the adjacent d8 metal centers of
dinuclear complexes have been reported to facilitate the
formation of stabilizing metal−metal bonds in the intermedi-
ates of catalytic reactions, involving oxidative addition−
reductive elimination processes, which allows pathways and
products unavailable from mononuclear complexes.1

Pd2(III,III) or Rh2(II,II) species are some examples of low-
energy transition states for C−H functionalization2,3 or alkene
hydroformylation4 reactions, respectively. In the chemistry of
dinuclear platinum(II) complexes it is well-known that
[Pt2(POP)4]

4− (POP = pyrophosphito) exhibits a rich
luminescence and photochemistry associated with the presence
of Pt···Pt interactions, resulting in short intermetallic
separation (2.925 Å). This complex undergoes thermal two-
center−two-electron [2c, 2e] oxidative addition (OA),5 but
the diradical excited state 3[5dσ* → 6pσ], with enhanced
metal−metal-bonding interactions, is the active species for the
photoinduced dehydrogenation of alcohols to aldehydes/
ketones.6

Furthermore, the half-lantern compound [{Pt(bzq)(μ-
N∧S)}2] (bzq = benzo[h]quinoline, HN∧S = 2-mercaptopyr-
imidine) also undergoes [2c, 2e] thermal oxidative addition
(OA) of CH3I and haloforms CHX3 (X = Br, I), but the
MMLCT 5dσ* → π*(bzq) excited state, available upon

excitation with green LEDs, is the active state for the
photooxidation of [{Pt(bzq)(μ-N∧S)}2] with CHCl3.

7

In this sense, pyrazolate ligands have a proven ability to hold
two metal atoms in close proximity, while they permit a wide
range of intermetallic separations. Cooperative effects between
the two metal centers have been reported for the [2c, 2e] OA
of many electrophiles to Ir2(I,I) bis-pyrazolate bridging
complexes.8 In the case of pyrazolate-bridged dinuclear Pt(II)
complexes [2c, 2e] OA reactions have been never reported.
The chemistry has been focused on complexes such as
[{Pt(N∧E)(μ-Rpz)}2]

2+ (E = N, diimines or pyridylpyrazolate;
E = C, pyridyl-NHC),9−15 [{Pt(C∧N)(μ-Rpz)}2] (C∧N =
C,N-cyclometalated ligand),16−23 and [{Pt(C∧C*)(μ-Rpz)}2]
(C∧C* = phenyl-NHC)24 due to their phosphorescent
behavior. Most studies have addressed the control of the
photoluminescence properties of the complexes [{Pt(C∧N)(μ-
Rpz)}2], dubbed “molecular butterflies”, by tuning the Pt···Pt
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separation; they can be modulated by controlling the bulkiness
of the bridging pyrazolates (the butterfly body) and the
bulkiness and electronic properties of the C∧N group (the
butterfly wings).16−23

In the course of our research we prepared the butterfly
compound [{Pt(C∧C*)(μ-pz)}2] (1) (HC∧C* = 1-(4-
(ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-2-ylidene),
and the reaction mechanism of 1 with CHI3 was deeply
studied.25 To complete this piece of chemistry, we studied the
reaction of 1 with CHCl3 and CHBr3 and the mechanisms of
the thermal oxidation and photooxidation of 1 with CHBr3 and
CHCl3 both experimentally and theoretically. Our results
showed that the C∧C* basicity and the cooperative effects
between the two adjacent metal centers in the Pt2(II,II) species
are crucial to promote the C−X (X = Cl, Br) activation.
Furthermore, the oxidation products [{Pt(C∧C*)(μ-pz)X)}2]
(X = Cl (2-Cl), Br (2-Br)) and [BrPt(C∧C*)(μ-pz)2Pt-
(C∧C*)CHBr2] (3-Br) have been fully characterized, includ-
ing their X-ray single-crystal structures.

■ EXPERIMENTAL SECTION
General information about procedures and instrumentation, NMR
spectra for characterization, DFT and TD-DFT calculations, and X-
ray structure determinations (CCDC 1985166−1985168) are
available in the Supporting Information. The starting material
[{Pt(C∧C*)(μ-pz)}2] (1) was prepared byfollowing the published
procedure and isolated in a 1/9 syn/anti ratio.25

Synthesis and Characterization of syn-/anti-[{Pt(EtO2C-
C∧C*)(μ-pz)Cl)}2] (2-Cl). Compound A (67.9 mg, 0.069 mmol)
was allowed to react in CHCl3 (15 mL) in ambient light at rt for 7.5
h. The resulting yellow solution was concentrated to ∼5 mL, and 10
mL of hexane was added to the residue to give 2-Cl-anti (96%)/ 2-Cl-
syn (4%) as a yellow solid. Yield: 65 mg, 89%. Anal. Calcd for
C32H32Cl2N8O4Pt2: C, 36.47; H, 3.06; N, 10.63. Found: C, 36.03; H,
2.83; N, 10.36. 1H NMR data for 2-Cl-anti (400 MHz, methylene
chloride-d2; J values in Hz): δ 7.97−7.92 (m, 2H, H3′, pz), 7.86−7.81
(m, 2H, H5′, pz), 7.58 (dd,

3JH9,H10 = 8.2, 4JH9, H7 = 1.7, 2H, H9), 7.50
(d, 4JH7,H9 = 1.7, 3JH7,Pt = 39.6, 2H, H7), 6.99 (d, 3JH3,H2 = 2.2, 2H,
H2), 6.90 (d,

3JH10,H9 = 8.2, 2H, H10), 6.42−6.36 (m, 4H, H4′(pz) and
H3), 4.30 (q,

3JH,H = 7.1, 4H, CH2, CO2Et), 3.30 (s, 6H, H4), 1.33 (t,
3JH,H = 7.1, 6H, CH3, CO2Et).

1H NMR data for 2-Cl-syn: δ 3.63 (s,

6H, H4); other resonances were not detected. 13C{1H} NMR plus
HMBC and HSQC for 2-Cl-anti (101 MHz, methylene chloride-d2):
δ 166.3 (s, 2C, CO2Et), 146.7 (s, 2C, C1), 136.7 and 134.7 (s, 4C,
CH, pz), 133.7 (s, 2C, H7), 127.8 (s, 2C, C9), 123.6 (s, 2C, C3), 115.1
(s, 2C, C2), 111.4 (s, 2C, C10), 106.3 (s, 2C, C4’), 61.6 (s, 2C, CH2,
CO2Et), 37.1 (s, 2C, C4), 14.8 (s, 2C, CH3, CO2Et).

195Pt{1H} NMR
(85.6 MHz, methylene chloride-d2): δ −2441 ppm. MS (MALDI+):
m/z 982.3 [{Pt(EtO2C-C

∧C*)(μ-pz)}2], 1017.2 [{Pt(EtO2C-C
∧C*)-

(μ-pz)}2Cl]
+. MS (MALDI−): m/z 1089.3 [{Pt(EtO2C-C

∧C*)(μ-
pz)Cl}2Cl]

−.
Synthesis and Characterization of syn-/anti-[{Pt(EtO2C-

C∧C*)(μ-pz)Br)}2] (2-Br). CHBr3 (38 μL, 0.10 mmol) was added
to a solution of 1 (43 mg, 0.044 mmol) in acetone (10 mL) and
allowed to react in ambient light at rt for 2 h. Then the solvent was
removed under vacuum, the residue was treated with hexane, and this
solution was filtered to give 2-Br-anti (96%)/ 2-Br-syn (4%) as a
yellowish orange solid. Yield: 45 mg, 90%. Anal. Calcd for
C32H32Br2N8O4Pt2: C, 33.64; H, 2.82; N, 9.81. Found: C, 33.29; H,
2.86; N, 9.31. 1H NMR data for 2-Br-anti (400 MHz, methylene
chloride-d2; J values in Hz): δ 8.00−7.95 (m, 2H, H3′, pz), 7.87−7.82
(m, 2H, H5′, pz), 7.56 (dd, 3JH9,H10 = 8.1, 4JH9,H7 = 1.7, 2H, H9), 7.49
(d, 4JH7,H9 = 1.7, 3JH7,Pt = 40.0, 2H, H7), 6.98 (d, 3JH3,H2 = 2.2, 2H,
H2), 6.90 (d,

3JH10,H9 = 8.2, 2H, H10), 6.40−6.34 (m, 4H, H4′(pz) and
H3), 4.30 (q,

3JH,H = 7.1, 4H, CH2, CO2Et), 3.28 (s, 6H, H4), 1.33 (t,
3JH,H = 7.1, 6H, CH3, CO2Et).

1H NMR data for 2-Br-syn: δ 3.60 (s,
6H, H4); other resonances were not detected. 13C{1H} NMR plus
HMBC and HSQC for 2-Br-anti (101 MHz, methylene chloride-d2):
δ 166.3 (s, 2C, CO2Et), 147.1 (s, 2C, C5), 146.4 (s, 2C, C1), 137.3
and 135.7 (s, 4C, CH, pz), 133.8 (s, 2C, C7), 127.6 (s, 2C, C9), 127.5
and 124.3 (s, 4C, C6 and C8), 123.5 (s, 2C, C3), 115.1 (s, 2C, C2),
111.3 (s, 2C, C10), 106.3 (s, 2C, C4′), 61.6 (s, 2C, CH2, CO2Et), 37.1
(s, 2C, C4), 14.6 (s, 2C, CH3, CO2Et).

195Pt{1H} NMR (85.6 MHz,
methylene chloride-d2): δ −2675 ppm. MS (MALDI+): m/z 982.2
[{Pt(EtO2C-C

∧C*)(μ-pz)}2], 1063.2 [{Pt(EtO2C-C
∧C*)(μ-

pz)}2Br]
+.

Synthesis and Characterization of anti-[BrPt(EtO2C-C
∧C*)(μ-

pz)2Pt(EtO2C-C
∧C*)(CHBr2)] (3-Br). CHBr3 (29.0 μL, 0.33 mmol)

was added in the dark to a solution of A (81.4 mg, 0.08 mmol) in
degassed acetone (7 mL) at rt under an argon atmosphere and
allowed to react for 30 min. Then the solvent was removed under
vacuum, the residue was treated with n-hexane, and this solution was
filtered to give 3-Br as a yellow solid. Yield: 70.4 mg, 69%. Anal. Calcd
for C33H33Br3N8O4Pt2: C, 32.08; H, 2.69; N, 9.07. Found: C, 32.40;
H, 2.96; N, 8.67. 1H NMR data (400 MHz, methylene chloride-d2; J

Figure 1. 1H NMR spectrum of 3-Br in CD2Cl2.
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values in Hz): δ 8.31 (d, 3JH,H = 2.2, 3JH,Pt = 5.0, 1H, pz), 8.10 (d,
3JH,H = 2.3, 3JH,Pt = 5.6, 1H, pz), 8.04 (d, 3JH,H = 1.7, 3JH,Pt = 10.2, 1H,
pz), 7.92 (d, 3JH,H = 2.0, 3JH,Pt = 10.3, 1H, pz), 7.67 (dd, 3JH9,H10 = 8.2,
4JH9,H7 = 1.6, 1H, H9), 7.52 (m, 3JH, Pt = 44.0, 1H, H7 partially
overlapped with H9), 7.51 (m, 1H, H9 partially overlapped with H7),
7.48 (d, 3JH,H = 1.6, 3JH,Pt = 40.0, 1H, H7), 6.98 (d,

3JH3,H2 = 2.2, 4JH,Pt
= 4.3, 1H, H2 (Pt-CHBr2)), 6.94 (d, 3JH3,H2 = 2.1, 1H, H2 (Pt−Br)),
6.91−6.81 (m, 2H, H10), 6.43 (t, 3JH,H = 2.1, 1H, H4′, pz), 6.40 (t,
3JH, H = 2.2, 1H, H4’, pz), 6.35 (d, 3JH3,H2 = 2.2, 4JH, Pt = 6.6, 1H, H3

(Pt-CHBr2)), 6.23 (d, 3JH3,H2 = 2.1, 4JH,Pt = 7.2, 1H, H3, (Pt−Br)),
6.05 (s, 2JPt,H = 24.2, 3JPt,H = 6.3, 1H, CHBr2), 4.38−4.22 (m,4H,
CH2, CO2Et), 3.25 (s, 3H, H4 (Pt-CHBr2)), 3.12 (s, 3H, H4 (Pt−
Br)), 1.34 (t, 6H, 3JH,H = 7.1, CH3 (CO2Et)).

13C{1H} NMR plus
HMBC and HSQC (101 MHz, methylene chloride-d2): δ 166.7 and
166.1 (s, 2C, CO2Et), 152.1 (s, 1C, C1 (Pt-Br)), 148.7 (s, 1C, C1 (Pt-
CHBr2)), 139.0, 137.4, 135.4, and 133.0 (s, 4C, CH, pz), 133.8 (s,
1C, C7), 132.9 (s, 1C, C7), 127.8 (s, 1C, C9), 126.6 (s, 1C, C9), 123.9
(s, 1C, C3 (Pt-CHBr2)), 122.8 (s, 1C, C3 (Pt−Br)), 114.7 (s, 1C, C2
(Pt-CHBr2)), 114.4 (s, 1C, C2 (Pt-Br)), 111.6 (s, 1C, C10), 110.7 (s,
1C, C10), 106.1 (m, 2C, C4’), 61.6 and 61.3 (s, 2C, CH2, (CO2Et)),
37.2 and 37.0 (s, 2C, C4), 14.7 and 14.6 (s, 2C, CH3, (CO2Et)).
195Pt{1H} NMR (85.6 MHz, methylene chloride-d2): δ −2443 (s,
1JPt,Pt = 1633 Hz, Pt-CHBr2) and −2799 ppm (s, Pt−Br). MS
(MALDI+): m/z 1062.0 [{Pt(EtO2C-C

∧C*)(μ-pz)}2Br], 1154.9
[{Pt(EtO2C-C

∧C*)(μ-pz)}2CHBr2].

■ RESULTS AND DISCUSSION

Reactivity of 1 with Haloforms (CHX3, X = Br, Cl):
Synthesis and Characterization of New Metal−Metal-
Bonded Pt2(III,III) Complexes. Compound 1 is thermally
stable in CHCl3 solution in the air and in the dark at both
room and reflux temperatures and also in refluxing toluene in
the presence of CHCl3 (1/4) for at least 7 h. However, the
exposure of a solution of 1 (1/9 syn/anti ratio) in CHCl3 in
the air to sunlight leads to its photochemical oxidation,
rendering [{Pt(C∧C*)(μ-pz)Cl)}2] (2-Cl). On the other
hand, the reaction of 1 with CHBr3 (1/2.2) at room
temperature in the air and sunlight rendered the complex
Pt2(III,III)Br2 (2-Br), but it surprisingly led to the compound
[BrPt(C∧C*)(μ-pz)2Pt(C

∧C*)CHBr2] (3-Br) in the dark
under an argon atmosphere (see Figure 1, Scheme 1, and
the Experimental Section).

Compounds 2-Cl/2-Br and 3-Br were isolated as yellow (2-
Cl, 3-Br) or orange (2-Br) solids in very good yields mostly as
the anti isomer and then were fully characterized (see the
Experimental Section, Figures 1 and 2, and Figures S1−S15 in
the Supporting Information). However, compound 3-Cl could
be identified by 1H and 195Pt NMR from the reaction mixtures
performed under an argon atmosphere (see Figures S16 and
S17 in the Supporting Information). The higher oxidation state
of 2-Cl/2-Br and 3-Cl/3-Br with respect to compound 1 can
be inferred from the considerable reductions of the 3JPt,H7
coupling constants from 54 Hz in 1 to ca. 40 Hz26−28 and from
the relevant downfield shifts (Δδ(Pt) = 979−1337 ppm) of
their 195Pt NMR signals from 1 (δ(195Pt) = −3778 ppm) (see
Figures S17 and S18 in the Supporting Information).29

Structurally relevant for 3-Cl/3-Br is the presence of two
separated 195Pt signals (1JPt,Pt = 1633 Hz for 3-Br), which
evidence the existence of two nonequivalent Pt(III) fragments
within these complexes (Figures S17 and S18 in the
Supporting Information). In addition, the 1H NMR spectra
of 3-Cl/3-Br show a singlet corresponding to the Pt-CHX2
fragment (6.59 ppm, 3-Cl; 6.05 ppm, 3-Br), which in the case
of 3-Br displays the expected 195Pt satellite pattern in accord
with its dinuclear Pt2(III,III) formulation (2JPt,H = 24.4 Hz,
3JPt,H = 6.5 Hz) (Figure 1).
These NMR features resembled those observed for [IPt-

(C∧C*)(μ-pz)2Pt(C
∧C*)CHI2]

25 and [Pt2(pop)4MeI] (1JPt,Pt
= 1550 Hz).30

The molecular structures of 2-Cl, 2-Br, and 3-Br,
determined by single-crystal X-ray crystallography (see Figure
2 and the Supporting Information for a full description) were
quite similar to those of [{Pt(C∧C*)(μ-pz)I)}2] and [IPt-
(C∧C*)(μ-pz)2Pt(C

∧C*)CHI2], respectively.
25 As far as we

know, these are the only dinuclear metal−metal-bonded
PtIII(μ-pz)2Pt

III compounds reported to date.
Experimental Data for the Mechanistic Study of the

Reactivity of 1 with CHX3 (X = Cl, Br). The oxidation of 1
with CHCl3 requires light to occur, as is the case for most
oxidations of Pt(II) complexes by chlorocarbons.7,31−33 The
reaction mechanism was investigated by reacting 1 (8 × 10−3

M) with CHCl3 (1/5 molar ratio) in acetone-d6 in NMR tubes
under different conditions and following the reactions by 1H
NMR spectroscopy (see Scheme 1 and Table 1). Comparative
experiments were performed simultaneously to avoid differ-
ences in the temperature. Two samples were prepared in the
dark under an argon atmosphere, one of them with and the
other without galvinoxyl (Gal•), and irradiated with a 365 nm
UV lamp (see Figure S20). These experiments showed that
Gal• slows down the reaction and allows the selective
formation of the species 2-Cl, pointing to a radical mechanism,
with Gal• acting as a radical (R•) scavenger.30,33 The role of O2
as a radical trap in the reactions performed in the air was
confirmed, since an aerated sample rendered 2-Cl as the only
oxidized species (see Figure S21) as well.
Additionally, we observed that in the air the reaction occurs

by irradiation with blue LEDs (λmax = 457 nm), but not with
green (λmax = 510 nm) or red (λmax = 631 nm) LEDs (see
Figure S22), rendering 2-Cl as the unique Pt2(III,III) species.
In this case the reaction goes more quickly than that under 365
nm UV light (see Table 1, Figure S23, and Table S3 for more
details). Moreover, aerated diluted solutions (10−5 M) of 1 in
acetone-d6 did not react with CHCl3 under blue LEDs but they
did under 365 nm UV light to give 2-Cl (Figure S24).

Scheme 1. Reaction Pathways and Numbering Scheme for
NMR Purposesa

aFor clarity, only the major isomer (anti) has been represented.
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On the other hand, the reaction of a concentrated solution
of 1 (8 × 10−3 M) with oxygen-free CHBr3 (1/4 molar ratio in
acetone-d6) in the dark under an Ar atmosphere is complete in
15 min, to give selectively 3-Br (syn/anti mixture), which
remained unchanged under the experimental conditions for at
least 24 h. However, in the air, the reaction was less selective
than that under Ar, rendering mixtures of 2-Br and 3-Br (see
Scheme 1, Table 1, and Figure S25). These results pointed as
well to a radical pathway for step a (Scheme 1), in which O2
acts as a radical (R•) trap, increasing the amount of 2-Br in the
reaction mixture. In contrast, under the same ambient
conditions a diluted solution (10−4−10−5 M) of 1 did not
react with CHBr3 even after 45 h (Figure S26), while it did
under 365 nm UV light (Figure S27) in 45 min to render 2-Br.

Considering the selective formation of 3-Br by reaction of 1
with CHBr3 under an Ar atmosphere in the dark and the fast
and selective transformation of 1 into 2-Br when the reaction
proceeds in the air and the sunlight (see the Experimental
Section and Table 1), we investigated for the first time the role
of both light and O2 in the transformation of 3-Br into 2-Br
(path b in Scheme 1). With that purpose, we prepared first two
reaction experiments containing 3-Br (obtained from 1 and
CHBr3 under argon in the dark) in J. Young NMR tubes.
Subsequently, one of the samples was freeze−pump−thaw
degassed and placed under an O2 atmosphere (1 atm). Then,
both samples were irradiated with UV light (λ = 365 nm) for 5
min, rendering 2-Br/3-Br mixtures in different ratios (28%/
72% in the oxygen-free sample and 64%/36% in the oxygen-
containing sample) (Figure S28). When it is kept in mind that
under Ar in the dark compound 3-Br remained unchanged for
at least 24 h, the selective transformation of 3-Br into 2-Br is
clearly promoted by UV light with O2 not being required but
making the process faster. In a thorough analysis of the 1H
NMR spectra, it was possible to identify a singlet at 6.66 ppm
in the oxygen-free sample corresponding to 1,1,2,2-tetrabro-
moethane (C2H2Br4) generated by R−R coupling (Figure
S28). To prove the radical mechanism of path b, two samples
containing 3-Br (obtained from 1 and CHBr3, 1/4 molar ratio,
under argon in the dark) were prepared and then Gal• was
added to one of them. After irradiation with a 365 nm UV light
just the Gal•-free sample showed the signal corresponding to
1,1,2,2-tetrabromoethane (C2H2Br4) (Figure S29) and a faster
transformation of 3-Br into 2-Br. Therefore, under an Ar
atmosphere, the photochemical bond homolysis of the Pt−C

Figure 2. Molecular structures of complexes 2-Cl (a), 2-Br (b), and 3-Br (c). Ellipsoids are drawn at the 50% probability level; solvent molecules
and hydrogen atoms have been omitted for clarity. dPt−Pt: 2.57446(18) Å (2-Cl), 2.5849(6) Å (2-Br), 2.6302(4) Å (3-Br).

Table 1. Data Corresponding to the Reaction of 1 (8 × 10−3

M) with CHX3 (X = Cl, Br)

CHCl3 ratio (%) 1/2-Cl/3-Cl CHBr3 ratio (%) 1/2-Br/3-Br

15 min 8 h 24 h 15 min 3.5 h 24 h

Ar/λ = 365 nm Ar/dark
89/8/3 35/33/32 0/0/100 0/0/100 0/0/100

Ar/λ = 365 nm (Gal*) Ar/dark (Gal*)
100/0/ 0 82/18/0 100/0/0 100/0/0 100/0/0

air/λ = 365 nm air/dark
83/17/0 34/66/0 0/100/0 86/9/5 81/14/5 74/18/8

air/457 nm blue LEDs air/sunlight
80/20/0 8/92/0 0/100/0 0/71/29 0/92/8 0/100/0
air/457 nm blue LEDs/anthracene

7/93/0 0/100/0
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(CHBr2) bond in 3-Br promoted by UV irradiation34 followed
by Br abstraction from CHBr3 could account for the selective
formation of 2-Br.
To shed light on the concentration-dependent reactivity of 1

with CHX3 (X = Cl, Br), we recorded the excitation and
emission spectra for diluted (10−5 M) and concentrated (10−3

M) solutions of 1 in 2-MeTHF and explained them on the
basis of theoretical calculations, as can be seen in the following.
Emission Spectra and Theoretical Calculations on

Complex 1. The excitation and emission spectra of diluted
(10−5 M) and concentrated (10−3 M) solutions of 1 in 2-
MeTHF under an Ar atmosphere at 77 K can be seen in Figure
3. For a diluted solution of 1 (see Figure 3, left) just one
excited state at high energy (S1s, λmax = 355 nm, tail to 380 nm;
T1s, λmax = 450 nm) is perceptible, which can be reached by
irradiation with a 365 nm UV light. In a concentrated solution
of 1 (see Figure 3, right), an additional excited state at low
energy appears (S1f, λmax = 450 nm; T1f, λmax = 678 nm) by
irradiation in the range 450−470 nm.
In view of the experimental results and taking into account

the different Pt···Pt distances observed for complex 1 (three
independent molecules in the asymmetric unit with Pt−Pt
separations of 3.1210(3), 3.2294(4), and 3.2834(4) Å were
found in a single-crystal X-ray diffraction study of 1)25 we
studied the potential energy surface (PES) of the S0 model
complex 1-DFT in acetone solution as a function of the Pt−Pt
distance. Interestingly we found two stationary points (see
Figure 4), characterized as local minima showing quite
different geometries: a butterfly-spreading structure, 1-s, and
a butterfly-folding structure, 1-f (Figure 4). 1-s shows a long
Pt−Pt distance of 3.212 Å and long intramolecular C−C
distances between the C∧C* groups in the wings (d ≥ 4.83 Å).
Conversely, 1-f shows a short Pt−Pt distance of 2.98 Å and
short intramolecular C−C contacts between the C∧C* groups
in the wings (3.624−3.843 Å). Both structures are very close in
energy in the PES (ΔG° = 1.7 kcal/mol). Furthermore, we
have located a transition state, connecting both structures, with
one negative frequency associated with the butterfly-spreading,
butterfly-folding intramolecular dynamics. The transition state
connecting both minima presents intermediate parameters,
with a Pt−Pt distance of 3.012 Å and long intramolecular C−C
contacts between the C∧C* groups (d ≥ 3.93 Å), and lies only
1.9 kcal/mol above 1-s and 0.2 kcal/mol above 1-f. These very
low barriers support a fast thermally induced structural change
in the ground state, likely through a dynamics resembling an
intramolecular butterfly flapping, and are fully consistent with
the presence of both conformations of 1 in acetone solution.

The calculated S1s value (367 nm) of the butterfly wing-
spreading structure 1-s mostly corresponds to the HOMO−
LUMO transition (93%) at the S0 geometry (see Tables S4
and S5 and Figure S30). In view of the population analysis (%)
of the frontier molecular orbitals (FMOs), S1s is

1LC/1MLCT
in nature. We also optimized the lowest triplet state of 1-s
(T1s) in acetone solution (see Figure 5). It showed a Pt−Pt
distance (3.178 Å) and a Pt−Pt bond order (0.11) quite
similar to those (3.212 Å, 0.10) in the ground state (S0s).
Furthermore, both the spin density distribution (see Figure 5)
and the calculated energy (ΔET1s−S0s = 2.738 eV, 453 nm) for
T1s support its

3IL/3MLCT nature, indicating 1-s molecules
are responsible for the high-energy absorption/emission (S1s,
λmax = 355 nm, tail to 380 nm; T1s, λmax = 450 nm) bands
observed for solutions of 1 in 2-MeTHF.
In addition, we optimized the ground (S0f) and the lowest

triplet (T1f) states of the butterfly wing-folded structure, 1-f, in
acetone solution (see Figure 5 and the Supporting
Information). Unlike T1s, T1f showed a Pt−Pt distance of
2.746 Å, clearly shorter than that in the ground state S0f, 2.98
Å, in agreement with the increased bonding character between
the metal centers (BO = 0.62 (T1f), 0.22 (S0f)). These two
parameters and the spin density distribution calculated for T1f
(Figure 5) are in accordance with a mainly 1/3MMLCT
(dσ*(Pt−Pt) → π*(C∧C*)) nature of the lower energy
excited states of species 1-f (see Tables S4 and S5, Figure 5,

Figure 3. (left) Absorption spectrum (garnet dotted plot) of 1 in 2-MeTHF (10−4 M) at rt and the excitation (sky-blue dotted plot) and emission
(blue solid plot) spectra of 1 in 2-MeTHF (under Ar, 10−5 M) at 77 K. (right) Excitation (dotted plots) and emission (solid plots) spectra of 1 in
2-MeTHF (10−3 M) under Ar at 77 K.

Figure 4. Calculated energy profile for the butterfly-spreading−
butterfly-folding structures (1-s and 1-f) interconversion of the S0
state of the dinuclear complex 1-DFT in acetone, including the
transition state (Ts). MUE (M06) = 2.48 kcal/mol.35
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and Figure S30). This is due to the interactions through the dz2
orbital of the two platinum atoms located in close proximity
and will be somehow affected by the intramolecular π−π
interactions. These results agree with the 1/3MMLCT excited
states of 1-f to be the origin of the low-energy excitation (λmax
= 450 nm) and emission (λmax = 678 nm) bands observed for
concentrated solutions of 1 in 2-MeTHF.
The possibility of low-lying excited states due to

intermolecular π−π interactions was ruled out, since the low-
energy excitation and emission bands of 1 in concentrated
(10−3 M) solutions (Figure S31, bottom) differ from those in
the solid state, where extensive intermolecular π−π inter-
actions are expected (see the X-ray molecular packing of 1 in
Figure S31, top). Thus, it leads us to consider the low-energy
excitation and emission bands observed for concentrated (10−3

M) solutions of 1 are most likely due to the 1/3MMLCT
excited states of 1-f rather than to aggregates. The coexistence
of molecules with short and long intramolecular Pt−Pt
distances was proposed by Thompson to explain the EL for
devices using [{Pt(C∧N)(μ-pz)}2] (C∧N = 2-(4′,6′-
difluorophenyl)pyridinato-N,C2′, pz = pyrazolate) as the
dopant in high concentration (70 wt %) or as a neat film.17

Then, our excitation/emission spectra and theoretical
calculations pointed to the existence of both kinds of
molecules, 1-s and 1-f, in acetone solutions. However, the
ΔG value (ΔG1‑f − ΔG1‑s = 1.7 kcal/mol) for the 1-s ↔ 1-f
transformation predicts a 1-f ratio of 6% at 298 K, being much
lower as the temperature is decreased.36 At 77 K the 1-f ratio
seems to be as low, as in diluted solutions of 1 the low-energy
emission of 1-f is undetectable but can be detected in more
concentrated solutions (Figure 3).
In addition, considering the [2c, 2e] oxidation of the

butterfly Pt2(II,II) complexes [{Pt(C∧N)(μ-pz)}2], by halo-
forms (CHX3, X = Cl, Br, I) had been never described, we
performed the NBO charge distributions analysis on both the
compound [{Pt(C∧C*)(μ-pz)}2] (1) and the analogous
[{Pt(C∧N)(μ-pz)}2] (C∧N = 2-phenylpyridinate) at the

DFT/M06/SDD/6-31G* level of theory in acetone solution.
These calculations showed the atomic charges on the platinum
centers of 1 to be +0.273 (1-f) and +0.288 (1-s) while those
on the platinum centers of [{Pt(C∧N)(μ-pz)}2] are +0.407.
The lower value observed in the C∧C* derivative is attributable
to the greater donor ability of C∧C* with respect to C∧N37 and
could contribute to the easier oxidation of this butterfly
compound, 1.

Discussion of the Reactivity of 1 with CHX3 (X = Cl,
Br). The results showed above indicated that diluted solutions
of 1 (10−5, 10−4 M) react with CHX3 (X = Cl, Br) under 365
nm UV light, but at higher concentrations of 1 (8 × 10−3 M)
in acetone, the reaction can be initiated by heat (X = Br) or
blue light (X = Cl, λexc ≈ 460 nm), following a radical process
(path a in Scheme 1) to render species 2, 3, or a mixture of
both, depending on the ambient conditions. In addition, under
UV light species 3 convertd into 2 following a radical pathway
(path b in Scheme 1) as well, which explains how in ambient
light 1 converts completely into 2-Cl/2-Br in the presence of
excess CHX3 (X = Cl, Br).
Since the reaction of 1 with CHCl3 is driven by 365 nm UV

light ([1] = 10−5 M) or blue light ([1] = 8 × 10−3 M), a
haloform-initiated radical pathway38 can be excluded. Instead,
the reaction should be initiated by platinum-based excited
species, generated by irradiation of complex 1. Thus, under the
experimental conditions, when a concentrated sample of 1 (8
× 10−3 M solution in acetone-d6) was irradiated with blue
LEDs (λmax = 457 nm) the 1MMLCT of species 1-f (S1f) was
reached (Scheme 2) and then the 1MMLCT or 3MMLCT

(reached by an ISC process) excited states would likely initiate
the fast reaction with CHCl3. To discern between the singlet/
triplet nature of the reactive [1-f]* species, we used anthracene
as a quencher of the triplet excited states (ES < 350 nm, ET =
681 nm).39 For that, two samples (8 × 10−3 M 1 and CHCl3,
1/5) were prepared in the air under blue LEDs, one of them
with and the other one without anthracene (0.08 M).
In both samples, the exciting light (λmax = 457 nm) must be

completely absorbed by complex 1. By 1H NMR we observed
that after 2, 6, and 8 h the unreacted amounts of 1 were ca.
51%, 16%, and 8%, respectively, in both samples, with no
visible differences between them (Table 1 and Table S3). On

Figure 5. (top) Calculated structures in acetone solutions of T1s (left)
and T1f (right): (bottom) Spin density distribution for T1s (left) and
T1f (right).

Scheme 2. Schematic Diagram of Energy Levels for the
Ground and Excited States: Photophysical Processes Based
on the Steady-State Excitation and Emission Spectra along
with Theoretical Calculations
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the other hand, we observed that the presence of anthracene
quenches the 3MMLCT phosphorescence of 1 upon excitation
at 460 nm (Figure S32). Since anthracene quenches the
3MMLCT phosphorescence of 1 but not its photoreaction with
CHCl3,

1[1-f]* species, 1MMLCT in nature, seems to be the
reactive species (Scheme 2). These results agree with the
observed effect of O2 (ET1 = 1192 nm, ET2 = 773 nm)
quenching the phosphorescence of 1 (see Figure S33) upon
excitation at 400 nm but not the photoreaction with CHCl3
(see Table 1 and Scheme 1). Thus, under blue light, the
species 1[1-f]* would interact with CHCl3, undergoing
dissociation into Pt2Cl

• and CHCl2
•, as the first step of the

radical reaction.
At high concentration (8 × 10−3 M) in acetone under a 365

nm UV light the photooxidation rate of 1 is lower than that
under blue light. In this case, irradiation will lead to the high-
energy 1IL/MLCT excited state. Then, by ISC or IC the 1IL/
MLCT state can populate the 3IL/MLCT or 1MMLCT excited
state, respectively, since the last two lie very close in energy
(Scheme 2). If 1MMLCT corresponding to 1-f species are
those that induce the reaction and are just partially populated,
this would account for the slower oxidation observed under
365 nm UV light (see Scheme 2) with respect to the blue-light-
driven reaction.
On the other hand, the thermal oxidation of 1 with CHBr3

takes place in a concentrated solution of 1 (8 × 10−3 M) in
acetone but not in diluted solution (10−4 M) even after 45 h,
presumably because in concentrated solutions of 1 the
MMLCT-based species [1-f] will initiate a thermal radical
process, while the almost negligible presence of such species in
diluted solutions slows down the thermal reaction dramatically,
in such a way that after 45 h no reaction was observed.
Theoretical calculations confirmed that a radical pathway

through the homolytic breakage of the Br−C bond in a S0
[Pt−Pt−BrCHBr2] adduct is clearly the most favored option,
among the proposed ones, for the thermal oxidation of 1 (see
Scheme S1, path ii, and Scheme 3).
Furthermore, the concomitant generation of Pt2Br

• and
•CHBr2 (R•) radicals is consistent with the simultaneous
formation of Pt2Br2 (2-Br) and Pt2Br (CHBr2) (3-Br) species
(eqs 1−4). The role of O2 as a radical (R

•) trap can justify the
greater amount of 2-Br in the reaction mixture when the
reaction is performed in the air with respect to that performed
under an argon atmosphere.

+ → +• •Pt RBr Pt Br R2 2 (1)

+ →• •Pt R Pt R2 2 (2)

+ → +• •Pt Br RBr Pt Br R2 2 2 (3)

+ → +• •Pt R RBr Pt RBr R2 2 (4)

DFT calculations show a gradation for the X transfer process
(Scheme 3ii), which is increasingly favored with the heavier
haloforms. Whereas the calculated barrier for the reaction with
CHI3 supports an easy process happening under a wide
diversity of conditions, the barrier for the reaction with CHBr3
seems high enough as to be sensitive to other kinetic factors
such as the concentration of reagents, in good agreement with
experimentally observed trends. Finally, the reaction with
chloroform shows the highest barrier and experimentally does
not occur under thermal conditions. In this case, the S1f
species, reached by irradiation, will trigger the photooxidation
of 1 with CHCl3 to give Pt2(III,III) complexes following a
radical mechanism.

■ CONCLUSION
This paper shows the [2c, 2e] oxidation of the butterfly
complex [{Pt(C∧C*)(μ-pz)}2] (1) by CHX3 (X = Cl, Br) in
acetone solution, which under controlled ambient conditions
leads to the selective synthesis of the compounds [{Pt(C∧C*)-
(μ-pz)X}2] (X = Cl (2-Cl), Br (2-Br)) and [Pt2(C

∧C*)2(μ-
pz)2Br(CHBr2)] (3-Br). Together with the analogous iodo
derivatives [{Pt(C∧C*)(μ-pz)I)}2] and [IPt(C∧C*)(μ-pz)2Pt-
(C∧C*)CHI2], they are the only dinuclear metal−metal-
bonded PtIII(μ-pz)2Pt

III compounds reported to date.
The oxidation of 1 by CHX3 (X = Cl, Br) under UV light

takes place in either diluted (10−5 M) or concentrated (8 ×
10−3 M) solutions of 1 in acetone to give compounds 2-Cl/2-
Br. However, in concentrated solutions the oxidation of 1 is
possible in the dark (CHBr3) or under blue-light (CHCl3)
irradiation. Our theoretical results show the existence of two
minima in the PES of the ground state (S0) of the model 1-
DFT in acetone solution: the butterfly wing-spreading
molecules 1-s and the wing-folding molecules 1-f. They are
very close in energy (ΔG° = 1.7 kcal/mol) and are connected
through a low barrier transition state (TS), which supports a
fast interconversion process resembling an intramolecular
butterfly flapping and the presence of both kinds of molecules

Scheme 3. Comparative DFT-Calculated Pathways and Energy Barriers (ΔG, kcal/mol) for the Thermal Conversion of 1 (S0s)
into 2-Cl/Br and 3-Cl/Br following a SN2 (i) or a Radical Mechanism (ii)a

aThe values corresponding to the reaction of 1 with CHI3 have been included for an overall picture of these reactions. MUE (M06) = 2.48 kcal/
mol.
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in acetone solution. The experimental results point to a radical
mechanism, with the MMLCT-based 1-f species being those
which trigger the heat- or blue-light-driven photooxidation of 1
with CHBr3 and CHCl3, respectively. The C∧C* basicity and
the cooperative effects between the two adjacent metal centers
located in close proximity in the 1-f species appear to be
crucial in promoting the homolytic C−X (X = Cl, Br) bond
breaking, which constitutes the first step of the radical
mechanism of the oxidation of 1 by CHX3 (X = Cl, Br).
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Economiá y Competitividad (Ministerio de Ciencia Innova-
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ABSTRACT: Complexes [{Pt(C^C*)(μ-pz)}2] (HC^C*A = 1-(4-(ethoxycarbonyl)phenyl)-3-
methyl-1H-imidazol-2-ylidene 1a, HC^C*B = 1-phenyl-3-methyl-1H-imidazol-2-ylidene 1b) react
with methyl iodide (MeI) at room temperature in the dark to give compounds [{PtIV(C^C*)Me(μ-
pz)}2(μ-I)]I (C^C*A 2a, C^C*B 2b). The reaction of 1a with benzyl bromide (BnBr) in the same
conditions afforded [Br(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)Bn] (5a), which by heating in BnBr(l)
became [{PtIV(C^C*A)Bn(μ-pz)}2(μ-Br)]Br (6a). Experimental investigations and density functional
theory (DFT) calculations on the mechanisms of these reactions from 1a revealed that they follow a
SN2 pathway in the two steps of the double oxidative addition (OA). Based on the DFT
investigations, species such as [(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)R]X (RX = MeI Int-Me, BnBr Int-
Bn) and [(C^C*A)PtII(μ-pz)2PtIV(C^C*A)(R)X] (RX = MeI Int′-Me, BnBr Int′-Bn) were proposed
as intermediates for the first and the second OA reactions, respectively. In order to put the
mechanisms on firmer grounds, Int-Me was prepared as [(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)Me]BF4
(3a′) and used to get [I(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)Me](4a), [(C^C*A)PtII(μ-
pz)2PtIV(C^C*A)(Me)I](Int′-Me), and [{PtIV(C^C*)Me(μ-pz)}2(μ-I)]BF4 (2a′). The single-crystal
X-ray structures of 2a, 2b, 3a′, and 5a along with the mono- and bi-dimensional 1H and 195Pt{1H} NMR spectra of all the named
species allowed us to compare structural and spectroscopic data for high-valent complexes with the same core [{Pt(C^C*)(μ-pz)}2]
but different oxidation states.

■ INTRODUCTION
Oxidative addition (OA)−reductive elimination processes on d8
transition metal complexes account for many organic trans-
formations.1−5 High-valent metal−metal-bonded binuclear
species play very often a key role as intermediates.6−9 Compared
to those of Rh2(I,I) and Ir2(I,I), themechanisms ofOA reactions
of haloalkanes (RX) to Pt2(II,II) complexes have been scarcely
studied. In the case of Pt2(II,II) complexes with the metal atoms
far away from each other, the OA reactions follow monometallic
pathways.10−12 However, if the metal centers are held in
proximity by bridging ligands, different kinds of mono- or
bimetallic mechanisms can operate. In lantern- or half-lantern-
shaped complexes, exhibiting short intermetallic separation
(<3.0 Å), it is well known that the [Pt2(POP)4]4− (POP =
pyrophosphite, dPt−Pt = 2.925 Å) complex undergoes thermal
two-electron two-center [2e, 2c] OA of RI (R = Me, Et, nPr, iPr,
n-pentyl) following a radical mechanism, although contribution
of a SN2-type one cannot be excluded for MeI.13 Furthermore,
the half-lantern compound [{Pt(bzq)(μ-N^S)}2] [bzq =
benzo[h]quinoline, HN^S = 2-mercaptopyrimidine] also under-
goes [2e, 2c] thermal OA of CH3I and CHX3 (X = Br, I)
following a bimetallic SN2 or radical mechanism.14 On the other
hand, complexes [Pt2Me2(C^N)2(μ-P^P)] [C^N = 2-phenyl-
pyridyl-H, benzo[h]quinoline; P^P = dppf (1,1′-bis-
(d ipheny lphosph ino) fe r rocene) , dppa (1 ,1 ′ -b i s -
(diphenylphosphino)acetylene)],11,12,15 and cis,cis-[Me2Pt(μ-
NN)(μ-dppm)PtMe2] (NN = phthalazine, dppm = bis-

(diphenylphosphino)methane), with flexible bridging ligands,
reacted with MeI in two steps, via a monometallic SN2
mechanism. As a result, the diplatinum(IV) derivatives
[Pt2Me4I2(C^N)2(μ-P^P)] and [Me3Pt(μ-I)2(μ-dppm)PtMe3]
were obtained.16

Pyrazolates are a kind of adaptative bridging ligands. Because
they have a proven ability to hold two metal atoms in close
proximity while enabling a wide range of intermetallic
separations; they allow for different kinds of OA mechanisms.
For instance, haloalkanes such as CH3I or CH2I2 add to [{IrI(μ-
pz)}2] complexes following mostly a bimetallic SN2

17−19 or
radical20,21 mechanisms, leading to metal−metal-bonded
Ir2(II,II) complexes. Monometallic SN2

22,23 pathways resulting
inmixed valence Ir(I)−Ir(III) compounds have sometimes been
proven. The Ir2(II,II) species, once rarely formed, undergo
further OA; when this happens, no metal−metal-bonded
Ir(III)−Ir(III) compounds were obtained.24,25 In the field of
pyrazolate-bridged Pt2(II,II) complexes, we observed that
[{PtII(C^C*A)(μ-pz)}2] (HC^C*A = 1-(4-(ethoxycarbonyl)-
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phenyl)-3-methyl-1H-imidazol-2-ylidene 1a) reacted with halo-
forms, CHX3 (X = Cl, Br, I), following a radical mechanism.
Complexes [{Pt(C^C*A)(μ-pz)X}2], [XPt(C^C*A)(μ-pz)2Pt-
(C^C*A)CHX2] or mixtures of both were obtained, depending
mostly on the environmental conditions (argon atmosphere,
oxygen or light).26,27 In depth mechanistic investigations
evidenced that complex 1a exists in solution in two forms: the
butterfly-wing-spreading form 1a−s characterized by long
intermetallic distances and the wing-folding one 1a−f, with
short ones. These two conformers interconvert one into the
other, resembling a butterfly flapping process. Species 1a−f are
those which trigger the reaction with haloforms in the ground
state (S0) with CHBr3 and CHI3 or in the excited state S1 with
CHCl3.

27 These results highlighted the relevance of metal−
metal cooperativity to enable the oxidation of 1a. These findings,
along with the importance of high-valent organometallic
complexes in many organic synthesis, encouraged us to widen
the scope of our earlier investigations, exploring the reactivity of
1a and the analogous complex [{PtII(C^C*B)(μ-pz)}2]
(HC^C*B = 1-phenyl-3-methyl-1H-imidazol-2-ylidene (1b)
toward other halogenated species, such as methyl iodide
(MeI) and benzyl bromide (BnBr). Supported by density
functional theory (DFT) studies on the OA mechanisms, we
were able to prepare dinuclear complexes with different
oxidation states: Pt2(III,III), Pt2(III,III) ↔ Pt2(II,IV) and
Pt2(IV,IV). They allowed us to substantiate the modeled
mechanisms and to compare their structural and spectroscopic
data.

■ EXPERIMENTAL SECTION
General information about instrumentation, X-ray structure determi-
nations (CCDC 2160386−2160389), DFT computational details with
Figure S1, and NMR spectra for characterization are available in the
Supporting Information.
Compounds [{Pt(C^C*A)(μ-pz)}2] (1a),26 and [{Pt(C^C*B)(μ-

Cl)}2] (B)
28 were prepared as described elsewhere. MeI, BnBr, Hpz,

and AgClO4 were used as purchased from Acros Organics, Fluka,
Merck, and Aldrich, respectively. NMR spectra were recorded at r.t.,
except if a different value is indicated. Data are given according to
Figure 1.

Synthesis of [{Pt(C^C*B)(μ-pz)}2] (1b). AgClO4 (55.1 mg, 0.263
mmol) was added to a stirred suspension of B (102.1 mg, 0.132 mmol)
in acetone (40 mL) in the dark at room temperature. After 2.5 h, pzH
(35.8 mg, 0.527 mmol) was added to the mixture and allowed to react
for 18.5 h in the darkness. Then, the resulting suspension was filtered
through Celite and the solution was concentrated to 50 mL. Afterward,
NEt3 (0.5 mL, 3.62 mmol) was added to the solution at r.t. and allowed

to react for 2 h. The suspension was concentrated to 15 mL, and the
solid was filtered and washed with 2 mL of acetone to give 1b as a white
solid. Yield: 74.0 mg, 0.088mmol, 67%. Anal. calcd for C26H24N8Pt2: C,
37.23; H, 2.88; N, 13.36. Found: C, 37.22; H, 2.98; N, 12.97. 1H NMR
(400 MHz, DMSO-d6): δ = 7.43 (d, 3J2,3 = 1.6, 2H, H2), 7.25 (s, 2H,
Hpz), 7.16 (s, 2H, Hpz), 6.82 (d, JH,H = 7.4, 2H, HAr), 6.76 (d, 2H, H3),
6.63 (d, JH,H = 7.3, 2H, HAr), 6.50 (t, JH,H = 7.4, 2H, HAr), 6.35 (t, JH,H =
7.0, 2H, HAr), 5.88 (s br, 2H, Hpz), 2.72 (s, 6H, H4). 1H−195Pt HMQC
NMR (85.6 MHz, DMSO-d6): δ = −3767.4 (s).
Synthesis of [{Pt(C^C*A)Me(μ-pz)}2(μ-I)]I (2a). CH3I (26 μL,

0.403 mmol) was added to a solution of 1a (98.9 mg, 0.101 mmol) in
anhydrous CH2Cl2 (5 mL) under argon atmosphere in the dark. After
14 h of reaction, the precipitate was filtered, washed with Et2O (4 × 10
mL), and dried to give 2a as a white solid. Yield: 117.8 mg; 0.093mmol;
92%. Anal. calcd for C34H38I2N8O4Pt2: C, 32.24; H, 3.02; N, 8.85.
Found: C, 31.84; H, 2.82; N, 8.45. 1H NMR (400 MHz, CD2Cl2, 248
K): δ = 7.97 (s, 3JH,Pt = 37.7, 2H, H7), 7.94 (d, 3J9,10 = 8.2, 2H, H9),
7.87−7.73 (m, 6H, Hpz and H2), 7.47 (d, 3J10, 9 = 8.2, 2H, H10), 7.34 (d,
3J3,2 = 1.8, 2H, H3), 6.50 (s br, 2H, Hpz), 4.27 (q, 3JH,H = 6.9, 4H,
OCH2CH3), 3.52 (s, 6H, H4), 1.78 (s, 2JH,Pt = 65.5, 6H, Pt-CH3), 1.31
(t, 3JH,H = 6.9, 6H, OCH2CH3). 13C{1H}NMR plus HMBC andHSQC
(101 MHz, CD2Cl2, 248 K): δ = 165.7 (s, 2C, C�O), 146.3 (s, 2C,
C5), 142.1 (s, 2C, 1JC,Pt = 1126.2, C1), 140.1 and 139.2 (4C, Cpz), 133.3
(s, 2C, C7), 128.4 (s, 2C, C9), 125.5 (s, 1C, C3), 117.5 (s, 1C, C2), 113.6
(s, 2C, C10), 107.6 (s, 2C, Cpz), 61.5 (s, 2C, OCH2CH3), 38.1 (s, 2C,
C4), 14.3 (s, 2C, OCH2CH3), 11.6 (s, 1JC,Pt = 502.2, 2C, Pt-CH3).
195Pt{1H} NMR (85.6 MHz, CD2Cl2, 248 K): δ = −2688.0 (s). MS
(MALDI+): m/z = 1138.88 [{Pt(C^C*A)(CH3)(μ-pz)}2(μ-I)]+. IR
(ATR, cm−1) υ = 1698 (m, C�O).
Synthesis of [{Pt(C^C*B)Me(μ-pz)}2(μ-I)]I (2b). CH3I (18 μL,

0.2862 mmol) was added to a suspension of 1b (60 mg, 0.072 mmol) in
anhydrous DMF (5 mL) under argon atmosphere in the dark. After 8 h
of reaction, 100 mL of Et2O was added and the precipitate was filtered,
washed with Et2O (5 × 10 mL), and dried to give 2b as a white solid.
Yield: 70.7 mg; 0.063 mmol; 88%. Anal. calcd for C28H30I2N8Pt2: C,
29.96; H, 2.69; N, 9.98. Found: C, 29.76; H, 2.62; N, 9.65. 1H NMR
(400 MHz, CD2Cl2): δ = 7.78 (m, 4H, Hpz), 7.70 (d, 3J2,3 = 2.0, 2H,
H2), 7.41−7.24 (m, 8H, H3 and HAr), 7.13 (m, 2H, HAr), 6.47 (m, 2H,
Hpz), 3.52 (s, 6H, H4), 1.80 (s, 2JH,Pt = 66.1, 6H, Pt-CH3). 1H−195Pt
HMQCNMR (85.6 MHz, CD2Cl2): δ = −2664.4 (s). MS (MALDI+):
m/z = 994.07 [{Pt(C^C*B)(CH3) (μ-pz)}2(μ-I)]+.
Synthesis of [(C^C*A)Pt(μ-pz)2Pt(C^C*A)Me]BF4 (3a′).

Me3OBF4 (49.3 mg, 0.320 mmol) was added to a solution of 1a
(262.0 mg, 0.267 mmol) in anhydrous CH2Cl2 (15 mL) under argon
atmosphere in the dark at−25 °C. After 2 h of reaction, the solution was
dried in vacuo. The residue was treated with 20 mL of dried Et2O, and
the resulting solid was filtered, washed with Et2O (2 × 20 mL), and
dried to give 3a′ as a brown solid. Yield: 244.8 mg; 0.226 mmol; 85%.
Anal. calcd for C33H35BF4N8O4Pt2·2CH2Cl2: C, 33.51; H, 3.13; N,
8.93. Found: C, 33.27; H, 3.10; N, 9.33. 1H NMR (400MHz, CD2Cl2):
δ = 7.92 (d, 3JH,H = 2.1, 1H, Hpz), 7.85−7.77 (m, 3H, 2Hpz, and H9 [Pt−
Me]), 7.74 (d, 3JH,H = 2.1, 1H, Hpz), 7.66 (dd, 3J9,10 = 8.2, 4J9,7 = 1.6, 1H,
H9 [Pt]), 7.52 (d, 4J7,9 = 1.6, 3JH,Pt = 41.2, 1H, H7[Pt]), 7.50 (d, 4J7,9 =
1.6, 3JH,Pt = 51.7, 1H, H7 [Pt−Me]), 7.43 (d, 3J2,3 = 2.0, 1H, H2 [Pt−
Me]), 7.24−7.16 (m, 2H, H10 [Pt−Me] and H2 [Pt]), 7.03 (d, 3J10,9 =
8.1, 1H, H10 [Pt]), 6.60−6.52 (m, 3H, 2Hpz and H3), 6.37 (d, 3J3,2 = 2.1,
1H, H3 [Pt]), 4.38−4.23 (m, 4H, OCH2CH3), 3.17 (s, 3H, H4 [Pt−
Me]), 3.05 (s, 3H, H4 [Pt]), 2.42 (s, 2JH,Pt = 70.7, 3JH,Pt = 14.7, 3H, [Pt-
CH3]), 1.40−1.30 (m, 6H, OCH2CH3). 13C{1H} NMR plus HMBC
and HSQC (101 MHz, CD2Cl2): δ = 166.5 (s, 1C, C�O), 166.0 (s,
1C, C�O), 153.8 (s, 1C, 1JC,Pt = 1391.4, C1 [Pt]), 150.4 (s, 1C, C5
[Pt]), 147.2 (s, 1C, C5 [Pt−Me]), 144.5 (s, 1C, 1JC,Pt = 1179.2, C1 [Pt−
Me]), 140.2 (s, 1C, Cpz), 137.9 (s, 1C, Cpz), 135.9 and 135.5 (s, 4C,
Cpz), 134.7 (s, 1C, C7 [Pt]), 133.2 (s, 1C, C7 [Pt−Me]), 129.8 (s, 1C,
C9 [Pt−Me]), 129.6 (s, 1C, C9 [Pt]), 124.8 (s, 1C, C3 [Pt−Me]), 123.6
(s, 1C, C3 [Pt]), 117.4 (s, 1C, C2 [Pt−Me]), 116.8 (s, 1C, C2 [Pt]),
113.7 (s, 1C, C10 [Pt−Me]), 112.1 (s, 1C, C10 [Pt]), 107.8 and 107.7 (s,
2C, Cpz), 61.9 and 61.8 (s, 2C, OCH2CH3), 37.2 (s, 1C, C4 [Pt−Me]),
37.0 (s, 1C, C4 [Pt]), 14.6 and 14.5 (s, 2C, OCH2CH3), −1.9 (s, 1JC,Pt =
411.2, 1C, Pt-CH3).19F NMR (376 MHz, CD2Cl2): δ = −151.4 (m, 4F,

Figure 1. Numerical scheme for NMR purposes.
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BF4). 195Pt{1H} NMR (85.6 MHz, CD2Cl2): δ = −2589.2 (s, 1JPt,Pt =
1023.4, Pt−Me), −3064.2 (s, Pt). MS (MALDI+): m/z = 997.2
[(C^C*A)Pt(μ-pz)2Pt(C^C*A)CH3]+. IR (ATR, cm−1) υ = 1702 (m,
C�O), 1043, 1012 and 519 (s, BF4).
Synthesis of [I(C^C*A)Pt(μ-pz)2Pt(C^C*A)Me] (4a). KI (33.6

mg, 0.202 mmol) was added to a solution of 3a′ (109.8 mg, 0.101
mmol) inMeCN (3mL) in the dark at−25 °C. After 3 h of reaction, the
suspension was filtered and the solid was washed with water (7 × 10
mL) and dried to give 4a as a yellow solid. Yield: 44.0 mg; 0.039 mmol;
39%. Anal. calcd for C33H35IN8O4Pt2: C, 35.54; H, 3.14; N, 9.96.
Found: C, 35.88; H, 2.88; N, 9.65. 1H NMR (400 MHz, CD2Cl2, 223
K): δ = 8.01 (d, 3JH,H = 2.0, 1H, Hpz), 7.89 (d, 3JH,H = 2.0, 1H, Hpz), 7.72
(d, 3JH,H = 2.0, 1H, Hpz), 7.64 (d, 3JH,H = 2.0, 1H, Hpz), 7.61 (dd, 3J9,10 =
8.2, 4J9,7 = 1.6, 1H, H9 [Pt−Me]), 7.53 (d, 4J7,9 = 1.6, 3JH,Pt = 58.7, 1H,
H7 [Pt−I]), 7.44−7.33 (m, 2H, H9 [Pt−I] and H7[Pt−Me]), 7.04 (d,
3J2,3 = 2.1, 1H, H2 [Pt−Me]), 6.89 (d, 3J10,9 = 8.2, 1H, H10 [Pt−Me]),
6.84 (d, 3J2,3 = 2.1, 1H, H2 [Pt−I]), 6.93 (d, 3J10,9 = 8.2, 1H, H10 [Pt−
I]), 6.38−6.30 (m, 3H, Hpz and H3 [Pt−Me]), 6.15 (d, 3J3,2 = 2.0, 1H,
H3 [Pt−I]), 4.35−4.10 (m, 4H, OCH2CH3), 3.04 (s, 3H, H4 [Pt−I]),
3.01 (s, 3H, H4 [Pt−Me]), 1.48 (s, 2JH,Pt = 61.0, 3JH,Pt = 14.5, 3H, Pt-
CH3), 1.32−1.24 (m, 6H, OCH2CH3). 13C{1H}NMR plus HMBC and
HSQC (101 MHz, CD2Cl2, 223 K): δ = 166.3 (s, 1C, C�O), 165.8 (s,
1C, C�O), 153.0 (s, 1JC,Pt = 1358.7, 1C, C1 [Pt−I]), 147.8 (s, 1C, C5),
147.5 (s, 1JC,Pt = 1153.6, 1C, C1 [Pt−Me]), 145.7 (s, 1C, C5), 140.5,
139.1 and 134.3 (s, 3C, Cpz), 132.9 (s, 1C, C7 [Pt−I]), 132.0 (s, 1C, C7
[Pt−Me]), 131.7 (s, 1C, Cpz), 128.1, 127.1, 126.2 and 125.2 (C6, C6, C8
and C8), 126.4 (s, 1C, C9 [Pt−Me]), 125.3(s, 1C, C9 [Pt−I]), 123.0 (s,
1C, C3 [Pt−Me]), 121.7 (s, 1C, C3 [Pt−I]), 114.1 (s, 1C, C2 [Pt−
Me]), 113.7 (s, 1C, C2 [Pt−I]), 111.1 (s, 1C, C10 [Pt−Me]), 110.0 (s,
1C, C10 [Pt−I]), 105.6 (m, 2C, Cpz), 61.1 and 60.9 (s, 2C, OCH2CH3),
36.6 and 36.5 (s, 2C, C4, [Pt−Me] and [Pt−I]), 14.1 (s br, 2C,
OCH2CH3), −16.0 (s, 1JC,Pt = 467.1, 1C, Pt-CH3). 195Pt{1H} NMR
(85.6 MHz, CD2Cl2, 223 K): δ = −2848.2 (s, 1JPt,Pt = 1239.8, Pt−Me),
−3018.8 (s, Pt−I). MS (MALDI+): m/z = 997.2 [(C^C*A)Pt(μ-
pz)2Pt(C^C*A)(CH3)] +. IR (ATR, cm−1) υ = 1699 (m, C�O).
Synthesis of Int′-Me. PPh4I (83.4 mg, 0.179mmol) was added to a

solution of 3a′ (97.0 mg, 0.089 mmol) in anisole (5 mL) in the dark at
30 °C, and the mixture was allowed to react for 2 h. Then, the solvent
was removed under vacuum and the residue was treated with H2O. The
resulting yellow solid was identified as [(C^C*A)Pt(μ-pz)2(C^C*A)-
PtI(CH3)] (Int′-Me) by 1H and 195Pt NMR, although anisole and
PPh4BF4 were detected as impurities. 1H NMR (400 MHz, 223 K,

CD2Cl2): δ = 8.10−6.00 (16 HAr of Int′-Me and HAr of PPh4), 4.33−
4.07 (m, 4H, OCH2CH3), 3.75 (s, OCH3, anisole), 3.49 and 3.19 (s,
6H, H4), 1.75 (s, 2JH,Pt = 65.9, 3H, [Pt-CH3]). 195Pt{1H} NMR (85.6
MHz, 223 K, CD2Cl2): δ = −2697.0 (s, PtIV), −3776.0 (s, PtII).
Synthesis of [Br(C^C*A)Pt(μ-pz)2Pt(C^C*A)Bn] (5a). BnBr (33

μL, 0.277 mmol) was added to a solution of 1a (68.0 mg, 0.069 mmol)
in MeCN (20 mL) in the dark. After 3.5 h of reaction, the solvent was
removed under vacuum. The residue was treated with amixture of Et2O
and n-hexane (1:20) to give 5a as an orange solid. Yield: 74.0 mg; 0.064
mmol; 93%. Anal. calcd for C39H39BrN8O4Pt2: C, 40.60; H, 3.41; N,
9.71. Found: C, 40.32; H, 3.36; N, 9.68. 1H NMR (400 MHz, CD2Cl2,
248 K): δ = 7.97 (d, 3JH,H = 1.8, 1H, Hpz), 7.91 (d, 3JH,H = 1.8, 1H, Hpz),
7.78 (d, 3JH,H = 2.1, 1H, Hpz), 7.65 (dd, 3J9,10 = 8.2, 4J9,7 = 1.7, 1H, H9
[Pt−Bn]), 7.50 (d, 4J7,9 = 1.7, 3JH,Pt = 43.3, 1H, H7 [Pt−Bn]), 7.44 (d,
4J7,9 = 1.7, 3JH,Pt = 45.2, 1H, H7 [Pt−Br]), 7.39 (dd, 3J9,10 = 8.2, 4J9,7 =
1.7, 1H, H9 [Pt−Br]), 7.16 (d, 3JH,H = 2.1, 1H, Hpz), 7.06−6.98 (m, 1H,
Hpara), 6.89−6.80 (m, 5H, H2, H2, H10 [Pt−Bn] and Hmeta), 6.78−6.68
(m, 3H, H10 [Pt−Br] andHorto), 6.40 (pt, 3JH,H = 2.0, 1H, Hpz), 6.30 (pt,
3JH,H = 2.1, 1H, Hpz), 6.11 (d, 3J3,2 = 2.1, 1H, H3 [Pt−Bn]), 6.07 (d, 3J3,2
= 2.1, 1H,H3 [Pt−Br]), 4.36−4.10 (m, 5H, CH2 (Bn) andOCH2CH3),
3.73 (d, 2JH,H = 7.9, 2JH,Pt = 69.0, 3JH,Pt = 28.9, 1H CH2 (Bn)), 3.07 (s,
3H, H4 [Pt−Br]), 2.71 (s, 3H, H4 [Pt−Bn]), 1.32 (t, 3JH,H = 7.3, 3H,
OCH2CH3), 1.25 (t, 3JH,H = 7.3, 3H, OCH2CH3).13C{1H} NMR plus
HMBC and HSQC (101 MHz, CD2Cl2, 248 K): δ = 166.5 (s, 1C, C�
O), 166.0 (s, 1C, C�O), 153.2 (s, 1JC,Pt = 1323.4, 1C, C1 [Pt−Br]),
148.7 (s, 1JC,Pt = 1239.5, 1C, C1 [Pt−Bn]), 148.1 (s, 1C, C5 [Pt−Br]),
147.1 (s, 1C, Cipso), 145.8 (s, 1C, C5 [Pt−Bn]), 138.9, 137.2 and 134.4
(s, 3C, Cpz), 133.3 (s, 1C, C7 [Pt−Br]), 132.1 (s, 1C, C7 [Pt−Bn]),
131.9 (s, 1C, Cpz), 128.9 (s, 2C, Cmeta), 127.0 and 126.9 (2C, C9 [Pt−
Bn] and Corto), 125.7 (s, 1C, C9 [Pt−Br]), 124.5 (s, 1C, Cpara), 122.7 (s,
1C, C3 [Pt−Bn]), 121.9 (s, 1C, C3 [Pt−Br]), 114.1 and 113.9 (2C, C2),
111.4 (s, 1C, C10 [Pt−Bn]), 110.1 (s, 1C, C10 [Pt−Br]), 105.8 and
105.7 (2C, Cpz), 61.3 and 61.0 ( 2C, OCH2CH3), 36.6 (s, 1C, C4 [Pt−
Br]), 36.1 (s, 1C, C4 [Pt−Bn]), 15.2 (s, 1JC,Pt = 448.1, 2JC,Pt = 192.9, 1C,
Pt-CH2Ph), 14.3 (s, 2C, OCH2CH3). 195Pt{1H} NMR (85.6 MHz,
CD2Cl2, 248 K): δ = −2693.6 (s br, Pt−Bn), −2742.8 (s, 1JPt,Pt =
1028.9, Pt−Br,). MS (MALDI+): m/z = 1061.6 [Br(EtO2C-C^C*)-
Pt(μ-pz)2Pt(EtO2C-C^C*)]+, 1072.8 [(C^C*A)Pt(μ-pz)2Pt(C^C*A)-
Bn]+. IR (ATR, cm−1) υ = 1700 (m, C�O).
Synthesis of [{Pt(C^C*A)Bn(μ-pz)}2(μ-Br)]Br (6a). A suspension

of 5a (95 mg, 0.082 mmol) in BnBr (5 mL) was heated 70 °C for 5 h.
Then, the suspension was cooled down to room temperature, and the

Scheme 1. Reaction Pathway for OA Reactions of MeI to 1a and 1b
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resulting solid was filtered and dried to give 6a. Yield: 94.7 mg; 0.071
mmol; 87%. Anal. calcd for C46H46Br2N8O4Pt2: C, 41.70; H, 3.50; N,
8.46. Found: C, 41.38; H, 3.27; N, 8.44. 1H NMR (400 MHz, CD2Cl2,
248 K): δ = 8.46 (s br, 2H, Hpz), 8.35 (s br, 2H, Hpz), 8.10 (d, 4J7,9 = 1.1,
3JH,Pt = 37.5, 2H, H7), 7.89 (dd, 3J9,10 = 8.2, 4J9,7 = 1.1, 2H, H9), 7.18 (s,
2H, H2), 7.15−7.03 (m, 6H, H10, Hpara andH3), 6.88 (pt, JH,H = 7.6, 4H,
Hmeta), 6.79 (s br, 2H, Hpz), 6.64 (pd JH,H = 7.6, 4H, Horto), 4.45−4.20
(m, 6H, CH2 (Bn) and OCH2CH3), 4.02 (d, 2JH,H = 8.6, 2JH,Pt = 90.6,
2H, CH2 (Bn)), 3.41 (s, 6H, H4), 1.35 (t, 3JH,H = 7.3, 6H, OCH2CH3).
13C{1H} NMR plus HMBC and HSQC (101 MHz, CD2Cl2, 248 K): δ
= 165.7 (s, 2C, C�O), 146.4 (s, 2C, C5), 142.6 (s, 2C, 1JC,Pt = 1202.2,
C1), 141.1 (2C, Cpz), 141.0 (s, 2C, Cipso), 138.4 (2C, Cpz), 132.2 (s, 2C,
C7), 128.8 (s, 2C, C9), 128.7 (s, 2C, Cmeta), 128.3 (s, 4C, 3JC,Pt = 23.0,
Corto), 127.1 (s, 2C, Cpara), 124.5 (s, 2C, C3), 116.5 (s, 2C, C2), 113.6 (s,
4JC,Pt = 28.7, 2C, C10), 107.4 (s, 3JC,Pt = 18.0, 2C, Cpz), 61.5 (s, 2C,
OCH2CH3), 37.6 (s, 2C, C4), 32.7 (s, 2JC,Pt = 521.4, 2C, Pt-CH2Ph),
14.3 (s, 2C, OCH2CH3). 195Pt{1H} NMR (85.6 MHz, CD2Cl2, 248 K):
δ = −2357.0 (s). MS (MALDI+): m/z = 1245.69 [{Pt(C^C*A)Bn(μ-
pz)}2(μ-Br)]+. IR (ATR, cm−1) υ = 1715 (m, C�O).

■ RESULTS AND DISCUSSION
Reactivity of [{PtII(C^C*)(μ-pz)}2](C^C*A 1a, C^C*B 1b)

with MeI and BnBr: Experimental and Computational
Investigations for theMechanistic Studies.The reaction of
[{PtII(C^C*A)(μ-pz)}2] (1a) with MeI in MeCN in the dark
afforded the Pt2(IV,IV) compound [{PtIV(C^C*A)Me(μ-
pz)}2(μ-I)]I (2a) as result of a double OA of MeI, regardless
the reactant molar ratio (Scheme 1, path a).
The use of other solvents such as acetone or dichloromethane

does not change the nature of the final compound. Compound
[I(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)Me] (4a), resulting from
the bimetallic OA of one MeI molecule was just detected by 1H
NMR. To evaluate if the CO2Et fragment plays a role in the
redox behavior of complex 1a, we prepared the new complex 1b
(Experimental Section in the Supporting Information and
Figure S2). Then, it was reacted with MeI in DMF due to its low
solubility in other organic solvents, giving rise to the Pt2(IV,IV)

Scheme 2. Computed (PCM(MeCN)-M06/6-31G(d), MWB60(Pt), andMWB46(I)) Free Energy Profile (ΔG, kcal/mol) for the
Thermal Conversion of 1a into 4a (or 5a) and Int′-R (Step i) and Int′-R into 2a (or 6a) (Step ii) Following SN2 Mechanisms
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complex [{PtIV(C^C*B)Me(μ-pz)}2(μ-I)]I (2b). This result
indicates that the CO2Et fragment does not affect the reactivity
of these Pt2(II,II) complexes toward MeI; however, it increases
their solubility, allowing for a better study of it. Complexes 2a
and 2bwere isolated as white solids in very good yields (92%, 2a;
88%, 2b) and fully characterized (Figures S3 and S4). Just two
complexes with the same bridging system have been reported to
date, PPN[{PtIVMe3(μ-pz)}2(μ-I)]29 and (PPh4)[{PtIVMe2Br-
(μ-pz)}2(μ-Br)],30 both of them prepared by assembly of
mononuclear PtIV fragments. Therefore, 2a and 2b are the first
Pt2(IV,IV) derivatives obtained by OA of MeI to {PtII(μ-pz)}2
fragments.
Keeping in mind that compound 1a is oxidized by CHX3 (X =

Br, I) in the dark through a radical mechanism,26,27 we checked
this possibility for MeI. The reaction of 1a with MeI in MeCN-
d3 in the dark was performed with and without galvinoxyl (Gal·)
as radical (R·) trap, and they were followed by 1H NMR for 1 h.
It resulted to be almost unaffected by the presence of Gal·(see
Figure S5), which led us to dismiss a radical mechanism and to
consider a SN2 one for the first and the second OA of MeI to 1a.
For an in depth knowledge of these reaction mechanisms, we
carried out a DFT study (see Computational Details in
Supporting Information). The free energy profiles in MeCN
have been represented in Scheme 2, the reference energy value
being 0.0 kcal/mol for one of the Pt2(II,II) reactant, 1a.
In the modeled mechanism, the first OA is a SN2 reaction, Nu

+MeI→NuMe+ + I−, with the dinuclear compound 1a acting as
nucleophile (Nu) to give a cationic [Pt(II)−Pt(IV) −Me]+
intermediate Int-Me. The reaction would proceed through a
transition state TS1, with one imaginary frequency (436i cm−1),
which shows a hypervalent C atom with two long Pt···C and C···
I distances. The energy barrier (EaTS1 = 15.02 kcal/mol) is low
enough to allow the reaction to proceed at room temperature in
the dark. Once the intermediate Int-Me was formed, the
migration of the halide to the Pt(II) center will afford the I−
Pt(III) −Pt(III) −Me derivative (4a) while, if the halide bonds
to the Pt(IV) center, Pt(II,IV) species (Int′-Me) will be
generated.
The small barrier (2.92 kcal/mol) for the conversion of Int-

Me into Int′-Me through the transition state TS2 (43i cm−1)
competes with the barrierless formation of 4a (Figure S6). This
along with the low free energy difference between 4a and Int′-
Me (ΔGInt′‑Me‑4a = 4.03 kcal/mol) support the formation of the
two species, 4a and Int′-Me from Int-Me, which are believed to
be in equilibrium in solution of MeCN at r.t.
The second OA reaction (Scheme 2) would start with the

nucleophilic attack of the dz2 orbital of the Pt(II) center in
complex Int′-Me to a secondMeImolecule to give 2a as the final
product. This step could proceed through a transition state TS3
(423i cm−1), with the energy barrier (EaTS3 = 14.78 kcal/mol)
being similar to that of the first OA and thus small enough to be
surpassed at room temperature in the dark. Therefore, this
calculated mechanism shows the feasible access to Int′-Me,
which would explain the observed double OA of MeI to 1a to
give 2a. Besides, it shows that 4a is thermodynamically more
stable than 2a. Because of this, the scarce solubility of the latter
in the reaction media is likely to be the driving force for 2a,
which will be the final product of the reaction of 1a with MeI.
Species like Int-Me and Int′-Me have been proposed as

intermediates in OA reactions of one or two RX molecules to
M2(I,I) (M = Rh, Ir).17,25 Besides, the mixed-valence species
Int′-Me could also be available by a monometallic SN2 OA of
MeI to 1a.31 Aiming to test the proposed mechanism and to

compare the structural and spectroscopic features of high-valent
Pt2 complexes, with the same core “{Pt(C^C*A)(μ-pz)}2” but
with different oxidation states, we addressed the synthesis and
characterization of additional compounds such as 3a′, 4a, and
Int′-Me (Scheme S1 and Figures S7−S10).
First, to achieve our challenging tasks, Int-Mewas prepared as

the BF4 salt, [(C^C*A)Pt(μ-pz)2Pt(C^C*A)Me]BF4 (3a′), in a
very good yield (85%) (see Scheme 1, path b) by reacting 1a
with Me3OBF4, at −25 °C in anhydrous CH2Cl2 in the dark,
under argon atmosphere. Compound 3a′ resulted to be stable in
the solid state and solution at room temperature and could be
fully characterized (Figure S7). Then, 3a′ was reacted with KI in
MeCN at low temperature (−25 °C) to favor the exothermic
process (Scheme 1, path c). In these conditions, [I(C^C*A)-
PtIII(μ-pz)2PtIII(C^C*A)Me] (4a) precipitated in the reaction
media and could be obtained as a pure species in a moderate
yield (39%) and then characterized (Figure S8). A mixture of 4a
and Int′-Me remains in the mother liquor, as it was detected by
1H NMR, which explains the low yield in the synthetic
procedure. Further support for the simultaneous formation of
both 4a and Int′-Me along with the equilibrium between them
was obtained following this reaction by NMR, as can be seen in
Figure S9. At −30 °C, this reactions leads to the simultaneous
formation of 4a and Int′-Me, with the former being the major
species, which becomes Int′-Me as the temperature raises, in
such a way that after 24 h at room temperature, both species are
present in the mixture in about a 1:1 molar ratio. To reach Int′-
Me as pure species, we searched for solvents that give a smaller
free energy difference between Int′-Me and 4a than the one
obtained inMeCN, so as to ensure a larger amount of Int′-Me in
the equilibrium. As can be seen in Scheme 3, the computed

ΔGInt′‑Me‑4a in anisole (1.79 kcal/mol) is clearly smaller than that
in MeCN (4.03 kcal/mol). Accordingly, [(C^C*A)PtII(μ-
pz)2PtIV(C^C*A)(Me)I] (Int′-Me) was the single organo-
metallic species detected by 1H NMR in the reaction of 3a′
with Ph4PI in anisole in the dark at 30 °C (Scheme 1, path d),
although it was obtained from the reaction mixture unpurified
with anisole and Ph4PBF4 (see Experimental section in the
Supporting Information and Figure S10).

Scheme 3. Computed (PCM-M06/6-31G(d), MWB60(Pt),
and MWB46(I)) Free Energy Profiles (ΔG, kcal/mol) in
MeCN (ε = 35.688) and Anisole (ε = 4.2247) for the Thermal
Conversion of 4a, Int-Me, and Int′-Me
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Additionally, 3a′ was reacted with MeI in acetonitrile at r.t.,
rendering 2a′ as the final product (Scheme 1, path e). This result
is consistent with Pt2(III,III) ↔ Pt2(II,IV) formulations for 3a′,
the contribution of the Pt2(II,IV) one being significant.
Therefore, since all the intermediate species in the double OA
of MeI to 1a resulted to be experimentally available, the
proposed mechanism, initiated with a bimetallic OA of MeI to
the Pt2(II,II) complexes 1a and 1b, seems suitable.

To expand these studies, we focused on the OA of benzyl
bromide (BnBr) to [{PtII(C^C*A)(μ-pz)}2] (1a). The reaction
of 1a with BnBr in a 1:4 molar ratio in MeCN in the dark at r.t.
rendered the Pt2(III,III) complex [Br(C^C*A)PtIII(μ-
pz)2PtIII(C^C*A)Bn] (5a) (Scheme 4, path a), which was
isolated as an orange solid in very good yield (93%).
A secondOA to give compound [{PtIV(C^C*)Bn(μ-pz)}2(μ-

Br)]Br (6a) was achieved by heating 5a at 70 °C in BnBr(l) in
the dark for 5 h. In these hard conditions, 6a was obtained in

Scheme 4. Reaction Pathway for OA Reactions of BnBr to 1a

Figure 2.Molecular structure of the cationic complexes 2a, 2b, 3a′, and 5a. Ellipsoids are drawn at their 50% probability level; solvent molecules, I−
(2a, 2b), BF4− (3a′), and hydrogen atoms have been omitted for clarity.
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good yield (87%) (Scheme 4, path b). Then, 5a and 6awere fully
characterized (Figures S11 and S12). The selective formation of
5a in the presence of oxygen, an efficient radical trap, points to a
SN2 mechanism, like in the case of MeI (Figure S13), which was
modeled by DFT in MeCN. For comparison, the free energy
profiles obtained are represented in Scheme 2 and Figure S6.
The energy barrier for the first OA (EaTS1 = 15.92 kcal/mol,

TS1: 294i cm−1) is low enough to enable the reaction go at r.t. in
the dark, which is not much different from that for MeI. Once
the Int-Bnwas formed, species 5a or Int′-Bn becomes available.
Thermodynamically, the formation of 5a from 1a is clearly
favored (calculated ΔG5a−1a = −5.78 kcal/mol; ΔGInt′‑Bn‑1a =
2.05 kcal/mol). Although the energy barrier (6.24 kcal/mol) for
conversion of Int-Bn into Int′-Bn through TS2 (44i cm−1) is in
principle not large enough to prevent it to occur, experimentally,
5a is the only species formed at r.t. in the dark. Therefore, it
seems that the free energy difference between 5a and Int′-Bn
(calculated ΔGInt′Bn‑5a = 7.83 kcal/mol) hinders significant
formation of Int′-Bn, thus preventing the second OA to occur at
r.t. Only by heating at 70 °C in BnBr(l) is the formation of Int′-
Bn achieved, enabling it to convert into 6a through TS3 (260i
cm−1).

Again, in view of the lower stability of 6a compared to 5a, the
scarce solubility of the former in the reaction media is likely the
driving force for its formation.
The characterization of all these Pt2 compounds has been

addressed together for an overall perspective, as can be seen
below.
Characterization of All New High-Valent {Pt(μ-pz)}2

Complexes. In addition to elemental analysis, the most
valuable information for the full characterization of these new
complexes came from their 1H and 195Pt{1H} NMR spectra in
solution (Figures S2−S4 and S7−S12). All these Pt2 complexes,
except 1a/b and 3a′, are not stable in solution at r.t. without
excess of RX in the media. Thus, the characterization of all these
has been carried out at low temperature. Besides, single-crystal
X-ray diffraction studies on complexes 2a, 2b, 3a′, and 5a have
been carried out. Their molecular structures are depicted in
Figure 2, and selected bond distances and angles are given in
Tables S2 and S3.
As it can be seen in Figure 2, in all of them, the Pt2N4 rings

exhibit a boat-like shape (angle between the Pt−N−N−Pt
fragments being 73.0° 2a, 71.7° 2b, 89.32° 3a′, and 89.64° 5a)
with an anti-configuration of the C^C* groups (C1−Pt−Pt#−

Table 1. Relevant NMR Data for the New High Oxidation State Pt2 Complexes
a

compound δ 195Pt−X δ 195Pt−R 1JPt−Pt δ1H (Pt−R) 2JPt−H 3JPt−H
2a −2688.0 (R = Me) 1.78 65.5
2b −2664.4b (R = Me) 1.80 66.1
3a′ −3064.2 X = vacant −2589.2 (R = Me) 1023.4 2.42 70.7 14.7
4a −3018.8 (X = I) −2848.2 (R = Me) 1239.8 1.48 61.0 14.5
Int′-Me −3776.0 (PtII) −2697.0 (PtIV) 1.75 65.9
5a −2742.8 (X = Br) −2693.6 (R = Bn) 1028.9 3.73 (1H)c 69.0 28.9
6a −2357.0 (R = Bn) 4.02 (2H)c 90.6

aCD2Cl2, more details in experimental Section, δ (ppm); J (Hz). bIndirect detection by 1H−195Pt HMQC NMR. cAn equal signal appears
overlapped with OCH2CH3; δ 195Pt = −3778.0 ppm (1a, acetone-d6), −3767.4 ppm (1b, DMSO-d6).

Figure 3. Expanded view of the 1H NMR spectra of 2a (left), 3a′ (middle), and 4a (right) in CD2Cl2.
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C#1 torsion angles: 96.7(4)° 2a, 96.1(2)° 2b; C1−Pt1−Pt2−
C14 torsion angles: 79.29° 3a′, 72.92° 5a).
The molecular structures of the cationic complexes,

[{PtIV(C^C*)Me(μ-pz)}2(μ-I)]+, in 2a and 2b consist of a
Pt2(IV,IV) core bridged by two pyrazolates and one iodide
ligand. The intermetallic distances (dPt−Pt: 3.5909(9) Å 2a,
3.6228(6) Å 2b) are in between the observed ones in the
Pt2(IV,IV) compounds (PPN)[{PtIVMe3(μ-pz)}2(μ-I)] (dPt−Pt:
3.706(1) Å)29 and (PPh4) [{PtIVMe2Br(μ-pz)}2(μ-Br)] (dPt−Pt:
3.593(1) Å).30 The PtIV centers exhibit octahedral PtIN2C3
coordination environments with the axial positions occupied by
one Me group and the iodine bridge, the Pt−I−Pt angle being
close to 80° (81.55(2) 2a, 82.69(13) 2b). The Pt−I, Pt−N, and
Pt−C distances seem to be not affected by the metal oxidation
state since they are quite similar to those observed in Pt2(III,III)
complexes containing the same kind of ligands.26,27

The cationic complex [Pt2(C^C*A)2(μ-pz)2Me]+ in 3a′ and
5a show short intermetallic distances (dPt−Pt: 2.6700(4) Å 3a′,
2.6545(5) Å 5a) indicative of the existence of a Pt−Pt bond in
each of them. All bond distances and angles are very similar to
those observed in analogous complexes with the [(C^C*)-
PtIII(μ-pz)]2 core and octahedral environment at each Pt
center.26,27 In 3a′, the platinum centers show different
coordination environments: octahedral for Pt1 with the Pt2
and the methyl group (C33) in the apex positions and distorted
square pyramidal for Pt2, with Pt1 in the apex position. The
intermetallic distance in 3a′ is in the range reported for “Pt2III(μ-
L)2R” species, no matter if they exhibit an octahedral
environment of each Pt center [2.529(1)−2.7910(2) Å]32,33

or octahedral geometry at one and square pyramidal at the other
center. The latter is exemplified by complex [R(H3N)2Pt(μ-L-
N,O)2Pt(NH3)2]3+ (L-N,O- = amidate or pyridonate)
[2.676(1)−2.7542(11) Å].34−41

Regarding pyrazolate-bridged complexes, the intermetallic
distance in 3a′ is a little longer than those in [(CHX2)(C^C*)-
PtIII(μ-pz)PtIII(C^C*)X],26,27 (dPt−Pt = 2.6302(4) Å X = Br;
2.6324(3) Å X = I) or in 5a, which can be attributed to the larger
trans influence of CH3 compared to CHX2 and CH2Ph.

The NMR spectra of the Pt−Me derivatives, 2a, 2b, 3a′, 4a,
and Int′-Me, as well as the Pt−Bn ones, 5a and 6a, were
performed in CD2Cl2 solution (see Table 1 and Figures 3 and 4).
Their 1HNMR and 195Pt{1H}NMR spectra showed that in all

cases, the major isomer is that observed in the X-ray single-
crystal structures, with the C^C* groups in an anti-
conformation, which provided structurally relevant details. In
agreement with the absence of metal−metal interactions and
their symmetry, the Pt2(IV,IV) complexes 2a, 2b, and 6a show
the coupling to just one 195Pt nucleus (see 2JPt‑H in Table 1) of
their corresponding Pt−R (R = CH3, CH2Ph) 1H NMR signals.
Besides, their 195Pt{1H} NMR spectra exhibit just one singlet in
the typical spectral range for Pt(IV) compounds (see Table 1
and Figure 4 for 2a).42

By contrast, in compounds 3a′, 4a, and 5a, the NMR spectra
denote the non-equivalence of two Pt fragments joined by a
metal−metal bond. That is, each compound exhibits a signal due
to the Pt-CH3 (singlet) or Pt-CH2Ph (doublet) flanked by two
sets of 195Pt satellites in its 1H NMR spectrum and two singlets
in the 195Pt{1H} NMR one, each one flanked by 195Pt satellites.
The existence of a Pt−Pt bond was confirmed by a

195Pt−195Pt{1H} COSY spectrum, which displays a crosspeak
due to scalar coupling (Figure 4 right for 4a and S6 for 3a′).
The assignment of these resonances was made from 1H−195Pt

HMQC and 1H {selective195Pt} NMR experiments.
All the 195Pt signals appear clearly downfield-shifted with

respect to those of the Pt2(II,II) complexes, 1a and 1b (Table 1),
according to the higher oxidation state of the metal centers.
They appear more deshielded as the oxidation state is higher
[see δ195Pt for PtIV-CH3 (2a) and PtIV-CH2Ph (6a) vs PtIII-CH3
(4a) and PtIII-CH2Ph (5a)], and the electronegativity of the
axial ligand is greater [see δ195Pt for Pt−Br (5a) vs Pt−I (4a)].
Besides, a downfield shift of the 195Pt-CH2Ph resonances with
respect to the 195Pt−Me one is observed (see δ195Pt for 6a vs
2a), which is attributed to the effect of the π system of the benzyl
fragment.43

Figure 4. Left: 195Pt{1H} NMR spectra in CD2Cl2 of 2a, 3a′, and 4a. Right: 195Pt−195Pt{1H} COSY spectrum of 4a in CD2Cl2.
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The proposed structure for complex Int′-Me was based on its
NMR data. The presence of two singlets in the spectral range
expected for PtII and PtIV and the absence of platinum satellites
in its 195Pt{1H} NMR spectrum denote the mixed-valence
nature of Int′-Me and the absence of a metal−metal bond
between the platinum centers. This fact was confirmed by its 1H
NMR spectrum, which shows only one singlet corresponding to
the Pt−Me group flanked just by one set of platinum satellites
(Table 1, Figure S10).
The complex cation in 3a′ deserves some additional attention.

In this complex, the average oxidation number of the platinum
centers is +3, but it can be regarded as a metal−metal bonded
Pt2(III,III) complex with just one axial ligand, or as a mixed
valence Pt2(II,IV) one

44 with the metals linked by a PtII → PtIV
donor−acceptor bond. The short intermetallic distance
(2.6700(4) Å) observed in the X-ray structure points to a
Pt2(III,III) formulation, while the NMR data (Figure S7) point
to a PtII → PtIV one. In this sense, the different coordination
environments of the Pt centers cause a big separation between
the two 195Pt resonances up to 480 ppm. The one corresponding
to Pt−Me appears even more deshielded than that in the
Pt2(IV,IV) compounds (2a and 2b), while the other is shielded
50 ppm with respect to the Pt−I resonance in the Pt2(III,III)
complex 4a. To help determine the correct oxidation states of
the Pt centers, we performed additional computational and
electrochemical studies. The Mulliken population analysis in
MeCN for 3a′ provided an estimated partial charge for the two
platinum centers (0.49 Pt, 0.46 Pt−Me) not much different one
to another, the difference (Δ = 0.03) being even lower than in
the Pt2(III,III) complex, 4a (0.35 Pt−I, 0.40 Pt−Me, Δ = 0.05).
The Pt−Pt MO bond order in 3a′ (0.38) is close to the
calculated value for the Pt2(II,II) complex 1a (0.39) and smaller
than that found for the Pt2(III,III) complex 4a (0.59). These
calculations are consistent with a Pt2(III,III) ↔ Pt2(II,IV)
formulations, the contribution of the Pt2(II,IV) one being
significant, in line with earlier calculations on catalytic processes
involving [{PdIII(C^N)(OAc)}2XY]. They showed that when a
strong σ-donor group is “axially” coordinated to one of the metal
centers in dinuclear complexes, the dz2 orbital from the other
metal gets populated, increasing the M(II) character and
favoring the Pt2(II,IV) formulation.45 Therefore, in our case, the
presence of Me as the electron-donating group in 3a′ would
increase the Pt2(II,IV) contribution to this molecule.
In this sense, oxidative CV in MeCN showed for 3a′ an

irreversible oxidation at 0.39 V (given vs the Fc+/Fc couple).
The value is quite similar to that of 1a, 0.44 V, measured under
the same conditions and to the related cyclometalated
pyrazolate-bridged dinuclear platinum(II) complexes,46 while
being far from the value observed for the Pt2(III,III) complex
[{Pt(C^C*A)(μ-pz)I}2] (Figure S14). In the Pt2(II,II) com-
plexes, the irreversibility of this oxidation process has been
attributed to the square-planar geometry of each Pt(II) unit with
little or no metal−metal interaction. In them, the metal centers
are highly susceptible to nucleophilic attack by coordinating
solvents, such as MeCN, resulting in permanent oxidized
products. Therefore, a mixed-valence Pt2(II,IV) formulation
with the metals linked by a PtII → PtIV donor−acceptor bond
seems to be the most likely for 3a′ in MeCN solution, which is
also compatible with the observed metal−metal coupling.47

According to that, we observed that compound 3a′ reacted with
MeI in acetonitrile to give 2a′.

■ CONCLUSIONS
Compound [{PtII(C^C*A)(μ-pz)}2] (1a) reacted with MeI and
BnBr at room temperature in the dark to give the high-valent
dinuclear complexes [{PtIV(C^C*A)Me(μ-pz)}2(μ-I)]I (2a)
and [Br(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)Bn] (5a), resulting
from the double or single OA of RX, respectively. Also,
[{PtII(C^C*B)(μ-pz)}2] (1b) reacted with MeI, affording
[{PtIV(C^C*B)Me(μ-pz)}2(μ-I)]I (2b), indicating that the
CO2Et substituent in C^C*A does not affect the redox behavior
of these Pt2(II,II) compounds 1a and 1b. DFT modeling of the
SN2 mechanisms for the OA of RX to 1a proposed species such
as [(C^C*A)Pt(μ-pz)2Pt(C^C*A)R]X (RX = MeI Int-Me,
BnBr Int-Bn) as intermediates for the first OA reaction. Once
formed, two species are accessible, [X(C^C*A)PtIII(μ-
pz)2PtIII(C^C*A)R](RX = MeI 4a, BnBr 5a) and [(C^C*A)-
PtII(μ-pz)2PtIV(C^C*A)(R)X] (RX = MeI Int′-Me, BnBr Int′-
Bn), the latter being the intermediate for the second OA.
Keeping in mind the small energy barrier for the transformation
of Int-R into Int′-R, the free energy difference between the
species Pt2(III,III) (4a or 5a) and Pt2(II,IV) (Int′-Me, Int′-Bn)
seems to determine the nature of the compounds obtained at r.t.
When it is small (ΔGInt′‑Me‑4a = 4.03 kcal/mol), the feasible
formation of Int′-Me allows the second OA to occur, providing
the Pt2(IV,IV) complex, 2a. When it is bigger (ΔGInt′‑Bn‑5a = 7.83
kcal/mol), the reaction leads to the selective formation of the
Pt2(III,III) complex 5a. In this case, the second OA to get
[{PtIV(C^C*A)Bn(μ-pz)}2(μ-Br)]Br (6a) is possible under
harder conditions. Species Int-Me could be prepared and
isolated as the BF4 salt, 3a′, and then used to get 4a, Int′-Me, and
2a′, which indicate this computed mechanism as the most likely
one and allow us to compare structural and spectroscopic data
for complexes with the same core [{Pt(C^C*)(μ-pz)}2] but
different oxidation states.
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M.1. Synthetic Procedures and Materials 

Unless otherwise stated, reactions and manipulations were carried out under open atmosphere. 

In the case of unstable products, they were carried out under pure argon using Schlenk 

techniques. Deaerated and anhydrous solvents were used from a solvent purification system 

(MBraun SPS-800) or treated with the corresponding molecular sieves. Deuterated solvents for 

NMR spectroscopy were also treated with activated molecular sieves and deaerated by Freeze-

Pump technique. 

All other chemicals were purchased from standard commercial suppliers and used as received. BnI 

was prepared by reaction of the BnOH with I2 and PPh3.
36 

Compounds [{Pt(C^C*A/B)(μ-Cl)}2] (EtO2C-CH^C*= 1-(4-(ethoxycarbonyl)phenyl)-3-

methyl-1H-imidazol-2-ylidene (A),37 H-CH^C* = 1-phenyl-3-methyl-1H-imidazol-2-ylidene 

(B)32) were prepared by using a step by step synthetic procedure and were used as starting 

materials.  

 

Synthesis of [Pt(C^C*A)(3,5-dmpzH)2Cl] (1a) 

3,5-dmpzH (46.5 mg, 0.48 mmol) was added to a suspension of A (100.0 mg, 0.11 mmol) in 

acetone (30 mL) at r.t. and the mixture stirred for 24 h. Then the solvent was removed under 

reduced pressure. The residue was treated with n-hexane/Et2O (20/1 mL) and the resulting solid 

was filtered, and washed with n-hexane to give 1a as a yellow solid. Yield: 133.4 mg (61%).  

 

Synthesis of [Pt(C^C*A)(4-MepzH)2Cl] (2a) 

Complex 2a was synthesized following the same procedure used for 1a with 4-MepzH (22 µL, 

0.27 mmol) and A (54 mg, 0.06 mmol). 2a, yellow solid. Yield: 35.0 mg (64%).  
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Synthesis of [Pt(C^C*A)(pzH)2Cl] (3a) 

Complex 3a was synthesized following the same procedure used for 1a with pzH (20.6 mg, 

0.30 mmol) and A (61.3 mg, 0.07 mmol). 3a, yellow solid. Yield: 31.4 mg (60%).  

 

Synthesis of [Pt(C^C*A)(3,5-dmpzH)2]ClO4 (1b) 

AgClO4 (45.5 mg, 0.22 mmol) was added to a stirred suspension of A (100.0 mg, 0.11 mmol) 

in acetone (50 mL) in the dark at r.t. After 2 h of reaction, 3,5-dmpzH (42.2 mg, 0.44 mmol) 

was added to the mixture and allowed to react for 16.5 h in the dark. Then, the resulting 

suspension was filtered through Celite and the solvent was removed under reduced pressure. 

The residue was treated with n-hexane/Et2O (20 mL /1 mL) and filtered to give 1b as a pale 

yellow solid. Yield: 110.7 mg (71 %).  

 

Synthesis of [Pt(C^C*A)(4-MepzH)2]ClO4 (2b) 

AgClO4 (45.5 mg, 0.22 mmol) was added to a stirred suspension of A (100.0 mg, 0.11 mmol) 

in acetone (50 mL) in the dark at r.t. After 3 h, 4-MepzH (36 µL, 0.44 mmol) was added to the 

mixture and allowed to react for 14 h in the dark. Then, the resulting suspension was filtered 

through Celite and the solvent was evaporated to dryness. The residue was treated with n-

hexane/Et2O (20 mL /1 mL)and filtered, to give 2b as a pale yellow solid. Yield: 133.5 mg (89 

%).  

 

Synthesis of [Pt(C^C*A)(pzH)2]ClO4 (3b) 

Complex 3b was synthesized following the same procedure used for 2b with AgClO4 (46.2 mg, 

0.22 mmol), A (101.4 mg, 0.11 mmol) and pzH (30.0 mg, 0.44 mmol). 3b, white solid. Yield: 

114.0 mg (78 %).  
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Synthesis of [Pt(C^C*A)(3,5-dmpzH)2]PF6 (1c) 

AgPF6 (44.0 mg, 0.17 mmol) was added to a stirred suspension of A (80.0 mg, 0.09 mmol) in 

acetone (50 mL) in the dark at r.t. After 3 h, 3,5-dmpzH (33.79 mg, 0.35 mmol) was added to 

the mixture and allowed to react for 14 h in the dark. Then, the resulting suspension was filtered 

through Celite and the solvent was evaporated to dryness. The residue was treated with n-

hexane/Et2O (20 mL /1 mL) and filtered to give 1c as a pale yellow solid. Yield: 60.0 mg (45 

%).  

 

Synthesis of syn-/anti-[{Pt(C^C*A)(μ-pz)}2] (4) 

Method A: Compound A (100.0 mg, 0.11 mmol) was added to a solution containing KOH 

(13.6 mg, 0.22 mmol) and pzH (14.8 mg, 0.22 mmol) in acetone/EtOH (16 mL /8 mL). After 

24 h of reaction at r.t. the solvent was removed under reduced pressure, filtered and washed 

with 2 x 5 mL of H2O to give 4-anti (92 %)/ 4-syn (8%) as a yellow solid. Yield: 66.4 mg, 62 

%. 

Method B: NEt3 (0.5 mL, 3.62 mmol) was added to a solution of 3b (120 mg, 0.18 mmol) in 

acetone (40 mL) at r.t. After 2 h of reaction the solvent was removed in vacuo. The residue was 

treated with MeOH (5 mL), filtered, and washed to give 4-anti (86 %)/ 4-syn (14%) as a yellow 

solid. Yield: 60.6 mg, 68 %.  

 

Synthesis of syn-/anti- [{Pt(C^C*A)(μ-4-Mepz)}2] (5) 

NEt3 (0.5 mL, 3.62 mmol) was added to a solution of 2b (133.5 mg, 0.19 mmol) in acetone (30 

mL) at r.t. After 2 h of reaction the solvent was removed in vacuo to 2 mL. The solution was 

treated with H2O (20 mL), filtered, and washed with H2O to give 5-anti (83 %)/ 5-syn (17%) 

as a yellow solid. Yield: 73.7 mg, 75 %.  
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Synthesis of syn-/anti- [{Pt(C^C*A)(μ-3,5-dmpz)}2] (6) 

Compound A (106.3 mg, 0.12 mmol) was added to a solution containing NaOtBu (22.2 mg, 

0.23 mmol) and 3,5-dmpzH (22.5 mg, 0.23 mmol) in acetone/EtOH (10 mL /5 mL). After 3 h 

of reaction at -10ᵒC, the solvent was removed to 3 mL under reduced pressure, filtered and 

washed with 2 x 5mL of H2O to give 6-anti (80 %)/ 6-syn (20%) as a yellow solid. Yield: 70 

mg, 58 %.  

 

Synthesis of syn-/anti- [{Pt(C^C*A)(μ-3,5-dppz)}2] (7) 

AgClO4 (52.7 mg, 0.25 mmol) was added to a stirred suspension of A (115.8 mg, 0.12 mmol) 

in acetone (30 mL) in the dark at r.t.. After 2 h of reaction, 3,5-dppzH (110.9 mg, 0.50 mmol) 

was added to the mixture and allowed to react overnight in the dark. Then, the resulting 

suspension was filtered through Celite and concentrated to ca. 20 mL. NEt3 (0.5 mL, 3.62 

mmol) was added to the reaction mixture and stirred for 2 h. Then, the solvent was removed in 

vacuo. The residue was treated with cold MeOH (5 mL) and filtered to give 7-anti (94%)/ 7-

syn (6%) as a yellow solid. Yield: 90.0 mg, 74 %.  

 

Synthesis of [{Pt(C^C*A)(3,5-dmpz)2Ag}2] (8) 

To a solution of 1b (150 mg, 0.21 mmol) in methanol (10 mL) was added AgClO4 (45 mg, 0.21 

mmol) and excess of NEt3 (0.5 mL, 3.58 mmol). The solution was stirred for 1 h at r.t. in the 

dark. The resulted yellow precipitate was collected, washed with methanol, and dried in 

vacuum. 8. Yield 116 mg (78%).  

 

 

 

 

 



 

67 

 

Synthesis of syn/anti-[{Pt(C^C*A)(μ-pz)Cl}2] (9-Cl) 

Compound 4 (67.9 mg, 0.069 mmol) was allowed to react in CHCl3 (15 mL) in ambient light 

at rt for 7.5 h. The resulting yellow solution was concentrated to ca. 5 mL, and 10 mL of n-

hexane was added to the residue to give 9-Cl-anti (96%)/ 9-Cl-syn (4%) as a yellow solid. 

Yield: 65 mg, 89%.  

 

Synthesis of syn/anti-[{Pt(C^C*A)(μ-pz)Br}2] (9-Br) 

CHBr3 (38 μL, 0.10 mmol) was added to a solution of 4 (43 mg, 0.044 mmol) in acetone (10 

mL) and allowed to react in ambient light at r.t. for 2 h. Then the solvent was removed under 

vacuum, the residue was treated with n-hexane, and this suspension was filtered to give 9-Br-

anti (96%)/ 9-Br-syn (4%) as a yellowish orange solid. Yield: 45 mg, 90%.  

 

Synthesis of anti-[{Pt(C^C*A)(μ-pz)I}2] (9-I) 

CHI3 (83.4 mg, 0.21 mmol) was added to a solution of 4 (51.4 mg, 0.052 mmol) in acetone (15 

mL) at r.t and sunlight. After 8 h of reaction the resulting suspension was concentrated to a 

volume of ca. 5 mL, filtered and washed with n-hexane (20 mL) to give 9-I as a dark orange 

solid. Yield: 26.2 mg, 41 %.  

 

NMR detection of anti- [ClPt(C^C*A)(μ-pz)2Pt(C^C*A)CHCl2] (10-Cl) 

Compound 4 was allowed to react with CHCl3 (1:4 molar ratio) in acetone-d6 under argon 

atmosphere under UV-light (365 nm). Then, 1H and 1H-195Pt HMQC NMR experiments were 

carried out at 193K. 
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Synthesis of anti- [BrPt(C^C*A)(μ-pz)2Pt(C^C*A)CHBr2] (10-Br) 

CHBr3 (29.0 μL, 0.33 mmol) was added in the dark to a solution of 4 (81.4 mg, 0.08 mmol) in 

deaerated acetone (7 mL) at rt under an argon atmosphere and allowed to react for 30 min. Then 

the solvent was removed under vacuum, the residue was treated with n-hexane, and this 

suspension was filtered to give 10-Br as a yellow solid. Yield: 70.4 mg, 69%.  

 

Synthesis of anti-[IPt(C^C*A)(μ-pz)2Pt(C^C*A)CHI2] (10-I) 

CHI3 (25.0 mg, 0.06 mmol) was added in the dark to a solution of 4 (50.0 mg, 0.05 mmol) in 

deaerated acetone (5 mL) at r.t under an argon atmosphere. After 30 min of reaction, an orange 

precipitate was filtered off and washed with n-hexane (5 mL) to give 10-I as an orange solid. 

Yield: 30.1 mg, 43 %.  

 

Synthesis of [{Pt(C^C*B)(μ-pz)}2] (4B) 

AgClO4 (55.1 mg, 0.263 mmol) was added to a stirred suspension of B (102.1 mg, 0.132 mmol) 

in acetone (40 mL) in the dark at r.t. After 2.5 h, pzH (35.8 mg, 0.527 mmol) was added to the 

mixture and allowed to react for 18.5 h in the dark. Then, the resulting suspension was filtered 

through Celite and the solution was concentrated to 20 mL. Afterwards, NEt3 (0.5 mL, 3.62 

mmol) was added to the solution at r.t. and let it to react for 2h. The suspension was concentrated 

to 15 mL and the solid was filtered and washed with 2 mL of acetone to give 4B as a white 

solid. Yield: 74.0 mg, 0.088 mmol, 67%. 

 

Synthesis of [{Pt(C^C*A)Me(μ-pz)}2(μ-I)]I (11) 

CH3I (26 μL, 0.403 mmol) was added to a solution of 4 (98.9 mg, 0.101 mmol) in anhydrous 

CH2Cl2 (5 mL) under argon atmosphere in the dark. After 14h of reaction, the precipitate was 

filtered, washed with Et2O (4 x10 mL) and dried to give 11 as a white solid. Yield: 117.8 mg; 

0.093 mmol; 92%. 
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Synthesis of [{Pt(C^C*B)Me(μ-pz)}2(μ-I)]I (11B) 

CH3I (18 μL, 0.286 mmol) was added to a suspension of 4B (60 mg, 0.072 mmol) in anhydrous 

DMF (5 mL) under argon atmosphere in the dark. After 8h of reaction, 100 mL of Et2O was 

added and the precipitate was filtered, washed with Et2O (5 x 10 mL) and dried to give 11B as 

a white solid. Yield: 70.7 mg; 0.063 mmol; 88 %. 

 

Synthesis of [(C^C*A)Pt(μ-pz)2Pt(C^C*A)Me]BF4 (12’) 

Me3OBF4 (49.3 mg, 0.320 mmol) was added to a solution of 4 (262.0 mg, 0.267 mmol) in 

anhydrous CH2Cl2 (15 mL) under argon atmosphere in the dark at -25ᵒC. After 2h of reaction, 

the solution was dried in vacuo. The residue was treated with 20 mL of dried Et2O and the 

resulting solid was filtered, washed with Et2O (2 x 20 mL) and dried to give 12’ as a brown 

solid. Yield: 244.8 mg; 0.226 mmol; 85%. 

 

Synthesis of [I(C^C*A)Pt(μ-pz)2Pt(C^C*A)Me] (13) 

KI (33.6 mg, 0.202 mmol) was added to a solution of 12’ (109.8 mg, 0.101 mmol) in MeCN (3 

mL) in the dark at -25ᵒC. After 3h of reaction, the suspension was filtered, the solid was washed 

with water (7 x 10 mL) and dried to give 13 as a yellow solid. Yield: 44.0 mg; 0.039 mmol; 

39%. 

 

NMR detection of [(C^C*A)Pt(μ-pz)2Pt(C^C*A)(Me)I] (Int’-Me(14)) 

PPh4I (83.4 mg, 0.179 mmol) was added to a solution of 12’ (97.0 mg, 0.089 mmol) in anisole 

(5 mL) in the dark at 30ᵒC and the mixture was allowed to react for 2h. Then, the solvent was 

removed under vacuum and the residue was treated with H2O. The resulting yellow solid was 

identified as [(C^C*A)Pt(μ-pz)2(C^C*A)PtI(CH3)] (Int’-Me(14)) by 1H and 195Pt{1H} NMR 

although anisole and PPh4BF4 were detected as impurities. 
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Synthesis of [Br(C^C*A)Pt(μ-pz)2Pt(C^C*A)Bn] (15-Br) 

BnBr (33 μL, 0.277 mmol) was added to a solution of 4 (68.0 mg, 0.069 mmol) in MeCN (20 

mL) in the dark. After 3.5 h of reaction, the solvent was removed under vacuum. The residue 

was treated with a mixture of Et2O and n-hexane (1 mL /20 mL) to give 15-Br as an orange 

solid. Yield: 74.0 mg; 0.064 mmol; 93%. 

 

Synthesis of [I(C^C*A)Pt(μ-pz)2Pt(C^C*A)Bn] (15-I) 

Compound 4 (71 mg, 0.072 mmol) was added to a solution of freshly prepared BnI (37 μL, 

0.294 mmol) in MeCN (20 mL) in the dark. After 40 min of reaction, the solvent was removed 

under vacuum. The residue was treated with a mixture of Et2O and n-hexane (1 mL /20 mL) to 

give 15-I as an orange solid (75 mg; 0.062 mmol; 87 %). 

 

Synthesis of [{Pt(C^C*A)Bn(μ-pz)}2(μ-Br)]Br (16) 

A suspension of 15-Br (95 mg, 0.082 mmol ) in BnBr (5 mL) was heated at 70 ᵒC for 5h. Then, 

the suspension was cooled down to r.t. and the resulting solid was filtered and dried to give 16. 

Yield: 94.7 mg; 0.071 mmol; 87%. 

 

M.2.Characterization Techniques  

Different spectroscopic and analytical techniques have been used for the characterization of the 

compounds prepared in this Thesis. The equipment used and the procedures associated to each 

technique are shortly described in the following sections. However, specific details appear 

described in the Supporting Information of the papers collected in the Electronic Supplementary 

Material-Thesis LAV. 
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M.2.1.Nuclear Magnetic Resonance  

In this Thesis, 1H, 13C, 19F and 195Pt NMR spectra 

were measured on Bruker NEO 400 or NEO 500 

spectrometers, using the standard references: SiMe4 

for 1H and 13C, CFCl3 for 19F, and Na2PtCl6 in D2O 

for 195Pt. Most of the measurements were carried out 

at r.t., unless specified otherwise. All NMR data are 

given according to Scheme 3. 

 

As both direct and inverse experiments of 1H and 13C can be considered routine, we will focus 

on 195Pt NMR experiments.  

Platinum has 32 isotopes, but only 195Pt presents nuclear spin 1/2. Its high natural abundance in 

addition to the large magnetogyric ratio (5.768 x 107 radT-1 s-1) lead to a receptivity of 19 times 

that of 13C.38 Because of the large resonance window of 195Pt ( 15000 ppm) and the great shift 

of the signal with the oxidation state (δPt (D2O) = 0 ppm [PtCl6]
2-; -1628 ppm [PtCl4]

2-), and the 

bonded ligands (δPt(D2O) = -1628 ppm [PtCl4]
2-; -4746 ppm [PtCN4]

2-) the indirect detection of 

the 195Pt signal (through 1H-195Pt HMQC experiments) was used prior to the 195Pt{1H} spectra.  

 

In addition, for some asymmetric dinuclear 

metal-metal bonded platinum compounds of 

Chapter 2, 195Pt-195Pt{1H} COSY experiments 

were recorded. Platinum COSY experiments 

were optimized based on 1H-1H COSY (see 

Scheme 439). As platinum coupling constants are much larger than proton ones, the t1 

increments have been set to 1 μs (the increments for a 1H-1H COSY are 3 μs). Additionally, a 

1H decoupling was added using the waltz16 sequence. 

 

Scheme 3. Numerical scheme for 

NMR purpose.  

 

 

Scheme 4. 1H-1H COSY pulse sequence.  
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M.2.2.Infrared Spectroscopy  

The IR spectra of the complexes presented in this Thesis were recorded on neat solid samples 

using a PerkinElmer Spectrum 100 FT-IR Spectrometer (ATR in the range 4000–250 cm–1) 

equipped with an ATR (attenuated total reflectance) device, therefore avoiding any sample 

preparation. 

 

M.2.3.Mass Spectrometry  

Mass spectral analyses were performed with a Microflex MALDI-TOF Bruker or an Autoflex 

III MALDI-TOF Bruker instruments, using DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-

2-propenylidene]malononitrile) as the matrix. All the analyses were performed by the Servicio 

de Espectrometría de Masas of the Centro de Química y Materiales de Aragón (CEQMA). 

 

M.2.4. Single Crystal X-ray Diffraction  

All X-ray structures showed in this Thesis were determined by Dr. Antonio Martín. X-ray 

intensity data were collected on an Oxford Diffraction Xcalibur or on a Bruker Apex Duo CCD 

diffractometers.  

Single crystals suitable for X-ray diffraction analysis were obtained from a saturated solution 

of the corresponding compound either by slow evaporation of the solvent or by slow diffusion 

of a non-polar solvent into the solution, both solvents being miscible. Further crystallographic 

aspects are described in detail in the Supporting Information of the papers collected in the 

Electronic Supplementary Material-Thesis LAV. 

 

M.2.5.Elemental Analyses  

In this Thesis, elemental analyses were performed to check the purity of the samples. The C, H, 

and N analyses of all the compounds were carried out in a PerkinElmer 2400 CHNS/O Series 
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II microanalyzer. All the analyses were performed by the Servicio de Análisis Elemental of the 

Centro de Química y Materiales de Aragón (CEQMA). 

 

M.2.6.Photophysical Properties 

UV-vis Spectroscopy 

UV-visible spectra in solution were recorded on a Unicam UV4 spectrophotometer using a 1cm 

or 1mm pathlength quartz cuvettes. Solid samples were measured by diffuse reflectance UV-

vis (DRUV) spectroscopy on a Thermo electron corporation evolution 600 spectrophotometer 

equipped with a Praying Mantis integrating sphere. The solid samples were homogeneously 

diluted with BaSO4. 

Luminescence and QY 

Steady-state photoluminescence spectra were recorded on a Jobin-Yvon Horiba Fluorolog FL-

3-11 Tau 3 spectrofluorimeter. Phosphorescence lifetimes were recorded with a Fluoromax 

phosphorimeter accessory containing a UV xenon flash tube. Nanosecond lifetimes were 

recorded with a Datastation HUB-B with a nanoLed controller and software DAS6. The lifetime 

data were fitted using the Jobin-Yvon software package and the Origin Pro 8 program. Quantum 

yield (), in PMMA films and powdery samples were measured using a Hamamatsu Absolute 

PL Quantum Yield Measurement System C11347-11. PMMA films were prepared by drop-

casting solutions 5% wt complex in PMMA (10-2 M, CH2Cl2) onto a quartz slide and allowing 

the solvent to evaporate. 

 

M.2.7.Computational Calculations 

Density functional theory (DFT) calculations were essential to understand the photophysical 

properties and the reactivity of the complexes described in this Thesis.  

Theoretical DFT calculations were carried out on the ground (S0) and triplet (T1) states with the 

Gaussian 0940 and 1641 suite of programs, using the M06 hybrid density functional42 (MUE 
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(M06) = 2.48 kcal/mol43) together with Grimme’s D3 dispersion correction.44 The SDD 

pseudopotential and associated basis set45 was used for platinum (ECP-60-mwb) and iodine 

(ECP-46-mwb), and the 6-31G(d)46-47 basis set were used for all other atoms. In certain cases, 

the basis set description was completed by using additional sets of f-type functions for platinum 

and d-type functions for iodine.48-49 

In order to facilitate the theoretical study, a simplification was done on the real system, the 

ethoxycarboyl group on the cyclometalated ligand was modelled as a methoxycarboyl one. In 

some cases, besides, a privileged orientation of the methoxycarboyl groups, with their methyl 

pointing to the pyrazole bridging ligands.50 

General geometry optimizations were performed without any symmetry restriction and, 

depending on the available computational resources, in gas phase and then adding the solvent 

in a single point 51 or in the corresponding solvent50, 52-53 by using the polarizable continuum 

model (PCM).54 

Frequency calculations were performed in order to determine the nature of the stationary points 

found in S0 and T1 (no imaginary frequencies for minima, only one imaginary frequency for 

Transition State).  

Time-dependent density-functional (TD-DFT) calculations were also carried out in solution 

using PCM model. 

Mulliken population analysis was carried out as implemented in the corresponding Gaussian 

package.40-41 Molekel and ChemissianLab program packages were used for analysis and 

graphic representation of molecular structures and orbitals and for Mayer Bond Order analysis. 

Atomic charges were calculated by using the NBO analysis option as incorporated in Gaussian 

940 and 16.41 

 

 

 



 

75 

 

M.2.8.Cyclic Voltammetry 

Cyclic Voltammetry (CV) was performed using a VoltaLab PST050 electrochemistry work 

station in a conventional three-electrode arrangement.  A saturated calomel electrode (SCE) 

was used as the reference electrode (RE); a platinum wire was used as working electrode (WE) 

and another platinum wire as counter electrode (CE).  

In this Thesis, oxidation potentials were measured in deoxygenated MeCN solutions of the 

analyzed complex (5 x 10-4 M) and NBu4PF6 (0.1 M) contained in a home-made cell. 

Measurements were conducted with a scan rate of 100 mV/s and using ferrocenium/ferrocene 

(Fc+/Fc) as the internal standard. 
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Chapter 1 

Mono and Dinuclear Platinum (II) Emitters 
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1.1.Introduction 

Pyrazole/pyrazolate (RpzH/Rpz) are wide known to be versatile ligands having different 

coordination modes. In pyrazole complexes (RpzH) they show a monohapto coordination to the 

metal center55-56 (Scheme 5, a). This kind of complexes has a significant interest  in different 

fields such as medicine,57 due to the anticancer activity, in catalysis,58 in hydrogenation 

processes,59 molecular architecture60 or luminescence.55, 61-62 

 

Scheme 5. Coordination modes of pyrazole/pyrazolate ligands  

 

Pyrazolates (Rpz), generated by the abstraction of the NH acidic proton from pyrazoles (RpzH), 

can exhibit endo-1,2-dihapto63-64 (Scheme 5, b), exo-1,2-dihapto65-66 (Scheme 5, c) or trihapto67-

68 (Scheme 5, d) coordination modes.  

The exo-1,2-dihaptobridging Rpz ligands can hold two metal atoms in close proximity while 

permitting a wide range of structures and intermetallic separations with the strength of the 

metallophilic interactions affecting the emissive properties.69-70 

The chemistry of pyrazolate-bridged dinuclear Pt(II) complexes has been deeply studied 

experimental and theoretically by Castellano,71 Thompson,69, 72 Ma,73 and coworkers. Most 

studies addressed the control of the photoluminescence properties of complexes [{Pt(C^N)(μ-

Rpz)}2], dubbed “molecular butterflies”. It was found that the Pt-Pt distance and the extent of 

the metallophilic interactions can be tuned by the bulkiness of the pyrazolate unit (butterfly 
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body), in such a way that when the bulkiness increases the cycloplatinated units (butterfly 

wings) are pushed closer together and the Pt···Pt interaction becomes stronger. As a result, the 

emissive triplet state can change from a monomer-based 3IL/3MLCT to a metal-metal-to-ligand 

charge transfer (3MMLCT) (see Scheme 6), and then, the emission color can be tuned from blue 

to green or red.24, 69 

 

Scheme 6. (a) Generic molecular orbital for the HOMO-LUMO transition in a mononuclear 

pyrazole Pt(II) complex. (b) Simplified orbital diagram for a dinuclear Pt2(II,II) pyrazole-

bridged complex. 

 

As an example, the blue, green, and red emission exhibited by [{Pt(C^N)(μ-3,5-

dimethylpyrazolate)}2], [{Pt(C^N)(μ-3-methyl-5-tert-butylpyrazolate)}2], and  [{Pt(C^N)(μ-

3,5-bis(tert-butyl)pyrazolate)}2] (C^N=2-(2,4-difluorophenyl)pyridyl) respectively.69  

The unique butterfly-like structure of bis-pyrazolate bridge complexes allows additionally, the 

contraction of the Pt-Pt distance with temperature70 and thus leading to solid-state 

thermochromism and thermoluminescence. This is the case of [{Pt(ppy)(μ-Ph2pz)}2],
74 which 

at low temperature exhibits monomer-based 3LC/MLCT emission and it changes to excimer-

like 3MMLCT emission above 160 K.  

Sometimes this kind of complexes exhibit in solution a photoinduced structural change (PSC) 

due to the existence of two local minima in the lower triplet-state potential energy surface (T1-

PES), leading to a fast change in the Pt-Pt distance and thereto on the color of the emission. 
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This flapping-butterfly behavior of those complexes in the T1 state, which allows the contraction 

of the Pt-Pt distance, is sensible to both, the temperature70 or the viscosity of the media.75 

On the other hand, the existence of metal-metal interaction improves the QY due to the higher 

metal contribution to the frontier orbitals, which in fact implies an increase in the spin orbit 

coupling (SOC), making the emissive forbidden transition [T1-S0] more efficient.76 

The cyclometalating groups play also an important role in the stability and the control of the 

photophysical properties.77 In this sense, the platinum-butterfly complexes reported by 

Strassner et al., [{Pt(C^C*)(μ-Rpz)}2]
78-79 (HC^C*= 3-Dibenzofuran-4-yl-1-methyl-3H-

imidazo-2-ylidene, 1-Methyl-3-phenyl-imidazol-2-yliden[4,5-b]pyridine-κC2,κC2′; RpzH= 

pyrazole, 3,5-dimethylpyrazole, 3,5-bis(tert-butylpyrazole) are exemplary ones. They revealed 

that the cyclometalated N-heterocyclic carbenes (C^C*), forming two strong metal-carbon 

bonds, are excellent wings for the synthesis of highly efficient blue and orange emitters. 

 

With all the above in mind, we addressed the synthesis, full characterization and deep study of 

the photophysical properties of highly efficient blue-light emitters, the mononuclear 

[Pt(C^C*A)(RpzH)2]
+ and the dinuclear complexes [{Pt(C^C* A)(µ-Rpz)}2] (RpzH = pyrazole 

(pzH), 4-methylpyrazole (4-MepzH), 3,5-dimethylpyrazole (3,5-dmpzH), 3,5-

diphenylpyrazole (3,5-dppzH)), with the former being used as precursors of the dinuclear 

Pt2(II,II) complexes. Exhaustive DFT and TD-DFT studies were performed to explain the 

chameleonic photo- and mechanoluminescence of the butterfly-like platinum (II) complexes, 

[{Pt(C^C*A)(μ-Rpz)}2]. 

This chapter is based on the following two peer-reviewed papers: 

1.- Lorenzo Arnal; Sara Fuertes; Antonio Martín; Violeta Sicilia. The Use of 

Cyclometalated NHCs and Pyrazoles for the Development of Fully Efficient Blue PtII 
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Emitters and Pt/Ag Clusters. Chemistry - A European Journal 2018, 24 (37), 9377-

9384. DOI: 10.1002/chem.201800646. (ESM-1) 

2.- Violeta Sicilia; Lorenzo Arnal; Daniel Escudero; Sara Fuertes; Antonio Martín. 

Chameleonic Photo- and Mechanoluminescence in Pyrazolate-Bridged NHC 

Cyclometalated Platinum Complexes. Inorganic Chemistry 2021, 60 (16), 12274-

12284. DOI: 10.1021/acs.inorgchem.1c01470. (ESM-2) 

 

1.2.Synthesis of New Mononuclear Bis-pyrazole Complexes 

[Pt(C^C*A)(RpzH)2]X  

The new mononuclear bis-pyrazole complexes [Pt(C^C*A)(RpzH)2]X were synthetized and 

isolated as the chloride (X=Cl-, RpzH= 3,5-dmpzH 1a, 4-MepzH  2a, pzH 3a), perchlorate 

(X=ClO4
-, RpzH= 3,5-dmpzH 1b, 4-MepzH  2b, pzH 3b) or hexafluorophosphate (X=PF6

-, 

RpzH= 3,5-dmpzH 1c) salts from A following the strategies indicated in Scheme 7. 

 

Scheme 7. Synthetic pathways for compounds 1a-3a, 1b-3b, and 1c  
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Compounds 1a-3a were obtained first, as pure solids in good yields (61% 1a, 64% 2a, 60% 

3a), by addition of an excess of RpzH to A, resulting in the breaking of the chloride-bridge and 

the substitution of the chloride ligand from the coordination sphere of the Pt centers (Scheme 7 

i). Then, they were fully characterized.  

 

The molecular structure of 1a could be determined by single-crystal X-ray diffraction (see 

Figure 4). It shows the cis arrangement of the two pyrazole ligands and the presence of the 

chloride anion joined to the cation through two N-H···Cl hydrogen bonds.  

The angle H4-Cl1-H6 

(79.22(1.22)ᵒ) is almost the 

theoretical value for the lone 

pair of the chloride ligand (90ᵒ) 

and the parameters 

corresponding to the  two 

H···Cl bonds are the expected 

for this kind of interactions 

(H4···Cl1=2.3164(361) Å, 

N4−H4···Cl1= 162.398ᵒ, H6···Cl1=2.2662(356) Å, N6−H6···Cl1=171.98ᵒ).80-81  

 

The 1H NMR spectra showed that unlike 1a, in solution of CD2Cl2 complexes 2a and 3a co-

exist with species [PtCl(C^C*A)(RpzH)] (RpzH= 4-MepzH 2a’, pzH 3a’) in a dynamic 

equilibrium, such as the represented in Figure 5 for 2a.  

 

 

Figure 4. Molecular structure of 1a. 
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Figure 5. Variable temperature 1H NMR of 2a in CD2Cl2 

 

These results illustrate the higher basicity of 3,5-dmpzH with respect to 4-MepzH and pzH, in 

agreement with the pKa values of their conjugate acids (3,5-dmpzH: 4.06, pzH: 2.83).  

In agreement with the proposed equilibrium, addition of 4-MepzH/pzH to a solution of 

compound 2a/3a in CD2Cl2 shifts this equilibrium to the left and the signals attributed to 2a’/3a’ 

disappear. Variable temperature 1H NMR studies showed that as the temperature decreases the 

amount of 2a’/3a’ decreases, in such a way that 2a/3a is the only species in solution (T < 243 

K 2a, 223 K 3a). Because this equilibrium becomes spontaneous (ΔG= ΔH – TΔS < 0) when 

the temperature raises and ΔS > 0, the dissociation must be an endothermic process. The values 

found for ΔS (93.7 J k-1 mol-1 2a, 111.2 J k-1 mol-1 3a) and ΔH (ΔH= 26.5 KJ mol-1 2a, 30.3 KJ 

mol-1 3a) confirmed these statements.  
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To prevent the above chemical equilibrium from occurring and be able to study the 

photophysical properties of these new bis-pyrazole complexes, we prepared these complexes 

as the salts of non-coordinating anions (ClO4
- 1b-3b and PF6

-
 1c) following the procedure 

indicated in Scheme 7 ii. All compounds were synthetized as pure solids in good yields and 

were fully characterized (see Figure 6 for 2b).   

 

 

Figure 6. 1H (left) and 195Pt{1H} (right) NMR spectra of 2b in CD2Cl2. An accurate 

characterization using NOE 1H NMR is described in Chem. Eur. J. 2018, 24 (37), 9377-9384. 

 

1.3.Reactivity of Bis-pyrazole Complexes towards Bases. Synthesis of Bis-

pyrazolate-bridged Pt2(II,II) Complexes 

Compounds [{Pt(C^C*A)(μ-Rpz)}2] (RpzH= pzH 4, 4-MepzH 5, 3,5-dmpzH 6, 3,5-dppzH 7) 

were prepared following path i (for 4, 5, and 7) or path ii (for 4 and 6) in Scheme 8.  

Treatment of the bis-pyrazole compounds, [Pt(C^C*A)(RpzH)2]ClO4 with a large excess of 

NEt3 (path i) proceeds with the elimination of acidic H atoms (NH) and to the release of a RpzH/ 

Rpz ligand from the platinum coordination sphere. That give rise to the complexes 

[{Pt(C^C*A)(μ-Rpz)}2] (RpzH= pzH 4, 4-MepzH 5, 3,5-dppzH 7) and the formation of 
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NHEt3ClO4 and NHEt3Rpz as byproducts. For compound 7, the starting bis-pyrazole complex 

was not isolated, but used from freshly prepared solutions of it in acetone.  

 

Scheme 8. Synthetic pathways for compounds 4-7 (Just the major isomer “anti” appears 

represented for clarity. Synthesis and characterization of compound 4 was described in L. Arnal 

et al. Chem. Eur. J. 2018, 24 (70), 18743-18748.  

 

Compound [{Pt(C^C*A)(μ-3,5-dmpz)}2](6) was not available by following path i, in agreement 

with the greater basicity of the 3,5-dmpzH with respect to the other RpzH, which prevents it 

from being removed from the coordination sphere of platinum. Therefore, the protocol should 

be modified using A and Na(3,5-dmpz), generated in situ, from 3,5-dmpzH and NaOtBu (path 

ii). This route was followed as well to get complex [{Pt(C^C*A)(μ-pz)}2](4), from A, pzH and 

KOH. 

All complexes were obtained as a mixture of anti/syn isomers, considering the relative 

orientation of the cyclometalated C^C* groups, with the anti isomer being the major one. This 

agrees with DFT calculations carried out on complex 4, which determined the anti isomer to be 
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3.1 kcal mol-1 lower in energy than the syn one. The two diastereoisomers (anti/syn) once 

formed do not transform one into the other. Therefore, complexes 4-7 were fully characterized 

as mixtures of anti/syn isomers, but we will focus on the major isomer: the anti one 

1H NMR spectra show the expected resonances for half of the molecule, see Figure 7 for 5. 

Since H7 and H4 are very sensitive to both, steric and electronic changes in the environment,27 

these signals appear downfield shifted with respect to those of the corresponding bis-pyrazole 

complex. Additionally, the JH7,Pt becomes smaller. 

 

Figure 7. 1H NMR spectrum of 5 in acetone-d6. *syn isomer resonances. 

 

The 195Pt{1H} NMR spectra display the corresponding singlet, downfield shifted (ca. 200 ppm) 

with respect to that of the corresponding bis-pyrazole complex.  

Single crystals were obtained for all complexes, but for 7 the quality was not good enough and 

only the connectivity of the atoms could be attained. Molecular structures of 4, 5, and 6 (Figure 

8) present important differences. Compounds 4 and 5 have three different molecules in the 

asymmetric unit with a wide range of intermetallic distances (dPt-Pt (Å) = 3.2294(4) 4A, 

3.2834(4) 4B, 3.1210(3) 4C; 3.355(4) 5A, 3.224(3) 5B, 3.156(3) 5C), while 6 display only one 

molecule with a platinum-platinum distance of 3.131(17) Å. The presence of two molecules of 
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7 in the asymmetric unit with distances of 3.054 Å and 2.982 Å could be confirmed, despite the 

poor-quality of the crystal. All intermetallic separations are in the low range of distances 

published for other platinum-butterfly.69, 79, 82 They are large enough to ruled out the existence 

of a metal-metal bond,24, 34, 83 but not some intermetallic interaction.23 

 

Figure 8. Molecular structure of 4A (a), 5A (b), 6 (c), and 7 (only atoms connectivity) (d). 

 

These complexes, 4-7, show supramolecular arrangements due to short π- π contacts (3.28-3.40 

Å) between the NHC cyclometalated ligands, as can be seen in Figure 9 for 5 and 6.  

 

Figure 9. Supramolecular arrangement of complexes 5 (a) and 6 (b). 
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These contacts are more important in compounds 4 and 5, in which the interactions take place 

on both internal and external faces of the molecules, while in complex 6 only the internal face 

is involved. 

 

1.4.Reactivity of Bis-pyrazole Complexes to give [Pt2Ag2] Clusters 

We explained above that the treatment of the bis-pyrazole complexes [Pt(C^C*A)(RpzH)2]ClO4 

(RpzH= pzH, 4-MepzH, 3,5-dppzH)  with a large excess of NEt3 give rise to the dinuclear 

complexes [{Pt(C^C*A)(μ-Rpz)}2] (RpzH= pzH 4, 4-MepzH 5, 3,5-dppzH 7). However, this 

does not occur in the case of [Pt(C^C*A)(3,5-dmpzH)2]ClO4 (1b), due to the higher basicity of 

3,5-dmpzH with respect to the other RpzH. 

Because of that, the reaction of complex [Pt(C^C*A)(3,5-dmpzH)2]ClO4 (1b) with AgClO4 (1:1 

molar ratio) in the presence of NEt3 resulted in the elimination of the acidic H atoms and their 

replacement by Ag(I) centers affording the tetranuclear cluster, [{Pt(C^C*A)(3,5-dmpz)2Ag}2] 

(8).  

 

Figure 10. Molecular structure of 8. 

 

Its single-crystal X-ray diffraction structure (see Figure 10) showed that it consists of two 

subunits “Pt(C^C*A)(3,5-dmpz)2Ag”, each one containing a Pt→Ag donor-acceptor bond, 
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joined through Ag-N bonds and argentophilic interactions84-86 (dAg-Ag (Å) =3.2171(9)). The Pt-

Ag distances, 3.2626(5) Å, are shorter than those observed in the related tetranuclear clusters 

[Pt2Ag2(C^N)2(Me2pz)4]
0, 2+ (dPt-Ag > 3.4 Å).84 The 1H NMR spectrum of a freshly prepared 

solution of 8 in CD2Cl2 shows the expected resonances for half of the molecule with two set of 

signals due to the inequivalent pyrazolates of one “Pt(C^C*A)(3,5-dmpz)2Ag” fragment. The 

existence of the Pt→Ag donor-aceptor bond shifts upfield all resonances except that of H7, 

which shifts downfield and reduce the value of the H-Pt coupling constant (3JH-Pt=51.2 Hz 8, 

59.2 1b Hz). Additionally, the 195Pt resonance of 8 appears downfield-shifted when compared 

to that of 1b (δPt,298K= -3920 ppm 1b, δPt,183K= -3753 ppm 8).  

 

1.5.Optical Properties of New Complexes 

The absorption and emission properties of all new platinum complexes were measured in 

different conditions (solution and solid for absorption; frozen solution, PMMA film, and solid 

for emission) and have been explained with the aid of theoretical calculations (DFT and TD-

DFT). 

1.5.1.Optical Properties of the Bis-pyrazole Compounds 

The absorption spectra of compounds [Pt(C^C*A)(RpzH)2]X (X=Cl-, RpzH= 3,5-dmpzH 1a; 

X=ClO4
-, RpzH= 3,5-dmpzH 1b, 4-MepzH 2b, pzH 3b; X=PF6

-, RpzH: 3,5-dmpzH 1c) in 

CH2Cl2 (10-4 M) solutions (see Figure 11) show intense absorptions at high energy (λ < 300 

nm), attributed to intraligand (1IL) transitions of the C^C* ligand, along with weaker 

absorptions in the range of 314-320 nm with shoulders between 340 and 360 nm. Lower-energy 

absorptions show subtle differences due to the change of the counterion (Cl 1a vs. ClO4 1b and 

PF6 1c) but not with the RpzH change (3,5-dmpzH 1b, 4-MepzH 2b, pzH 3b) indicating their 

low participation in the corresponding transitions. 
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Figure 11. UV-vis absorption spectra of 1a-1c (left) and 1b-3b (right) in CH2Cl2 (10-4 M).  

 

Time-dependent density functional theory calculations in CH2Cl2 solution (PCM-TD-DFT), 

indicate that the HOMO → LUMO transition is the only contribution to the calculated spin-

allowed transition from S0 to S1 (see Table 1). Besides, they show that the frontier orbitals, 

HOMO and LUMO (Figure 12) are mainly centered in the NHC ligand and the platinum, with 

a marginal contribution of the RpzH ligands (less than 5%). Therefore, the lowest energy 

absorption in all compounds has been attributed to a metal-perturbed intraligand charge-transfer 

transition (ILCT) on the NHC with a small metal-to-ligand charge-transfer contribution MLCT. 

 

Figure 12. UV/Vis absorption spectrum, calculated transition in CH2Cl2 (bar) and calculated 

frontier orbitals for 2b. Table 1. S1 states calculated by TD-DFT in solution of CH2Cl2 
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Table 2. Photophysical data for 1a−3a, 1b−3b, and 1c. 

 Media (T/K) ex(nm) em (nm) (s)b  c  Media (T/K) ex(nm) em (nm) (s)b  c 

1a 

CH2Cl2
a(77) 322 454max, 486, 514 14.0  

2b 

CH2Cl2
a(77) 319 456max, 488, 517 18.2  

PMMA Film 360 449, 476max, 504  0.66 PMMA Film 360 446, 475max, 500  0.99 

Solid (298) 362 448, 475max, 505, 540sh 17.7  Solid (298) 370 458, 487max, 516 10.1  

2ad 
CH2Cl2

a(77) 325 453max, 481, 520 14.9  
3be 

CH2Cl2
a(77) 316 451max, 481, 511, 555sh 19.7  

Solid (298) 363 447, 477max, 509, 546sh   Solid (298) 366 460, 484max, 515 15.9  

3ad 
CH2Cl2

a(77) 325 454max, 486, 518 12.3  
1c 

CH2Cl2a(77) 319 454max, 482, 512sh 21.2  

Solid (298) 362 452, 483max, 515, 550sh   PMMA Film 360 455, 478max, 512  1.00 

1b 

CH2Cl2
a(77) 319 453max, 483, 512, 553sh 21.6   Solid (298) 370 461, 487max, 518sh  12.9  

PMMA Film 360 447, 475max, 505,540sh  1.00       

Solid (298) 360 463, 489max, 517, 560sh 13.4 0.33       

 
a 10-5 M.; b Measurements at max. 

c PMMA films in Ar atmosphere. d The dynamic equilibrium in solution hindered the PMMA film to be prepared 

conveniently for photophysical measurements. e QY in PMMA film has not been measured because 3b evolves partially to [{Pt(C^C*A)(µ-pz)}2] in 

CH2Cl2 at r.t. 
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The emission spectra of compounds 1a-3a, 1b-3b, and 1c in rigid matrix of CH2Cl2 (10-5 M 

solution at 77K) display highly structured emissions in the blue region with long lifetime decays 

(τ: 14-22 µs), which are neither affected by the nature of the RpzH ligand nor the anion (Table 

2, Figure 13 left), as expected from the UV-vis spectra and theoretical calculations. 

These phosphorescent emissions are similar to those of related compounds containing the same 

Pt(C^C*A) fragment. In agreement with that and with theoretical calculations, they seem to 

originate in the monomeric species and to be intraligand charge- transfer (3ILCT, [C^C*]) in 

nature. 
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Figure 13. Left: Emission spectra of 1b-3b CH2Cl2 solution at 77K (λex=319 nm). Right: CIE 

1931 chromaticity diagram with the (x, y) positions of the emissions of 1b-3b in PMMA films.  

 

The emissions of 1a-c and 2b measured in PMMA film (5%) were found to be analogous to 

those recorded in rigid matrix of CH2Cl2. They exhibit quantum yields (QY) of up to 100% for 

1b, 1c, and 2b and Commission Internationale de L’Éclaire (CIE) coordinates of (0.15, 0.22) 

(Figure 13 right), which are very close to the desirable ones for blue emitters (0.15, 0.15). These 

mononuclear compounds are amongst the best blue light  emitters of Pt(II), with PLQYs in 

PMMA films higher than those reported for [Pt(C^C*)(acac)] ( = 0.8687 0.9088), 

[Pt(C*^C^C*)Cl] ( = 0.3289), [Pt(C^X-L^L’)] [C^X = phenyl methyl imidazole; L^L’ = 

phenoxy pyridine,  = 0.58; L^L’ = carbazolyl pyridine,  = 0.89; C^X = phenyl pyrazole; 



 

94 

 

L^L’ = carbazolyl pyridine,  = 0.85],90 and [Pt(R-C^C*)(acac)] (R= CN,  = 0.98, R=CO2Et, 

 = 0.93).29 Undoubtedly, the presence of an electron-withdrawing substituent in the para 

position to the carbene fragment guarantees a high emission efficiency. 

In addition, the powdery solid samples display also a blue emission at 298 K, even a little more 

blueshifted when the anion is Cl- (1a) instead of a non-coordinating anion (ClO4
- (1b) and PF6

- 

(1c)). 

 

1.5.2.UV-vis and Luminescence Studies of [{Pt(C^C*A)(μ-Rpz)}2] (RpzH= pzH 4, 4-

MepzH 5, 3,5-dmpzH 6, 3,5-dppzH 7). DFT and TD-DFT Calculations 

The phophotophysical study of complexes 4-7 was carried out in 2-MeTHF because they were 

not stable in halogenated solvents. It was also detected that 4-7 loss the luminescence when 

treated with this kind of solvents. In view of this, the reactivity of complex 4 with haloforms 

was experimentally and theoretically studied. Metal-metal cooperation seemed to be the key for 

the [2c, 2e] oxidation of complex 4 by CHX3 (X = Cl, Br, I), since MMLCT-based species, but 

not MLCT, are those which trigger these reactions, in the ground state (S0f) for CHBr3 and CHI3, 

or in the first singlet excited state (S1f) for its blue-light driven photooxidation by CHCl3 (see 

Chapter 2). DFT and TD-DFT investigations were performed for an in-depth study of this 

unexpected reactivity and they were extended to compounds 5-7, to decipher their intriguing 

luminescence and mechanoluminescence.  

1.5.2.1.Theoretical Calculations  

DFT calculations on the ground state (GS) and the lowest adiabatic triplet excited state (T1) 

Potential Energy Surfaces (PESs) for 4-7 were performed, and the geometries of relevant 

stationary points, such as local minima and transition states (TS) were optimized, considering 

some solvents effects by using THF in the PCM model.  
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For all of the compounds two close-lying minima were optimized in the GS PES (see Figure 

14): the butterfly-spread conformers 4s-7s, which show long Pt-Pt distances and intramolecular 

C^C* separations (> 4.5 Å) and the butterfly-folded conformers 4f-7f, which are characterized 

by shorter Pt-Pt distances (2.96 Å for 7f < 2.97 Å for 6f, 2.97 Å for 4f < 2.98 Å for 5f) and 

intramolecular C^C* contacts (< 3.8 Å).  

 

 

Figure 14. Calculated relative energy profile (PCM(THF)-M06/6-31G(d) and MWB60(Pt)) 

and Bond Order (BO) in ground state for the interconversion between the 4f-7f and 4s-7s 

conformers. MUE (M06)= 2.48 kcal/mol.43 

 

The computed energy profiles in the GS PES show that conformers 4s-7s are more stable than 

4f-7f, especially in the case of 5s. For complexes bearing the bulkier Rpz units (6 and 7), their 

6s and 7s minima are stabilized at shorter Pt-Pt distances than 4s and 5s. 

For complexes 4 and 5 both minima are connected by a transition state (TS). In the case of 4, a 

small ∆G (4s/4f) value along with a small activation barrier supports, within the experimental 
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error, a fast thermal equilibration in the ground state PES, thus resembling an intramolecular 

butterfly flapping-like motion. For complexes 6 and 7 the interconversion between conformers 

likely occurs in a barrierless manner. So, these results are consistent with the presence of both 

conformers in solution, with the butterfly-spread molecules being the predominant ones. 

DFT calculations on the lowest adiabatic triplet excited state (T1) PES reveal the existence of 

two local minima (Figure 15) for all the complexes: the butterfly-spread conformers, which 

exhibit Pt-Pt distances and Pt-Pt bond orders (BO) similar to those observed for them in the GS, 

and the butterfly-folded conformers, which exhibit intermetallic distances shortened by ca. 0.22 

Å and Pt-Pt BO increased by 0.4 with respect to those in the GS. Except for complex 7, the two 

conformers are connected by a transition state. 

 

Figure 15. Calculated relative energy profile (PCM(THF)-M06/6-31G(d) and MWB60(Pt)) 

and Bond Order (BO) in first triplet excited state (T1) for the interconversion between the 4f-7f 

and 4s-7s conformers. Spin density distribution plots of 6f (left) and 6s (right). MUE (M06)= 

2.48 kcal/mol.43 
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The calculated spin density distribution for 4s-7s indicates a mixed 3IL/3MLCT [π(C^C*)] → 

π*(C^C*)]/5d(Pt) → π*(C^C*)] character for their T1 states, while a 3MMLCT [dσ*(Pt-Pt) → 

π*(C^C*)] character for the T1 states of 4f-7f (see Figure 15 for 6s/6f). Note that the changes 

in the Pt-Pt distances and the BO values from the GS to T1 states in the butterfly-folded 

conformers 4f-7f, almost agree with a one-electron excitation from the dσ*(Pt-Pt) orbital. 

The change of excited state character when going from the 4s-7s minima (3IL/3MLCT) to the 

4f-7f ones (3MMLCT) leads to an extra stabilization of the latter conformers by 0.085 eV (1.95 

kcal/mol), 0.015 eV (0.36 kcal/mol), 0.084 eV (1.93 kcal/mol), and 0.166 eV (3.83 kcal/mol) 

for complexes 4-7 respectively. Note also that certain amount of Pt-Pt bonding is only possible 

in the T1 state but not in the GS. 

A comparison reveals an opposite trend in the relative stability of folded and spread conformers, 

the former being more stabilized in their T1 states, especially for complex 7. The TSs for the 

interconversion between conformers in the T1 state were located for complexes 4-6, indicating 

that the energy barriers for PSC are larger than those for the flapping-like intramolecular motion 

in the GS. 

Details about the absorption properties of 4-7 investigated with PCM-TD-DFT calculations in 

the presence of THF, the frontier molecular orbitals for 4s-7s and 4f-7f and the energies of their 

lowest singlet excited states can be found in the ESM-2. The lowest singlet excited states have 

predominant HOMO to LUMO character and can be described mainly as 1MLCT/1IL [5d(Pt) 

→π*(C^C*)]/ [π(C^C*)] →π*(C^C*)] for 4s-7s, while some additional 1MMLCT [dσ*(Pt-Pt) 

→π*(C^C*)] character is found for those of 4f-7f. The vertical ∆SCF-M06 emission energies 

from the T1 optimized geometries were calculated as well, rendering values of ca. 510 nm for 

4s-7s and of ca. 570 nm for 4f-7f (see Table S4 ESM-2). 
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1.5.2.2.Absorption Spectra.  

The absorption spectra of these compounds in 2-MeTHF (10-3 M 4-6, 10-5 M 7) show their 

lowest-energy absorption bands (ε 9·103 M-1 cm-1) in the range 325- 390 nm. They match the 

S0 → S1 transitions calculated for the predominant butterfly-spread molecules 4s-7s. Their 

predominant HOMO to LUMO character (Figure 16) allows them to be described as 1IL/ 

1MLCT. Despite the low contribution of the Rpz to the frontier molecular orbitals (FMOs), they 

play an important role in both, the metal-metal interaction and the S0 → S1 transition, since the 

bulkier of R group on the bridging pyrazolate (4-Mepz ≈ pz < 3,5-dmpz < 3,5-dppz), the shorter 

the platinum-platinum distance and the larger the bathochromic shift in the low energy-bands. 

That is why, for complexes 6 and 7, some 1MMLCT/1IL [dσ*(Pt-Pt) → π*(C^C*)] could be 

reasonably attributed. 

 

Figure 16. Left: UV-visible spectra (pathlength: 1mm) of 4-6 in 2-MeTHF 10-3 M and 7 in 2-

MeTHF 10-5M (pathlength: 1cm). Inset: Expanded view of the UV-Vis spectra and calculated 

spin allowed S0 → S1 transition (bars) of butterfly spread conformer. Right: Frontier MO 

(Isolvalue=0.03) for butterfly spread conformer of 5. 
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1.5.2.3.Emission Spectra.  

Upon excitation at λ ≤ 340 nm, diluted solutions of complexes 4-7 in 2-MeTHF (10-5 M) at 77 

K exhibit highly structured emission bands with λmax ~ 450 nm (Figure 17). They are not 

affected by the nature of the Rpz ligands and agree with the computed ones for the conformers 

4s-7s. Therefore, they arise from an emissive state of 3IL/ 3MLCT character.  

Complexes 4 and 7 show additional excitation and emission bands at lower energies (λexc ~ 450 

nm, λem> 600 nm), attributable to the butterfly-folded molecules (calculated S1 ~ 426 nm; T1 = 

572 nm for 4f; and S1 ~ 429 nm; T1 = 570 nm for 7f), although for 4 they are only perceptible 

in concentrated solutions (10-3 M) (Figure 17 right). The coexistence of butterfly-spread and 

butterfly-folded molecules for 4 and 7 agrees with the small ∆G value computed between the 

two conformers, s/f in the GS (∆G: 0.076 eV (1.76 kcal/mol) 7s/7f, 0.129 eV (2.97 Kcal/mol) 

4s/4f). 

 

Figure 17. Normalized excitation (dotted lines) and emission (solid lines) spectra at 77K under 

Ar atmosphere, left: 4-7 in 2-MeTHF 10-5M; right: 4-6 in 2-MeTHF 10-3M. 

 

In doped PMMA films (5%) in the air, complexes 4-7 afford intense sky-blue emissions 

(Complex 7 as an example in Figure 18), which match with those observed in 2-MeTHF (10-

5M) at 77K, with quantum yields of 72 % 4, 83% 5, 79% 6, and 86% 7 (Table 3).
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Table 3. Photophysical data for 4-7 in PMMA films and solid state in the air at 298K 

 Media λexc (nm) λem (nm) CIE (x;y)  (s)   kr
b knr

c 

4  

PMMAa 390 483max,517sh, 567sh 0.18; 0.32 3.7 0.20 5.4 104 21.6 104 

PMMAa 350 483max,517sh, 567sh 0.18; 0.32  0.72   

Solid 390 469, 527sh, 556max 0.41; 0.52 0.4 (20%); 1.4 (80%) 0.03 2.5 104 79.2 104 

5 

PMMAa 390 469, 485max ,524sh 0.16; 0.29 3.5 0.54 15.4 104 13.1 104 

PMMAa 370 473, 492max ,536sh 0.16; 0.27  0.83   

Solid 390 472, 527sh, 559max 0.41; 0.53 0.3 (22%); 1.1 (78%) 0.03 3.2 104 103.2 104 

6 

PMMAa 390 464, 484max ,523sh 0.15; 0.25 3.4 0.53 15.7 104 13.8 104 

PMMAa 380 464, 484max ,523sh 0.15; 0.25  0.79   

Solid 390 468, 487max 0.19; 0.35 0.3 (32%); 0.6 (68%) 0.16 30.1 104 158.1 104 

Grinded solid 390 468, 492max , 519 0.29; 0.47 0.2 (20%); 0.6 (80%) 0.6 11.2 104 175.4 104 

7 

PMMAa 390 480max 0.14; 0.26 2.2 0.69 31.7 104 14.1 104 

PMMAa 380 480max 0.14; 0.26  0.86   

Solid 390 469,482max , 553sh 0.24; 0.37 0.5 (30%); 1.1 (70%) 0.29 32.9 104 80.7 104 

Grinded solid 390 553max 0.39; 0.55 1.1 (33%); 2.2 (67%) 0.51 28.3 104 27.2 104 

a 5% wt. b Radiative decay rate constant given as kr= /exp; 
c  knr= (1-)/exp 
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Compounds 4-7 are scarcely luminescent at r.t., in solution, even in an argon atmosphere. 

However, at r.t. diluted solutions in 2-MeTHF (10-5M) gives rise to a weak emission due to 4s 

and 5s for complexes 4 and 5; a dual emission with maxima at 456 and 552 nm due to 6s and 

6f for compound 6 and a broad band centered at 559 nm arising from 7f for complex 7 (see 

Figure S13 ESM-2). 

 
Figure 18. Normalized emission and excitation spectra of complex 7 in 5 wt % PMMA film in 

the air. Picture was taken under 365 nm UV light. 

 

In summary, photoexcitation of complexes 4-7 at λ < 380 nm allows the major 4s-7s conformers 

to reach the 1IL/MLCT excited state; then, by a rapid intersystem crossing (ISC) the 3IL/MLCT 

(Ts) state will be populated (see Scheme 9). In fluid solution, where the geometries of neither 

ground states nor those of the excited states are constrained, a photoinduced structural change 

(PSC) process between Ts and Tf conformers could happen depending on both, ΔG (Tf-Ts) and 

the PSC energy barrier. In the case of 7, the computed barrierless PSC process along with the 

large ΔG values (T7f-T7s = -0.166 eV, -3.83 kcal) leads to T7f almost in an exclusive manner. 

This piece of evidence explains why the emission from T7f is the only one observed 

experimentally. In case of complex 6, characterized by a smaller ΔG (T6f-T6s = -0.84 eV, -1.93 

kcal) and a non-negligible PSC barrier (0.132 eV, 3.04 kcal), a thermal equilibrium between 

T6s and T6f is likely at r.t., and thus explaining its dual emission. 
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Scheme 9. Schematic diagrams of photophysical processes based on the steady-state excitation 

and emission spectra along with the results of the theoretical investigations 

 

In the case of complex 5 with lower ΔG (T5f-T5s= -0.015 eV, -0.36 kcal), but larger energy 

barrier (0.162 eV, 3.73 kcal/mol) the PSC seems not to take place and the emission arises only 

from T5s. For complex 4, with ΔG (T4f/T4s= 0.085 eV, 1.95 kcal) and PSC energy barrier ( 0.115 

eV, 2.65 kcal) on the same order of magnitude than those calculated for complex 6, the PSC 

was expected to occur, but however, the emission arises only from T4s. In this case, internal 

conversion (IC) from 1IL/MLCT to 1MMLCT competes with ISC to 3IL/MLCT, and a faster 

quenching of the 1/3MMLCT states of complex 4, as compared to that occurring in complexes 

6 and 7, enabled by the lack of steric hindrance of the reactive positions in complex 4, could 

account for the absence of this low-energy emission. 

In rigid media (2-MeTHF 10-5 M at 77K or PMMA films), photoexcitation of complexes 4-7 at 

λ < 380 nm leads in an analogous manner to the emission from the higher-lying triplet state 

3IL/MLCT, despite the greater stability of the 3MMLCT state. This indicates that the energy 

barriers to connect the Ts/Tf wells are large enough to prevent the PSC in 2-MeTHF at 77K and 

it is also in agreement with PMMA being a rigid glass at r.t. (Tg = 378 K).74 Notably, the frozen 

glass environment leads to a deceleration of the nonradiative pathways and thus leading to large 

PLQY values in PMMA films (see Table 3). 
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On the other hand, irradiation at λ > 400 nm will populate the low-energy states of the minor 

4f-7f conformers, 1IL/MLCT with some 1MMLCT character (see Scheme 9). A fast ISC to the 

close-lying triplet state 3IL/MLCT,91 would lead to the high-energy emission, which is the only 

one observed in 5% wt PMMA films of 4-7. The low PLQYs when compared with those 

observed by irradiation at λ < 380 nm (see Table S27 ESM-2), agree with the low ratio of 

butterfly-folded molecules in the samples, but still being significant. Therefore, for complexes 

5-7, the existence of close-lying 1IL/MLCT/MMLCT- 3IL/MLCT states make possible to get 

intense blue-emissions (PLQY: 40%-60%) from doped films by irradiation with wavelengths 

in the visible region. 

1.5.2.4.Mechanoluminescence in the Solid State.  

The as-prepared powders of 4 and 5 are scarcely emissive and neither their excitation nor their 

emission spectra exhibit changes after grinding the solids with a mortar and pestle. However, 

complexes 6 and 7, exhibit mechanoluminescence in the solid state. After grinding, the pale-

yellow solids do not visually change their colours but their photoluminescence changes from 

blue to yellowish-green. Before to be grinded, a powdered sample of 6 exhibits a sky-blue 

emission, similar but weaker than that exhibited in PMMA film (5 % wt), which we attribute 

to 3IL/MLCT. After grinding, the emission becomes green due to the presence of an intense 

lower-energy band with λ ~ 540 nm, that could be assigned to the 3MMLCT state of molecules 

with butterfly-folded configuration in accordance with the theoretical calculations. However, in 

view of the intermolecular π-π interactions observed in the single-crystal X-ray structure of 6 

(see Figure 9 ) and the decreased PLQY upon grinding, the participation of excimeric 3π-π* 

states to the low-energy band cannot be ruled-out.92-93 

In case of compound 7, photoexcitation of as-prepared powder leads to a greenish-blue emission 

with λmax at 480 nm and an incipient shoulder at 553 nm, that were assigned to 3IL/MLCT and 

3MMLCT emissions respectively. Mechanical grinding resulted in a suppression of the 
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3IL/MLCT band along with an increase of the 3MMLCT one and an enhancement of the PLQY 

(see Figure 19). As a result, the photoluminescence of powdery samples of 7 is intensified and 

changed from greenish-blue to yellowish-green upon grinding.  

This agrees with the butterfly-spread conformer, 7s being the major one in the GS and the fact 

that no PSC can take place in rigid media. Mechanical grinding seems to induce changes in the 

GS, that somehow shorten the Pt-Pt distances and enforces the intramolecular Pt-Pt interactions, 

in such a way that in the grinded solid, 7-g the phosphorescence arises mainly from 7f.  

 

 
Figure 19. Normalized emission and excitation spectra of complex 7 in solid state in the air at 

r.t.; pictures were taken under 365 nm UV light.  

 

Structural changes involving the intramolecular Pt-Pt separation in the GS as the origin of 

mechanoluminesce seems plausible on the bases of experimental and theoretical data and once 

other causes like desolvation or intermolecular interactions, were dismissed. The grinded solid, 

7-g undergoes the reverse change partially upon cooling to 77 K, as deduced from the emission 

and excitation spectra collected at r.t. and 77 K (Figure 20 left).  

Structural changes involving the intramolecular Pt-Pt separation in the GS were reported for 

the thermochromic platinum-butterfly compound [{Pt(ppy)(μ-Ph2pz)}2],
74 but those induced by 

mechanical grinding had never been reported. In this case, like in complex 7 elongation of the 
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Pt-Pt distance occurs when the temperature drops. Also, the transformations resulted to be 

reversible by addition of THF, toluene or diethyl ether to the grinded samples of 6 and 7 that 

led to the recovery of the blue emission (see Figure 20 for 7), and thus presumably restoring 

the previous structure arrangement.  

 

 
Figure 20. Left: Normalized emission and excitation spectra at r.t. and at 77K of the grinded 

solid, 7-g in the air. Right: Pictures of mechanical grinding samples of 7 in response to solvent 

treatment taken under 365 nm-UV light 

 

Therefore, it could be argued that the bulkiness of the -pyrazolates has a strong impact not 

only on the luminescence, but also on the mechanoluminiscence of these platinum butterflies 

in the solid state. As the bulkiness increases, the intermolecular - interactions become more 

hindered, affording a less efficient non-emissive deactivation channels and consequently a more 

efficient emission. In addition, as the steric demand of the -pyrazolates increases, the Pt-Pt 

interaction, enhanced by mechanical stimulation, causes a bathochromic shift of the emission 

(2750 cm-1, 7) along with a remarkable increment of its PLQY. 
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1.5.3.Comparative Study of the Photophysical Properties of Mono- and Dinuclear 

Complexes 

In the bis-pyrazole complexes neither the lowest energy absorptions nor the emissions are 

affected by the nature of the RpzH ligands (1b-3b) and anions (1a-1c), in agreement with the 

marginal contribution of them to the frontier orbitals (FOs), HOMO and LUMO. Therefore, 

they were assigned mainly to intraligand charge transfer on the NHC (1/3ILCT). These 

complexes exhibit in 5% doped PMMA films, intense blue phosphorescence with QY close to 

100% and CIE coordinates close to the desirable ones for blue emitters upon excitation at λ ≤ 

380 nm. 

For the dinuclear pyrazolate-bridged complexes (4-7) two conformers, the butterfly-spread 4s-

7s and the butterfly-folded 4f-7f, were optimized in the GS (S0) and in the lowest adiabatic 

triplet excited state (T1) PES, with the former being the more stable in the GS and the latter in 

the T1. In these complexes the free energy difference between the two conformers, ΔG (s/f) and 

the energy barriers for the conversion of one into the other, as much in the GS as in the T1, 

depend on the bulkiness of the Rpz groups and determine their absorption properties and their 

chameleonic photo- and mechanoluminescence. 

So, the lowest-energy absorption match with the S0 →S1 transitions calculated for the major 

butterfly-spread species, 4s-7s. In complexes 6 and 7 it appears clearly red-shifted with respect 

to those in 4, 5 and 1b-3b, more as the bulkiness of the Rpz increases. The nature of this 

transition is mainly MLCT/ILCT with some MMLCT character.  

In rigid media (2-MeTHF 10-5 M at 77K, PMMA films), complexes 4-7 exhibit sky-blue 

phosphorescence (λexc < 380 nm) arising from Ts, because the energy barriers to connect the 

Ts/Tf wells are large enough to prevent the PSC and show QYs up to 86% in 5% doped PMMA 

films in the air. By excitation at longer wavelengths (λexc ~ 450 nm), complexes 4 and 7 show 

the emission from Tf, at lower energy, although in case of 4 this is only perceptible at high 

concentration (10-3M). In addition, in complexes 4-7, it is possible to get intense blue-emissions 
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(PLQY: 40%-60%) under excitation with wavelengths in the visible region, up to 450 nm, 

which is due to the existence of close-lying 1IL/MLCT/MMLCT- 3IL/MLCT states of the 4f-7f 

species.  

In solid state (Figure 21), the bulkiness of the 

pyrazolate has a strong impact on the 

luminescence of 7, which exhibits 

mechanoluminescence. That is, 

photoexcitation of as-prepared powder leads to 

a greenish-blue emission with λmax at 480 nm 

and an incipient shoulder at 553 nm, from Ts 

(3IL/MLCT) and Tf (
3MMLCT) respectively. 

Mechanical grinding causes the suppression of 

the 3IL/MLCT band and the increase of the 

3MMLCT one, resulting in a bathochromic shift of the emission from greenish-blue (7) to 

yellowish-green (7-g) along with a remarkable increment of its PLQY. Therefore, the 

mechanoluminescence mechanism in 7, associated with an intramolecular structural change in 

the GS that somehow shortens the Pt-Pt distances and enhances the Pt-Pt interactions, is clearly 

determined by the bulkiness of the 3,5-dppz bridging group. 

1.5.4.Optical Properties of the New Cluster [Pt2Ag2] (8) 

The most significant feature of 8 regarding its emissive behavior, is the blue shift of the 

emission band of powdery solid in relation to that of its precursor (λmax = 483 nm 8, 489 nm 

1b). This reflects the formation of the Pt → Ag dative bond since the electron density of the Pt 

center decreases upon bonding to Ag(I), lowering the energy of HOMO.94-96 Likewise, there is 

a considerable reduction of the emission lifetime (6.4 µs 8, 21.6 µs 1b) and an increase of the 

QY values (0.55 8, 0.33 1b) in powdery solid samples. According to this and in line with similar 

compounds,84, 97 this emission has been assigned to a mixed 3IL/3MLCT emissive state. 

 
Figure 21. CIE 1931 diagram with the solid 

emissions of 1b-3b, 6, 7, and 7g as ground 

solid. 
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Chapter 2 

Oxidation of the Flapping Platinum Butterfly 

[{Pt(C^C*A)(μ-pz)}2] by Halocarbons 
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Introduction 

Cooperative effects between the adjacent d8 metal centers in dinuclear complexes promote the 

formation of stabilizing metal-metal bonds in the intermediates of many catalytic reactions 

involving oxidative addition (OA)- reductive elimination processes.98-100 Formation of low-

energy metal-metal bonded intermediates enable reaction pathways and product unavailable 

from monometallic precursors.101-104 Pd2(III,III) or Rh2(II,II) species are some examples of low 

energy transition states for C−H functionalization4,5 or alkene hydroformylation105 reactions, 

respectively.  

In this context, dinuclear complexes of Rh(I) and Ir(I) have provided a very rich platform to C-

X bond cleaving thermal or photoinduced chemistry. In the literature, it can be found many 

examples of haloalkanes, such as CH3I or CH2I2, that are added to Ir2(I,I) via a bimetallic SN2 

pathway,106 yielding metal−metal bonded M2(II,II) compounds. Sometimes these reactions 

follow a radical-like107 mechanism or a monometallic SN2 pathway resulting, in the second 

case, in mixed valence Ir(I)−Ir(III) compounds.108 Few examples of OA of chloroalkanes (RCl) 

to Ir2(I,I) compounds leading to metal−metal bonded complexes containing Cl−Ir(II)−Ir(II)-X 

(X = R, Cl) frameworks have been reported,109-110 and in most circumstances they require 

visible- or UV-light irradiation. But relatively recently, the OA of RCl to [{Ir(μ-Pz)(CNBut)2}2] 

(R = CH2COMe, CH2CO2Me, CH(Me)CO2Me)10 and [{Ir(μ-NH2)(cod)2}2] (RCl = CH2Cl2, 

CH3Cl)111 have been reported in dark experimental conditions, rendering metal−metal bonded 

Ir(II)−Ir(II) compounds. The Ir2(II,II) systems show relative inertness for further OA of 

haloalkanes, but when this occurs they render Ir2(III,III) compounds with no metal−metal bond. 

Examples are illustrated by the double OA of MeI to complexes [(L)2Ir(μ-pz)2Ir(CNBut)2]
16 or 

ClCH2R (R= Ph, CH=CH2) to [{Ir(μ-pz)(CNBut)2}2].
10 
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Thus, as shown above, when the metal centers are held in proximity by bridging ligands, 

different kinds of mono- or bimetallic mechanisms can operate. The pathway of these reactions 

depends on many factors, such as the nature of the added molecule, the ligands and the metal.112-

113 Referring to the latter, the OA mechanism studies of halocarbons to Pt2(II,II) complexes are 

still scarce in comparison to those reported for Rh2(I,I) and Ir2(I,I).  

 

Square planar platinum(II) complexes are known to exhibit weak intramolecular and 

intermolecular interactions that lead to triplet metal–metal-to-ligand charge transfer 3[5dσ* → 

*] and/or 3[5dσ* → 6pσ] excited states.114-116 The diradical character of such excited states 

with enhanced metal–metal bonding interactions renders these complexes capable of 

performing photocatalytic reactions.117-119 The classic example, [Pt2(-P2O5H2)4]
4-, is a highly 

active species for the photoinduced dehydrogenation of alcohols to aldehydes/ketones.114 

Additionally, this complex can experience a thermal [2e, 2c] OA of RI (R = Me, Et, nPr) through 

a radical mechanism, although contribution of SN2-type one cannot be excluded for MeI.35 Due 

to the uniqueness of the bridging pyrophosphito (pop) ligand, extending the photochemistry of 

[Pt2(pop)4]
4-, to other platinum(II) systems is a non-trivial task. In this regard, the lantern- or 

half-lantern compounds with short intermetallic distances (< 3 Å) are among the best suitors, 

such as [Pt2(pyt)4],
120 (pytH = pyridine-2-thiol) [Pt2(ppy)2(pyt)2],

121 (ppy = 2-phenylpyridyl-H) 

or [{Pt(bzq)(μ-N^S)}2]
34 [bzq = benzo[h]quinoline, HN^S = 2-mercaptopyrimidine]; the latter 

undergoes [2e, 2c] thermal oxidations with CH3I and CHX3 (X = Br, I) following a bimetallic 

SN2 or radical mechanism. On the other hand, complexes with flexible bridging ligands, 

[Pt2Me2(C^N)2(μ-P^P)] [C^N = bzq, ppy; P^P = dppf (1,1′-bis-(diphenylphosphino)ferrocene), 

dppa (1,1′-bis-(diphenylphosphino)acetylene)],122-124 and cis,cis-[Me2Pt(μ-NN)(μ-

dppm)PtMe2] (NN = phthalazine, dppm = bis-(diphenylphosphino)methane), reacted with CH3I 
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in two steps, via a monometallic SN2 mechanism. As a result, the dinuclear platinum(IV) 

derivatives [Pt2Me4I2(C^N)2(μ-P^P)] and [Me3Pt(μ-I)2(μ-dppm)PtMe3] were obtained.125  

In the chemistry of dinuclear pyrazolate-bridged complexes of platinum(II), such as 

[{Pt(N^E)(μ-Rpz)}2]
2+ (E = N, diimines or pyridylpyrazolate; E = C, pyridyl-NHC),82, 126-128 

[{Pt(C^N)(μ-Rpz)}2](C^N= C,N-cyclometalated ligand),129 and [{Pt(C^C*)(μ-Rpz)}2] (C^C* 

=phenyl-NHC),78 with long intermetallic distances (> 3 Å), most studies have been focused on 

the control of the photoluminescence properties of the “butterfly” complexes by tuning the 

Pt···Pt separation; they can be modulated by controlling the butterfly body (bulkiness of the 

bridging pyrazolates) and the butterfly wings (bulkiness and electronic properties of the C^N 

group) (see Introduction of Chapter 1). So, despite these pyrazolate ligands have shown a great 

ability to hold two Pt centers in close proximity allowing a wide range of intermetallic 

separations (2.83 - 3.48 Å), up to now, not [2c, 2e] oxidation processes have ever been reported.  

 

The unexpected reactivity of the dinuclear pyrazolate complexes (4-7) with halogenated 

solvents along with the importance of high-valent organometallic species in many organic 

syntheses, encouraged us to explore the reactivity of platinum (II) complexes [{Pt(C^C*A/B)(μ-

pz)}2] toward halogenated species, such as haloforms and haloalkanes. Supported by density 

functional theory (DFT) studies on the oxidation mechanisms, we were able to prepare 

dinuclear complexes with the same core “{Pt(C^C*)(μ-pz)}2” but different oxidation states 

Pt2(III,III), Pt2(III,III) ↔ Pt2(II,IV), and Pt2(IV,IV). They allowed us to substantiate the 

modeled mechanisms and to compare their structural and spectroscopic data. 
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This chapter is based on the following three peer-reviewed papers: 

3.- Lorenzo Arnal, Sara Fuertes, Antonio Martín, Miguel Baya, Violeta Sicilia. A 

Cyclometalated N‐Heterocyclic Carbene: The Wings of the First Pt2(II,II) Butterfly 

Oxidized by CHI3. Chemistry – A European Journal 2018, 24 (70), 18743-18748. DOI: 

10.1002/chem.201804013. (ESM-3) 

4.- Violeta Sicilia, Lorenzo Arnal, Sara Fuertes, Antonio Martin, Miguel Baya. Metal-

Metal Cooperation in the Oxidation of a Flapping Platinum Butterfly by Haloforms: 

Experimental and Theoretical Evidence. Inorganic Chemistry 2020, 59 (17), 12586-

12594. DOI: 10.1021/acs.inorgchem.0c01701. (ESM-4) 

5.- Lorenzo Arnal, Daniel Escudero, Sara Fuertes, Antonio Martin, Violeta Sicilia. High-

Valent Pyrazolate-Bridged Platinum Complexes: A Joint Experimental and Theoretical 

Study. Inorganic Chemistry 2022, 61 (32), 12559-12569. DOI: 

10.1021/acs.inorgchem.2c01441. (ESM-5) 

 

Some additionally results have been included in this Memory, such as the reactivity of 

[{Pt(C^C*A)(μ-pz)}2] (4)  with benzyliodide and the reactivity of [X(C^C*A)Pt(μ-

pz)2Pt(C^C*A)Bn] (X= Br 15-Br, I 15-I) under UV-light. Experimental procedure is included 

in the section Methodology. All data for characterization and figures of these unpublished 

results are collected in ESM-6 
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Chapter 2A  

Oxidation of the Flapping Platinum Butterfly 

[{Pt(C^C*A)(μ-pz)}2] by Haloforms: 

Experimental and Theoretical Studies 
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2.A.1.Reactivity of [{Pt(C^C*A)(μ-pz)}2] (4) with Haloforms. Synthesis and 

Characterization of New Metal-metal Bonded Pt2(III,III) Complexes 

The reaction of [{Pt(C^C*A)(μ-pz)}2] (4) with haloforms (CHX3; X= Cl, Br, I) renders different 

kinds of metal-metal bonded Pt(III,III) complexes depending on the experimental conditions.  

Compound 4 reacts with haloforms (CHX3; X= Cl, Br, I, molar ratio 1:4) in the air and the 

sunlight to give [{Pt(C^C*A)(μ-pz)X}2] (X = Cl 9-Cl, Br 9-Br, I 9-I) as result of its 

photochemical oxidation. 

In the dark under Ar atmosphere, compound 4 adds oxidatively CHBr3 and CHI3 to give 

[BrPt(C^C*A)(μ-pz)2Pt(C^C*A)CHBr2] (10-Br) and [IPt(C^C*A)(μ-pz)2Pt(C^C*A)CHI2] (10-

I) in a selective way. By contrast, in the dark compound 4 is air and thermally stable in the 

presence of CHCl3, even in refluxing toluene (110 o C), with light being required for this reaction 

to occur (see Scheme 10). Because of that, the corresponding complex, due to the OA of CHCl3 

to 4, [ClPt(C^C*A)(μ-pz)2Pt(C^C*A)CHCl2] (10-Cl) could be just detected by 1H and 1H-195Pt 

HMQC NMR experiments from a reaction mixture performed under Ar atmosphere by 

irradiation with UV-light (365nm). 

 

Scheme 10. Reaction pathways. For clarity, only the major isomer, the anti one, has been 

represented. 
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Compounds 9-Cl, 9-Br, 9-I, 10-Br, and 10-I were isolated as yellow (9-Cl and 10-Br) or 

orange (9-Br, 9-I and 10-I) solids in good yields, mostly as the anti isomer and then fully 

characterized. 

The higher oxidation state of the platinum centers in these complexes with respect to those in 

complex 4 is evident from the dramatically downfield shift of the 195Pt resonances (Δδ(Pt) = 

697-1348 ppm) and the great reductions of the 3JH7,Pt coupling constants (Table 4, Figure 22) 

Structurally relevant for 10-Cl, 10-Br, and 10-I is the presence of two separated 195Pt signals, 

which evidences the presence of two non-equivalent platinum (III) fragments within each 

complex. In addition, their 1H NMR spectra show characteristic singlets corresponding to the 

Pt-CHX2 fragment (Figure 22 bottom for 10-Br), flanked by two set of 195Pt satellites, which 

agrees with a metal-metal bonded Pt2(III,III) formulation for these derivatives.  

 

Figure 22. Top: 195Pt NMR spectra of 10-Br and 10-I. Bottom: 1H NMR spectrum of 10-Br in 

CD2Cl2. Inset: Expanded view of the H (CHBr2) resonance. 
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Table 4. NMR data for Pt2(III,III) complexes at rt in CD2Cl2. δ(ppm), J(Hz). 

 Pt H7
 

CHX2
 

 δ 1JPt,Pt δ 3JH7,Pt
 δ 2JH,Pt 3JH,Pt 

4a -3778  7.97 54.2    

9-Cl -2441  7.50 39.6    

9-Br -2675  7.49 40.0    

9-I -3092  7.47 40.4    

10-Cl a,b -2468(Cl); -2502 (CHCl2) - - - 6.59 28.7 2.47 

10-Br -2799(Br); -2443(CHBr2) 1633 7.51(Br); 7.48(CHBr2) 40.0(CHBr2) 6.05 24.2 6.3 

10-I -3107(I); -2454(CHI2) 1674 7.54(I); 7.46(CHI2) 44.9(I); 44.8(CHI2) 6.40 30.4 5.9 

 

a acetone-d6. 
b Detected by 1H and 1H-195Pt HMQC at 193K. Data for complex 4 have been included for comparison.
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The molecular structures of 9-Cl, 9-Br, 9-I, 10-Br, and 10-I were determined by single-crystal 

X-ray crystallography (see Figure 23 for 9-Br and 10-Br). They exhibit a similar boat-like 

shape with an anti-configuration of the “Pt(C^C*A)” fragments. Besides, they exhibit an 

important shortening of the platinum-platinum distance (d(Pt-Pt), Å= 2.57446(18) (9-Cl), 

2.5849(6) (9-Br), 2.6079(2) (9-I), 2.6302(4) (10-Br), 2.6324(3) (10-I)) with respect to 4, 

indicative of the existence of a PtIII- PtIII bond in all of them. These distances increase with the 

trans influence of the ligands in the axial position (I2CH > Br2CH > I > Br > Cl), like it was 

observed in other Pt2(III,III) complexes.24, 83, 130-132 As far as we know, these were the only 

dinuclear metal-metal bonded PtIII(µ-pz)2PtIII compounds reported to date.  

 

Figure 23. Molecular structures of complexes 9-Br (a) and 10-Br (b). Ellipsoids are drawn at 

the 50% probability level; solvent molecules and hydrogen atoms have been omitted for clarity 

 

2.A.2.Mechanistic Study of the Reactivity of 4 with CHX3 (X= Cl, Br, I).  

2.A.2.1.Experimental Study 

The mechanism of this unexpected [2c,2e] oxidation process was studied experimental and 

theoretically. To do that, solutions of 4 in acetone-d6 were reacted with excess of haloforms 

(molar ratio 1:4 CHBr3, CHI3; 1:5 CHCl3) in NMR tubes under different conditions and the 

reactions were followed by 1H NMR spectroscopy (see Table 5). Comparative experiments 
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were carried out simultaneously in order to avoid environmental differences, e.g. temperature 

changes. 

The thermally activated oxidation of 4 (8 x 10-3 M in acetone-d6) with CHX3 (X=Br, I) (molar 

ratio: 1:4) in the dark under Ar atmosphere are complete in few minutes, leading to 10-Br 

(100%), 10-I (93%), almost selectively. In the air, the reactions were less selective (see Scheme 

10, path i, and Table 5).  

 

Table 5. Data corresponding to the reaction of 4 with CHX3 (X= Br, I) in acetone-d6 (molar 

ratio 1:4). 

Experimental 

Conditions 

Ratio CHBr3 (%) 4/ 9-Br/ 10-Br Ratio CHI3 (%) 4/ 9-I/ 10-I 

15 min 3.5 h 24 h 15 min 3.5 h 24 h 

Ar / dark 0/0/100 0/0/100 0/0/100 15/2/83 - 0/7/93 

Ar / dark / Gal• 100/0/0 100/0/0 100/0/0 100/0/0 - 0/71/29 

Air / dark 86/9/5 81/14/5 74/18/8 0/36/64  0/36/64 

Air / sunlight 0/71/29 0/92/8 0/100/0 0/35/65 0/82/18 0/100/0 

 

The simultaneous formation of Pt2X2 (9-Br and 9-I) and Pt2X(CHX2) (10-Br and 10-I) species 

pointed to a radical mechanism for these thermal oxidations (eqs 2−5). The role of O2 as a 

radical (R•) trap justifies the greater amount of 9-Br or 9-I in the final reaction mixtures (9-Br 

/10-Br; 9-I /10-I) when the reactions were performed in the air, with respect to those performed 

under Ar atmosphere. This statement was confirmed making the reactions in the presence of 

Gal•, as radical (R•) scavenger. Once the starting material has completely reacted, these 

mixtures remain unreacted for at least 24h in the dark.  

Pt2 + RX  →Pt2X• + R•                         (eq.2) 

Pt2 + R•   → Pt2R•                                 (eq.3) 

Pt2X• + RX  →Pt2X2 + R•                     (eq.4) 

Pt2R• + RX  →Pt2RX + R•                    (eq.5) 
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By contrast,  diluted solutions (10-4-10-5M) of 4 do not react with CHBr3 in the dark, even after 

45h, while under UV light (λ=365 nm) 4 is transformed completely into 9-Br. 

Considering that the reactions of 4 with CHX3 (X=Br, I) lead to the selective formation of 10-

Br/10-I under Ar atmosphere and of 9-Br/9-I in the air and the sunlight, we investigated the 

role of both, O2 and UV light in the transformation of 10-Br species into 9-Br (Scheme 10, path 

ii). 

With that purpose, we prepared two samples containing 10-Br (obtained from 4 (8 x 10-3 M) 

and CHBr3 (1:4) in acetone-d6 under Ar in the dark) in J. Young NMR tubes. Then, one of the 

samples was freeze-pump-thaw degassed and placed under an O2 atmosphere (1 atm). 

Subsequently, both samples were irradiated for 5 min with 365 nm-UV light, giving mixtures 

of 9-Br/10-Br in different ratios (28%/ 72% in the O2 free sample and 64%/ 36% in the O2 

containing one) (see Figure 24). 

 

Figure 24. 1H NMR spectra in acetone-d6 of 10-Br generated in situ and irradiated with 365 

nm-UV light under Ar atmosphere (left) and under O2 atmosphere (right). 

 

As we see above, 10-Br was stable under Ar in the dark and remains unchanged at least 24h, 

so the transformation of 10-Br into 9-Br was promoted by UV light with O2 not being 

necessary, but making the process faster. In a thorough analysis of the 1H NMR spectra, a singlet 

at 6,66 ppm was identified in the oxygen-free sample, which corresponds to C2H2Br4, generated 

by •CHBr2 radical coupling, which is indicative of a radical mechanism for path ii, as well. To 
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prove this early hint two samples of 10-Br were prepared under Ar in the dark and galvinoxyl 

(Gal•) was added to one of them.  After irradiation with 365-UV light, just the Gal•-free- sample 

displayed the singlet due to C2H2Br4 and a faster transformation of 10-Br into 9-Br. Therefore, 

under Ar atmosphere, the photochemical bond homolysis of the Pt-CHBr2 bond in 10-Br 

promoted by UV light, followed by Br abstraction from CHBr3 could account for the selective 

formation of 9-Br. A similar mechanism is plausible for path ii in the reaction with CHI3. 

To study the oxidation of 4 with CHCl3 two samples were prepared under Ar atmosphere in the 

dark, one of them with and the other without galvinoxyl (Gal•) (Table 6). Keeping in mind that 

this reaction needs light to take place, like for most oxidations of other platinum (II) complexes 

by chlorocarbons,34, 133 the two samples were irradiated with 365 nm-UV light. These 

experiments showed that the presence of Gal• slows down the reaction and allows the selective 

formation of 9-Cl, indicative of a radical mechanism, with Gal• acting as a radical scavenger.35, 

133 The role of molecular oxygen (O2) as a radical trap, was confirmed by reacting 4 with CHCl3 

in the air under 365 nm light, which rendered 9-Cl as the only oxidized species. 

 

Table 6. Data corresponding to the reaction of 4 (8 x 10-3M) with CHCl3 (1:5) in acetone-d6. 

Experimental Conditions 
Ratio (%) 4/ 9-Cl/ 10-Cl 

15 min 8 h 24 h 

Ar / λ=365 nm 89/ 8/ 3 - 35/ 33/ 32 

Ar / λ=365 nm / Gal• 100/ 0/ 0 - 82/ 18/ 0 

Air / λ=365 nm 83/ 17/ 0 34/ 66/ 0 0/ 100 /0 

Air / λ=457 nm (blue LED) 80/ 20/ 0 8/ 92/ 0 0/ 100/ 0 

 

In addition, we observed that in the air the reaction of 4 with CHCl3 occurs by irradiation with 

blue LEDs (λmax=457 nm) rendering 9-Cl as the unique Pt2(III,III) complex. However, under 

green (λmax=510 nm) or red (λmax=631 nm) LEDs, 4 remains unreacted. Besides, we observed 

that under blue light, this reaction goes faster than under 365 nm-UV light and that diluted 
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solutions (10-5M) of 4 in acetone-d6 in the air did not react with CHCl3 under blue LEDs, but 

they did under 365 nm-UV light affording 9-Cl. 

2.A.2.2.DFT Calculations 

To gain more in-depth knowledge about these reactions, DFT calculations were performed in a 

first stage, by Dr. Miguel Baya on the thermal oxidation of 4 by CHI3 (see Scheme 11), and 

then extended to CHBr3 and CHCl3. 

 

Scheme 11. DFT-calculated pathways and energy barriers (ΔG, kcal/mol, in blue, MUE 

(M06)= 2.48 kcal/mol43) for the thermal oxidation of 4 (S0s, dPt-Pt (Å) = 3.212) by CHI3. 

 

Thus, for the oxidation of 4 by CHI3 under thermal conditions, three conceptually different 

metal oxidation pathways were considered: i) a classical SN2 addition of iodoform to the Pt(II)-

Pt(II) dimer; ii) an iodine-transfer from iodoform to the Pt(II)-Pt(II) dimer; iii) an electron-

transfer from the Pt(II)-Pt(II) dimer to iodoform. The formation of either the Pt-Pt···CHI3 or 

the Pt-Pt···ICHI2 adducts as reaction intermediates is energetically feasible (Scheme 11). 

Interestingly, even though the SN2 addition pathway (i) appears energetically accessible (ΔG‡ 
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= 23.6 kcal/mol), iodine-atom transfer to the platinum dimer (iia) is clearly favored (ΔG = 17.0 

kcal/mol) and therefore emerges as the most likely reaction mechanism. Other variants as iodide 

transfer (iib), iodine-cation transfer (iic) and electron transfer from the platinum dimer to the 

iodoform (iii) are energetically disfavored processes.107 

DFT calculations showed that pathway iia is energetically compatible with the experimental 

results. This means that the formation of the Pt(III)-Pt(III) compound 10-I proceeds via a 

homolytic breakage of the I-C bond134 in a S0 [Pt-Pt···ICHI2] adduct. Furthermore, the 

concomitant generation of radicals in the reaction media is consistent with the observed 

formation of the diiodide derivative 9-I and also with the variable outcomes observed in the 

reactions carried out under argon atmosphere or in the presence of O2 or galvinoxyl. 

Subsequently, we extended the calculations to the reactions of 4 with CHBr3 and CHCl3 

(Scheme 12). These calculations confirmed that a radical pathway, similar to the followed for 

CHI3 is clearly the most favored option for the thermal oxidation of 4 by CHBr3.  

 

Scheme 12. Comparative DFT-calculated pathways and energy barriers (ΔG, kcal/mol) for the 

thermal conversion of 4 (S0s) into 9-Cl/Br and 10-Cl/Br following a SN2 (i) or a radical 

mechanism (ii). The values corresponding to the reaction of 4 with CHI3 have been included 

for an overall picture of these reactions. MUE (M06)= 2.48 kcal/mol.43 

 

They also showed a gradation for the X transfer process, which is increasingly favored with the 

heavier haloforms. Whereas the calculated barrier for the reaction with CHI3 supports an easy 
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process happening in a wide diversity of conditions, the barrier for the reaction with CHBr3 

seems higher enough as to be sensitive to other kinetic factors such as the concentration of 

reagents, in good agreement with experimentally observed trends. Finally, the reaction with 

chloroform shows the highest barrier, and experimentally does not occur under thermal 

conditions. In this case, excited species, reached by irradiation, will trigger the photooxidation 

of 4 with CHCl3 to give Pt2(III,III) complexes following a radical mechanism. 

Additional DFT calculations were further performed under the supervision of Dr. Daniel 

Escudero. These calculations aimed to reach a deeper knowledge about the nature of 4 trying 

to explain the excitation and emission spectra and its reactivity towards CHX3. For that, DFT 

calculations on the ground state (GS) Potential Energy Surfaces (PESs) of 4 were performed in 

acetone solution. They shed results quite similar to those obtained in THF (see Chapter 1). Two 

close-lying minima were found, corresponding to the butterfly-spread conformer 4s, and the 

butterfly-folded one 4f (∆G = 1.7 kcal/mol), with the former being the more stable one. A TS 

connecting these two minima (∆G = 1.9 kcal/mol above 4-s and 0.2 kcal/mol above 4-f) was 

also located. The small energy difference between 4s/4f and the low activation barrier support 

a fast thermal equilibration in the ground state PES, thus resembling an intramolecular butterfly 

flapping-like motion and the presence of both kinds of conformers in acetone solution.  

The photophysical properties of 4, described in Chapter 1, showed that diluted solutions (10-5 

M, 2-MeTHF, 77K) of 4 display just one excited state at high energy, mostly reached by 

irradiation with a 365 nm UV light and corresponding to the major species 4-s. Besides, 

compound 4 exhibits an additional excited state at low energy accessible by irradiation in the 

range 450−470 nm, corresponding to the minor species 4-f, but this is only perceptible in 

concentrated solutions of 4 (10-3 M, 2-MeTHF, 77K) (see Chapter 1, section 1.5.2, Figure 17). 
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2.A.2.3.Discussion 

The results shown above indicated that diluted solutions of 4 (10-5 M, 10-4 M) in acetone-d6 

react with CHX3 (X = Cl, Br, I) under 365 nm UV-light. At higher concentrations (8 x 10-3 M), 

the reaction can be thermally (X= Br, I) or blue-light (X = Cl, exc  460 nm) initiated. These 

reactions follow a radical process (path i in Scheme 10 and eq. 2-5) rendering species 9, 10 or 

mixtures of both, depending on the ambient conditions.  

Since the reaction of 4 with CHCl3 was promoted by 365nm-UV light (10-5 M, 10-4 M) and blue 

light (8 x 10-3M), an haloform-initiated radical pathway can be excluded.135 So the reaction 

should be initiated by platinum-based excited species, generated by irradiation of complex 4. 

Consequently, when a concentrated sample of 4 was irradiated with blue LEDs (λmax = 457 nm) 

under the experimental conditions the 1MMLCT (λ = 460 nm) of species 4f (S4f) was reached 

and then excited states, 1MMLCT or 3MMLCT (reached by a quick ISC process), would likely 

initiate the fast reaction with CHCl3. In order to investigate the singlet or triplet nature of the 

reactive [4f]* species, we used anthracene (ES < 350 nm, ET = 681 nm)136 as quencher of the 

3MMLCT phosphorescence of 4. So, we prepared two concentrated solutions of 4 one of them 

with (0.08 M) and the other without anthracene and allowed to react with CHCl3 (molar ratio 

1:5) under blue LEDs. In both samples the exciting light (λmax = 457 nm) must be completely 

absorbed by complex 4 and no differences between them were detected by 1H NMR, rendering 

only 9-Cl after 24h in both cases (see Table 7). Since anthracene quenches the 3MMLCT 

phosphorescence of 4 but not the photoreaction with CHCl3, 
1[4f]* species, with a 1MMLCT 

character, should be the reactive species (Scheme 9 in Chapter 1).  

Therefore, under blue light, species 1[4f]* would interact with CHCl3, undergoing formation of 

Pt2Cl• and •CHCl2, starting the radical reaction.  
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Table 7. Percentages, based on 1H NMR spectra, of species 4 and 9-Cl in the reaction of 4 with 

CHCl3 in acetone-d6 (8x 10-3 M) in different conditions. 

Time 
365 nm-UV light Blue-light Blue-light, with anthracene 

% 4 % 9-Cl % 4 % 9-Cl % 4 % 9-Cl 

15 min 90.23 9.77 80.4 19.6 --  -- 

2h 62.27 37.73 50.74 49.26 52.61 47.39 

6h 48.19 51.81 15.97 84.03 16.67 83.33 

8h 33.78 66.22 8.26 91.74 7.41 92.59 

24h 0 100 0 100 0 100 

Additionally, this statement agrees with the observed effect of O2 (ET1 = 1192 nm, ET2 = 773 

nm) that quenches the phosphorescence of 4 (λex = 400 nm) but not the photoreaction with 

CHCl3.  

 

At high concentration (8 x 10-3 M) under UV light (365 nm) the reaction goes slower than under 

blue light. In this case, the excitation will lead to the higher energy excited states (1IL/MLCT), 

corresponding to 1[4s]*, which by ISC or IC can relax and populate the 3IL/MLCT or 1MMLCT 

excited states respectively (Scheme 9 in Chapter 1). Since the 1MMLCT excited states 

corresponding to species 4f are those which promote the photochemical reaction, using UV 

light they will be only partially populated, slowing down the reaction with respect to the blue-

light driven one. These processes explain that in diluted solutions (10-4 M, 10-5 M), with a 

mostly presence of species [4s], the reaction just occur under 365-UV light. 

On the other hand, the thermally activated oxidative addition of CHX3 (X=Br, I) only takes 

place in a concentrated solution (8 x 10-3M) of 4. This fact is explained if MMLCT-based 

species [4f] initiate the radical process, in such a way that their almost negligible presence in 

diluted solutions (10-4 M) slows down the thermal reaction, and it is not observed after 45 min.  

Therefore, experimental and theoretical calculations confirmed that MMLCT-based species 

[4f] are those which trigger the reactions of 4 with CHX3, indicating the significance of metal-

metal cooperation in the oxidation of the flapping platinum butterfly, 4, by haloforms. These 
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reactions follow a radical pathway through the homolytic breakage of the X-C bond, in the S0 

for CHBr3 and CHI3 and in the S1 state for CHCl3 (path i, Scheme 10).  The concomitant 

generation of Pt2X• and •CHX2 (R•) radicals is consistent with the simultaneous formation of 

complexes 9 and 10 (eq. 2-5) and the role of O2 as radical (R•) trap explains the greater amount 

of 9 in the reaction mixtures when the reactions are performed in the air with respect to those 

performed under argon atmosphere. The negligible presence of species [4f] in diluted solutions 

(10-4 M) slows down the thermal reactions with CHBr3 and CHI3 and requires 365-UV-light for 

the reaction with CHCl3 to occur. 

Under UV-light species 10 convert into 9 following a radical pathway (path ii in Scheme 10) 

as well, which explains how in the ambient light 4 converts completely into 9-Cl/9-Br/9-I in 

the presence of excess of CHX3 (X = Cl, Br, I).  
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Chapter 2B 

Oxidation of the Flapping Platinum Butterfly 

[{Pt(C^C*)(μ-pz)}2] by Alkyl halides: 

Experimental and Theoretical Studies 
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2.B.1.Reactivity of [{Pt(C^C*)(μ-pz)}2](C^C*A 4, C^C*B 4B) with MeI: 

Experimental and Computational Investigations for the Mechanistic 

Studies 

The reaction of 4 with MeI in MeCN in the dark afforded the Pt2(IV,IV) complex 

[{PtIV(C^C*A)Me(μ-pz)}2(μ-I)]I (11) as result of a double OA of MeI, regardless either, the 

reactants molar ratio (see Scheme 13 path a) or the use of different organic solvents, such as 

acetone or CH2Cl2. Compound [I(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)Me] (13), resulting from the 

bimetallic OA of one MeI molecule was just detected by 1H NMR. 

 

Scheme 13. Reaction pathway for OA reactions of MeI  

 

To evaluate the influence of the CO2Et fragment in the redox reactivity of complex 4, we 

synthetized the new complex 4B. Then, due to its low solubility, it was led to react with MeI in 

DMF rendering the complex [{PtIV(C^C*B)Me(μ-pz)}2(μ-I)]I (11B). This result indicates that 

the CO2Et fragment does not affect the reactivity towards MeI; it only increases the solubility 

of the complexes, allowing a better study of them. 
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Complexes 11 and 11B were isolated as white solids in very good yields (92%, 11; 88%, 11B) 

and fully characterized (Section 2.B.3). Just two complexes with the same bridging system have 

been reported to date, PPN[{PtIVMe3(μ-pz)}2(μ-I)]137 and (PPh4)[{PtIVMe2Br(μ-pz)}2(μ-Br)],56 

but both of them were prepared by a different method, the assembly of mononuclear Pt(IV) 

fragments.  

Keeping in mind Chapter 2A, we checked the possibility of a radical mechanism for MeI. The 

reaction of 4 with MeI in MeCN-d3 in the dark was performed simultaneously with and without 

galvinoxyl (Gal•) as radical (R•) trap, and followed by 1H NMR for 1 h. As a result, we could 

conclude it is almost unaffected by the presence of Gal•, which led us to dismiss a radical 

mechanism and to consider a SN2 one for the first and the second OA of MeI to 4. For a deeper 

knowledge of the reaction mechanisms, we carried out a DFT study. 

The free energy profiles in MeCN have been represented in Scheme 14, the reference energy 

value being 0.0 kcal/mol for one of the Pt2(II,II) reactant (4) and the two molecules of MeI. 

In the modeled mechanism, the first OA is a SN2 reaction with the dinuclear compound 4 acting 

as nucleophile (Nu) to give a cationic intermediate Int-Me. The reaction would proceed through 

a transition state TS1 (436i cm−1), which shows a hypervalent C atom with two long Pt···C and 

C···I distances. The energy barrier (EaTS1 = 15.02 kcal/mol) is low enough to allow the reaction 

to occur at r.t. in the dark. Once that intermediate was formed, the migration of the iodide to 

the Pt(II) center will afford the complex 13, while if it bonds to the Pt(IV) center, Pt(II,IV) 

species (Int′-Me(14)) will be generated. 

The small barrier (2.92 kcal/mol) for the interconversion of Int-Me into Int′-Me(14) through 

the transition state TS2 (43i cm−1) competes with the barrierless formation of 13. This, together 

with the low free energy difference between 13 and Int′-Me(14) (ΔGInt′‑Me(14)‑13 = 4.03 kcal/mol) 

support the formation of the two species from Int-Me, which are believed to be in equilibrium 

in solution of MeCN at r.t. 
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Scheme 14. Computed ΔG profile (kcal/mol) for the thermal conversion of 4 into 13/15-Br 

(Step i) and Int′-R into 11/16 (Step ii), following SN2 mechanisms. MUE= 2.48 kcal/mol.43 

 

The second OA reaction (Scheme 14) would start with the nucleophilic attack of the dz2 orbital 

of the Pt(II) center in complex Int′-Me(14) to a second MeI molecule to give 11 as the final 

product. This step could proceed through a transition state TS3 (423i cm−1), with the energy 

barrier (EaTS3 = 14.78 kcal/mol) being similar to that of the first OA. Therefore, this calculated 

mechanism shows the feasible access to Int′-Me(14), which could explain the observed double 

OA of MeI to 4 rendering 11. Moreover, although 13 is thermodynamically more stable than 

11, the scarce solubility of the latter in the reaction media is likely to be the driving force of the 

reaction of 4 with MeI to give 11. 

Species similar to Int-Me and Int′-Me(14) were proposed as intermediates in OA reactions of 

one or two RX molecules to M2(I,I) (M = Rh, Ir).106, 113 Additionally, the mixed-valence species 
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Int′-Me(14) could also be available by a monometallic SN2 OA of MeI to 4.138 In order to test 

the proposed mechanism and to compare the structural and spectroscopic features of high-valent 

dinuclear platinum complexes, with the same core “{Pt(C^C*A)(μ-pz)}2” but with different 

oxidation states, we carried out the synthesis and characterization of compounds 12’, 13, and 

Int’-Me(14) (See Scheme 13).  

First, Int-Me was prepared as the BF4 salt, [(C^C*A)Pt(μ-pz)2Pt(C^C*A)Me]BF4 (12’), in a 

very good yield (85%) (see Scheme 13, path b) by reacting 4 with Me3OBF4, at −25 °C in 

anhydrous CH2Cl2 in the dark, under argon atmosphere. This compound resulted to be stable in 

the solid state and solution at r.t. and could be fully characterized. Then, 12’ was allowed to 

react with KI in MeCN at low temperature (−25 °C) to favor the exothermic process (Scheme 

13, path c). In these conditions, [I(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)Me] (13) precipitated in the 

reaction media and could be obtained as a pure species in a moderate yield (39%) and then 

characterized. A mixture of 13 and Int’-Me(14) remains in the mother liquor, as it was detected 

by 1H NMR, which could explain the low yield of this synthetic procedure. Additional support 

for the simultaneous formation of both 13 and Int’-Me(14) along with the equilibrium between 

them was obtained following this reaction by NMR (See Figure 25).  

 

 

Figure 25. Expanded view of 1H NMR spectra for the reaction of 12’ with KI at -30ºC in NMR 

tube recorded at 243 K (bottom) and after 24 h at 298 K (top). 
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At −30 °C, this reaction leads to the simultaneous formation of 13 and Int’-Me(14), with the 

former being the major species, which becomes 14 as the temperature raises, in such a way that 

after 24 h at r.t., both species are present in the mixture in about a 1:1 molar ratio. 

To obtain complex Int’-Me(14) as pure species, we investigated for solvents that give a smaller 

free energy difference between Int’-Me(14) and 13 than the one obtained in MeCN, so as to 

ensure a larger amount of Int’-Me(14) in the equilibrium. 

As can be seen in Scheme 15, the computed ΔGInt’-Me(14)-13 in anisole (1.79 kcal/mol) is clearly 

smaller than that in MeCN (4.03 kcal/mol). Accordingly, [(C^C*A)PtII(μ-

pz)2PtIV(C^C*A)(Me)I] (Int’-Me(14)) was the single organometallic species detected by 1H and 

195Pt{1H} NMR in the reaction of 12’ with Ph4PI in anisole in the dark at 30 °C (Scheme 13, 

path d).Unfortunately, it was obtained from the reaction mixture unpurified with anisole and 

Ph4PBF4 (see Figure S10 ESM-5). 

 

 

Scheme 15. Computed free energy profiles (ΔG, kcal/mol) in MeCN (ε = 35.688) and Anisole 

(ε = 4.2247) for the thermal conversion of 13, Int-Me and Int’-Me(14). MUE (M06)= 2.48 

kcal/mol.43 
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Additionally, 12’ was reacted with MeI in acetonitrile at r.t., rendering 11’ as the final product 

(Scheme 13, path e). This result is consistent with Pt2(III,III)↔Pt2(II,IV) formulations for 12’, 

the contribution of the Pt2(II,IV) one being significant. Therefore, since all the intermediate 

species in the double OA of MeI to 4 resulted to be experimentally available, the proposed 

mechanism, initiated with a bimetallic OA of MeI to the Pt2(II,II) complexes 4 and 4B, seems 

suitable. 

 

2.B.2.Reactivity of [{Pt(C^CA*)(μ-pz)}2](4) with BnBr and BnI: 

Experimental and Computational Investigations for the Mechanistic 

Studies 

To expand these studies, we focused on the OA of benzyl halides (BnBr, BnI) to [{Pt(C^C*A)(μ-

pz)}2] (4). The reaction of 4 with BnX (X=Br, I) in a 1:4 molar ratio in MeCN in the dark at r.t. 

rendered the Pt2(III,III) complexes [X(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)Bn] (X=Br, 15-Br; I, 15-

I) (Scheme 16, path a), which were isolated as orange solids in very good yields (93% 15-Br, 

87% 15-I).  

 

Scheme 16. Reaction Pathway for OA reactions of benzyl halides to 4.  

 

A second OA of BnBr, to give [{Pt (C^CA*)Bn(μ-pz)}2(μ-Br)]Br (16) was achieved by heating 

15-Br at 70ºC in BnBr(l) in the dark for 5h. In these hard conditions, 16 was obtained in good 

yield (87%) (Scheme 16, path b). Complexes 15-Br, 15-I, 16 were fully characterized (Section 

2.B.3).The selective formation of the asymmetric complexes (15-Br and 15-I) in the presence 
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of oxygen, an efficient radical trap, points to a SN2 mechanism, like in the case of MeI. This 

mechanism was modeled by DFT in MeCN for BnBr and represented in Scheme 14 for 

comparison with the MeI one, the reference energy value being 0.0 kcal/mol for one of the 

Pt2(II,II) reactant (4) and the two molecules of BnBr. 

The energy barrier for the first OA (EaTS1= 15.92 kcal/mol, TS1: 294i cm-1) is low enough 

to enable the reaction go at r.t. in the dark, being not much different from that for MeI. Once 

the Int-Bn was formed, species 15-Br or Int’-Bn result available. Thermodynamically the 

formation of 15-Br from 4 is clearly favored (calculated ∆G15Br-4= -5.78 kcal/mol; ∆GInt’-Bn-4= 

2.05 kcal/mol). Although the energy barrier (6.24 kcal/mol) for conversion of Int-Bn into Int’-

Bn through TS2 (44i cm-1) is in principle not large enough to prevent it to occur, experimentally 

15-Br is the only species formed at r.t. in the dark. Therefore, it seems that the free energy 

difference between 15-Br and Int’-Bn (calculated ∆GInt’Bn-15Br= 7.83 kcal/mol) hinders Int’-

Bn to be significantly formed, and thus preventing the second OA to occur at r.t. Only by 

heating at 70ºC in BnBr(l) the formation of Int’-Bn is achieved, enabling it to convert into 16 

through TS3 (260i cm-1). 

Again, in view of the lower stability of 16 compared to 15-Br, the scarce solubility of the 

former in the reaction media is likely as well, the driving force for it to be formed.  

The characterization of all these dinuclear high-valent platinum compounds has been addressed 

together for an overall perspective, as can be seen below. 

The Pt2(III,III) complexes [X(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)Bn] (X=Br, 15-Br; I, 15-I) 

decomposed under UV-light (365 nm), to give the corresponding dihalogenated Pt2(III,III) 

complexes (X=Br, 9-Br; I, 9-I), complex 4 and an organic compound (Figure S2 in ESM-6). In 

argon atmosphere 1,2-diphenylethane (Bn-Bn) could be isolated as the corresponding organic 

compound. Under an oxygen atmosphere the reaction yielded benzyl alcohol and the 

corresponding oxidized species, benzyl aldehyde. The mechanism reaction of this 
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transformations are under study. Then, the Pt2(III,III) complexes obtained (9-Br, 9-I) could be 

reduced using KC8 recovering the Pt2(II,II) complex 4 (Figure S3 in ESM-6). 

 

2.B.3.Characterization of all New High-valent {Pt(μ-pz)}2 Complexes 

The most valuable information for the full characterization of these new complexes came from 

their 1H and 195Pt{1H} NMR spectra in solution, being in most cases a picture of the chemical 

structure. All these dinuclear high-valent platinum complexes, except 12’, are not stable in 

solution at r.t. without excess of RX in the media. Therefore, the characterization all of them 

has been carried out at low temperature. Additionally, single-crystal X-ray diffraction studies 

were carried out on complexes 11, 11B, 12’, and 15-Br. Their molecular structures have been 

depicted in Figure 26.  

As it can be seen in Figure 26, in all of them, the Pt2N4 rings exhibit a boat-like shape (angle 

between the Pt−N−N−Pt fragments being 73.0° 11, 71.7° 11B, 89.32° 12’, and 89.64° 15-Br) 

with an anti-configuration of the C^C* groups (C1−Pt−Pt#−C#1 torsion angles: 96.7(4)° 11, 

96.1(2)° 11B; C1−Pt1−Pt2−C14 torsion angles: 79.29° 12’, 72.92° 15-Br). In all four 

compounds, the Pt−I, Pt−N, and Pt−C bond distances and angles are very similar to those 

observed in analogous complexes with the same “{(C^C*)Pt(μ-pz)}2” core.50-51 Thus, they seem 

to be not affected by the metal oxidation state. 

The molecular structures of the cationic complexes, [{Pt(C^C*)Me(μ-pz)}2(μ-I)]+, in 11 and 

11B consist of a Pt2(IV,IV) core bridged by two pyrazolates and one iodide ligand. The 

intermetallic distances (dPt,Pt (Å) = 3.5909(9) 11, 3.6228(6) 11B) are in between the observed 

ones in related Pt2(IV,IV) systems (PPN)[{PtIVMe3(μ-pz)}2(μ-I)]137 (dPt,Pt (Å) = 3.706(1)), and 

(PPh4)[{PtIVMe2Br(μ-pz)}2(μ-Br)]56 (dPt,Pt (Å) =  3.593(1)). The Pt(IV) centers exhibit 

octahedral coordination environments with the axial positions occupied by a Me group and a 

bridging iodine, which gives a Pt−I−Pt angle close to 80° (81.55(2) 11, 82.69(13) 11B).  
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Figure 26. Molecular structures of the cationic complexes 11, 11B, 12’, and 15-Br. Ellipsoids 

are drawn at their 50% probability level; solvent molecules, I- (11, 11B), BF4
- (12’), and 

hydrogen atoms have been omitted for clarity. 

 

The cationic complex [Pt2(C^C*A)2(μ-pz)2Me]+ in 12’ and 15-Br show short intermetallic 

distances (dPt,Pt (Å) = 2.6700(4) 12’, 2.6545(5) 15-Br), indicative of the existence of a Pt−Pt 

bond. In 12’ it is a little longer than those in [(CHX2)(C^C*)PtIII(μ-pz)PtIII(C^C*)X],50-51 (dPt−

Pt = 2.6302(4) Å X = Br (10-Br); 2.6324(3) Å X = I (10-I)) or in 15-Br, which can be attributed 

to the larger trans influence of CH3 compared to CHX2 and CH2Ph. The molecular structure of 

12’ shows two different metal coordination environments: octahedral for Pt1 with the Pt2 and 

the methyl group (C33) in the apex positions and distorted square pyramidal for Pt2, with Pt1 
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in the apex position. The intermetallic distance is in the range reported for “Pt2
III(μ-L)2R” 

species, regardless whether they exhibit octahedral environments for both Pt centers [2.529(1)

−2.7910(2) Å]139-140 or an octahedral geometry at one and square pyramidal at the other center 

[2.676(1)−2.7542(11) Å].141-148 

 

The NMR spectra of all these high-valent complexes (Pt−Me derivatives: 11, 11B, 12’, 13, Int’-

Me(14); Pt−Bn derivatives: 15-Br, 15-I (ESM-6), 16) were performed in CD2Cl2 solution (see 

Table 8 and Figures 27 and 28). 

Their 1H NMR and 195Pt{1H} NMR spectra showed that in all cases, the major isomer is that 

observed in the X-ray single crystal structures, with the C^C* groups in an anti conformation, 

and provided structurally relevant details. In agreement with the absence of metal−metal 

interactions and their symmetry, in the Pt2(IV,IV) complexes, 11, 11B, and 16, the protons of 

the corresponding Pt−R (R = CH3, CH2Ph) display only one 195Pt coupling constant, 2JH-Pt (see 

Table 8). Accordingly, their 195Pt{1H} NMR spectra exhibit just one singlet in the typical 

spectral range for Pt(IV) compounds (see Table 8 and Figure 28).149 

 

Figure 27. Expanded view of the 1H NMR spectra corresponding to the Pt-R fragment of 11 

(a), 12’ (b), 13 (c), 15-Br (d), 15-I (e), and 16 (f). 
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Table 8. NMR data for the new dinuclear high-valent platinum complexes in CD2Cl2. δ(ppm), J(Hz). 

 Pt Pt-R 

 δ 1JPt,Pt  δH  
2JH,Pt  3JH,Pt  

11 -2688.0 (R=Me) - 1.78 65.5 - 

11B -2664.4 (R=Me)a - 1.80 66.1  

12’ -3064.2 (X=Vacant); -2589.2 (R=Me) 1023.4 2.42 70.7 14.7 

13 -3018.8 (X=I); -2848.2 (R=Me) 1239.8 1.48 61.0 14.5 

Int-Me(14) -3776.0 (Pt(II)); -2697.0 (Pt(IV)) - 1.75 65.9 - 

15-Br -2742.8 (X=Br); -2693.6 (R=Bn) 1028.9 3.73 (1H)b 69.0 28.9 

15-I -2980.9 (X=I); -2680.9 (R=Bn) 1276.7 3.70 (1H)b 68.7 27.4 

16 -2357.0 (R=Bn) - 4.02 (2H)b 90.6 - 

 

a Indirect detection by 1H−195Pt HMQC NMR. b An equal signal appears overlapped with OCH2CH3; δ 195Pt = −3778.0 ppm (4, acetone-d6), −3767.4 

ppm (4B, DMSO-d6). 
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Figure 28. 195Pt{1H} NMR spectra in CD2Cl2 of 11, 12’, 13, 15-Br, 15-I, and 16 

 

On the other hand, the NMR spectra of complexes 12’, 13, 15-Br, and 15-I indicate the non-

equivalence of two Pt fragments joined by a metal−metal bond. Therefore, the 1H NMR 

spectrum of each compound exhibits a signal due to the Pt-CH3 (singlet) or Pt-CH2Ph (doublet) 

flanked by two sets of 195Pt satellites. Accordingly, the 195Pt{1H} NMR spectra display two 

singlets with their corresponding 1JPt,Pt coupling constants (ca. 1023-1200 Hz). 

The existence of the Pt−Pt bond in each case, was also confirmed by a 195Pt−195Pt{1H} COSY 

spectrum, which displays a crosspeak due to scalar coupling (Figure 29). The assignment of 

each platinum fragment resonance was made from 1H−195Pt HMQC and 1H {selective195Pt} 

NMR experiments. 

All the 195Pt signals appear clearly downfield-shifted with respect to those of the Pt2(II,II) 

complexes, 4 and 4B (Table 8), according to the higher oxidation state of the metal centers. 

Thus, they appear more deshielded as the oxidation state is higher (−2357.0 (PtIV-Bn, 16) vs. 

−2693.6 ppm (PtIII-Bn, 15-Br)) and the electronegativity of the axial ligand is greater (−2742.8 

(Pt-Br, 15-Br) vs. −2980.9 ppm (Pt-I, 15-I)). In addition, a downfield shift of the Pt-CH2Ph 

resonances with respect to the Pt−Me one is observed, which is attributed to the effect of the π 

system of the benzyl fragment.38 
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Figure 29. 195Pt-195Pt{1H} COSY spectra of 12’ (a) and 13 (b) in CD2Cl2. 

 

The proposed structure for complex [(C^C*A)PtII(μ-pz)2PtIV(C^C*A)(Me)I] (Int’-Me(14))  was 

based on NMR data. The presence of two singlets in the spectral range expected for Pt(II) and 

Pt(IV)149 (Table 8 and Figure 30 left) and the absence of platinum satellites in its 195Pt{1H} 

NMR spectrum suggest a mixed-valence nature of Int’-Me(14) and the absence of a 

metal−metal bond between the platinum centers. This fact was confirmed by its 1H NMR 

spectrum, which shows only one singlet corresponding to the Pt−Me group flanked just by one 

set of platinum satellites (Table 8 and Figure 30 right). 

 

Figure 30. Left: 195Pt{1H} NMR spectrum. Right: Expanded view of the 1H NMR of Int’-

Me(14) in CD2Cl2. 
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The complex cation in 12’ deserves some additional attention. Analyzing this complex, the 

average oxidation number of the platinum centers is +III, but it can be considered as a 

metal−metal bonded Pt2(III,III) complex with just one axial ligand, or as a mixed valence 

Pt2(II,IV) one150 with the metals linked by a Pt(II) → Pt(IV) donor−acceptor bond. The short 

intermetallic distance (2.6700(4) Å) observed in the X-ray structure points to a Pt2(III,III) 

formulation, while the 195Pt NMR data (Figure 28 and Figure 29 (a)) point to a Pt(II) → Pt(IV) 

one. In this sense, the different coordination environments of the Pt centers cause a big 

separation between the two 195Pt resonances up to 480 ppm. The one corresponding to Pt−Me 

appears even more deshielded than that in the Pt2(IV,IV) compounds (11 and 11B), while the 

other is shielded 50 ppm with respect to the Pt−I resonance in the Pt2(III,III) complex 13.  

In order to determine the oxidation states of the metal centers, we performed additional 

computational and electrochemical studies. The Mulliken population analysis in MeCN for 12’ 

provided a similar estimated partial charge for the two platinum centers (0.49 Pt, 0.46 Pt−Me), 

being the difference (Δ = 0.03) even lower than in the Pt2(III,III) complex, 13 (0.35 Pt−I, 0.40 

Pt−Me, Δ = 0.05). The Pt−Pt MO bond order in 12’ (0.38) is close to the calculated value for 

the Pt2(II,II) complex 4 (0.39) and smaller than that found for the Pt2(III,III) complex 13 (0.59). 

These calculations are consistent with a Pt2(III,III) ↔ Pt2(II,IV) formulations, the contribution 

of the Pt2(II,IV) one being significant, in line with earlier calculations on catalytic processes 

involving [{Pd(C^N)(OAc)}2XY]. They showed that when a strong σ-donor group is “axially” 

coordinated to one of the metal centers in dinuclear complexes, the dz2 orbital from the other 

metal gets populated, increasing the M(II) character and favoring the Pt2(II,IV) formulation.151 

Consequently, in our case, the presence of Me as the electron-donating group in 12’ would 

increase the Pt2(II,IV) contribution to this complex.  

Considering all above, we performed the Cyclic Voltammetry (CV) (see Metodology) for 

complexes 4, 12’, and 9-I in MeCN. The oxidative CV of 12’ showed an irreversible oxidation 

at 0.39 V, which is quite similar to that of 4, 0.44 V, measured under the same conditions and 
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to the related cyclometalated pyrazolate-bridged dinuclear platinum(II) complexes,77 while 

being far from the value observed for the Pt2(III,III) complex 9-I (Figure 31).  

 

 

Figure 31. Cyclic Voltammogram for oxidation of 4, 12’ (Left) and 9-I (Right).  

 

In the Pt2(II,II) complexes, the irreversibility of this oxidation process has been attributed to the 

square-planar geometry of each Pt(II) unit with little or no metal−metal interaction. These metal 

centers are highly susceptible to nucleophilic attack by coordinating solvents, such as MeCN, 

resulting in permanent oxidized products. Therefore, a mixed-valence Pt2(II,IV) formulation 

with the metals linked by a Pt(II) → Pt(IV) donor−acceptor bond seems to be the most likely 

for 12’ in MeCN solution, which is also compatible with the observed metal−metal coupling.62 

According to that, we observed that compound 12’ reacted with MeI in acetonitrile to give 11’ 

(see Scheme 13, path e).
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1.-The cyclometalated N-heterocyclic carbene compound [{Pt(C^C*A)(-Cl)}2](A) (HC^C* = 

1-(4-(ethoxycarbonyl)phenyl)-3-methyl-1H-imidazol-2-ylidene) works as an excellent starting 

material to get the new bis-pyrazole complexes [Pt(C^C*)(RpzH)2]X (RpzH = pzH, 4-MepzH, 

3,5-dmpzH) as chloride (Cl–), perchlorate (ClO4
–) or hexafluorophosphate (PF6

–) salts.  

2.-The stability of the three chloride compounds, [Pt(C^C*)(RpzH)2]Cl, in solution depends on 

the solvent and the RpzH nature. In solvents, such as methanol, acetone or THF these 

compounds coexist with the corresponding [Pt(C^C*)(RpzH)Cl] and RpzH species in a 

dynamic equilibria which can be avoided by lowering the temperature to ca. 220 K. In CH2Cl2 

solution at r.t. [Pt(C^C*)(3,5-dmpzH)2]Cl (1a) is stable while the 4-MepzH and pzH derivatives 

exhibit the same behaviour than in other solvents, illustrating the higher basicity of the 3,5-

dmpzH with respect to 4-MepzH and pzH.  

3.-A new series of platinum-butterflies [{Pt(C^C*A)(μ-Rpz)}2] (RpzH= pzH 4, 4-MepzH 5, 3,5-

dmpzH 6, 3,5-dppzH 7) containing a cyclometalated NHC in their wings, are mostly available 

by both, the treatment of the perchlorate salts [Pt(C^C*)(RpzH)2]ClO4 (RpzH= pzH 3b, 4-

MepzH 2b, 3,5-dppzH) with NEt3 and the treatment of compound [{Pt(C^C*A)(-Cl)}2](A) 

with a strong base in the presence of RpzH (RpzH= pzH, 3,5-dmpzH).  

4.-Compound 1b has been proved to behave as a useful synthon to reach the [Pt2Ag2] cluster, 

8, by the replacement of the acidic H of 3,5-dmpzH by Ag+. 

5.-Experimental data and theoretical calculations showed that both, the anion and the 

substituent of the ancillary ligands (RpzH) do not deeply affect the nature of the emission of 

these bis-pyrazole compounds which can be mainly assigned to 3ILCT transitions on the NHC 

with some 3MLCT character. 

6.-The perchlorate and hexafluorophosphate derivatives (1b, 2b, 1c) are fully efficient blue-

light emitters with QY up to 100% in PMMA films and CIE coordinates (0.15, 0.22) close to 

the desirable ones for blue emitters (0.15, 0.15) upon excitation at λ ≤ 380 nm. 
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7.-DFT calculations on the dinuclear pyrazolate-bridged complexes (4-7) optimized two close-

lying minima, the butterfly-spread 4s-7s and the butterfly-folded 4f-7f, which are characterized 

by long and short Pt-Pt separations respectively, as much in the ground state (GS) as in the 

lowest adiabatic triplet excited state (T1) PES. 

8.-The butterfly-spread 4s-7s conformers are the more stable in the GS PES. Low ∆G (s/f) and 

low energy barriers in solution of THF or acetone support a fast thermal equilibration in the GS 

PES, thus resembling an intramolecular butterfly flapping-like motion. The butterfly-folded 4f-

7f conformers are instead, the most stable in the T1 PES. 

9.-In complexes 4-7, the free energy difference between the two conformers, ΔG (s/f) and the 

energy barriers for the conversion of one into the other, as much in the GS as in the T1, depend 

on the bulkiness of the Rpz groups and determine their absorption properties and their 

chameleonic photo- and mechanoluminescence. 

10.- In 5% wt doped PMMA films in the air, complexes 4-7 show intense sky-blue emissions 

(PLQY: 72% - 86%) upon excitation at λ ≤ 380 nm, which match with those observed in 2-

MeTHF at 77 K. They mainly arise from emissive 3IL/MLCT excited states, corresponding to 

the major butterfly-spread conformer 4s-7s, according with no PSC occurring in a rigid matrix. 

In 2-MeTHF at 77 K, complexes 4 and 7 show additional excitation and emission bands at 

lower energies (λexc ~ 450 nm, λem> 600 nm), attributable to the butterfly-folded molecules 

although for 4 they are only perceptible in concentrated solutions (10-3 M). The existence of 

close-lying 1IL/MLCT/MMLCT- 3IL/MLCT states for the 4f-7f species enables to get intense 

blue-emissions (PLQY: 40%-60%) under excitation with wavelengths in the visible region, up 

to 450 nm. 

11.-The bulkiness of the -pyrazolates has also a strong impact on the mechanoluminescence 

of the 3,5-dppz derivative, 7 in solid state. Mechanical grinding of 7 causes a bathochromic 

shift of the emission from greenish-blue to yellowish-green along with a remarkable increment 

of its PLQY. This mechanoluminescence mechanism has been associated with an 
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intramolecular structural change in the GS that somehow shortens the Pt-Pt distances and 

enhances the Pt-Pt interactions, in such a way that the thermal butterfly-flapping can be induced 

by mechanical grinding. 

12.-The complex [{Pt(C^C*A)(μ-pz)}2] (4) is the first and unique butterfly platinum compound 

oxidized by halocarbons reported to date. These oxidation reactions yield different high-valent 

dinuclear platinum complexes depending on both, the halocarbon nature and the experimental 

conditions.  

13.-In diluted solutions in acetone-d6, complex [{Pt(C^C*A)(μ-pz)}2] (4) reacts with CHX3 (X 

= Cl, Br, I) under 365 nm UV-light to give [{Pt(C^C*A)(μ-pz)X}2] (X = Cl 9-Cl, Br 9-Br, I 9-

I). At higher concentrations (8 x 10-3 M), these reactions also take place by irradiation with blue 

LEDs (λmax=457 nm). 

14.-In concentrated solutions, complex 4 adds oxidatively CHBr3 and CHI3 in the dark under 

Ar atmosphere, to give selectively [XPt(C^C*A)(μ-pz)2Pt(C^C*A)CHX2] (X = Br 10-Br, I 10-

I), but it renders mixtures of 9/10 if the reactions occur in the air. By contrast, complex 4 is air 

and thermally stable in the presence of CHCl3 in such a way that complex [ClPt(C^C*A)(μ-

pz)2Pt(C^C*A)CHCl2] (10-Cl) could be just detected by 1H and 1H-195Pt HMQC NMR 

experiments from a reaction mixture of 4 and CHCl3 irradiated with 365 nm-UV light under Ar 

atmosphere.  

15.-Compounds 9-Cl, 9-Br, 9-I, 10-Cl, 10-Br, 10-I were the first reported dinuclear 

metal−metal bonded PtIII(μ-pz)2PtIII compounds. They result from the [2c, 2e] oxidations of 4 

by CHX3 (X = Cl, Br, I) following a radical mechanism.  

16.-In concentrated solutions of 4 in acetone, the MMLCT-based 4-f species are those, which 

trigger the thermal- or blue-light driven-oxidation, in the S0 with CHBr3 and CHI3 and in the S1 

state with CHCl3, respectively. In diluted solutions, where the ratio of species 4-f is lower, the 

reactions require 365 nm-UV light to occur. In this case, the excitation lead to the 1IL/MLCT 
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excited states, corresponding to the major species 4-s, which by IC can populate the 1MMLCT 

state and then, promote the reaction. 

17.-Under UV-light species 10 convert into 9 following a radical pathway as well, which 

explains how in the ambient light 4 converts completely into 9-Cl/ 9-Br/ 9-I in the presence of 

excess of CHX3 (X = Cl, Br, I). 

18.-Compound 4 reacts with alkyl halides (RX = MeI, BnBr, BnI), via single or double OA, to 

give high-valent dinuclear complexes. Depending on the nature of RX or the reaction’s 

conditions, the oxidation afford the metal-metal bonded Pt2(III,III) complexes 

[X(C^CA*)PtIII(μ-pz)2PtIII(C^CA*)Bn] (X = Br, 15-Br; I, 15-I), or go further up to the 

Pt2(IV,IV) derivatives, [{RPtIV(C^CA*)(μ-pz)}2(µ-X)]X (R= Me, X = I 11; R= Bn, X = Br 16). 

19.-The presence of the CO2Et substituent on the N-heterocyclic carbene does not affect the 

redox behavior of these Pt2(II,II) compounds, since complex 4B, with no substituent on the 

C^CB* fragment, reacts with MeI in the same way than 4, yielding an analogous compound, 

11B. The presence of the CO2Et substituent increases the solubility of the compounds allowing 

a better characterization by NMR in solution. 

20.-DFT modeling of the SN2 mechanisms for the OA of MeI and BnBr to 4 proposed species 

such as [(C^C*A)Pt(μ-pz)2Pt(C^C*A)R]X (RX = MeI Int-Me, BnBr Int-Bn) as intermediates 

for the first OA reaction. Once formed, two species are accessible, [X(C^C*A)PtIII(μ-

pz)2PtIII(C^C*A)R] (RX= MeI 13, BnBr 15-Br) and [(C^C*A)PtII(μ-pz)2PtIV(C^C*A)(R)X] 

(RX= MeI Int’-Me(14), BnBr Int’-Bn), the latter being the intermediate for the second OA. 

21.-Keeping in mind the small energy barrier for the transformation of Int-R into Int’-R, the 

free-energy difference between the Pt2(III,III) (13, 15-Br) and the Pt2(II,IV) (Int’-Me(14), Int’-

Bn) species seems to determine the nature of the compounds obtained at r.t. When it is small 

(∆GInt’-Me(14)-13 = 4.03 kcal/mol), the feasible formation of Int’-Me allows the second OA to 

occur rendering the Pt2(IV,IV) complex, 11. When it is bigger (∆GInt’-Bn-15-Br = 7.83 kcal/mol), 

the reaction leads to the selective formation of the Pt2(III,III) complex 15-Br. In this case, the 
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second OA to get [{PtIV(C^C*A)Bn(μ-pz)}2(μ-Br)]Br (16) is possible under harder conditions. 

Species Int-Me could be prepared and isolated as the BF4 salt, [(C^C*A)Pt(μ-

pz)2Pt(C^C*A)CH3]BF4 (12’). Then, it was used to get 13, Int’-Me (14) and 

[{MePtIV(C^CA*)(μ-pz)}2(µ-X)] BF4 (11’), which sustains the computed mechanism and 

allowed to compare structural and spectroscopic data for complexes with the same core 

“{(C^C*)Pt(μ-pz)}2” but different oxidation states. 

22.-Direct 195Pt{1H}, 195Pt−195Pt{1H} COSY and indirect 1H-195Pt HMQC NMR experiments 

have been revealed as effective and very powerful tools for monitoring oxidative additions and 

are in most cases a picture of the chemical structure. They show a great sensitivity to the 

oxidation state of the Pt centers and to the metal coordination environment. The 195Pt signal 

undergoes a gradual downfield shift as the oxidation state increases, from Pt2(II,II) to Pt2(IV,IV) 

and as the electronegativity of the axial ligand is greater, from Pt-I to Pt-Cl. Furthermore, 

195Pt−195Pt{1H} COSY experiments also confirmed the existence of metal-metal bond. 

23.-Compounds 15-Br and 15-I decompose under UV-light to give an organic species and the 

corresponding dihalogenated complexes (9-Br and 9-I), from which 4 could be recover using 

KC8.  

24.-The high basicity of the cyclometalated N-heterocyclic carbene (C^C*) seems to increase 

the nucleophilic character of the Pt centers in these pyrazolate-bridged compounds. This, and 

the cooperative effects between the two adjacent platinum (II) centers located in close proximity 

in the butterfly-folded species 4-f, appear to be crucial in promoting the oxidation processes 

with CHX3 and RX. 

25.-Therefore, the [2c, 2e] oxidations of this butterfly Pt complex, 4, by halocarbons are the 

first examples ever reported, showing a reactivity similar to that observed for lantern and half-

lantern C^N-cyclometalated Pt(II) complexes, [{Pt(bzq)(μ-N^S)}2], with shorter intermetallic 

distances. 
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1.-El compuesto [{Pt(C^C*A)(-Cl)}2](A) (HC^C* = 1-(4-(etoxicarbonil)fenil)-3-metil-1H-

imidazol-2-ilideno) es un excelente producto de partida para la obtención de nuevos complejos 

bis-pirazol [Pt(C^C*)(RpzH)2]X (RpzH = pzH, 4-MepzH, 3,5-dmpzH) con cloruro (Cl–), 

perclorato (ClO4
–) o hexafluorofosfato (PF6

–) como contra-aniones. 

2.-La estabilidad de los tres derivados [Pt(C^C*)(RpzH)2]Cl en disolución depende del 

disolvente y de la naturaleza del RpzH. En metanol, acetona o THF, estos compuestos coexisten 

con las especies [Pt(C^C*)(RpzH)Cl] y RpzH libre, formando parte de un equilibro que tiene 

lugar a temperaturas mayores de 220 K. En disolución de CH2Cl2 a temperatura ambiente 

[Pt(C^C*)(3,5-dmpzH)2]Cl (1a) es estable mientras que los derivados de 4-MepzH y pzH 

presentan el mismo comportamiento que en los otros disolventes, demostrando la mayor 

basicidad del ligando 3,5-dmpzH. 

3.-Los complejos dinucleares de platino de tipo mariposa [{Pt(C^C*A)(μ-Rpz)}2] (RpzH= pzH 

4, 4-MepzH 5, 3,5-dmpzH 6, 3,5-dppzH 7) se pueden preparar por dos vías, haciendo reaccionar 

las sales de perclorato [Pt(C^C*)(RpzH)2]ClO4 (RpzH= pzH 3b, 4-MepzH 2b, 3,5-dppzH) con 

trietilamina o por ruptura de los puentes cloro en el complejo [{Pt(C^C*A)(-Cl)}2](A) con el 

pirazolato correspondiente (generado in situ por reacción de RpzH (RpzH= pzH, 3,5-dmpzH) 

con una base fuerte). 

4.-El compuesto 1b ha demostrado ser un buen sintón para la preparación del cluster [Pt2Ag2], 

8, siendo remplazados los hidrógenos ácidos del 3,5-dmpzH por iones Ag+. 

5.-Los estudios experimentales y teóricos muestran que tanto el anión como el ligando pirazol 

apenas afectan a la naturaleza de la emisión que se puede asignar a transiciones 3ILCT centradas 

en el ligando NHC con algo de carácter 3MLCT. 

6.-Los complejos 1b, 2b y 1c, en films de PMMA al 5%wt, son emisores muy eficientes de luz 

azul, con QY cercanos al 100% y con coordenadas CIE (0,15; 0,22) cercanas a las deseables 

para emisiones azules (0,15; 0,15). 
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7.-En los complejos de tipo mariposa se optimizaron, mediante cálculos DFT, dos mínimos de 

energía próximos entre sí, correspondientes a los confórmeros alas-extendidas 4s-7s y alas-

plegadas 4f-7f, con distancias Pt-Pt largas y cortas respectivamente, tanto en el estado 

fundamental (GS-PES) como en el estado excitado triplete de menor energía (T1-PES). 

8.-Los confórmeros 4s-7s son los más estables en el estado fundamental (GS-PES). El pequeño 

valor de ∆G (s/f) y las pequeñas barreras de energía en disolución de THF o acetona apoyan los 

equilibrios térmicos en el estado fundamental, que recuerdan al aleteo de una mariposa. Por 

otra parte, los confórmeros de tipo mariposa alas-plegadas 4f-7f son los más estables en el 

estado triple (T1 PES). 

9.-En los complejos 4-7, la diferencia de energía libre entre los dos confórmeros, y las barreras 

energéticas para la interconversión entre ellos, tanto en el estado fundamental como en el T1, 

dependen del impedimento estérico en los grupos Rpz y determinan las propiedades de 

fotofísicas. 

10.-Los compuestos dinucleares en films de PMMA (5%wt) presentan una intensa emisión azul 

cielo (QY: 72% - 86% al aire) al excitar a λ ≤ 380 nm, que concuerda con la que se observa en 

2-MeTHF a 77K. Estas emisiones proceden de estados excitados de tipo 3IL/MLCT, que 

corresponden con el confórmero mayoritario, alas-extendidas, ya que en matriz rígida no tiene 

lugar el PSC. En 2-MeTHF a 77 K, los complejos 4 y 7 muestran unas bandas de emisión y 

excitación adicionales a baja energía (λexc ~ 450 nm, λem> 600 nm), que se atribuyen a las 

moléculas alas-plegadas, aunque en el caso de 4 solo se detecta en disoluciones concentradas 

(10-3 M). La existencia de estados excitados próximos entre sí de tipo 1IL/MLCT/MMLCT- 

3IL/MLCT para las especies 4f-7f permiten obtener emisiones intensas en el azul (QY: 40%-

60%) usando longitudes de onda de excitación del rango visible (hasta 450 nm). 

11.-El impedimento estérico de los pirazolatos puente tiene un mayor impacto en la 

mecanoluminiscencia del derivado de 3,5-dppz en estado sólido, 7. Al moler el sólido se 

provoca un desplazamiento batocrómico de la emisión desde el azul-verde a verde-amarillo así 
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como un incremento en el QY. Este fenómeno se asocia con un cambio estructural 

intramolecular en el estado fundamental que acorta las distancias Pt-Pt y potencia las 

interacciones metal-metal, de tal manera que el aleteo se puede inducir mecánicamente. 

12.-El complejo [{Pt(C^C*A)(μ-pz)}2] (4) es el primer y único compuesto de platino de tipo 

mariposa que se oxida con reactivos halocarbonados descrito hasta la fecha. Estas oxidaciones 

dan lugar a diferentes compuestos dinucleares de platino en altos estados de oxidación, 

dependiendo tanto de la naturaleza del reactivo halocarbonado así como de las condiciones 

experimentales. 

13.-En disoluciones diluidas de acetona-d6, el complejo [{Pt(C^C*A)(μ-pz)}2] (4) reacciona con 

CHX3 (X = Cl, Br, I) usando luz UV (365nm) para dar [{Pt(C^C*A)(μ-pz)X}2] (X = Cl 9-Cl, 

Br 9-Br, I 9-I). A concentraciones más altas (8 x 10-3 M), estas reacciones se pueden llevar a 

cabo usando LEDs azules (λmax=457 nm). 

14.-En disoluciones concentradas, el complejo 4 adiciona oxidativamente CHBr3 y CHI3. En la 

oscuridad y bajo atmósfera de argón, se consigue selectivamente [XPt(C^C*A)(μ-

pz)2Pt(C^C*A)CHX2] (X = Br 10-Br, I 10-I), pero si la reacción ocurre al aire se obtienen 

mezclas de 9/10. Por otro lado, el complejo 4 en la oscuridad es térmicamente estable al aire en 

presencia de CHCl3. Así que el derivado [ClPt(C^C*A)(μ-pz)2Pt(C^C*A)CHCl2] (10-Cl) solo 

se puede detectar por RMN en el medio de reacción al irradiar con luz UV de 365 nm en 

atmósfera de argón.  

15.-Los compuestos 9-Cl, 9-Br, 9-I, 10-Cl, 10-Br, 10-I son los primeros complejos dinucleares 

con enlace metal-metal de tipo PtIII(μ-pz)2PtIII descritos en la bibliografía. Estos se forman como 

resultado de una oxidación [2c, 2e] de 4 con CHX3 (X = Cl, Br, I) siguiendo un mecanismo 

radicalario.  

16.-En disoluciones concentradas de 4, las especies 4f de tipo MMLCT son las que 

desencadenan la oxidación térmica o inducida por luz azul, en el estado S0 con CHBr3 y CHI3 

o en el S1 con CHCl3. En disoluciones diluidas donde la presencia de estas especies 4f es menor, 
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la reacción necesita luz UV de 365 nm. En este caso, en la excitación se alcanzan estados 

1IL/MLCT, correspondientes a la especie mayoritaria 4s, a partir de los cuales por IC se puede 

poblar el estado 1MMLCT que desencadena la reacción. 

17.-Al irradiar con luz UV el compuesto 10 se convierte en 9 siguiendo un mecanismo 

radicalario, lo que explica por qué 4 se transforma completamente para dar 9-Cl/ 9-Br/ 9-I en 

presencia de luz ambiente y un exceso de CHX3 (X = Cl, Br, I). 

18.-El compuesto 4 reacciona con halogenuros de alquilo (RX= MeI, BnBr, BnI), a través de 

una o dos adiciones oxidantes obteniéndose compuestos dinucleares en alto estado de 

oxidación. Dependiendo de la naturaleza del RX o de las condiciones de reacción, la oxidación 

da lugar a los compuestos Pt2(III,III) con enlace metal-metal [X(C^CA*)PtIII(μ-

pz)2PtIII(C^CA*)Bn] (X = Br, 15-Br; I, 15-I), o avanza hasta los derivados Pt2(IV,IV), 

[{RPtIV(C^CA*)(μ-pz)}2(µ-X)]X (R= Me, X = I 11; R= Bn, X = Br 16). 

19.-La presencia del sustituyente CO2Et en el NHC no afecta a las reacciones redox del 

compuesto Pt2(II,II), ya que el complejo 4B, sin sustituyente en el fragmento C^CB*, reacciona 

con MeI de la misma manera que 4, dando lugar al compuesto análogo, 11B. La presencia del 

sustituyente CO2Et aumenta la solubilidad de los complejos permitiendo una mejor 

caracterización por RMN en disolución. 

20.-El mecanismo SN2 calculado por DFT para la adicción oxidante de MeI y BrBr a 4 propone 

especies [(C^C*A)Pt(μ-pz)2Pt(C^C*A)R]X (RX = MeI Int-Me, BnBr Int-Bn) como 

intermedios en la primera adición oxidante. Una vez formados, dos complejos son accesibles, 

[X(C^C*A)PtIII(μ-pz)2PtIII(C^C*A)R] (RX= MeI 13, BnBr 15-Br) y [(C^C*A)PtII(μ-

pz)2PtIV(C^C*A)(R)X] (RX= MeI Int’-Me(14), BnBr Int’-Bn), siendo este último un 

intermedio en la segunda adición oxidante. 

21.-Teniendo en cuenta la pequeña barrera de energía necesaria para la transformación de Int-

R en Int’-R, la diferencia de energía libre entre las especies Pt2(III,III) (13, 15-Br) y Pt2(II,IV) 

(Int’-Me(14), Int’-Bn) parece determinar la naturaleza del compuesto obtenido a temperatura 
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ambiente. Cuando esta diferencia es pequeña (∆GInt’-Me(14)-13 = 4.03 kcal/mol), es posible la 

formación de Int’-Me permitiendo que se produzca la segunda adicción oxidante dando lugar 

al complejo 11, Pt2(IV,IV). Cuando la barrera es más grande (∆GInt’-Bn-15-Br = 7.83 kcal/mol), se 

forma selectivamente el complejo 15-Br. En este caso, la segunda adición oxidante para obtener 

[{PtIV(C^C*A)Bn(μ-pz)}2(μ-Br)]Br (16) se puede llevar a cabo utilizando condiciones más 

enérgicas. El compuesto Int-Me se puede aislar como la sal de BF4, [(C^C*A)Pt(μ-

pz)2Pt(C^C*A)CH3]BF4 (12’). Posteriormente, se puede utilizar para obtener los complejos 13, 

Int’-Me (14) y [{MePtIV(C^CA*)(μ-pz)}2(µ-X)] BF4 (11’) que permiten corroborar el 

mecanismo calculado, pudiendo además, comparar estructural y espectroscópicamente los 

complejos con un mismo esqueleto “{Pt(C^C*)(μ-pz)}2” pero diferentes estados de oxidación. 

22.-Los experimentos de RMN de detección directa 195Pt{1H}, 195Pt−195Pt{1H} COSY e inversa 

1H-195Pt HMQC han demostrado ser una potente herramienta a la hora de seguir reacciones de 

adición oxidante mostrando en la mayoría de casos una imagen de la estructura química del 

complejo estudiado. Estos experimentos muestran una gran sensibilidad al estado de oxidación 

de los centros de platino así como al entorno de coordinación del metal. La señal de 195Pt sufre 

un desplazamiento gradual a bajo campo conforme aumenta el estado de oxidación del metal, 

de Pt2(II,II) a Pt2(IV,IV), y se incrementa la electronegatividad del ligando en posición axial, 

de Pt-I a Pt-Cl. Adicionalmente, el experimento 195Pt−195Pt{1H} COSY confirma la existencia 

de un enlace metal-metal. 

23.-Los compuestos 15-Br y 15-I descomponen al ser irradiados con luz UV para dar lugar a 

una especie orgánica y al correspondiente complejo de platino dihalogenado (9-Br y 9-I), a 

partir de los cuales por reacción con KC8 se puede recuperar 4. 

24.-La gran basicidad de los NHC ciclometalados, que incrementa la nucleofilia del centro de 

platino, junto con los efectos cooperativos entre los metales adyacentes en las especies alas-

plegadas 4f, son cruciales en la oxidación con CHX3 y RX. 
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25.-Las oxidaciones de [2c, 2e] de este complejo de Pt de tipo mariposa, 4, con reactivos 

halocarbonados son similares a las observadas para los complejos de Pt(II) de tipo lantern y 

half-lantern con C^N ciclometalados, [{Pt(bzq)(μ-N^S)}2], que muestran distancias 

intermetálicas más cortas. 
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