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Abstract 

This article focuses on the synthesis of heterobimetallic complexes of lanthanide and platinum. It describes 

the synthesis of the Cp*Yb(bipym)PtMe2 complex and its characterization, followed by its reactivity with 

oxidants, giving access to various Pt +IV compounds of trismethyl (PtMe3) and tetramethyl (PtMe4) 

fragments. Characterization of the electronic properties of the complexes by magnetic measurements 

demonstrated that the tetramethyl complex possesses a singlet ground state. The trismethyl fragments, 

on the other hand, have a ground state that evolves as a function of the ligand saturating the coordination 

sphere: singlet for triflate and pyridine and triplet for iodine, demonstrating the capacity for simple tuning 

of the electronic structure of these complexes. While the addition of B(C6F5)3 to the platinum +II bis methyl 

complex leads to FLP-like reactivity triggering THF opening, reactivity with [Ph3C]+[BPh4]- leads to oxidation 

of the bipym ligand. Furthermore, the light reactivity of the tetramethyl complex indicated the possible 

transfer of a methyl group, leading to the functionalization of the bridging bipym ligand.
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Introduction 

The control of the electronic ground – and close excited states of metal complexes is relevant for 

the development of chemical objects with specific magnetic or optical properties but also in the 

preparation of tailored catalysts with good control of the chemical selectivity.1–3 To do so, the modulation 

of the HOMO-LUMO gap is achieved through adapted ligand design and meticulous metal choice to obtain 

the desired outcome, such as light-induced reactions,4,5 controlled spin-crossover processes,6,7 or even 

two-state reactivity.8–10 In recent years, a growing interest has been shown in metal cooperativity in 

multimetallic systems, especially in heterometallic architectures, where the metal centers benefit from 

synergetic efforts.11–13 Among the possible assemblies, the combinations of a 4-f ion and a d-metal are 

somewhat limited to trivalent lanthanide precursors and have been rarely investigated for reactivity.14–18 

Due to the population of their 4-f shell, the intrinsic electronic properties of lanthanides are substantially 

different than the ones of transition metals.19 This has resulted in singular structural features and 

spectroscopic signatures.20–26 These studies contributed to the development of many experimental and 

theoretical methodologies,27–30 ultimately leading to the concept of intermediate valence in lanthanide 

complexes.31 Seminal studies on divalent ytterbium complexes and N-heterocycle metal-ligand pairs, 

Cp*2Yb(L), allowed tuning the electronic structures by adapting the relative energy and the symmetry of 

the molecular orbital of the fragment, leading to different reactivity outcomes.27,28,32–35 The concept was 

thus extended with transition metal complexes of aromatic N-heterocyclic ligands as the L fragment. 

As such, the combination of a divalent lanthanide with a redox-active metal complex of group 10 has been 

previously reported with Pd and Ni in various oxidation states. Notably, the nature of the ground state, 

triplet vs. singlet, has been shown to induce substantial modifications when the bridging ligand was 

modified from the symmetrical 2,2’-bipyrimidine (bipym), to the 4,5,9,10-tetraazaphenantrene (taphen), 

or to the unsymmetrical 2-pyrimidin-2-yl-benzimidazole (bimpm) ligands.36–40 Aside from the nature of the 

bridging ligand, an essential question that remained was how the transition metal oxidation state exerted 

an influence on the nature of the ground state. This question was previously discussed with reactive Pd 

and Ni species in high – or low,36,41 oxidation states but was rendered elusive because of significantly fast 

reactivity, yielding, at best, to intermediates. Thus, we decided to extend our previous work to Pt 

complexes, which featured more stable redox states over the 0 to +IV range (Figure 1). 
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Figure 1. Ground state investigations of heterobimetallic ytterbium-group 10 metals complexes  

After the seminal works of Shilov and coworkers,42,43 who reported the C-H activation of inert alkanes by 

a Pt complex, platinum alkyl chemistry has been significantly focused on the understanding and the 

improvement of this catalytic conversion of methane.44 Among other aspects, the nature of the C-H 

activation was thoroughly studied, and both the oxidative addition of a C-H bond and the electrophilic 

activation of a σ-bonded CH4 molecule paths were found to be in equilibrium.45,46 Although the Shilov 

system was a paramount breakthrough in the field, it still suffered from a significant drawback as it 

required stoichiometric amounts of platinum. This issue was later solved by Periana and co-workers with 

the now-known catalytic system, where the (bypm)PtCl2 complex was combined with hot H2SO4 to convert 

methane to methyl bisulfate.47 In this system, the role of the bipym ligand was significantly highlighted 

because its protonation to bipymH+ or bipymH2
2+ in such a strongly acidic environment was found to both 

lower the C-H activation energy barrier and stabilize the intermediates of the cycle.48–50 The importance of 

bidentate N-heteroaromatic ligands in high-valent Pt systems was also supported mainly by the works of 

Puddephatt and co-workers and allowed to observe original reactivities and characterize many PtIV species 

to serve as a model for their high-valent palladium compounds that remain challenging to be isolated.51–53 

Following the methodology developed for the synthesis of heterobimetallic Cp*2Yb(bipym)MMe2 

complexes (M = Ni, Pd), we now report the isolation of their Pt analog and its reactivity studies. The 

intrinsic higher thermal stability of high-valent Pt species allowed the preparation of a series of several 

heterobimetallic complexes containing a PtIV center. The magnetic characterization of these species 

containing high-valent Pt centers unveiled the possibility of tuning its reactivity by modulating the singlet-

triplet energy gap in those systems, a strategy that may trigger state-selective reactivity due to the tuned 

electronics of the bipym ligand. 
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Results and Discussion 

Synthesis and structural analysis 

The synthesis of the (bipym)PtMe2 precursor, 1, was already reported and was performed in CH2Cl2 

starting from the [Pt(SMe2)Me2]2 dimeric precursor.54–57 Excess of the bipym ligand was used to limit the 

formation of the undesired Me2Pt(bipym)PtMe2 dimer, and a crystallization step was necessary to remove 

the remaining free ligand. As specified in previous work with a similar complex of the same metal 

group,36,37 any free ligand contamination of 1 resulted in the formation of the undesired 

Cp*2Yb(bipym)YbCp*2 dimer upon addition of the Cp*2Yb(OEt2) complex.58 With this purity prerequisite, 

the Cp*2Yb(bipym)PtMe2, 2, complex was synthesized in toluene using a similar protocol as used in 

previous published work (Figure 2).36,37 After the room temperature addition of a toluene solution of 

Cp*2Yb(OEt2) to a toluene suspension of 1, 2 was isolated as deep dark green X-ray suitable crystals in 86% 

yield after storing the solution overnight at -40 °C. The comparison of 1 and 2 XRD structures allowed us 

to observe that the divalent Yb transferred an electron to the bipym ligand (Figure 3 and Table 1). A typical 

diagnostic distance for the reduction of the ligand is the C-C bond bridging the two pyrimidine rings.36,37,59,60 

In 2, the distance was shortened by almost 0.1 Å, 1.49(2) Å in 1 vs 1.408(5) Å in 2. This is in agreement 

with a formal ligand reduction because of the transfer of one electron to the b1 LUMO of 1 (C2v symmetry), 

in which most of the electronic density was found on this bridging C-C bond. Another metric parameter, 

which is of interest in this regard is the Yb-Cp*Ctr distance. The 2.31(1) Å found in 2 was coherent with a 

formal YbIII oxidation state,61 and thus of a formal oxidation of the ytterbium center upon coordination to 

the bipym ligand. In the Pt coordination environment, no significant change was noticed in the Pt-N 

distances of 2.09(2) Å for 1 and 2.088(4) Å for 2, while Pt-Me distances were 2.05(3) Å in 1 and 2.037(9) Å 

in 2, respectively. 

 

Figure 2. Synthesis of complexes Cp*2Yb(bipym)PtMe2, 2 and Cp*2Yb(bipym)PtMe3I, 3. 

Upon addition of MeI to a toluene solution of 2, the coloration of the solution turned brown, and X-ray 

suitable needles were grown overnight at – 40 °C in 92% yield. The XRD study of these crystals obtained 

from toluene was not straightforward. At 150 K, images indicative of several twins were recorded. This 
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was thought to be due to toluene cavities, and decent data was only obtained at 280 K, revealing that the 

oxidative addition of MeI led to the Cp*2Yb(bipym)PtMe3I complex, 3, in which the C2 axis left place to a 

mirror plane leading to a Cs symmetry. The resulting distances on the Pt center were slightly modified 

compared to 2, and the Pt-Me average distance was 2.06(4) Å while the Pt-N distance was 2.15(1) Å. Those 

values were within the standard range for a PtIV ion.62–64 

 

Figure 3. ORTEPs of complexes 2 (left) and 3 (right) with thermal ellipsoids at 50 % level. Carbon atoms are 

in grey, nitrogen atoms in blue, the iodide atom in purple, the platinum atom in white, and the ytterbium 

atom in olive green. Hydrogen atoms and co-crystallized toluene molecules have been removed for clarity. 

 

Experimental electronic structure studies. 

In the 1H NMR spectrum of 2, recorded at 20 °C in tol-d8, a Cp* signal integrated for 30 hydrogen atoms 

was found at 5.88 ppm, two signals of the bipym ligand were highly shifted at 255.46 and -166.89 ppm, 

while the third was located at 6.39 ppm. The single signal corresponding to the two methyl groups was 

found at 17.89 ppm (Figure S1). This situation agreed with the C2v symmetry observed in the solid state. 

The large isotropic chemical shift of two signals of the bipym ligand was consistent with the paramagnetic 

nature of 2. This would not be the case with a divalent YbII (f14) ion. The solution-state NMR was, therefore, 

in agreement with the solid-state XRD analysis; the Yb was formally oxidized (f13), and the by ligand was 

better described as a radical anion. The 1H NMR spectrum of 3 recorded in thf-d8 presented a similar 

paramagnetic behavior to the one observed with 2. However, since the C2v symmetry was lowered to Cs 

after the oxidative addition, the Cp* signal was split into two resonances, found at 6.29 ppm and 6.42 ppm. 

The chemical shifts of the bipym signals were also slightly shifted compared to 2 with resonances at 266.71, 

-187.49, and 13.10 ppm, respectively. The two equatorial Me groups were found at -0.43 ppm and the 

axial at -13.56 ppm (Figure S3). Contrary to its Pd analog,36 3 was found stable at room temperature 

regarding reductive elimination in both the solid-state and in solution. 

Further investigations were performed to probe the electronic ground state of 2 and 3. The paramagnetic 

character of both compounds implicated an electron transfer from the divalent ytterbium to the bridging 
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ligand, and yet either the formation of a triplet ground state (S = 1) or in a singlet ground state (S = 0) with 

a room temperature populated low-lying triplet (Figure 4). A variable temperature (VT) NMR study was 

performed. All the chemical shifts of 2 and 3 were plotted versus 1/T (Figures S2 and S4). As was already 

observed in similar systems, the plots showed a deviation from the Curie-Weiss law.28,36,37,61,65 This was 

symptomatic of the magnetic exchange coupling between the two single electrons but still not answering 

the question about the ground state of the two complexes. 

 

Figure 4. Different possible electronic configurations of 2. 

Solid-state magnetic studies were conducted to study the species on a larger temperature range, between 

2 and 300 K. The χT versus T plot recorded under a 0.5 T field showed a χT value going toward 0 at lower 

temperature, in agreement with the ground state of 2 being a singlet. With the increasing temperature, 

the χT value increased to a room temperature value of 2.44 cm3 K mol-1 (Figure 5). This value was close to 

the expected value for an isolated 2F7/2 YbIII paramagnet 2.57 cm3 K mol-1 at 300 K.61 This was the 

consequence of the triplet state being gradually populated upon the temperature increase. While Ni and 

Pd analogs were found to behave similarly, in this precise case, it could also be observed upon freezing a 

dark brown-green solution of 2 in liquid nitrogen. The triplet state was then only marginally populated, 

and the frozen solution turned orange. 

By plotting χ versus T, several additional observations were obtained. At low temperatures, a temperature-

independent paramagnetism (TIP) or Van Vleck paramagnetism was observed,66 such behavior was caused 

by the small energy gap between the ground state and the low-lying excited state. The susceptibility rose 

to reach a maximum of around 130 K before decreasing as the temperature continued to increase. Since 

the susceptibility value during the TIP regime χTIP was caused by the small singlet-triplet energy gap, its 

incorporation in a modified Bleaney-Bowers equation permitted an estimation of the energy gap (Figure 5 

and Equation S1).67 Considering the χTIP value of 0.0073 cm3 mol-1, the χ plot versus T is fitted with a gave 

value of 3.68, which was relatively close to similar systems: 3.315 for instance for the Cp*2Yb(bipy)+ 

cation.68 
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Figure 5. Solid-state temperature-dependent magnetic data of complex 2 recorded at 0.5 T: (top) χT vs T 

plot and (bottom) χ vs T plot and its simulation with the TIP-including Bleaney-Bowers equation (Equation 

S1), gave = 3.68, 2J = -212 cm-1. 

The curve was fitted by variating the 2J energy gap, which was then estimated to be -212 cm-1. This was 

consistent with the triplet state being significantly populated at room temperature with kBT = 203.7 cm-1 

at 293.15 K. Considering that the χTIP and gave values were indicative of a high anisotropy, another model 

was developed by Lukens et al. to estimate the 2J energy gap for strongly coupled electrons.69 To do so, 

they considered a two-state approximated wavefunction for the Cp*2Yb(bipy) system: Ψ = c1│f13,bipy•-〉 + 

c2│f14,bipy0〉. By assuming that the Yb ion was purely trivalent f13, c1
2 was fixed to 1 and by injecting the g-

tensor values of the similar Cp*2Yb(bipy)+ cation in equation (1) (gz = 7.05, gy = 1.731 and gx = 1.165),68 2J 

was then estimated to -202.6 cm-1. Noteworthy, while the Bleaney-Bowers model usually tends to 

overestimate the 2J value, the second one is likely to underestimate it. The fact that, in that case, both 
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estimations were close to each other meant that the real electronic structure of 2 is close to the two-state 

approximated models used. 

2J = c!"
N𝛽"

6𝜒#$%
+

g&(g' − g(')*∙")"

g'(1 − g&)'+,,*,.
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Because in the Pd case, the oxidative addition of MeI did not result in a change of ground state, the same 

result was expected with 3. However, the room temperature χT value of 2.67 cm3 K mol-1 was indicative of 

a triplet state being populated, and upon temperature decrease, this value only went down to 1.31 cm3 K 

mol-1 at 2 K due to the thermal depopulation of the crystal-field split states (Figure 6). The ground state of 

3 was, therefore, a pure triplet (S = 1). 

 

 

Figure 6. Solid-state temperature-dependent magnetic data of 3 (top) and 4 (bottom) recorded at 0.5 T: 

χT vs T plot. 
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Tuning the high-valent Pt coordinating environment 

The electronic structure of 3 contrasts with that of the palladium analog, which was a singlet ground 

state.36 To get more insights into this phenomenon, two other heterobimetallic PtIV species were targeted. 

First, thanks to the improved stability of 3 compared to its Pd analog, the substitution of the iodide in 3 by 

a fourth methyl ligand was investigated.70,71 The thermal robustness of 3 allowed the addition of solid MeLi 

at room temperature to a solution of 3 in toluene. A slow color change of the solution from brown to dark 

red was observed, while an off-white solid appeared. After workup, XRD-suitable dark red prisms of 

Cp*2Yb(bipym)PtMe4, 4, were isolated in a 63 % yield (Figure 7). The overall metrics were slightly impacted 

by the substitution of the iodide for a methyl group. The C-C bond bridging the two pyrimidine rings was 

less than 0.01 Å longer in 4 than in 2 or 3 (1.41(1) Å versus 1.408(5) Å and 1.41(1) Å respectively). On the 

Yb side, the average Yb-Cp*Ctr distance of 2.29 Å was still in the trivalent range, and the most important 

changes were found on the Pt side. The Pt-N distance was 2.099(6) Å, which was significantly closer to the 

distance found in 2 (2.088(4) Å) than in 3 (2.15(1) Å). The average Pt-C distance was lengthened to 2.09(3) 

Å, which can be explained by the axial methyl groups being further (2.117(7) Å) than the equatorial ones 

(2.059(9) Å) (Table 1). 

The 1H NMR spectrum of 4 was acquired in thf-d8 and presented the same typical paramagnetic behavior 

as 2 and 3. Only one Cp* peak was found at 6.03 ppm, which was indicative of a C2v symmetry as expected 

with the substitution of the iodide by a methyl group. The bipym ligand peaks were found at 257.3, 3.40, 

and -164.9 ppm, while the methyl signals both integrating for 6 H were found at -2.71 ppm for the 

equatorial ones, trans to the bipym ligand and -15.01 ppm for the axial ones. This attribution was inherited 

from the respective axial and equatorial distribution of the peaks in 3 where the axial methyl group was 

found at -13.56 ppm while the equatorial ones were found at -0.43 ppm. 

The solid-state magnetic measurements were conducted on 4, and contrary to 3, the χT versus T plot 

recorded at 0.5 T reaches a value close to 0 cm3 K mol-1 at low temperature, meaning that 4 presented a 

singlet ground state (Figure 6). The value of χT at room temperature, 2.00 cm3 K mol-1 indicated that a 

triplet state was populated but in a lesser proportion than what was observed in 2. To confirm this rapid 

observation, the 2J gap was estimated with the χTIP value being 0.00578 cm3 mol-1. This resulted in the 

modified Bleaney-Bowers model giving a value of -320 cm-1 with a gave fitted to 3.45, while the model from 

Lukens et al. resulted in a value of -252 cm-1. Those values are somewhat different, which tended to 

indicate that our approximate model with only two states was not enough to fully describe the electronic 

structure of 4. The possibility of multiple singlet states below the triplet state was already described.27,28 

A third variant of high-valent Pt species with this heterobimetallic architecture was synthesized from 

MeOTf instead of MeI. The PdIV analog with the triflate anion could not be isolated. The structural 

characterization of the expected Cp*2Yb(bipym)PtMe3OTf complex, 5, was achieved upon performing the 

oxidative addition in Et2O. The product was found almost insoluble in this solvent, and a vapor diffusion of 
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MeOTf on a solution of 2 at -40 °C allowed the isolation of small yellow XRD-suitable needles that appeared 

within a few hours (Figure 7). The scaling up of the synthesis was achieved by the direct addition of MeOTf 

to a rapidly stirred Et2O suspension of 2. In C6D6, the solubility of 5 is very low and features only one set 

of signals but with difficult attribution of the signals because of the low solubility. Thus, the 1H NMR 

spectrum of 5 was performed in thf-d8 (Figure S6). Several of the highly shifted bipym ligand resonances 

were split and were not integrating for the same values, indicating the presence of two structurally similar 

heterobimetallic species present in the solution. 

 

 

Figure 7. ORTEPs of complexes 4, 5, and the 5+(py) cation with thermal ellipsoids at 50 % level. Carbon 

atoms are in grey, nitrogen atoms in blue, oxygen atoms in red, the sulfur atom in orange, fluorine atoms 

in yellow, the platinum atom in white, and the ytterbium atom in olive green. Hydrogen atoms have been 

removed for clarity. 
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Table 1. Main metric parameters in Å for the complexes 2-5 and 5+(py)OTf-: 

 2 3 4 5 5+(py) OTf- 

C-Cbipym 1.408(5) 1.41(1) 1.41(1) 1.40(2) 1.41(1) 

Pt-Nbipym 2.088(4) 2.15(1) 2.099(6) 2.150(9) 2.14(1) 

Pt-CMe 2.037(9) 2.06(4) 2.09(3) 2.03(3) 2.04(2) 

Yb-Cp*Ctr 2.31 2.36 2.29 2.29 2.30 

Yb-Nbipym 2.361(3) 2.35(1) 2.363(6) 2.359(9) 2.35(3) 

 

The overlapped Cp* signals were in agreement with the sum of two split Cp* signals as expected for Cs 

symmetry, while one other Cp* signal did not show any splitting. It is thus possible that the labile triflate 

anion can place itself in the equatorial position instead of the axial position in coordinating solvents, 5’, 

modifying the symmetry of the complex. This ligand shuffle was observed with the oxidative addition at 

low temperatures of alkyl halides in strongly coordinating solvents such as acetone-d6 or MeCN-d3, but it 

was not reported with the oxidative addition of MeOTf in Et2O on the 4,4’-tBu2bipyPtMe2 complex.72 The 

other complex resulting from this ligand scrambling is also of Cs symmetry. However, the Cp* signal was 

not split, while the signals of the bipym ligand were. A reason why the splitting of the highly shifted bipym 

peaks of 5’ was not observed might result from them being overlapped. 

The fact that both species were observable at the NMR time scale might mean that the dissociation of 5 in 

5+(thf) OTf- was the rate-limiting step of the isomerization equilibrium. While no crystal of the expected 

5+(thf) OTf- intermediate was isolated, when a stronger coordinating solvent, pyridine (py) was added to a 

toluene suspension of 5, the latter entirely displaced the triflate ligand. This led to the isolation of XRD 

suitable dark brown blocks of the [Cp*2Yb(bipym)PdMe3(py)]+ OTf- compound, 5+(py) OTf- (Figure 7).
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Figure 8. Solid-state temperature-dependent magnetic data of complexes 5 and 5+(py) OTf- recorded at 

0.5 T: χT vs T plot. 

Both 5 and 5+(py) OTf- were analyzed by SQUID magnetometry. Both χT versus T plot recorded at 0.5 T 

(Figure 8) revealed singlet ground states with rather similar room temperature χT values. For 5+(py) OTf-, 

the χT value at room temperature was 2.22 cm3 K mol-1, meaning a 2J energy gap estimated to be between 

-237 cm-1 and -223 cm-1, with the modified Bleaney-Bowers fit or the Lukens model.69 For 5, the room-

temperature value was 2.71 cm3 K mol-1, a similar value to that of 3, which featured a triplet ground state 

(2.68 cm3 K mol-1). The singlet-triplet energy gap was estimated, with the same methodology as before, to 

be between -238 cm-1 and -164 cm-1. Thus, replacing the iodide anion with a triflate fragment led to a 

dramatic change to the ground state electronic structure. However, the lability of the triflate ion should 

increase the reactivity of the electrophilic PtIV center. 

 

Reactivity studies. 

In seminal studies, Puddephatt and coworkers showed that the light-induced reactivity of the (bipy)PtMe4 

complex resulted from the excitation of a Pt-C σ electron to the π* system of the bipy ligand.70 As such, 4 

was irradiated at 427 nm and monitored by 1H NMR in C6D6. After two hours, the Cp* signal was split into 

two signals that were shifted from 5.84 ppm to 3.99 ppm and 3.14 ppm with close to 15 H integrations 

each. While this was indicative of the loss of the C2v symmetry, the alkyl signals were also split into two 

sets and found at -3.00, and -4.72 ppm for the equatorial ones, and -14.39 and -16.19 ppm for the axial 

ones, all of them were integrated to 3 H. This meant that not only the equatorial symmetry plane found in 

4 was broken, but also the axial one. Note that this transformation led to the only spectrum in which the 
2J(195Pt-CH) coupling constants were observed for such paramagnetic species and was typical of tetraalkyl 

platinum species, 74 Hz for the equatorial J(Pt-CH) and 43 Hz for the axial one.73,74 In addition to these split 
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signals another set of 4 signals was growing at 57.81 ppm (1H), 39.49 ppm (1H), 28.29 (3H), 12.57 (1H). 

The fact that both Cp* signals and the four methyl signals were conserved also indicated that the 

transformation most likely occurred on the bipym ligand body. The formed species should, therefore, be 

a complex in which the bipym ligand would have been mono-functionalized by a methyl group Cp*2Yb(Me-

bipym)PtMe4, 4-hν (Figure 9). Crystallization trials remained unsuccessful at different irradiation timing 

because it resulted in either recrystallization of starting complex 4 or isolation of polycrystalline samples 

that prevented any single crystal XRD analysis. 

 

Figure 9. Proposed reactivity of 4 under irradiation. 

In the case of 5, several solvents, such as thf-d8, C6D6, or tol-d8, have been tested to monitor his stability 

over 18 hours at room temperature. At this time of the reaction, characteristic 1H NMR signals of 4 slowly 

appeared upon the disappearance of 5. This transformation was not quantitative and was attributed to a 

ligand exchange between two complexes 5 due to the lability of the triflate anion. Unfortunately, the other 

expected product from such transformation, a hypothetical Cp*2Yb(bipym)PtMe2(OTf)2 complex, was not 

observed nor isolated despite several crystallization attempts. 

Similarly to Bercaw Labinger,46 the abstraction of one methyl fragment was one obvious choice to increase 

the reactivity at the PtII center. Two strategies were pursued to obtain a hypothetical 

[Cp*2Yb(bipym)PtMeL]+ cation, L being a neutral coordinating ligand: reaction with B(C6F5)3 and with 

[Ph3C]+[BPh4]-.75–78 Indeed, the typical addition of the Brookhart’s acid used in seminal studies with 

platinum systems was incompatible with Cp*- ligands. Both tests resulted in unexpected species, in which 

2 was oxidized. On one hand, the reaction with [Ph3C]+[BPh4]- led to a 2+ BPh4
- ionic pair, and the XRD 

analysis revealed a C-Cbipym distance of 1.471(8) Å, indicating that the oxidation occurred on the bipym 

fragment. On the other hand, the reaction with B(C6F5)3 assisted the PtII center in the activation of a thf-d8 

molecule - the solvent of the reaction, to form complex 6 (Figure 10)
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Figure 10. ORTEPs of the cation 2+ and complex 6 with thermal ellipsoids at 50 % level. Carbon atoms are 

in grey, nitrogen atoms in blue, the platinum atom in white, and the ytterbium atom in olive green. Cp* 

and C6F5 ligands are represented in wireframe, while hydrogen atoms have been removed for clarity. 

The formation of 6 may be understood as an FLP type of reactivity.79,80 A comparative reaction with 1 and 

B(C6F5)3 led to similar reactivity, although the transformation was slowed down. This was not surprising 

considering that the Cp*2Yb(bipym) fragment enhanced the reaction rate by stabilizing the resulting PtIV 

center.36 Such behavior with PtII was not reported. However, the FLP reactivity described herein remained 

of relative importance because similar reactions have already been reported with abundant metals.81 The 

addition of the lanthanide fragment does not modify the fate of the reaction but only accelerates the rate. 

Trials in the absence of THF and in the presence of more valuable FLP-reactive substrates, such as H2 or 

terminal alkynes,82,83 should be pursued but are out of the scope of this article. 

 

Conclusion 

This article reports the synthesis of the Cp*2Yb(bipym)PtMe2. Its oxidative reactivity was investigated, 

resulting in the isolation of a series of heterobimetallic complexes containing a high-valent Pt center. 

Among these species, one resulted from the activation of THF solvent by the FLP formed after the addition 

of B(C6F5)3, an FLP reactivity that was not yet described with PtII. In previous works, the ground state of the 

heterobimetallic – and its reactivity were modified by the tuning of the bridging ligand between the 

lanthanide ion and the transition metal fragment. In this work, the ground state and the singlet-triplet 

energy gap are controlled by the PtIV coordination sphere. These findings open the way for state-selective 

reactivity with further ligand substitution, considering that small changes in the donating properties of 

such bidentate N-heteroaromatic ligands have already been shown to be crucial in platinum chemistry. 
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Experimental part 

General considerations. 

All reactions were performed using standard Schlenk-line techniques or a nitrogen-filled glovebox 

(MBraun). All glassware was dried at 140 °C for at least 12 h prior to use. Toluene, benzene, thf, tol-d8, 

C6D6, thf-d8 and pyridine were dried over sodium-benzophenone, degassed and transferred under reduced 

pressure in a cold flask. 1H NMR spectra were recorded in 5 mm tubes adapted with a J. Young valve on 

Bruker Advance III at a Larmor frequency of 300 MHz. Chemical shifts are expressed relative to residual 

protio signal of the deuterated solvent in ppm.84 Elemental analyses were obtained from 

Mikroanalytisches Labor Pascher (Remagen, Germany). Magnetic susceptibility measurements were made 

for all samples on a Quantum Design SQUID magnetometer (Cryogenic, London, UK). Diamagnetic 

corrections were made using Pascal’s constants.85 Temperature dependent magnetic measurements were 

obtained in sealed quartz tube on a Quantum Design SQUID under fixed DC fields between 0.1 and 2 T. 

“Curie tail” behavior at low temperature were corrected by considering the contribution of small Yb3+ 

impurities.27,28 2,2’-bipyrimidine was purchased from TCI and sublimed prior use. MeLi was purchased from 

Sigma Aldrich as a 1.6 M diethyl ether solution from which solid MeLi was obtained as a white powder 

after evaporation over several hours (10-3 mbar). [Pt(SMe2)Me2]2, (SMe2)PtMeCl and Ph3C+ BPh4
- were 

synthesized as described in the literature.86,87 B(C6F5)3 was purchased from Sigma Aldrich and used as 

received. 

(bipym)PtMe2 (1): Synthesis adapted from the literature.56,57 To a colorless solution of 2,2’-bipyrimidine 

(250 mg, 1.58 mmol, 2 eq./Pt center) in CH2Cl2 (30 mL) a beige solution of Pt2(SMe2)Me4 (230 mg, 0.4 mmol, 

1 eq.) in CH2Cl2 (30 mL) was added dropwise under vigorous stirring. The solution slowly turns to deep red. 

After 2h of reaction, the dark red suspension is filtered through a frit to obtain a deep red solution and 

remove the black powder corresponding to the insoluble [(bipym)Pt2Me4] dimer. The filtrate is then 

concentrated to a volume of 20 mL and covered with 70 mL of Et2O and left to stand at – 20 °C. XRD suitable 

red needles are obtained overnight (190 mg, 0.50 mmol, 63%). A real care has to be taken to remove all 

remaining bipym ligand through this crystallization process since it will react with the lanthanide moiety 

in the further steps. 1H NMR (300 MHz, thf-d8, 20 °C): δ (ppm)= 9.44 (m, 2H, bipym), 9.29 (m, 2H, bipym), 

7.70 (t, 2H, bipym), 1.02 (s, 6H, Pt-CH3, JPt-H = 87.5 Hz). Anal. Calcd. for C10H12N4Pt: C, 31.33; H, 3.16; N, 

14.62; found: C, 31.62; H, 3.27; N, 14.3.  

Cp*2Yb(bipym)PtMe2(toluene) (2): To a red solution of (bipym)PtMe2 (115 mg, 0.3 mmol, 1 eq.) in toluene 

(10 mL) a green solution of Cp*2Yb(OEt2) (158.3 mg, 0.3 mmol, 1 eq.) in toluene (10 mL) was added 

dropwise under vigorous stirring. After 5 min of reaction, the dark brownish-green solution was left at -40 

°C overnight to yield dark crystals (217 mg, 0.26 mmol, 86%). 1H NMR (300 MHz, tol-d8, 20 °C): δ (ppm) = 

255.46 (s, 2H, bipym), 6.39 (s, 2H, bipym), -166.89 (s, 2H, bipym), 17.89 (s, 6H, Pt-CH3), 5.88 (s, 30H, Cp*). 

Anal. Calcd. for C30H42N4PtYb + C7H8: C, 48.36; H, 5.48; N, 6.10; found: C, 48.24; H, 5.52; N, 6.21.  
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Cp*2Yb(bipym)PtMe3I(toluene)0.5 (3): To a dark green solution of Cp*2Yb(bipym)PtMe2 (166 mg, 0.18 

mmol) in toluene (5 mL), two drops of MeI (excess) were added under vigorous stirring. The dark brownish-

green solution turned instantly brown and was left stirring for 5min at room temperature before being left 

at -40 °C overnight to yield brown needles (167 mg, 0.16 mmol, 92%). 1H NMR (300 MHz, thf-d8 ,20 °C): δ 

(ppm) = 266.18 (s, 2H, bipym), 13.25 (s, 2H, bipym), -187.50 (s, 2H, bipym), -0.24 (s, 6H, Pt-(CH3)2), -13.45 

(s, 3H, Pt-CH3), 6.47 (s, 15H, Cp*1), 6.32 (s, 15H, Cp*2). Anal. Calcd. for C31H45N4IPtYb + (C7H8)0.5: C, 40.83; 

H, 4.87; I, 12.51; N, 5.52; Pt, 19.22; Yb, 17.05; found: C, 40.61; H, 4.86; N, 5.32. 

Cp*2Yb(bipym)PtMe4 (4): To a brown solution of Cp*2Yb(bipym)PtMe3I (56 mg, 55 μmol, 1eq.) in toluene 

(4 mL), solid MeLi (3.6 mg, 0.17 mmol, 3 eq.) was added at room temperature under vigorous stirring. The 

resulting suspension slowly turned dark red over several hours and was filtered after 24 h of stirring. The 

resulting solution was concentrated under vacuum and left overnight at -40 °C to yield XRD suitable dark 

red prisms (33 mg, 35 μmol, 63%). 1H NMR (300 MHz, thf-d8 ,20 °C): δ (ppm) = 257.28 (s, 2H, bipym), 3.40 

(s, 2H, bipym), -164.91 (s, 2H, bipym), -2.71 (s, 6H, Pt-(CH3)2), -15.01 (s, 6H, Pt-(CH3)2), 6.03 (s, 30H, Cp*). 

No satisfactory EA was obtained. 

Cp*2Yb(bipym)PtMe3OTf (5): To a dark green suspension of Cp*2Yb(bipym)PtMe2 (240 mg, 0.26 mmol) in 

Et2O (8 mL), four drops of MeOTf (excess) were added under vigorous stirring. The dark brownish-green 

solution rapidly turned to a yellow-brown suspension and was left stirring for 15 min at room temperature 

before being left at -40 °C overnight to yield a brown microcrystalline powder (251 mg, 0.25 mmol, 96%). 

XRD suitable crystals were grown by gas phase slow diffusion of MeOTf over a solution of 

Cp*2Yb(bipym)PtMe2 in Et2O. 1H NMR was recorded in thf-d8 at 20 °C and showed the presence of two 

isomers (Figure S6). Anal. Calcd. for C32H45F3N4O3PtSYb: C, 38.79; H, 4.58; N, 5.65; found: C, 39.15; H, 4.71; 

N, 5.54. 

[Cp*2Yb(bipym)Pt(py)Me3]+OTf-(toluene) (5+(py) OTf-): To a yellow-brown suspension of 

Cp*2Yb(bipym)PtMe3OTf (58 mg, 59 μmol) in toluene (5 mL), four drops of pyridine (excess) were added 

at -40 °C and left to diffuse slowly at room temperature. The solution slowly turned deep red and dark XRD 

suitable crystals started to appear. The product was isolated after concentration of the solution to ∼ 1 mL 

(53 mg, 0.046 mmol, 78%). 1H NMR (300 MHz, pyridine-d5 ,20 °C): δ (ppm) = 269.09 (s, 2H, bipym), 26.41 

(s, 2H, bipym), -213.91 (s, 2H, bipym), 2.50 (s, 6H, Pt-(CH3)2), -14.05 (s, 3H, Pt-CH3), 6.85 (s, 15H, Cp*1), 6.55 

(s, 15H, Cp*2). Anal. Calcd. for C39.1H52.4F3N5O3PtSYb+ (C7H8)0.5: C, 42.78; H, 4.81; N, 6.38 found: C, 42.65; 

H, 4.78; N, 6.38. Approximately 0.7 molecules of toluene removed upon drying. 

Reactivity of complex 2 with Ph3C+ BPh4
-: To a dark green solution of Cp*2Yb(bipym)PtMe2 (5 mg, 5 μmol) 

in thf-d8 (0.4 mL), solid Ph3C+ BPh4
- (excess) was added. The solution immediately turned dark brown and 

XRD suitable needles of the same color appeared in few minutes at room temperature. 1H NMR (300 MHz, 

thf-d8 ,20 °C): δ (ppm) = 249.47 (s, 2H, bipym), 10.06 (s, 2H, bipym), -124.35 (s, 2H, bipym), 13.75 (s, 6H, 

Pt-(CH3)2), 5.47 (s, 30H, Cp*), 14.69 (s, 8H, BPh4), 12.36 (s, 8H, BPh4), 11.20 (s, 4H, BPh4). 
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Reactivity of complex 2 with B(C6F5)3: To a dark green solution of Cp*2Yb(bipym)PtMe2 (8 mg, 0.009 mmol, 

1 eq.) in thf-d8 (0.4 mL), solid B(C6F5)3 (4.2 mg, 0.009 mmol, 1 eq.) was added. The solution immediately 

turned dark brown and XRD suitable plates of the same color appeared in few minutes at room 

temperature. 1H NMR (300 MHz, thf-d8 ,20 °C): δ (ppm) = 273.95 (s, 2H, bipym), 27.93 (s, 2H, bipym), -

216.59 (s, 2H, bipym), 5.94 (s, 6H, Pt-(CH3)2), 6.66 (s, 15H, Cp*1), 6.28 (s, 15H, Cp*2). 

 

Associated Content 

Supporting Information. Details on the solution NMR and X-ray crystallography. This material is available 

free of charge via the Internet at http://pubs.acs.org. The crystal structures of 2 to 6, 5+(py) OTf- and 2+ 

BPh4
- have been deposited in the CCDC with #2369155-2369161 
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