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ABSTRACT  

This work presents the synthesis and characterization of a 3d-4f bimetallic complex based on the 

redox-active macrocyclic biquinazoline ligand, Mabiq. The mixed Yb-Ni complex, 

[(Cp*)2Yb(Mabiq)Ni]BArF (3), was synthesized upon reaction of [NiII(Mabiq)]BArF (2) with 

Cp*2YbIIOEt2. The molecular structures of 3 and its sister complex, 

[(Cp*)2Yb(Mabiq)Ni][(Cp*)2Yb(OTf)2] (1), confirmed the presence of a Yb(III) center and a 

reduced Ni-Mabiq unit. Spectroscopy (absorption and NMR), cyclic voltammetry and magnetic 

susceptibility studies were employed to analyze the electronic structure of 3, which is best 

described by the [(Cp*)2YbIII(Mabiq•)NiII]+ formulation.  Notably, the ligand centered radical is 

delocalized over both the diketiminate and bipyrimidine units of the Mabiq ligand. The magnetic 

susceptibility and variable temperature NMR studies for 3 denote coupling between the Ni-

Mabiq site and the peripheral Yb center – previously unobserved in 3d-3d Mabiq complexes. 

The complex nature of the exchange interactions is highlighted by the multiconfigurational 

ground state for 3, comprising nearly degenerate singlet and triplet states. 
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INTRODUCTION 

The synergistic chemistry that can arise from the combination of d and f-block metals has 

prompted interest in 3d-4f complexes in particular.1-4 The predominant research involving these 

complexes has unarguably been in the fields of molecular magnetism and catalysis.  

A surge of activity in the field of single molecule magnets (SMMs) followed the report of the 

first 3d-4f SMM by Mrozinski and co-workers in 2004.5-9 The strength of the 3d-4f interactions 

and the nature of each magnetic center can dramatically influence the SMM properties. Strong 

interaction between a paramagnetic LnIII ion and another paramagnetic center is an effective way 

for improving SMM performance, as illustrated by CrIII- and CoIII-DyIII systems, which exhibit 

substantial thermal energy barriers to magnetic reorientation as a consequence of exchange 

interactions between the two metal centers.10-12 However, 3d-4f interactions are not always 

beneficial to SMM performance, as evidenced by McInnes et al. through a series of butterfly-like 

M2Ln2 (M = MgII, MnIII, CoII - CuII; Ln = YIII, GdIII - ErIII) structures, in which even weak 

exchange interactions resulted in a decreased effective energy barrier.13 Therefore, a better 

understanding of the magnetic exchange interactions in 3d-4f compounds is still needed to 

effectively utilize these systems as SMMs. 

Catalysis involving 3d-4f complexes also is a quickly developing field; lanthanides can have a 

marked effect on both small molecule and organometallic reactions. Domino, Friedel-Crafts, 

Mannich, Michael addition and cross-coupling reactions have all been successfully catalyzed by 

polynuclear 3d-4f coordination clusters.14, 15 Enhanced CO2 transformations by asymmetric Zn-

Ln complexes,16-19 and catalytic olefin hydrogenation promoted by Ni-Lu complexes—in which 

lanthanide coordination was crucial for tuning and exploiting the reactivity at the Ni center—

have also been reported in the last five years.20 Lanthanides incorporated into Mn-based water 
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oxidation cluster mimics modulate the Mn potentials, as well as the O-atom transfer activities of 

these systems.21, 22 The first examples of molecular 3d-4f water oxidation catalysts (WOCs), a 

Co3Ln (Ln = Ho-Yb) cubane series reported by Evangelisti et al., also showed enhanced 

photocatalytic performance compared to Co-only molecular WOCs.23 

Recently, several of these mixed-metal systems have also incorporated redox-active ligands, 

which offers further potential for both catalysis and magnetism.24-29 In the field of transition 

metal chemistry — through their ability to participate in redox transformations — these ligands 

act as  ‘electron storage sites’, thereby opening up the reactive possibilities of the complex as a 

whole.30-33 Ligand-based reactivity has not been robustly developed within lanthanide chemistry. 

However, investigations into 4f-complexes with e.g. redox-active Schiff bases and 

aminophenolate ligands have shown how these ligands can support the formation of reduced 

lanthanide ions.34-36 Despite the number of reports with either 3d or 4f centers in combination 

with redox-active ligands, complexes comprising all three groups are surprisingly limited.37-40 

Given the evidence for improved magnetic properties in systems with two paramagnetic centers, 

synthesizing 3d-4f systems comprising redox-active ligands — in which a ligand radical can 

exist alongside a paramagnetic lanthanide — offers further opportunities to modulate and exploit 

exchange interactions. An example is the study by Goudy et. al. concerning the 

[(Cp*)2Yb(L)PdMe2] complexes (L = bipyrimidine (bipym) or 4,5,9,10-tetraazaphenanthrene 

(taphen)).41 These complexes undergo oxidative addition, resulting in formation of a stable, 

isolable PdIV species. The unique combination of redox-active ligands with divalent lanthanide 

fragments is thus an effective strategy for accessing and stabilizing high oxidation states in 

organometallic chemistry. This strategy could also be effectively adopted to obtain species 

behaving as low-valent transition metal compounds for CO activation.42 
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Prompted by the studies with the abovementioned Yb-Pd complexes, and our interest in further 

developing the chemistry of 3d-4f complexes, we have now focused on the merger of lanthanides 

with transition metal complexes based on the macrocyclic biquinazoline ligand, Mabiq. 

Monometallic M-Mabiq complexes exhibit properties that could be further exploited in 3d-4f 

chemistry; including the electro- and photocatalytic behavior of the Co-Mabiq and Ni-Mabiq 

systems, respectively.43, 44 These properties and the unique electronic structures associated with 

the complexes can in part be accounted for by the established redox-activity of the Mabiq 

ligand.45 Several homobimetallic transition metal Mabiq complexes were previously synthesized, 

and we envisioned that the peripheral bipym unit of the Mabiq ligand would also readily 

coordinate a lanthanide ion.46, 47 Similar to the Pd compounds above, the incorporation of a 

lanthanide could alter the redox and electronic properties of the metal in the central Mabiq 

cavity, and potentially foster new reactivities by the combined system. The synthesis and 

characterization of the first 3d-4f Mabiq system, a Yb-Ni complex, are reported herein. This 

complex provides important insight into the effect of the 4f metal on the M-Mabiq properties and 

on the metal-metal interactions, that contrasts with properties of the 3d-3d bimetallic Mabiq 

complexes previously reported. 

 

RESULTS AND DISCUSSION 

Synthesis and Solid-State Characterization. The initial attempts to synthesize a 

heterobimetallic Yb–Ni complex involved the stoichiometric reaction of [Ni(Mabiq)]OTf with 

ytterbocene, (Cp*)2YbOEt2. Whilst this initial synthesis was successful in producing a bimetallic 

complex, [(Cp*)2Yb(Mabiq)Ni][(Cp*)2Yb(OTf)2] (1), the Yb-containing counterion complicates 

characterization. Similar counterion generation upon production of complexes with the Cp*2Yb 
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fragment in the presence of coordinating triflates was previously observed.48 Consequently, the 

diamagnetic tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, (BArF) analogue of [Ni(Mabiq)]OTf, 

[Ni(Mabiq)]BArF (2), was prepared by complexation of the ligand with NiCl2·6H2O in ethanol 

and subsequent salt metathesis with NaBArF (Scheme S1). The electronic spectrum and solid 

state structure of 2 are consistent with those of the previously reported NiII-Mabiq complex 

(Figures 2 and S2, Tables S1 and S3).44 The reaction of 2 with (Cp*)2YbOEt2 in cold THF gave 

the paramagnetic bimetallic [(Cp*)2Yb(Mabiq)Ni]BArF (3) in 78% yield (Scheme 1). 

 
Scheme 1. Reaction of 2 with (Cp*)2YbOEt2 in THF (−35 °C) yields the bimetallic 3. 

 
 
Single crystals of both bimetallic complexes were obtained. However, detailed analysis of the 

molecular structure of 3 was not possible due to structural disorder, which could not be resolved. 

The molecular structures, of complex [(Cp*)2Yb(Mabiq)Ni] in 1 and 3, exhibit the same 

connectivity and overall geometry, including a square planar Ni-Mabiq center adjacent to a 

pseudo-tetrahedral Yb that resides in the peripheral Mabiq coordination site. However, 

conclusions based on the bond distances, as detailed below, relied on the structure of 1.  The 

structural similarities of the shared [(Cp*)2Yb(Mabiq)Ni] component in both 1 and 3 indicate 

that conclusions concerning the electronic structure of this unit, as deduced from the 

crystallographic data for 1, also apply to 3. All subsequent analyses of the bimetallic complex 
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(e.g. electrochemical, spectroscopic and magnetitic susceptibility studies) were carried out using 

3. 

Select bond distances and angles of 1 (Figure 1) are provided in Table 1. The average Yb-

Cp* distance (2.315 Å) is consistent with literature values for YbIII centers in Cp compounds.49 

The reported values range from 2.30 – 2.31 Å for YbIII complexes, whilst Cp-YbII bond distances 

lie in the range of 2.43 – 2.50 Å. The data clearly denote that oxidation of the lanthanide ion 

occurred in the reaction of [Ni(Mabiq)]OTf and (Cp*)2Yb(OEt2). The average Ni–N bond 

distance in 1 (1.877(8) Å) is analogous to that in 2 (1.867(3) Å), which indicates that the Ni ion, 

on the other hand, remains divalent. Therefore, the corresponding reduction of the Ni-Mabiq site 

occurs at the ligand. A notable feature of the bimetallic compound is the strongly shortened C1–

C33 distance of the bipym (1.40(1) in 1 vs. 1.476(5) Å in 2), with a corresponding lengthening of 

the adjacent C-N bonds (1.41(1) and 1.35(1) in 1 vs. 1.374(4) and 1.291(4) in 2), in support of 

ligand-centered reduction. Interestingly, the electron density in all previously characterized 

[MII(Mabiq•)] complexes — including in the bimetallic [CuII
2(Mabiq•)(PPh3)2]PF6 — is 

predominantly localized on the diketimine site of the macrocycle; changes in the bond distances 

of the bipym group were not observed.43-47 However, the diketiminate bond distances within 1 

are similar to those of the ligand in other divalent MII-Mabiq complexes (Table S2).43 The 

structural data for 1, and by extension 3, supports the [YbIII(Mabiq•)NiII]+ formulation of the 

bimetallic Yb-Ni compounds.  However, the additional variations in the bipym bond lengths in 

comparison to the monometallic [NiII(Mabiq•)] system, already suggest an altered electronic 

structure due to the presence of the 4f ion. 
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Table 1. Select bond distances and angles of 1 compared with previously reported compounds of 

similar structure. 

Atoms Length / Å  or Angle /° Comparative Literature Values 
Yb1 – C(Cp*) Av. 2.61(2) Cp*2Yb(4,5-diazafluorenyl): Av. 2.609(9) 49 
Yb1 – Ct1,2† Av. 2.315 Cp*2Yb(4,5-diazafluorenyl): Av. 2.31 49 
Yb1 – N2,8 Av. 2.356(8) Cp*2Yb(4,5-diazafluorenyl): Av. 2.372(1) 49 

Ct1 – Yb1 – Ct2 136.14 Cp*2Yb(4,5-diazafluorenyl): 140.00 49 
Ni – N Av. 1.887(8) [NiII(Mabiq•)]: Av. 1.874(15) 44 

C1-C33 1.40(1) 2: 1.476(5) 
† Ct1,2 denote the calculated centroids of the Cp* rings. 
 

 

 
 
Figure 1. ORTEP structure of 1 with ellipsoids at 50% probability and relevant atoms labelled. 

Counterion, solvent molecules and H-atoms have been omitted for clarity. Full crystallographic 

data for both 1 and 3 can be found in Figures S1 and S3 and Tables S1-S2. 

Solution State Characterization. Absorption spectroscopy provided further insight into the 

electronic structure of 3. The electronic spectrum of the complex in THF exhibits a series of 

distinctive absorption bands in the visible region (λmax= 794, 708 nm; ε = 0.29, 0.18 × 104 M-1 

cm- 1; Figure 2) that are typical of complexes containing the reduced Mabiq ligand.43-47 These 

low energy transitions are only slightly shifted with respect to their position in the spectrum of 
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[NiII(Mabiq•)].44 Coordination of the Yb has a more significant impact on the transitions in the 

400-500 nm region. The spectrum further evidences the presence of a one-electron reduced 

Mabiq unit in 3. In contrast to the crystallographic data, however, the data suggests a similar 

electronic structure as for [NiII(Mabiq•)], in which the radical character was predominantly 

located at the diketiminate unit. Thus, while the spectrum of 3 is consistent with the 

[(Cp*)2YbIII(Mabiq•)NiII]BArF formulation, structural and absorption spectroscopic data alone 

do not allow for precise assignment of the electronic structure. 

 
Figure 2.  UV-Vis spectra of 2 (black), 3 (red) and [Ni(Mabiq•)] (blue).  

 
We subsequently investigated how the presence of the Yb ion affects the redox properties of 

the Ni-Mabiq unit, since these are particularly relevant for the potential application of these 

complexes in redox reactions. The cyclic voltammogram (CV) of 3 is shown in Figure 3 (red 

trace), along with the CV of the monometallic [NiII(Mabiq•)] for comparison (black trace). The 

latter complex exhibits a reversible [Ni(Mabiq)]+/[Ni(Mabiq•)]0 couple at −1.04 V vs. Fc+/0 (Fc = 
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ferrocene), as well as additional redox events below –1.90 V, which likely include further 

reductive processes involving the Mabiq ligand.44, 46, 47 The CV of 3 also displays a series of 

reversible couples at −0.71, −1.09 and −1.94 V, and our tentative assignments of these events is 

as follows. The redox couple at −0.71 V is assigned to the [Ni(Mabiq)]+/[Ni(Mabiq•)]0 couple, 

which compared to the CV of [NiII(Mabiq•)], undergoes a notable positive shift (Figure 3). The 

assignment of this event at −0.71 V is consistent with the observed reduction of [NiII(Mabiq)]+ 

by (Cp*)2YbII, and the YbIII/Mabiq• formulation of 3, which signifies that the Ni-Mabiq unit is 

the more readily reduced species. A positive shift in the M-Mabiq couples was observed upon 

coordination of a CuI ion to the outer Mabiq site as well.47 However, coordination of the trivalent 

lanthanide to the peripheral binding site appears to have a more dramatic effect on the redox 

properties of the macrocyclic site, which  evidences the stronger electronic influence by the 4f 

ion. The subsequent events at –1.09 V and –1.94 V, likely include the YbIII/II couple and further 

reductive events involving the Ni-Mabiq unit. The YbIII/II couple of Cp*2Yb(THF)n was reported 

at −1.48 V vs. Fc+/0, and shifted to significantly more negative potentials upon coordination to 

terpyridine;50 the [Ni(Mabiq•)]0/[Ni(Mabiq)]− couple of the monometallic compound lies at –1.94 

V. Therefore, it is difficult to distinguish the two processes. 
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Figure 3. CV of 3 (red; 0.2 V s-1) and [Ni(Mabiq•)] (black; 0.1 V s-1);  0.1 M [N(n-Bu)4]PF6, 

THF. 

 
1H NMR and Magnetic Susceptibility Studies. X-ray and solution state analysis of the redox 

properties of 3 suggest that the coordination of the lanthanide leads to extended delocalization of 

spin density in the Mabiq ligand. These studies would be complemented by more detailed 

analysis of the overall spin density of the complex, as well as of the interaction between the 

lanthanide fragment and the Ni(Mabiq•) fragment. The analysis of the 1H NMR of paramagnetic 

compounds is useful in this regard, as it relies both on the magnetic susceptibility and on the spin 

density, while temperature dependent solid-state magnetic data should inform on the nature of 

the interaction between the multiple spin carriers in the overall molecule.   

The 1H-NMR of 2 (Figure S4, CDCl3) shows the expected signals for each of the Mabiq proton 

environments. A minor downfield shift is only observed for the diketiminate proton resonance, 

compared to the spectrum of the chloride analogue. All signals are present in the diamagnetic 
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region and in good agreement with a C2v symmetry in solution. The 1H-NMR of 3 (C6D6) at 298 

K is distinctly different (Figure 4). The proton resonances of this paramagnetic complex appear 

across a much larger range from +65 to –10 ppm. In paramagnetic NMR, the observed chemical 

shift corresponds to the sum of the paramagnetic isotropic shift (δpara) and the diamagnetic shift 

(δdia) (Equation 1).51 The diamagnetic shift can be extracted from the value of the diamagnetic 

analogue, 2, which allows calculation of the δpara value. The latter parameter is also composed of 

two contributions (Equation 2): the pseudo-contact contribution (δPC) and the Fermi contact 

contribution (δFC).52 δPC is principally due to the distance of the proton from the main 

paramagnetic center and the angle of the spin with respect to the principal axis of magnetization. 

In the case of 3, both contributions must be considered due to the lanthanide contribution to δPC 

and the increased δFC contribution that arises from the radical character on the Mabiq ligand.  

𝛿!"# = 𝛿!"#" + 𝛿!"# (1) 
𝛿!"#" =  𝛿!" + 𝛿!"  (2) 

 

We analyzed the NMR spectrum in an effort to deconvolute both effects. The protons of the Cp* 

rings readily could be assigned to the signal at –0.76 ppm, which integrates to 30 protons. The 

eight Mabiq bipym protons (D = 63.54, C = 14.53, A = 1.36 and B = –4.65 ppm) were likewise 

assigned based on their integrations, by comparison to the NMR spectrum of the related 

(Cp*)2Yb(bipym)NiMe2, and from the variable temperature (VT) NMR study (vide infra).42  
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Figure 4. 1H-NMR spectrum of 3 (C6D6) and scheme depicting the assignment of the 

resonances; integrals are normalized relative to the signal for G (30 H).; * indicates residual 

solvent peaks. Acquisition parameters: spectral width = 500 ppm; number of scans = 512; 

acquisition time = 0.218 s. 

 
The isotropic paramagnetic chemical shift was calculated for environments A to D and E as –

 7.19, –12.65, 6.26, 54.37 and 39.76 ppm, respectively (Table S4). The δPC can be estimated 

from the distance and angle of each proton from the principal axis of magnetization and is large 

for both D (3.04 Å, 30°) and C (5.36 Å, 30°); and smaller for B (6.66 Å, 30°), A (6.80 Å, 90°) 

and E (9.98 Å, 30°). The comparison between B and C is of interest: B is further away from the 

paramagnetic center (smaller δPC contribution) but has a significantly larger isotropic shift; the 
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difference is likely a result of a larger δFC contribution. Similarly, E is very far away from the 

ytterbium; the δPC contribution is therefore small. Thus, since δpara is large for B and E (and both 

have small δPC contributions) it means that E and B must have a significant δFC contribution. A is 

more problematic because both δPC and δpara are small. It is thus difficult to draw conclusions 

concerning the magnitude of δFC. Likewise, although δpara is large for D, the contributions are 

more difficult to disentangle, since both δPC and δFC could be sizeable for this resonance, and of 

similar values. 

The presence of spin density on both the bipym and diketimine components of the Mabiq 

ligand, as deduced from the NMR data, indicates that both the SOMO and LUMO of the 

analogous monometallic [Ni(Mabiq•)] (Figure S5) might be populated in a mixed configuration 

in 3 due to the coordination of the ytterbocene. Therefore, the overall spin density around the 

nickel center is significantly modified compared to that of the monometallic [Ni(Mabiq•)] 

(Figure S5).44 As such, several descriptions of the ground state electronic structure of 3 can be 

considered. Studies on the related (Cp*)2Yb(bipym)NiMe2 complex highlighted the complexity 

in assigning electronic structures of systems containing lanthanides, transition metal ions and 

redox-active ligands.42 Variable-temperature (VT) NMR and magnetic susceptibility data 

provided useful insight in this regard. Since both δPC and δFC are inversely dependent on 

temperature, we plotted the various 1H-NMR resonances versus 1/T (Figures S6-S9; 

representative example given in Figure 5). The VT-NMR plots support our assignments of the 

resonances in 3 as determined from the room temperature spectrum. The protons associated with 

significant spin density display the largest temperature dependence (D, E and B), while the 

curvature indicates a deviation from Curie behavior. Similar deviation from Curie behavior was 

also observed in the (Cp*)2Yb(bipym)NiMe2 system — and in other similar compounds — for 



 

15 

the resonances most shifted by the paramagnetic center.41, 42, 53 The magnetic behavior of 3 is 

likely a result of magnetic exchange coupling between the single electrons on the Yb and Ni-

Mabiq fragments. To test this hypothesis and further assess the electronic structure of 3, solid-

state magnetic susceptibility data were obtained. 

 
Figure 5. Variable temperature 1H-NMR chemical shifts (δ) versus 1/T of the most strongly 

shifted protons assigned D and E in the 1H-NMR spectrum of 3 (Figure 4). 

 
The χT and 1/χ versus T plots derived from the magnetic susceptibility data are depicted in 

Figure 6. χT is 1.91 cm3 K mol-1 at 300 K, and declines gradually with decreasing temperature, 

reaching values of 0.7 and 0.5 cm3 K mol-1 at 10 and 2 K, respectively. In lanthanide compounds, 

the spin-orbit coupling is large and thus, the 2F7/2 state should be considered for an Yb(III). Note 

that the theoretical value is then 2.54 emu mol-1 at room temperature, which decreases with 
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decreasing temperature because of the depopulation of the crystal field states.54 The low 

temperature value for a 2F7/2 is usually 1.2 – 2.0 emu mol-1. 

The electronic ground state structure can typically be inferred from the measurement of χT at 2 

K. Previous investigations on bipyridine and phenanthroline adducts of Cp*2Yb showed that the 

presence of a redox-active ligand has a dramatic impact on the electronic structure and magnetic 

properties of the compound compared to those with a conventional innocent ligand.53, 54 The Ln-

bipyridine compound was characterized by a multiconfigurational singlet ground state and 

contained an intermediate-valent ytterbium (between +2 and +3). In contrast, the phenanthroline 

adducts have clear triplet ground states. By comparison with these related systems, we postulate 

that 3 has nearly degenerate singlet and triplet states, which contribute to the observed 

magnetism at low temperature. Indeed, on the one hand, the highest expected limiting value of 

χT is that of the triplet of 1.5 to 2.4 emu mol-1, based on the value for a 2F7/2 (YbIII) ground state 

(usually 1.2 – 2.0 emu mol-1) added to the typical 0.36 emu mol-1 value for a radical on a 

π system. On the other hand, the lowest limiting value is close to zero for a singlet (Van Vleck 

paramagnetism). However, in the case of 3 this value is low but not zero. Therefore, the data is 

neither in agreement with a clear singlet (S = 0) nor triplet (S = 1) ground state. Thus, the 

intermediate value of 0.5 emu mol-1 clearly indicates a situation in which the triplet and singlet 

are of very similar energy.  
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Figure 6. χT (blue) and 1/χ (red) plots as functions of temperature, T, for 3 measured at 0.5 T 

over the range 2 – 300 K. Inflection points in the χT plot are indicated by the arrows at ~10 and 

~80 K. 

 
The M vs H plot provides further evidence of a partially populated triplet state (Figure S10). 

The saturation of magnetism is typical for the 2F7/2 state of the ytterbium, suggesting the 

population of a triplet state at low temperature. The evolution of the magnetic susceptibility with 

the temperature also is in agreement with the population of several energy states of different 

electronic nature and with a small difference in energy. The 1/χ vs T plot exhibits linear behavior 

from approximately 300 to 100 K, with a visible deviation from linearity at lower temperatures. 

The location of the curvature in the above plot corresponds with the inflection points around 10 

and 80 K in the χT vs T plot. This non-linear behavior below 100 K also indicates population of 
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multiple states at the lower temperatures. Similar magnetic behavior has been observed in other 

systems with multiple intermediate-valent singlet states, and can be explained by the Boltzmann 

distribution between the states when the temperature changes.41, 49, 53, 54 In the case of 3, similar 

to the Cp*2Yb(5,6-Me2phenanthroline) complex, the inflection point is rather flat, which 

prevents any quantitative analysis of the data. Therefore, the data simply indicates that both 

intermediate-valent singlet states and the triplet state are very close in energy (Scheme S2). The 

necessary CASSCF computations that could rationalize this interpretation were attempted but 

were too large for the capabilities of our lab.49, 55 

We note that the magnetic data for the Yb-Ni complex is in contrast to our previously reported 

dicobalt Mabiq complex, Co2(Mabiq)Cl3, which exhibited a negligible exchange coupling 

constant (J = 0.47 cm-1), denoting weak communication between the two CoII centers.46 

Coordination of a CuI ion to the outer Mabiq site also appeared to have a minimal influence on 

the electronic structure of the [Cu(Mabiq•)] site, based on the redox properties and results of 

DFT calculations for [Cu2(Mabiq)(PPh3)2(OTf)] compared with data for the monometallic 

complex.47 In contrast, the combined magnetism and NMR spectroscopic data for 3 demonstrate 

that coordination of the ytterbocene to the Mabiq bipym site clearly leads to more significant 

coupling between the two units (formation of low-lying open-shell singlet(s)) and significantly 

modulates the extent of delocalization of the residual spin density.  

 

CONCLUSIONS 

In summary, we have synthesized and fully characterized a novel heterobimetallic Yb-Ni Mabiq 

complex, [(Cp*)2Yb(Mabiq)Ni]BArF. This represents the first mixed lanthanide/transition metal 

compound in the Mabiq family and a noteworthy addition to the class of 3d-4f compounds — 
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particularly those comprised of redox-active ligands. Our studies demonstrate that the peripheral 

Yb markedly influences the redox properties and electronic structure of the M-Mabiq site, which 

was not apparent in our homobimetallic transition metal Mabiq complexes. Consequently, the 

coordination of lanthanides offers a means to tune the reactivity, and potentially the 

photochemical properties, of the macrocyclic M-Mabiq unit. With respect to the latter, the 

combination of lanthanides with π-conjugated molecules and d-block ions offers a strategy for 

luminescence sensitization; select lanthanides also have recently been explored for photoredox 

catalytic applications.56, 57  With regard to magnetic properties, the effect of other lanthanides in 

the outer Mabiq position — e.g. DyIII, which has shown particular promise for SMMs — is of 

interest, since these metal ions may exhibit enhanced exchange interactions.58 A positive 

influence of diamagnetic 3d ions, particularly ZnII, on SMM behavior also was demonstrated.59-61 

M···M exchange interactions and magnetic properties of the bimetallic Mabiq complexes clearly 

are dependent on the nature of the metal centers. Therefore, varied combinations of 3d and 4f 

ions in the Mabiq system, offer significant opportunities for fine-tuning the Mabiq systems for 

applications in catalysis, photochemistry and magnetism. 
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EXPERIMENTAL SECTION 

General Procedures. Chemicals not synthesized directly in lab were purchased from 

commercial sources and were used without further purification unless otherwise noted. Toluene 

and THF were refluxed and distilled over sodium with benzophenone as an indicator and stored 

over activated molecular sieves (4 Å) under argon. All other solvents were dried using a solvent 

purification system (MBSPS 800; MBraun), deoxygenated via freeze-pump-thaw procedure and 

stored over molecular sieves (3 or 4 Å) under argon.  H(Mabiq) was synthesized as previously 

described.43 NaBArF was synthesized as previously described (82% yield; Anal. Calcd for 

C33H12BF24Na: C, 43,34; H, 1.36. Found C, 43.08, H, 1.33%).62 Metal complexes were 

synthesized under inert atmosphere (Ar) using standard Schlenk and glovebox techniques. 

Synthesis of [Ni(Mabiq)]BArF (2). NaBArF (251 mg, 283 µmol) was dissolved in MeCN (12 

mL) and added dropwise to a stirred solution of [Ni(Mabiq)]Cl (180 mg, 283 µmol) in MeCN 

(26 mL). The solution was stirred at room temperature for 1 h and filtered. The solvent was 

removed under vacuum and the crude solid dissolved in Et2O. The product was recrystallized by 

slow diffusion of the solution into hexane to yield dark yellow crystals suitable for single-crystal 

XRD (162 mg, 39%).  

1H-NMR (CDCl3, 400 MHz, 300 K) δ, ppm: 9.17 (dd, J = 8.4, 1.4 Hz, 2H), 8.55 (m, 2H), 8.27 

(ddd, J = 8.5, 7.0, 1.4 Hz, 2H) 8.00 (ddd, J = 8.2, 7.1, 1.1 Hz, 2H), 7.67 (s, 8H), 7.48 (s, 4H), 

6.57 (s, 1H), 1.40 (s, 12H), 1.34 (s, 12H). 11B-NMR (CDCl3, 400 MHz, 300 K) δ, ppm: -6.60 (s). 

Anal. Calcd for C65H45N8BF24Ni: C, 53.34; H, 3.10; N, 7.66. Found: C, 53.17; H, 3.04; N, 

7.70%. UV-vis [λmax, nm (ε, M-1 cm-1), THF]: 456 (1.8 × 104), 316 (4.0 × 104). 

Synthesis of [(Cp*)2Yb(Mabiq)Ni]BArF (3). (Cp*)2YbOEt2 (28.30 mg, 54.66 µmol) in cold 

THF (-35 °C, 0.4 mL) was added dropwise with stirring to [Ni(Mabiq)]BArF (79.90 mg, 54.66 
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µmol) in cold THF (1.6 mL). The solution was stirred at room temperature for 24 h, filtered over 

celite and the solvent removed under vacuum. The crude compound was recrystallized by slow 

diffusion of octane into a solution of toluene to yield brown crystals suitable for single-crystal 

XRD. Additional product could be isolated by layering octane onto the filtrate (81 mg, 78 %). 

1H-NMR (C6D6, 400 MHz, 300 K) δ, ppm: 63.54 (s, 2H), 46.33 (s, 1H), 14.53 (s, 2H), 7.58 (s, 

8H), 6.73 (s, 4H), 3.64 (s, 12H), 2.07 (s, 12H), 0.96 (s, 2H), -0.76 (s, 30H), -4.65 (s, 2H). 11B-

NMR (C6D6, 400 MHz, 300 K) δ, ppm: -6.57 (s). Anal. Calcd for C85H75BF24N8NiYb: C, 53.53; 

H, 3.96; N, 5.88. Found: C, 53.53; H, 4.32; N, 5.51%. UV-vis [λmax, nm (ε, M-1 cm-1), THF]: 794 

(2.9 × 103), 708 (1.8 × 103), 451 (1.9 × 104), 431 (1.9 × 104), 317 (4.3 × 104). 

Physical Measurements. NMR measurements were performed with a Bruker Avance 

Ultrashield (400 MHz) spectrometer and analyzed using MestReNova (v12.0.4). Variable 

temperature NMR measurements were performed with a Bruker Avance III NMR spectrometer. 

Chemical shifts are reported in parts per million (ppm, scale) relative to the signal of the relevant 

deuterated solvent (CDCl3 δ = 7.26 ppm; C6D6 δ = 7.16 ppm; THF-d8  δ = 3.58, 1.73 ppm;  

acetone-d6 δ = 2.05 ppm). Coupling constants (J) are given in hertz (Hz) and reported with 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet). Electronic spectra 

were measured on an Agilent Cary 60 UV-vis spectrophotometer. Microanalyses were carried 

out at the Technische Universität München. Electrochemical measurements were carried out 

using an Emstat 3+ PalmSense potentiostat using a three-electrode cell equipped with glassy 

carbon working and counter electrodes and Ag/AgNO3 reference electrode. Samples were 

measured (0.1-0.2 V s-1; 0.1 M [N(n-Bu)4]PF6; in THF) under inert conditions and potentials are 

reported with reference to an internal standard of ferrocenium/ferrocene (Fc+/0). Magnetic 
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susceptibility measurements for 3 were made. on powder in sealed quartz tubes on a Quantum 

Design SQUID at 0.5 and 2 T. 

Crystallography. The crystallographic data was collected on a X-ray single crystal 

diffractometer, equipped with a CMOS detector (Bruker APEX III, κ-CMOS), a rotating anode 

(Bruker AXS, FR591) with Mo Kα radiation (λ = 0.71073 Å) and a MONTEL mirror optic by 

using the APEX3 software package or equipped with a CCD detector (Bruker APEX II, κ-CCD), 

a fine-focus sealed tube and a Triumph monochromator using the APEX2 software package.63 

The crystal was picked from perfluorinated ether and fixed on top of a Mitegen® microsampler 

and transferred to the diffractometer. The measurement was carried out under a constant stream 

of cold nitrogen. A matrix scan was used to determine the initial unit cell parameters. SAINT, as 

implemented in the APEX3 suite, was used to merge and correct the reflections for Lorenz and 

polarization effects, scan speed, and background.64 Absorption corrections containing odd and 

even ordered spherical harmonics were performed using SADABS.65 Space group assignments 

were established using systematic absences, E statistics, and successful refinement of the 

structures. Structures were solved using the intrinsic phasing method (SHELXT), which also 

supported the correct assignment of the space groups, and were refined against all data using 

SHELXLE in conjunction with SHELXL-2014 or Olex2.66-69 Hydrogen atoms were calculated to 

the ideal position and refined employing a riding model with isotropic thermal parameters. Non-

hydrogen atoms were refined with anisotropic displacement parameters. The images of the 

crystal structure were generated using Mercury.70 We observed for structure 3 several non-

merohedral twinning (as observed by non-indexable Bragg reflexes) in all of the tested single 

crystal samples, which we were not able to resolve better in the represented model. 
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