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Abstract 

We report the synthesis of heteroleptic dysprosium complexes of the 1,2,4-

tris(trimethylsilyl)cyclopentadienyl ligand (Cp′′′ = {C5H2(SiMe3)3-1,2,4}), and diamagnetic yttrium 

analogues, by salt metathesis protocols from KCp′′′ and molecular lanthanoid halide or borohydride 

precursors: [{Ln(Cp′′′)2(μ-Cl)2K}2]∞ (1-Ln; Ln = Y, Dy), [Ln(Cp′′′)2(THF)(Cl)] (2-Ln; Ln = Y, Dy), 

[Y(Cp′′′)2(η
3-C3H5)] (3-Y), [Y(Cp′′′)(BH4)2(THF)] (4-Y), [Dy(Cp′′′)(BH4)(μ-BH4)]4 (5-Dy) and 

[Ln(Cp′′′)2(BH4)] (6-Ln; Ln = Y, Dy); several crystals of [Dy(Cp′′′)2(BH4)(THF)] (7-Dy) formed on one 

occasion during the isolation of 6-Dy. Efforts to prepare the isolated lanthanoid metallocenium cations 

[Ln(Cp′′′)2]
+ for Y and Dy were not successful by the anion abstraction methods investigated herein; 

however, several crystals of the contact ion-pair complex [Y(Cp′′′)2{(μ-Ph)2BPh2}] (8-Y) formed from the 

reaction of 3-Y with [NEt3H][BPh4]. On one occasion during the preparation of 3-Y we isolated several 

crystals of [Mg(Cpʹʹʹ)(THF)(μ-Cl)]2. Complexes 1-6 and [NEt3H][BPh4] were all structurally authenticated 

by single crystal XRD and were characterised by IR spectroscopy and elemental analysis, with magnetic 

susceptibility for dysprosium complexes determined by the Evans method, and yttrium analogues studied 

by multinuclear NMR spectroscopy; complexes 7-Dy, 8-Y, and [Mg(Cpʹʹʹ)(THF)(μ-Cl)]2 were 



characterised by single crystal XRD only. The magnetic properties of 5-Dy were probed by SQUID 

magnetometry and ab initio calculations. 

 

Introduction 

 Lanthanoid (Ln) cyclopentadienyl (Cp, {C5H5}
–) complexes have been known since the 1950s,[1] 

and in the 70 years since this discovery Cp ligands and their substituted variants (CpR, {C5R5}
–) have been 

exploited more than any other ligand in organolanthanoid chemistry.[2-5] The popularity of Cp and CpR 

ligands in Ln chemistry can be attributed to the relatively facile preparation of proligands and complexes, 

their inherent ability to control Ln coordination spheres through the occupation of multiple coordination 

sites, and the ease of CpR functionalization for fine-tuning physicochemical properties of complexes.[2-5] 

Breakthroughs achieved in Ln chemistry through the employment of CpR ligands are legion, with perhaps 

the most significant example since the turn of the century being their crucial role as stabilizing spectator 

ligands in the discovery of the +2 oxidation state for all Ln save radioactive Pm.[6,7] More recently, isolated 

dysprosocenium cations, [Dy(CpR)2]
+, together with related complexes,[8-15] have provided the highest 

blocking temperature single-molecule magnets (SMMs) to date, as a result of both the rigidity of the C5 

rings and a strong axial ligand field that arises from a lack of equatorial donor ligands.[16-18] 

 The first dysprosocenium cation to be isolated was [Dy(Cpttt)2]
+ (Cpttt = {C5H2

tBu3-1,2,4}–);[8-10] we 

envisaged that [Ln(Cp′′′)2]
+ (Cp′′′ = {C5H2(SiMe3)3-1,2,4}) cations could be viable synthetic targets, given 

the similar size of the CpR ligands. There are a number of examples of structurally characterised Ln Cp′′′ 

complexes in the literature,[19-28] but authenticated examples of [Ln(Cp′′′)2(X)] precursors for the smaller 

Ln are rare,[23,24] presumably due to synthetic challenges associated with installing two bulky Cp′′′ ligands 

whilst circumventing issues of LnX3 precursor and Cp′′′ ligand transfer agent solubility and undesired donor 

solvent coordination and side-product formation from common decomposition routes, e.g. ring-opening of 

THF.[29] Here, we report the synthesis of a series of heteroleptic dysprosium Cp′′′ complexes and 

diamagnetic yttrium analogues by salt metathesis methods from molecular rare earth chloride or 

borohydride precursors, together with structural authentication of an yttrium bis-Cp′′′ contact ion-pair 

complex with the {BPh4}
– anion. 



 

Results and discussion 

Synthesis 

The separate reactions of LnCl3 (Ln = Y, Dy) with two equivalents of KCp′′′ in THF under reflux 

for 24 h, followed by toluene under reflux for 24 h, gave mixtures of the polymeric “ate” complexes 

[{Ln(Cp′′′)2(μ-Cl)2K}2]∞ (1-Ln; Ln = Y, Dy) and the KCl-free molecular solvated complexes 

[Ln(Cp′′′)2(THF)(Cl)] (2-Ln; Ln = Y, Dy) in high crude yield (ca. 70–80%) after filtration of the toluene 

supernatant (Scheme 1). These crude mixtures are of unknown ratios (between 1-Ln and 2-Ln), thus the 

calculated yields are an upper limit as they represent the case where only 2-Ln (the lower molecular mass 

of the two complexes) is present. We could not extract 1-Ln:2-Ln ratios by integration of 1H NMR spectra 

of these mixtures; for 1-Y/2-Y both Cp′′′ ring and silyl group signals overlapped, and significant 

paramagnetic broadening for 1-Dy/2-Dy made integrals unreliable. However, given that the molecular mass 

of THF (72.11 g.mol–1) and KCl (74.55 g.mol–1) are similar the molecular masses of 1-Ln and 2-Ln pairs 

are comparable when the Ln is kept constant, thus the crude yield of lanthanoid-containing 1-Ln/2-Ln 

mixtures is a useful metric. Extraction of the dried white (Y) or pale-yellow (Dy) solids with hot hexane 

gave crystalline 2-Ln (Ln = Y, Dy) after workup, though in poor isolated yields (32% for Y, 19% for Dy). 

Modest quantities of material were consumed prior to final isolation as part of checking the unit cells of 

multiple batches of crystals to confirm the identity as 2-Ln. After hexane extraction the remaining solids 

were extracted with hot toluene. Concentration and cooling (–25 °C) of the pale-yellow solutions gave 

complexes 1-Ln (Ln = Y, Dy) as crystalline material in poor yields (5% for Y; 11% for Dy), though no 

attempt was made to optimise these crystalline yields. The reaction of toluene solutions of a mixture of 1-

Y and 2-Y (prepared in situ) with a THF solution of allylmagnesium chloride gave the solvent-free complex 

[Y(Cp′′′)2(η
3-C3H5)] (3-Y) in high crystalline yield (71%), following work-up and recrystallization from 

hexane by adapting the methodology used for the synthesis of [Ln(Cp*)2(C3H5)] (Cp* = C5Me5)
[30-37] 

(Scheme 1). On one occasion we isolated a few crystals of [Mg(Cpʹʹʹ)(THF)(μ-Cl)]2·C6H14 from a reaction 

intended to produce 3-Y, indicating that some ligand scrambling occurs. 

 



 

Scheme 1. Synthesis of 1-Ln, 2-Ln and 3-Y. 

 

The salt elimination reaction of [Y(BH4)3(THF)3] with one equivalent of KCp′′′ in THF gave 

[Y(Cp′′′)(BH4)2(THF)] (4-Y) in 59% yield following work-up and recrystallization from hexane (Scheme 

2). Recognising that the presence of THF could be detrimental for subsequent abstraction reactions, when 

the analogous reaction of [Dy(BH4)3(THF)3] with equimolar KCp′′′ was performed in THF the crude solid 

of the product, “[Dy(Cp′′′)(BH4)2(THF)]”, was heated for 1 hr at 100 °C under a dynamic vacuum (10–2 

Torr) before recrystallization from hexamethyldisiloxane (HMDSO) to afford the solvent-free tetranuclear 

complex [Dy(Cp′′′)(BH4)(μ-BH4)]4 (5-Dy) in 47% yield (Scheme 2). The salt metathesis reactions of 

[Ln(BH4)3(THF)3] (Ln = Y, Dy) with two equivalents of KCp′′′ in THF followed by toluene gave the 

solvent-free complexes [Ln(Cp′′′)2(BH4)] (6-Ln; Ln = Y, Dy) in low yields (6-Y: 28%, 6-Dy: 38%) 

following work-up and recrystallization from pentane; on one occasion several crystals of the solvated 

complex [Dy(Cp′′′)2(BH4)(THF)] (7-Dy) were identified, indicating that bound THF is removed during the 

work-up procedure (Scheme 2). 

 

 

Scheme 2. Synthesis of 4-Y, 5-Dy, 6-Ln and 7-Dy.; BH4 denticity depicted is inferred from single crystal 

XRD data only. 

 



We had previously showed that the reaction of [Tb(Cpttt)2(BH4)] with [CPh3][B(C6F5)4] gave 

[Tb(Cpttt)2][B(C6F5)4];
[38] however, the separate reactions of 6-Ln (Ln = Y, Dy) with [CPh3][B(C6F5)4], or 

6-Dy with [CPh3][Al{OC(CF3)3}4], in benzene all gave intractable mixtures of products (multinuclear 

NMR spectra of the crude reaction mixture of 6-Y with [CPh3][B(C6F5)4] indicated the formation of several 

products, see Supplementary Information Figures S25–S28). We adapted established literature methods for 

the syntheses of the contact ion-pair complexes [Ln(Cp*)2{(μ-Ph)2BPh2}] from parent [Ln(Cp*)2(C3H5)] 

and [NEt3H][BPh4]
[30-37] by the reaction of a d6-benzene suspension of 3-Y and stoichiometric 

[NEt3H][BPh4]; the reaction progress was monitored by 1H, 11B and 29Si NMR spectroscopy 

(Supplementary Information Figures S29–S31). Propene and NEt3 were observed in the 1H NMR spectrum 

after 5 days at room temperature but the reaction did not proceed to completion. The reaction mixture was 

then heated to 80 °C for 2 hours; the resonances associated with 3-Y in the 1H NMR spectrum essentially 

disappeared, and the reaction appeared to go to near-completion by 11B and 29Si NMR spectroscopy. The 

reaction of 3-Y with [NEt3H][BPh4] was performed in benzene on a larger scale, and whilst several crystals 

of [Y(Cpʹʹʹ)2{(μ-Ph)2BPh2}] (8-Y) were identified (Scheme 3), these crops were contaminated with crystals 

of BPh3, which is likely formed due to thermal decomposition of [BPh4]
– in the presence of a Brønsted 

acid. We hypothesise that the reaction is complicated by the competing reactions of [NEt3H]+ with the 

[BPh4]
– anion at elevated temperature (which is necessary for the reaction to proceed) and of [NEt3H]+ with 

the allyl group in 3-Y. Additionally, we cannot discount the possibility that 8-Y decomposes into BPh3 and 

“[Y(Cp′′′)2(Ph)]”, though the latter species was not identified. It is likely that by optimising solvent and 

reactant concentration this could be obviated, but as 8-Y is not a separated ion pair we did not investigate 

this further. Finally, we monitored the reaction of 3-Y with [CPh3][B(C6F5)4] in d6-benzene by 1H, 11B and 

19F NMR spectroscopy (Supplementary Information Figures S32–S34); these data indicated that a complex 

mixture of products formed, so this reaction was not repeated on a larger scale. 

 



 

Scheme 3. Synthesis of 8-Y. 

 

 To characterise 1-6, we performed NMR and IR spectroscopy, single crystal XRD and elemental 

analysis on all complexes, and we also studied the SMM properties of 5-Dy by solid-state magnetometry 

and ab initio calculations; we were unable to obtain additional characterisation data for 7-Dy and 8-Y due 

to their low yields and contamination with reaction byproducts (see Supplementary Information for 

supporting characterisation data). We consistently obtained carbon values that were lower than expected in 

elemental analysis experiments on 1-6, which we attribute to silicon carbide formation, as some of us have 

observed previously for Ln Cp′′′ complexes, and other authors working with related air-sensitive 

organometallic complexes.[28,39] The IR spectrum of 3-Y showed the expected allyl stretching mode at 1546 

cm−1, in common with similar literature complexes, e.g. [Y(C5Me5)2(C3H5)] (𝜈 = 1540 cm−1).[32] Similarly, 

IR spectroscopy has previously shown to be informative for the identification of borohydride binding 

modes;[40,41] the spectrum of 4-Y showed a B–H stretching frequency that is characteristic of a terminal κ3- 

binding mode at 2493 cm−1, whereas 5-Dy exhibits peaks at 2501, 2283 and 2116 cm–1, which correspond 

to mixtures of terminal κ2- and κ3-, bridging κ2-, and bridging κ3-modes, respectively;[40,41] this is in accord 

with the solid state structure obtained (see below). Additional weak absorptions in the IR spectrum of 4-Y 

between 2400-2100 cm–1 likely arise from partial desolvation of the sample under vacuum to give a 

complex analogous to 5-Dy. Finally, 6-Y and 6-Dy both exhibit a range of medium to weak absorptions 

between 2400-2100 cm–1, indicating that a range of borohydride binding modes may be present in the solid 

state. 

 

NMR spectroscopy 



The 1H, 13C and 29Si NMR spectra of the diamagnetic yttrium complexes 1-4-Y and 6-Y were all 

fully assigned; 13C DEPT 90 and 13C DEPT 135 NMR spectra were acquired for 3-Y, and 11B NMR spectra 

were also obtained for 4-Y and 6-Y. Signals were observed at similar chemical shifts in the 29Si NMR 

spectra for all yttrium complexes (δSi = –9.76 and –9.38 ppm for 1-Y; –9.74 and –8.84 ppm for 2-Y; –9.13 

and –10.18 ppm for 3-Y; –9.84 and –8.88 ppm for 4-Y; –9.59 and –8.83 ppm for 6-Y); these resonances 

are comparable to those seen for [La(Cp′′′)2(BH4)(THF)] (δSi = –10.51 and –9.57 ppm).[28] Two resonances 

were observed for the inequivalent 1,2- and 4-substituted SiMe3 groups in a 2:1 ratio in the 1H NMR spectra 

of all yttrium complexes. Three signals were observed for the allyl group in the 1H NMR spectrum of 3-Y, 

with two methylene proton resonances as doublets at δH = 2.46 (3JHH = 9.4 Hz) and 4.21 (3JHH = 15.3 Hz) 

ppm and a complex multiplet that approximates to a doubled triplet of triplets for the methine proton at δH 

= 7.50 ppm (2JYH = 1.9 Hz) from coupling to the two sets of inequivalent syn and anti methylene protons 

and the 100% abundant I = ½ 89Y centre. The 13C NMR spectrum of 3-Y contains a doublet for the 

methylene groups at δC = 65.39 ppm (1JYC = 3.2 Hz), and a doublet for the methine at δC = 154.99 ppm 

(1JYC = 1.9 Hz) due to coupling with 89Y. The scalar coupling in the NMR spectra of 3-Y is remarkably 

well-resolved compared to literature complexes of the general formula [Y(CpR)2(η
3-C3H5)], e.g. 

[Y{(C5Me4)SiMe2(CH2CH=CH2)}2(η
3-C3H5)], selected δH = 2.30 (syn CH2, 

3JHH not resolved), 3.68 (d, 

anti CH2, 
3JHH = 12 Hz), 7.06 (m, CH); δC = 68.9 (d, 1JYC = 4 Hz), 157.3 (1JYC not resolved).[32] The 1H 

NMR spectrum of 4-Y showed a broad quartet for the borohydride groups at δH = 0.93 ppm, with coupling 

to 11B observed (1JBH = 84 Hz) but not 10B or 89Y due to quadrupolar broadening; the corresponding 

resonance for 6-Y at δH = 1.26 ppm was broadened into the baseline such that no coupling constants could 

be extracted. A broad resonance was seen in the 11B{1H} NMR spectrum of 4-Y (δB = –21.9 ppm) and the 

corresponding 11B NMR spectrum showed the expected quintet at –21.9 ppm (1JBH = 84 Hz). The chemical 

shift of the broad resonance in the 11B{1H} NMR spectrum of 6-Y (δB = –14.85 ppm) is comparable to that 

previously observed for [La(Cp′′′)2(BH4)(THF)] (δB = –17.03 ppm)[28], but 1JBH coupling was not resolved 

in the 11B NMR spectrum of 6-Y.  

The 1H NMR spectra of the dysprosium complexes 1-Dy, 2-Dy, 5-Dy and 6-Dy all showed 

significant paramagnetic broadening; in some cases this made integrals unreliable, and in others not all 



expected resonances were observed. No resonances were observed in the 11B, 13C or 29Si NMR spectra of 

all four complexes. The 1H NMR spectrum of 1-Dy contained one resonance at δH = –79.14 ppm (ν1/2 = 

284.5 Hz) that can be tentatively attributed to SiMe3 groups. We fully assigned the 1H NMR spectrum of 

2-Dy based on approximate integrals (δH = –92.13 ppm, ν1/2 ca. 3,700 Hz, and 75.47 ppm, ν1/2 ca. 6,000 Hz 

for SiMe3 groups; a sharp signal at –77.47 ppm for ring protons; and, –23.37 ppm, ν1/2 ca. 5,000 Hz for 

THF protons). We could not reliably assign any of the broad resonances in the 1H NMR spectrum of 5-Dy. 

Finally, we attributed the three signals seen in the 1H NMR spectrum of 6-Dy to the SiMe3 groups (δH = –

180.19 ppm, ν1/2 = 2,330 Hz; –63.29 ppm, ν1/2 = 2,800 Hz), and Cp′′′ ring protons (δH = 0.05 ppm, ν1/2 = 

650 Hz), reasoning that coupling to 11B and 10B nuclei would make the borohydride resonance unlikely to 

be observed.  

 

Structural Characterisation 

 Single crystal XRD studies were performed to determine the solid state structures of 1-8 (see Figures 

1-8 for depictions of 1-Dy, 2-Dy, 3-Y, 4-Y, 5-Dy, 6-Dy, 7-Dy and 8-Y, and Table 1 for selected bond 

distances and angles; as 1-Y, 2-Y and 6-Y are structurally analogous to their respective Dy analogues and 

their metrical parameters simply differ according to the ionic radii of Y(III) and Dy(III)[42] they are depicted 

in the Supplementary Information, together with structures of [NEt3H][BPh4]·THF and [Mg(Cpʹʹʹ)(THF)(μ-

Cl)]2·C6H14, and supporting crystallographic data). Crystals of 1-Ln grow as a co-crystal of two different 

polymorphs, one monoclinic and one triclinic. In the case of 1-Dy, the monoclinic polymorph is the 

dominant species, whilst its triclinic congener could not be resolved; therefore only the data for the 

monoclinic polymorph is presented in the manuscript. Complexes 1-Ln are polymeric in the solid state, 

with every two “[Ln(Cpʹʹʹ)2(Cl)2K]” subunits connected through bridging chlorides; the K+ cations are each 

bound by three chlorides and their coordination spheres are completed through four agostic-type 

interactions with the C–H bonds of SiMe3 groups to provide the polymeric structures (e.g. for 1-Dy, range 

of K···C close contacts: 3.228(13)–3.508(14) Å). The Ln(III) centres in 1-Ln and 2-Ln both have pseudo-

tetrahedral geometries, with the former exhibiting two Ln–Cl bonds and the latter one Ln–O and one Ln–

Cl bond due to coordination of THF. The metrical parameters of 2-Ln are comparable to previously 



reported Ln complexes with two bulky CpR ligands, such as [Dy(Cp*)2(THF)(Cl)] (Dy–Cl = 2.587(2) Å, 

Dy–O = 2.395(3) Å, Dy···Cp*cent = 2.383(4) Å mean, and Cp*cent···Dy···Cp*cent = 136.8(2)°).[43] 

 The Y(III) centre of 3-Y is bound by two Cp′′′ ligands and an η3-allyl ligand, with the allyl binding 

mode in the solid state matching that seen in d6-benzene solution at 298 K by 1H and 13C NMR spectroscopy 

(see above). The central methine carbon is disordered above and below the plane formed by Y and the two 

methylene carbon atoms; similar solid state structures are known in the literature that show comparable 

metrical parameters, e.g. [Y{(C5Me4)SiMe2(CH2CH=CH2)}2(η
3-C3H5)] (Y···CpR

cent = 2.384(3) Å mean; 

CpR
cent···Y···CpR

cent = 139.67(6)°; Y···Cmethylene = 2.586(5) Å mean; Y···Cmethine = 2.613(4) Å).[32] 

 The mono-ring complex 4-Y exhibits the expected pseudo-tetrahedral geometry from coordination 

of Cp′′′, THF and two borohydrides assigned as 3-BH4 in agreement with the ATR-IR spectrum (see 

above). The Y···Cpʹʹʹcent, Y···B and Y–O distances in 4-Y are all shorter than the corresponding distances 

in [Dy(C5
iPr5)(BH4)2(THF)] (Dy···Cpʹʹʹcent = 2.377(3) Å; Dy···B = 2.499(11) Å and 2.503(11) Å; Y–O = 

2.408(4) Å),[12] as the six-coordinate ionic radius of Y(III) (0.900 Å) is slightly smaller than that of Dy(III) 

(0.912 Å),[42] the Cp′′′ ligand is smaller than C5
iPr5, and the SiMe3 groups additionally bend slightly away 

from the Y(III) centre in 4-Y (mean Cpʹʹʹcent···C–Si = 171.0(4)º) to allow a closer approach of the Cpʹʹʹ ring 

to the Y(III) centre.  

The absence of THF in 5-Dy leads to it being a tetranuclear cluster in the solid state, with each 

pseudo-tetrahedral Dy(III) centre coordinated by one η5-Cp′′′, one terminal borohydride and two bridging 

borohydrides to give a {Dy4(μ-BH4)4} ring. The terminal BH4 ligands (tentatively assigned 3-binding 

modes) alternately point above and below the approximate Dy4B4 plane (mean Dy···Dy = 5.290(4) Å), and 

the four bridging borohydrides are assigned a mixture of μ,1:2- and μ,2:2-binding modes, consistent 

with the large number of features observed in the ATR-IR spectrum of 5-Dy (see above). This butterfly-

type arrangement is similar to that observed in [{Dy(Cp)2}{Dy(Cp)2(THF)}3(μ-C3N2H3)4].
[44] As 5-Dy 

contains two independent molecules in the asymmetric unit with similar metrical parameters and no 

significant intermolecular interactions, only one of these is tetramers is discussed here for brevity. To the 

best of our knowledge, 5-Dy is the first structurally authenticated example of a tetranuclear Ln complex 

with mono-ring {Ln(CpR)} sub-units and bridging borohydrides; dinuclear examples such as 



[Ce(Cpttt)(BH4)(μ-BH4)(THF)]2
[28] and hexanuclear [Ln(CpMe4nPr)(μ-BH4)2]6 (Ln = Sm, Nd),[45] 

[Nd(Cp*)(μ-BH4)2]6
[46] and [La(Cpttt)(μ-BH4)2]6

[28]
 have been isolated previously. 

 The Dy and Y centres of 6-Ln exhibit geometries in the solid state that deviate significantly from a 

pseudo-trigonal arrangement due to the significant difference in steric demands of Cp′′′ and borohydride 

ligands; the metrical parameters for 6-Dy are comparable to analogous distances and angles in 

[Dy(Cpttt)2(BH4)] (Dy···Cpttt
cent = 2.394(2) Å mean; Dy···B = 2.659(5) Å; Cpttt

cent···Dy···Cpttt
cent = 

149.01(6)°; Cpttt
cent···Dy···B = 105.50(3)° mean).[47] Although the single crystal XRD datasets collected 

for 6-Ln provide tentative assignment of 2-BH4 ligands, the B–H stretching region of their ATR-IR spectra 

do not provide clear-cut assignment and indicate that a range of binding modes are present in the solid state 

(see above). 

The coordination of one molecule of THF in 7-Dy provides a pseudo-tetrahedral arrangement of 

ligands, with the bulk features similar to 2-Dy (see above). The higher formal coordination number 

increases the Dy···Cp′′′cent distances in 7-Dy compared to 6-Dy; however, the smaller 

Cp′′′cent···Dy···Cp′′′cent angle in 7-Dy arising from the additionally coordinated equatorial ligand facilitates 

a significant decrease in the Dy···B distance. The metrical parameters of 7-Dy are comparable to those of 

other structurally authenticated [Ln(CpR)2(THF)(BH4)], such as [Y(Cp*)2(THF)(BH4)] (Y···Cp*cent = 

2.387(3) Å mean; Cp*cent···Y···Cp*cent = 135.0(2)°; Y···B = 2.643(3) Å; Y–O = 2.395(2) Å).[48] 

 Finally, 8-Y shows the expected contact ion-pair formulation, with the {(μ-Ph)2BPh2} anion bound 

about the equatorial position of the {Y(Cp′′′)2} fragment through four clear electrostatic contacts with 

ortho- and meta- C–H positions of phenyl rings. The metrical parameters seen for 8-Y are comparable to 

those of similar complexes in the literature,[30-37] though the ring silyl groups in 8-Y bend away from the 

metal centre to a greater extent than 1-7 and other previously reported {Y(Cp′′′)2}complexes[19-28] due to 

the presence of the bulky coordinated BPh4 anion, with Cp′′′cent···Cring–Si angles in 8-Y deviating 

significantly from linearity to as low as 154.3(2)°. 



 

Figure 1. Asymmetric unit of polymeric molecular structure of [{Dy(Cp′′′)2(μ-Cl)2K}2]∞ (1-Dy) with 

selective atom labelling. Displacement ellipsoids set at 30 % probability level and hydrogen atoms omitted 

for clarity. 

 

 

Figure 2. Molecular structure of [Dy(Cp′′′)2(THF)(Cl)] (2-Dy) with selective atom labelling. Displacement 

ellipsoids set at 30 % probability level and hydrogen atoms and modelled disorder components omitted for 

clarity. 



 

Figure 3. Molecular structure of [Y(Cp′′′)2(η
3-C3H5)]·C6H14 (3-Y·C6H14) with selective atom labelling. 

Displacement ellipsoids set at 30 % probability level and hydrogen atoms, lattice solvent and modelled 

disorder components omitted for clarity. 

 

Figure 4. Molecular structure of [Y(Cp′′′)(BH4)2(THF)] (4-Y) with selective atom labelling. Displacement 

ellipsoids set at 30 % probability level and hydrogen atoms omitted for clarity, with the exception of those 

belonging to the borohydride groups. 



 

Figure 5. Molecular structure of [Dy(Cp′′′)(BH4)(μ-BH4)]4 (5-Dy) with selective atom labelling. 

Displacement ellipsoids set at 30 % probability level and hydrogen atoms omitted for clarity, with the 

exception of those belonging to the borohydride groups. 

 

Figure 6. Molecular structure of [Dy(Cp′′′)2(BH4)] (6-Dy) with selective atom labelling. Displacement 

ellipsoids set at 30 % probability level and hydrogen atoms omitted for clarity, with the exception of those 

belonging to the borohydride group. 



 

Figure 7. Molecular structure of [Dy(Cp′′′)2(BH4)(THF)] (7-Dy) with selective atom labelling. 

Displacement ellipsoids set at 30 % probability level; modelled disorder components and hydrogen atoms 

were omitted for clarity, with the exception of those belonging to the borohydride group. 

 

Figure 8.  Molecular structure of [Y(Cp′′′)2{(μ-Ph)2BPh2}] (8-Y) with selective atom labelling. 

Displacement ellipsoids set at 30% probability level; hydrogens have been omitted for clarity. The 

asymmetric unit contains two molecules of 6-Y with similar metrical parameters; only one is depicted here. 

 

Table 1. Selected bond lengths (Å) and angles (°) for 1-8 

1-YA 

Y(1)–Cl(1) 2.6044(8) Y(1)–Cl(2) 2.6486(8) 

Y(1)···Cp′′′cent1 2.407(2) Y(1)···Cp′′′cent2 2.392(2) 



K(1)–Cl(1) 3.0307(11) K(1)–Cl(2) 3.0867(12) 

K(1)–Cl(2A) 3.0419(11) K(1)···C(14) 3.440(4) 

K(1)···C(23) 3.495(4) K(1)···C(15A) 3.496(5) 

K(1)···C(24A) 3.235(4)   

Cp′′′cent1···Y(1)···Cp′′′cent2 135.54(6) Cl(1)–Y(1)–Cl(2) 89.83(3) 

Y(1)–Cl(1)–K(1) 98.75(3) Y(1)–Cl(2)–K(1) 96.41(3) 

Cl(1)–K(1)–Cl(2) 74.64(3) Cl(2)–K(1)–Cl(2A) 81.26(3) 

K(1)–Cl(2)–K(1A) 98.75(3)   

1-DyA 

Dy(1)–Cl(1) 2.652(3) Dy(1)–Cl(2) 2.613(3) 

Dy(1)···Cp′′′cent1 2.413(5) Dy(1)···Cp′′′cent2 2.389(5) 

K(1)–Cl(1) 3.089(4) K(1)–Cl(2) 3.028(4) 

K(1)–Cl(1A) 3.045(3) K(1)···C(11) 3.433(11) 

K(1)···C(20) 3.498(11) K(1)···C(13A) 3.508(14) 

K(1)···C(21A) 3.228(13)   

Cp′′′cent1···Dy(1)···Cp′′′cent2 135.5(2) Cl(1)–Dy(1)–Cl(2) 89.95(9) 

Dy(1)–Cl(1)–K(1) 96.20(9) Dy(1)–Cl(2)–K(1) 98.52(10) 

Cl(1)–K(1)–Cl(2) 74.94(9) Cl(1)–K(1)–Cl(1A) 81.23(10) 

K(1)–Cl(1)–K(1A) 98.77(10)   

2-Y 

Y(1)–Cl(1) 2.5631(5) Y(1)–O(1A) 2.3660(14) 

Y(1)···Cp′′′cent1 2.337(7) Y(1)···Cp′′′cent2
B 2.412(5) 

Cp′′′cent1···Y(1)···Cp′′′cent2
B 135.8(2) Cl(1)–Y(1)–O(1) 88.04(4) 

2-Dy 

Dy(1)–Cl(1) 2.5670(7) Dy(1)–O(1) 2.380(2) 

Dy(1)···Cp′′′cent1 2.3996(13) Dy(1)···Cp′′′cent2 2.4048(13) 

Cp′′′cent1···Dy(1)···Cp′′′cent2 133.43(5) Cl(1)–Dy(1)–O(1) 88.14(5) 

3-Y·C6H14 

Y(1)···Cp′′′cent1 2.397(2) Y(1)···Cp′′′cent2 2.3891(14) 

Y(1)···C(29) 2.606(3) Y(1)···C(30B)C 2.640(6) 

Y(1)···C(31) 2.596(3)   

Cp′′′cent1···Y(1)···Cp′′′cent2 137.42(5) C(29)···Y(1)···C(31) 56.07(11) 

C(29)···C(30B)···C(31)C 128.5(6)   

4-Y 

Y(1)···Cp′′′cent1 2.327(3) Y(1)···B(1) 2.48(1) 

Y(1)···B(2) 2.49(1) Y(1)–O(1) 2.327(5) 

Y(1)–H(1A) 2.31 Y(1)–H(1B) 2.31 

Y(1)–H(1C) 2.43 Y(1)–H(2A) 2.35 

Y(1)–H(2B) 2.34 Y(1)–H(2C) 2.38 

B(1)···Y(1)···B(2) 107.6(3)   

5-DyD 

Dy···Cp′′′cent 2.288(7)-2.303(6) Dy···Bterminal 2.44(2)-2.45(2) 

Dy···Bbridging 2.67(3)-2.74(2)   

Bbridging···Dy···Bbridging 104.9(6)-108.7(7) Bbridging···Dy···Bterminal 94.7(6)-102.8(9) 

6-Y 

Y(1)···Cp′′′cent1 2.335(2) Y(1)···Cp′′′cent2 2.335(2) 

Y(1)···B(1) 2.680(3) Y(1)–H(1A) 2.162 

Y(1)–H(1B) 2.142   

Cp′′′cent1···Y(1)···Cp′′′cent2 149.33(4) Cp′′′cent1···Y(1)···B(1) 106.19(7) 

Cp′′′cent2···Y(1)···B(1) 104.48(8)   

6-Dy 

Dy(1)···Cp′′′cent1 2.351(2) Dy(1)···Cp′′′cent2 2.342(2) 

Dy(1)···B(1) 2.698(6) Dy(1)–H(1A) 2.019 

Dy(1)–H(1B) 2.091   



Cp′′′cent1···Dy(1)···Cp′′′cent2 150.36(8) Cp′′′cent1···Dy(1)···B(1) 103.7(2) 

Cp′′′cent2···Dy(1)···B(1) 105.9(2)   

7-Dy 

Dy(1)···Cp′′′cent1 2.419(2) Dy(1)···Cp′′′cent2 2.422(2) 

Dy(1)···B(1) 2.565(6) Dy(1)–H(1A) 2.30(7) 

Dy(1)–H(1B) 2.35(7) Dy(1)–H(1C) 2.37(7) 

Dy(1)–O(1) 2.393(3)   

Cp′′′cent1···Dy(1)···Cp′′′cent2 131.22(7) O(1)– Dy(1)···B(1) 89.0(2) 

8-YE 

Y(1)···Cp′′′cent1 2.367(2) Y(1)···Cp′′′cent2 2.372(2) 

Y(1)···C(30) 2.784(3) Y(1)···C(31) 3.025(2) 

Y(1)···C(36) 2.814(2) Y(1)···C(37) 3.071(2) 

Y(1)···H(30) 2.563 Y(1)···H(36) 2.577 

Cp′′′cent1···Y(1)···Cp′′′cent2 133.70(3) C(30)···Y(1)···C(36) 70.51(7) 
A Data from monoclinic polymorph. 

B Main component from disorder modelling used to denote Cp′′′cent2. 

C Main component from disorder modelling used to denote central allyl C atom. 

D Range of values. 

E Metrical parameters of only one molecule in the asymmetric unit included here. 

 

Magnetic studies 

We used the Evans method[49] to determine the magnetic susceptibility of solutions of 1-Dy (13.89 

cm3 K mol–1), 2-Dy (13.32 cm3 K mol–1), 5-Dy (15.27 cm3 K mol–1, based on one Dy(III) centre) and 6-Dy 

(13.55 cm3 K mol–1) at 298 K; these are in line with the free ion value expected for Dy(III) (14.17 cm3 K 

mol–1).[50] We envisaged that the SMM behaviour of 1-Dy, 2-Dy and 6-Dy would not be remarkable as 

similar Dy(III) complexes in the literature are poor SMMs due to their approximately trigonal ligand fields, 

e.g. [Dy(Cpttt)2(Cl)][9,10,51] thus we did not investigate their magnetic properties further. Similarly, we did 

not attempt the synthesis of 4-Dy as Dy(III) complexes with comparable structures have been studied 

previously, e.g. [Dy(C5
iPr5)(BH4)2(THF)] (Ueff = 241(8) cm–1).[12] However, the presence of four Dy(III) 

coordination environments in 5-Dy motivated us to study the magnetic properties of this cluster further by 

solid-state magnetometry. The product of magnetic susceptibility and temperature, χMT, for 5-Dy is 13.34 

cm3 K mol-1 per Dy(III) ion at 300 K; the χMT value gradually decreases on lowering the temperature, then 

decreases rapidly below 13 K, suggesting the onset of magnetic blocking at low temperatures (Figure 



S53).[52] Magnetisation versus field measurements at 2 K saturate at 5.05 NAμB at 7 T (Figure S54), 

consistent with a majority mJ = ±15/2 ground state.[52] 

Following characterisation of the static magnetic properties of 5-Dy, we performed dynamic 

magnetic measurements. The hysteresis loops at 2 and 4 K are butterfly-shaped, and are already closed at 

2 K with a sweep rate of 22 Oe/s in the important zero-field region (Figure S55); this is a standard feature 

for Ln SMMs due to quantum tunnelling of magnetisation (QTM).[53] The zero-field cooled (ZFC) and field 

cooled (FC) susceptibility traces diverge at 13 K, suggesting slow relaxation in field at low temperatures 

(Figure S56).[54] Whilst SMMs with ZFC > FC are well-known,[52] to our knowledge this is the first report 

of an SMM with ZFC>FC at all temperatures below the divergence point. This unusual behaviour has only 

been reported for select solid-state inorganic materials capable of undergoing long range ordering, which 

bear little resemblance to molecular 5-Dy.[55,56] For SMMs in general, the FC trace is less than the 

theoretical equilibrium value because of slow relaxation in the applied measurement field, and 

magnetisation of a ZFC sample can occur during the application of a measuring field (0.1 T).[52] It is 

plausible for poor SMMs, such as 5-Dy, that the magnetisation gained while turning on the field (rapid 

QTM active) could be closer to the equilibrium value than when cooling in fixed field (QTM at least 

partially quenched).[18] 

Alternating-current (ac) susceptibility measurements in zero direct current (dc) field indicate no 

appreciable out-of-phase ac susceptibility (χ″). The application of a small dc field (Hdc = 0.1 T) revealed 

temperature-dependent peaks in χ″ between 2 and 8 K (Figures S57 and S58). Below 4 K, the peaks in χ″ 

broaden and a second feature is observed at higher frequency, precluding extraction of the relaxation times 

in this temperature range. Multiple relaxation processes are commonly observed for Dy4 squares, which we 

attribute to a combination of the range of Dy(III) coordination geometries present in the solid state structure 

of 5-Dy (see above) and the possibility of significant intramolecular dipolar interactions.[53] It was decided 

that fitting these multi-peak data using the generalised Debye model to extract relaxation times would be 

inappropriate.[57] 

 

Ab initio calculations 



Ab initio calculations were performed to probe the electronic structures of the four Dy(III) centres 

of 5-Dy separately by running calculations on isolated [Dy(Cpʹʹʹ)(BH4)3]
– fragments using metrical 

parameters from single crystal XRD data (see Supplementary Information for full details). This is an 

approximation for three reasons: i) H atoms positions are not well-defined from XRD measurements; ii) 

fragments are taken from the full molecular structure; iii) there are two inequivalent molecules of 5-Dy in 

the XRD structure; however, these calculations serve to illustrate the essential features of the electronic 

structure. Each Dy(III) centre in 5-Dy exhibits a pseudo-tetrahedral geometry, and this ML3L′ ligand 

ratio/geometry combination has previously been shown to be not ideal for favourable Dy(III) SMM 

properties as it does not provide mJ compositions that give high Ueff values;[58] e.g. 

[Na(THF)6][Dy(OMes*)3(BH4)] (OMes* = {OC6H2
tBu3-2,4,6}) shows slow magnetic relaxation at zero 

field but no barrier to magnetic reversal could be observed due to the presence of highly mixed low-lying 

excited mJ states.[59] The calculations show that the ground doublets for Dy(1), Dy(3) and Dy(4) are mainly 

composed of mJ = ±15/2 (98.9, 91 and 97%, respectively), however the ground doublet for Dy(2) is 

significantly mixed (Table S7); this also leads to fluctuations in the main magnetic axes of the centres 

(Figure 9). In all cases the first excited doublet is ≲ 100 cm–1 and there are significant variations in the 

energy of this state that correlates with the mixing of the ground state. Further, there are also significant 

variations in the (relatively small) total splitting of the 6H15/2 multiplet (398, 274, 300 and 287 cm-1 for 

Dy(1) – Dy(4), respectively). However, examination of the local structures around each Dy(III) does not 

reveal any clear differences, and thus taken all together, this indicates a magnetic anisotropy that is very 

sensitive to local environment because it is neither strongly axial nor strongly equatorial. Similar situations 

have been observed before for trigonal prismatic Ln(III) complexes.[60,61] Hence, the exact positions of the 

H atoms in the bridging {BH4}
– units and the eight structurally-inequivalent Dy(III) sites in 5-Dy mean 

that we cannot define the electronic structure in an unambiguous way. This is likely the origin of the poorly-

defined out-of-phase peaks in the AC susceptibility experiment. 



 

Figure 9. Denotation of the gz axes (purple lines) within the solid state structure of 5-Dy. Dy atoms (blue) 

are labelled, B = yellow, Si = orange, C = grey, H = white. H atoms (apart from those on BH4) are excluded 

for clarity. 

 

Conclusion 

Salt elimination protocols have been successfully employed to allow the synthesis and 

characterisation of a series of heteroleptic yttrium and dysprosium complexes of the 1,2,4-

tris(trimethylsilyl)cyclopentadienyl ligand from THF-solvated metal halide and borohydride precursors. 

We found that a THF-solvated bis-Cp′′′ yttrium chloride complex could be readily converted to a THF-free 

bis-Cp′′′ yttrium allyl complex to add synthetic versatility. Attempts to prepare isolated [Ln(Cp′′′)2]
+ cations 

from the complexes synthesized herein and the previously reported complex [Dy(Cp′′′)2(I)]
[24] using 

literature methods were not successful, which we attribute to either side-reactions occurring between 

reactive abstraction reagents and Cp′′′ rings or facile decomposition of [Ln(Cp′′′)2]
+ cations under the 

conditions employed. We note that silylated Cp rings are prone to sigmatropic and silatropic shifts,[62-66] 

and that the Cp′′′cent···Cring–Si angles in the solid state structures of {Ln(Cp′′′)2}
+ fragments in this paper 

deviate significantly from linearity due to steric buttressing, thus we postulate that the Cp′′′ rings are 

activated towards attack from the electrophilic reagents commonly used to abstract anions. However, a 

trace amount of a contact ion-pair complex [Y(Cp′′′)2{(μ-Ph)2BPh2}] was structurally authenticated, 



indicating that [Ln(Cp′′′)2]
+ cations could be isolated in future by tuning experimental protocols and by 

judicious choice of anion. 

 

Experimental 

Materials and methods 

All manipulations were conducted under argon with rigorous exclusion of oxygen and water using 

glove box and Schlenk techniques. Solvents were purged with UHP-grade nitrogen (Airgas) and passed 

through columns containing activated alumina and molecular sieves before use or were dried by refluxing 

over potassium and degassed before use. All solvents were stored over K mirrors or 4 Å molecular sieves 

(THF). d6-Benzene (Cambridge Isotope Laboratories) was dried by refluxing over K, and was vacuum-

transferred and degassed by three freeze-pump-thaw cycles before use; d6-DMSO was used as received 

from the same supplier. KCp′′′,[67] [Ln(BH4)3(THF)3]
[38] and [NEt3H][BPh4]

[68-71] were prepared according 

to literature procedures; see Supplementary Information for supporting characterisation data for the sample 

of [NEt3H][BPh4] used herein. Anhydrous LnCl3 was purchased from Alfa Aesar and allylmagnesium 

chloride (2.0 M in THF), NaBH4 and Et3N·HCl were purchased from Sigma-Aldrich; these reagents were 

all used as received. 1H (400 MHz), 11B (128 MHz), 13C (101 MHz), and 29Si (80 MHz) NMR spectra were 

obtained on a Bruker Avance III 400 MHz spectrometer at 298 K; chemical shifts are quoted in ppm and 

are relative to tetramethylsilane (1H, 13C, 29Si) or H3BO3/D2O (11B). ATR-FTIR spectra were recorded as 

microcrystalline powders using a Bruker Tensor 27 spectrometer, and FT-IR spectra were recorded as Nujol 

mulls in KBr discs on a PerkinElmer Spectrum RX1 spectrometer. Elemental analyses were performed by 

Mrs Anne Davies and Mr Martin Jennings at The University of Manchester, Manchester, U.K.  

 

Synthetic procedures 

[{Y(Cp′′′)2(μ-Cl)2K}2]∞ (1-Y) and [Y(Cp′′′)2(THF)(Cl)] (2-Y). An ampoule was charged with YCl3 

(0.586 g, 3.0 mmol) and KCp′′′ (1.924 g, 6.0 mmol) and THF (30 mL) was added at –78 °C. The reaction 

mixture was refluxed for 14 h and then allowed to cool to room temperature. The solvent was removed in 

vacuo, toluene (30 mL) was added, and the reaction mixture was refluxed for a further 48 h. Stirring was 



stopped, and the mixture allowed to settle for 2 hours at room temperature. The suspension was filtered 

into a Schlenk, and volatiles were removed in vacuo. The white powder (1.778 g, 78 % crude yield) was 

suspended in hexane (15 mL) and heated gently to give a yellow solution with a white precipitate. Filtration 

of the supernatant followed by concentration and storage at –25 °C afforded colourless crystals of 2-Y. 

Yield: 0.427 g, 19 % with respect to YCl3. The white powder that remained was dried in vacuo, then toluene 

(5 mL) was added, which immediately dissolved the material at room temperature. Manipulation of this 

solution (filtration or gentle heating) caused white material to precipitate. Presumably in hydrocarbon 

solvents there is an equilibrium between a “{Y(Cpʹʹʹ)2Cl}” species, KCl, and 1-Y. Nevertheless, repeated 

filtrations followed by storage at –25 °C eventually afforded single crystals of 1-Y suitable for analysis. 

Yield: 0.118 g, 5% with respect to YCl3. 

Data for 1-Y: υmax (Nujol)/cm−1 2951 (m, C-H stretch), 2898 (w, C-H stretch), 1426 (w), 1243 (s), 1089 

(m), 1009 (m), 939 (m), 830 (s), 752 (s), 686 (s), 627 (s), 508 (m), 430 (m). δH (d6-benzene) 7.09 (s, 8H, 

Cp-H), 0.57 (s, 72H, Si(CH3)3), 0.51 (s, 36H, Si(CH3)3). δC (d6-benzene) 133.86 (Cp-C), 133.76 (Cp-CH), 

125.88 (Cp-C), 3.10 (Si(CH3)3), 2.55 (Si(CH3)3). δSi (d6-benzene) –9.38 (SiMe3), –9.76 (SiMe3). Anal. Calc. 

for C56H116Cl4Si12Y2: C 44.12, H, 7.67. Found: C 41.78, H 7.44%. 

Data for 2-Y: υmax (Nujol)/cm−1 1249 (s), 1091 (s), 1017 (s), 999 (m), 937 (m), 838 (s, br), 753 (m), 722 

(m), 687 (m), 637 (m), 626 (m). δH (d6-benzene) 7.02 (s, 4H, Cp-H), 3.79 (m, 4H, CH2CH2O), 1.32 (m, 4H, 

CH2CH2O), 0.51 (s, 36H, Si(CH3)3), 0.32 (s, 18H, Si(CH3)3). δC (d6-benzene) 137.77 (Cp-C), 133.87 (Cp-

CH), 126.60 (Cp-C), 73.41 (CH2CH2O), 25.63 (CH2CH2O), 2.84 (Si(CH3)3), 2.12 (Si(CH3)3). δSi (d6-

benzene) –8.84 (SiMe3), –9.74 (SiMe3). Anal. Calc. for C32H66ClOSi6Y: C 50.59, H 8.76. Found C 49.17, 

H 8.84%. 

 

[{Dy(Cp′′′)2(μ-Cl)2K}2]∞ (1-Dy) and [Dy(Cp′′′)2(THF)(Cl)] (2-Dy). An ampoule was charged with 

DyCl3 (0.807 g, 3.0 mmol) and KCp′′′ (1.924 g, 6.0 mmol) and THF (40 mL) was added at –78 °C. The 

reaction mixture was refluxed for 48 h and then allowed to cool to room temperature. The solvent was 

removed in vacuo, toluene (30 mL) was added, and the reaction mixture was refluxed for a further 16 h. 

Stirring was stopped, and the mixture allowed to settle for 2 hours at room temperature. The suspension 



was filtered into a Schlenk, and volatiles were removed in vacuo to afford pale yellow oil which 

spontaneously crystallized to form a free-flowing powder with gentle heating. The pale-yellow powder 

(1.920 g, 77 % crude yield) was suspended in hexane (15 mL) and heated gently to give a yellow solution 

with a white precipitate. Filtration of the supernatant followed by concentration and storage at –25 °C 

afforded colourless crystals of 2-Dy. Yield: 0.484 g, 19 % with respect to DyCl3. The white powder that 

remained was dried in vacuo, then toluene (15 mL) was added, which immediately dissolved the material 

at room temperature. The solution was filtered, concentrated to ca. 2 mL, and stored at 5 °C for 48 hours, 

which afforded crystals of 1-Dy. Yield: 0.273 g, 11% with respect to DyCl3. 

Data for 1-Dy: υmax (Nujol)/cm−1 1249 (s), 1144 (m), 1092 (s), 1017 (s), 998 (s), 830 (s, br), 753 (s), 688 

(s), 637 (s), 627 (s). δH (d6-benzene) –79.14 (br s, ν1/2 = 284.5 Hz, Si(CH3)3). δC, δSi not observed. μeff 

(Evans method, 298 K, d6-benzene): 10.54 μB. Anal. Calc. for C56H116Cl4Si12Dy2: C 40.24. H 6.99. Found 

C 39.71, H 7.00%. 

Data for 2-Dy: υmax (Nujol)/cm−1 1241 (s), 1150 (m), 1099 (s), 998 (s), 835 (s, br), 751 (m), 686 (m), 637 

(m), 626 (m). δH (d6-benzene) 75.47 (br s, ν1/2 ca. 6,000 Hz, 18H, Si(CH3)3), –23.37 (br s, ν1/2 ca. 5,000 Hz, 

8H, THF-CH2), –77.47 (s, 4H, Cp-CH), –92.13 (br s, ν1/2 ca. 3,700 Hz, 36H, Si(CH3)3). δC, δSi not observed. 

μeff (Evans method, 298 K, d6-benzene): 10.32 μB. Anal. Calc. for C32H66ClOSi6Dy: C 46.12, H 7.98. Found 

C 45.42, H 8.12%. 

 

[Y(Cpʹʹʹ)2(C3H5)] (3-Y). (C3H5)MgCl (2.0 M in THF, 0.6 mL, 1.1 mmol) was added via syringe to a 

solution containing a mixture of 1-Y and 2-Y (0.708 g, 0.9 mmol) in toluene (10 mL) at room temperature. 

The resultant bright yellow solution was stirred for 4 h. Volatiles were removed in vacuo and the yellow 

solid was triturated with a hexane/dioxane mixture (99:1, 3 x 30 mL). The solid was extracted with hexane 

(2 x 5 mL) and the solution concentrated to 2 mL and stored at −25 °C. Complex 3-Y·C6H14 was isolated 

as bright yellow crystals. Yield: 0.415 g, 71%. 

υmax (ATR)/cm−1 2955 (m, C-H stretch), 2896 (w, C-H stretch), 1546 (w, allyl), 1435 (w), 1407 (w), 1244 

(s), 1146 (w), 1089 (s), 995 (m), 938 (m), 818 (br s), 787 (s), 751 (s), 685 (m), 640 (m), 512 (m), 430 (m). 

δH (d6-benzene) 7.50 (m, 2JYH = 1.9 Hz, 1H, CH(CH2)2), 7.37 (s, 4H, Cp-CH), 4.21 (d, 3JHH = 15.3 Hz, 2H, 



CH(CH2)2 anti), 2.46 (d, 3JHH = 9.4 Hz, 2H, CH(CH2)2 syn), 0.39 (s, 36H, Si(CH3)3), 0.24 (s, 18H, 

Si(CH3)3). δC (d6-benzene) 154.99 (d, 1JYC = 1.9 Hz, CH(CH2)3), 134.07 (Cp-CH), 127.90 (Cp-C), 65.39 

(d, 1JYC = 3.2 Hz, CH(CH2)3), 2.69 (Si(CH3)3). δSi (d6-benzene) –9.14 (Si(CH3)3). Anal. Calc. for 

C31H63Si6Y: C 53.71, H 9.16. Found: C 52.10, H 9.24%. 

 

[Y(Cp′′′)(BH4)2(THF)] (4-Y). THF (30 mL) was added to a mixture of [Y(BH4)3(THF)3] (1.054 g, 3.0 

mmol) and KCpʹʹʹ (0.977 g, 3.0 mmol) and the reaction mixture was stirred for 16 h at room temperature. 

The solvent was removed under vacuum and the product was extracted with toluene (30 mL). Volatiles 

were removed in vacuo to afford a yellow oil. The product was dissolved in hexane (5 mL) and stored at –

25 °C. Complex 4-Y was isolated as colourless crystals. Yield: 0.839 g, 59%. 

υmax (ATR)/cm−1 2955 (m, C-H stretch), 2900 (w, C-H stretch), 2493 (s, κ3-B-H stretch), 2236 (w), 2189 

(w), 2129 (m, B-H stretch), 1428 (w), 1407 (w), 1247 (s), 1188 (s), 1093 (s), 999 (s), 939 (s), 826 (s), 752 

(s). δH (d6-benzene) 7.17 (s, 2H, Cp-CH), 3.54 (br m, 4H, CH2CH2O), 1.01 (br m, 4H, CH2CH2O), 0.93 (br 

q, 8H, 1JBH = 84 Hz, BH4), 0.47 (s, 18H, Si(CH3)3), 0.26 (s, 9H, Si(CH3)3). δB{1H} (d6-benzene) –21.94 

(BH4). δB (d6-benzene) –21.94 (p, 1JBH = 84 Hz, BH4). δC (d6-benzene) 135.4 (Cp-C), 133.5 (Cp-CH), 129.9 

(Cp-C), 74.1 (CH2CH2O), 24.9 (CH2CH2O), 1.8 (Si(CH3)3), 0.4 (Si(CH3)3). δSi (d6-benzene) –8.88 

(Si(CH3)3), –9.84 (Si(CH3)3). Anal. Calc. for C18H44B2OSi3Y: C 45.87, H 9.41. Found: C 42.87, H 9.77%. 

 

[Dy(Cp′′′)(BH4)(μ-BH4)]4 (5-Dy). THF (30 mL) was added to a mixture of [Dy(BH4)3(THF)3] (1.277 g, 

3.0 mmol) and KCpʹʹʹ (0.970 g, 3.0 mmol) and the reaction mixture was stirred for 48 h at room temperature. 

The solvent was removed under vacuum and the product was extracted with toluene (20 mL). Volatiles 

were removed in vacuo and the yellow oil that formed was heated (100 °C) for 1 h whilst under vacuum to 

remove the residual solvent. HMDSO (10 mL) was added to dissolve the product, and the solution was 

reduced under vacuum to 2 mL and stored at –25 °C. Complex 5-Dy was isolated as yellow crystals. Yield: 

0.676 g, 47%. 

υmax (ATR)/cm−1 2953 (m, C-H stretch), 2894 (w, C-H stretch), 2501 (br, m, κ2-,κ3-B-H stretch), 2283 (br, 

m, μ-,κ2-B-H stretch), 2211 (w), 2116 (br, m, μ-,κ3-B-H stretch), 1437 (w), 1403 (w), 1248 (s), 1206 (m), 



1093 (s), 997 (s), 937 (s), 826 (s), 752 (s). δH (d6-benzene) data were not readily assigned. δB, δC, δSi not 

observed. μeff (Evans method, 298 K, d6-benzene): 11.05 μB. Anal. Calcd for C56H148B8Dy4Si12: C 35.49, H 

7.87. Found: C 32.50, H 7.88%. 

 

[Y(Cp′′′)2(BH4)] (6-Y). THF (20 mL) was added to a mixture of [Y(BH4)3(THF)3] (0.699 g, 2.0 mmol) 

and KCp′′′ (1.411 g, 4.4 mmol) at −78 °C and then refluxed for 16 hours. Volatiles were removed in vacuo; 

toluene (20 mL) was added and the reaction was refluxed for a further 16 hours. The reaction mixture was 

allowed to settle at room temperature for 2 hours and then filtered. Volatiles were removed in vacuo and 

the resultant pale yellow oily solid was dried for 3 hours at 50 °C and 10−2 mbar before it was dissolved in 

pentane (5 mL); the solvent was removed in vacuo and the solid dried for 2 hours at 50 °C and 10−2 mbar. 

The solvent was redissolved in pentane (2 mL) with gentle heating to give a saturated solution. Crystals of 

6-Y formed upon storage at 5 °C. Yield: 0.380 g, 28%. 

υmax (ATR)/cm−1 2963 (m, C-H stretch), 2870 (w, C-H stretch), 2444 (w, B-H stretch), 2392 (w, B-H 

stretch), 2244 (w), 2113 (m, B-H stretch), 2018 (w), 1430 (w), 1406 (w), 1315 (m), 1243 (s), 1130 (m), 

1093 (s), 995 (m), 937 (m), 822 (br, s), 750 (s), 688 (s), 639 (s), 629 (s), 526 (m), 427 (s). δH (d6-benzene) 

7.51 (s, 4H, Cp-CH), 1.29 (br m, 4H, BH4), 0.43 (s, 36H, Si(CH3)3), 0.24 (s, 18H, Si(CH3)3). δB{1H} (d6-

benzene) –14.79 (br., BH4). δB (d6-benzene) –14.79 (br., BH4). δC (d6-benzene) 138.02 (Cp-C), 137.00 (Cp-

CH), 132.32 (Cp-C), 2.56 (Si(CH3)3), 1.00 (Si(CH3)3). δSi (d6-benzene) –8.83 (Si(CH3)3), –9.59 (Si(CH3)3). 

Anal. Calc. (%) for C28H62BYSi6: C 50.42, H 9.37. Found: C 48.46, H 9.21%. 

 

[Dy(Cpʹʹʹ)2(BH4)] (6-Dy). THF (20 mL) was added to a mixture of [Dy(BH4)3(THF)3] (0.555 g, 1.3 mmol) 

and KCpʹʹʹ (0.924 g, 2.9 mmol) at −78 °C and then refluxed for 16 hours. Volatiles were removed in vacuo; 

toluene (20 mL) was added and the reaction was refluxed for a further 16 hours. The reaction mixture was 

allowed to settle at room temperature for 2 hours and then filtered; the solution was concentrated to 

approximately 0.5 mL and stored at −25 °C, affording several pale yellow crystals of 7-Dy. Volatiles were 

removed in vacuo and the resultant pale yellow oily solid was dried for 3 hours at 50 °C and 10−2 mbar 

before it was dissolved in pentane (5 mL); the solvent was removed in vacuo and the solid dried for 2 hours 



at 50 °C and 10−2 mbar. The solvent was redissolved in pentane (2 mL) with gentle heating to give a 

saturated solution. Crystals of 6-Dy formed upon storage at –25 °C. Yield: 0.362 g, 38%. 

υmax (ATR)/cm−1 2963 (m, C-H stretch), 2870 (w, C-H stretch), 2440 (m, B-H stretch), 2390 (m, B-H 

stretch), 2244 (w), 2107 (m, B-H stretch), 2020 (w), 1430 (m), 1404 (m), 1309 (m), 1243 (s), 1130 (m), 

1093 (s), 995 (m), 937 (m), 822 (br, s), 750 (s), 689 (s), 639 (s), 629 (s), 506 (m), 427 (s). δH (d6-benzene) 

0.05 (br m, 4H, ν1/2 = 650 Hz, Cp-CH), –63.29 (br s, 36H, ν1/2 = 2,800 Hz, Si(CH3)3), –180.19 (br s, 18H, 

ν1/2 = 2,330 Hz, Si(CH3)3), BH4 not observed. δB, δC, δSi not observed. μeff (Evans method, 298 K, d6-

benzene): 10.41 μB. Anal. Calc. (%) for C28H62BDySi6: C 45.41, H 8.44. Found: C 45.49, H 8.73%. 

 

[Y(Cp′′′)2{(μ-Ph)2BPh2}] (8-Y). Benzene (15 mL) was added to a mixture of 3-Y (0.432 g, 0.6 mmol) 

(prepared as an oily solid directly from the reaction of 1 mmol of 1-Y/2-Y with stoichiometric 

allylmagnesium chloride and used without further purification following removal of reaction byproducts 

according to the procedure outlined above for 3-Y) and [NEt3H][BPh4] (0.253 g, 0.6 mmol) at room 

temperature and stirred for 16 hours. The resultant suspension was filtered and the volatiles were removed 

in vacuo; a 1H NMR spectrum of the resultant yellow solid revealed that 3-Y had been fully consumed. The 

residual yellow solid was extracted with hexane (3 mL) and stored at −25 °C. A small crop of colourless 

crystals were obtained, which were identified as 8-Y by single crystal XRD. Due to the low yield and the 

impurities present in the sample, further analysis could not be carried out. A major impurity was identified 

as BPh3, which crystallised from the supernatant liquid. 
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