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ABSTRACT: The sodium cyclobutadienyl (Cb) reagent [Na2{4-C4(SiMe3)4}(THF)]2 (2) reacts with rare-earth halides 
[MCl3(THF)x], where M = Y, Dy (x = 3.5) and Lu (x = 3), giving the sandwich coordination polymers [M{3-C4(SiMe3)4H}{4-
C4(SiMe3)3--(CH2SiMe2}Na]∞ (3M, M = Y, Dy, Lu). The coordination environments of the rare-earth metals in 3M feature an 
4-cyclobutadienyl ligand, with additional coordination by a tuck-in trimethylsilyl group, and an 3-cyclobutenyl ligand. The 
ligand activation is thought to be a consequence of deprotonation of the Cb ligand by 2. The axial nature of the crystal field 
in 3M is reflected in the single-molecule magnet properties of 3Dy, which has an anisotropy barrier of 309 cm–1 in zero ap-
plied magnetic field.  

-Bonded aromatic ligands have played a pivotal role 
in the development of rare-earth organometallic chemis-
try. In this context, by far the most common ligand is cy-
clopentadienyl (Cp), the myriad derivatives of which have 
underpinned key milestones in rare-earth chemistry, in-
cluding: alkane activation via -bond metathesis;1,2 cataly-
sis;3,4 multiconfigurational electronic structure;5,6 new and 
exotic oxidation states;7 and high-temperature single-
molecule magnets (SMMs).8–11 Organometallic compounds 
containing ligands based on larger rings, particularly cyclo-
octatetraene (COT), have also accounted for significant 
advances in our understanding of the chemical and physi-
cal properties of the rare-earth elements.12–15 In contrast, 
rare-earth organometallics containing the four-membered, 
dianionic cyclobutadienyl ring, [Cb]2–, represent an unex-
plored region of chemical space and 5f derivatives are un-
common.16 The scarcity of rare-earth Cb compounds is not 
hard to understand: the pro-ligands are highly strained 4-
antiaromatic cyclobutadiene rings, making them much 
harder to synthesize and isolate than Cp and COT pro-
ligands.17,18 Furthermore, cyclobutadienes have remarka-
bly complex electronic structure, viz. the elegant studies 
from Sekiguchi et al. in which it was shown that 1,2,3,4-
tetrakis(trimethylsilyl)cyclobuta-1,3-diene, C4(SiMe3)4, is 
converted into a triplet diradical form on heating.19 

To date, the only structurally authenticated rare-earth 
cyclobutadienyl compounds are the coordination polymers 
[{K2(6-toluene)}M{4-C4(SiMe3)4}{4-C4(SiMe3)3--
(CH2SiMe2}] (M = Dy, 1Dy; M = Y, 1Y), which form by dint of 
potassium cations bridging between the 4-C4(SiMe3)4 lig-

ands and deprotonated trimethylsilyl substituents.20 Alt-
hough these compounds contain bis(4-
cyclobutadienyl)metal units, the activated trimethylsilyl 
substituent, which adopts a tuck-in bonding mode, is prob-
lematic since it precludes isolation of the originally target-
ed sandwich complexes [M{4-C4(SiMe3)4}2]–, the terbium 
and dysprosium versions of which will very likely show 
excellent SMM properties. The origins of the tuck-in bond 
in 1M seemingly lie within the Brønsted basicity of 
K2[C4(SiMe3)4], which may be involved in the deprotona-
tion of [M{4-C4(SiMe3)4}2]– in situ, as witnessed by the 
formation of the potassium cyclobutenyl by-product [(6-
toluene)K{3-C4(SiMe3)4H]. 

In the light of these previous observations, we were 
interested in probing the role of the alkali metal in salt 
metathesis reactions of cyclobutadienyl anions with rare-
earth halides. We therefore synthesized the sodium salt of 
[C4(SiMe3)4]2– (Cb'''') and investigated its reactions with 
[MCl3(THF)x] with M = Y, Dy (x = 3.5) and Lu (x = 3), which 
proceed according to Scheme 1. 
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Scheme 1. Synthesis of 2 and 3M with R = SiMe3 and M = Y, Dy 
(x = 3.5) and Lu (x = 3). 

The pro-ligand 1,2,3,4-
tetrakis(trimethylsilyl)cyclobuta-1,3-diene was synthe-
sized according to a modified version of a literature proce-
dure,17 and the subsequent reaction with a slight excess of 
sodium metal gave [Na2{4-C4(SiMe3)4}(THF)]2 (2) in an 
isolated crystalline yield of 72%. Placing 2 under vacuum 
for a few hours results in partial loss of THF. The molecular 
structure of 2, which was revealed by X-ray diffraction, 
consists of dimeric molecules in which two Cb'''' ligands 
each coordinate to three sodium atoms (Figure 1). Two disor-
dered sodium atoms, Na(2) and Na(3), bridge between the Cb'''' 
ligands via slipped 4-interactions, with the trimethylsilyl sub-
stituents oriented in a manner consistent with the presence of 
C–H···Na interactions, similar to those observed in the mono-
meric structure of Li2(Cb'''').17 The two ends of the structure of 
2 are capped by 4-Cb'''' coordination to Na(1) and Na(1A), 
each of which is also bound to a THF ligand. For the bridging 
sodium atoms, the Na–C and Na–Cb'''' centroid distances are 
2.634(2)-3.039(19) Å and 2.962(18)/2.589(2) Å, respectively, 
whereas the analogous distances to the terminal sodium atoms 
are 2.539(15) Å and 2.311(2) Å, respectively. The 1H, 13C and 
29Si NMR spectra are consistent with the solid-state structure 
(Figures S1-S3). 

 

 

Figure 1. Thermal ellipsoid representation (50% probability) 
of the molecular structure of 2. For clarity, the hydrogen at-
oms are not shown. 

 

Before attempting reactions of 2 with rare-earth hal-
ides, the stability of the reagent in benzene and toluene 
was investigated by 1H NMR spectroscopy. Under reflux, 
compound 2 is stable in benzene for at least 12 hours (Fig-
ure S4); it is also stable in refluxing toluene for approxi-
mately one hour, however heating for longer periods re-
sults in changes to the 1H NMR spectrum and formation of 

an amorphous red precipitate (Figure S5). For comparative 
purposes, K2Cb'''' was also studied under the same condi-
tions and found to decompose in toluene (Figures S6, S7); 
the reaction with toluene led to the isolation of a few crys-
tals of benzyl-potassium,21 supporting the notion that 
K2Cb'''' is a strong Brønsted base. This observation suggests that 
the red precipitate involved in the reaction of toluene with 2 is 
benzyl-sodium. The use of alkali metal salts of cyclobutadienyl 
dianions therefore requires a careful choice of solvent to avoid 
unwanted side reactions. 

The reactions of [MCl3(THF)x] with 2 were carried out 
in refluxing benzene for 16 hours, followed by recrystalli-
zation of the crude products in benzene or toluene at –
40°C. X-ray diffraction revealed the products to be 
isostructural coordination polymers based on repeats 
units with the formula [M{3-C4(SiMe3)4H}{4-C4(SiMe3)3-
-(CH2SiMe2}Na]∞ (3M, M = Y, Dy, Lu, Figures 2, S8, S9). In 
the repeat unit, the rare-earth metal is complexed by an 4-
Cb'''' ligand in which a trimethylsilyl substituent has been 
deprotonated and engages in a tuck-in interaction. The 
second ligand bound to the rare-earth metal is a protonat-
ed version of the cyclobutadienyl ligand, which adopts an 
3-cyclobutenyl coordination mode. The 4-Cb'''' ligand also 
bridges to a sodium cation, which then bridges to another 
tuck-in carbon atom on an adjacent repeat unit, resulting 
in propagation of the polymer. Pertinent geometric param-
eters for 3Dy include Dy–C distances of 2.506(11)-
2.571(11) Å to the 4-Cb'''' ligand and Dy(1)–C(2), Dy(1)–
C(3) and Dy(1)–C(4) distances of 2.582(12), 2.744(11) and 
2.617(10) to the 3-Cb'''' ligand. The Dy–C(9) distance to 
the tuck-in carbon is 2.494(12) Å. The distances from dys-
prosium to the centroids of the 4-Cb'''' and 3-Cb'''' ligands 
are 2.308(5) and 2.460(5) Å, respectively, and the Cb-Dy-Cb 
angle is 159.157(5)°. The Na–C distances to the 4-Cb'''' ligand 
are in the range 2.503(12)-2.895(11) Å and the Na–C distance 
to the tuck-in carbon of an adjacent unit of 3Dy is 2.689(13) Å. 
Similar distributions of geometric parameters are found in the 
structures of 3Y and 3Lu (Tables S1, S2). 

 

 

Figure 2. Thermal ellipsoid representation (30% probability) 
of: (a) the molecular structure of 3Dy, and; (b) a segment of the 
extended polymeric structure. For clarity, the hydrogen atoms 
are not shown. 

 

The 1H and 13C NMR spectra of 3Y (Figures S10-S13) 
and 3Lu (Figures S14-S20), recorded in toluene-D8/THF-D8 



 

(3:1) solvent mixtures, are consistent with the solid-state 
structures, with each displaying eight resonances in the 
region (13C) = 0-10 ppm for the trimethylsilyl carbon at-
oms, a resonance at 48.6 ppm (3Y) and 50.3 ppm (3Lu) for 
the protonated carbon atom of the 3-cyclobutenyl ring, 
and five resonances in the region 105-125 ppm for the 4-
cyclobutadienyl and 3-cyclobutenyl carbon atoms. 

The fate of the Cb'''' ligands during the synthesis of 3M 
illustrates that the Cb ring can itself undergo activation 
(protonation) in addition to the trimethylsilyl substituents. 
In 1M, deprotonation of the trimethylsilyl substituent was 
the only observed activation mode; however, given the 
reactivity of K2Cb'''' towards toluene, the participation of 
the solvent in these reactions cannot be ruled out. In the 
synthesis of 3M, since Na2Cb'''' does not react with benzene, 
the ligand activation processes are presumably a consequence of 
Cb coordination to the rare-earth metal. A possible sequence 
that accounts for the formation of 3M is proposed in Scheme 2. 
In the first step, displacement of two chloride ligands from 
the rare-earth metal by one [Cb'''']2– ligand can be envis-
aged, resulting in a putative intermediate with  
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Scheme 2. A possible mechanism accounting for the for-
mation of compound 3M. 

 

composition [(Cb'''')MCl]. Subsequently, a second equiva-
lent of Na2Cb'''' may deprotonate a trimethylsilyl substituent to 
give an intermediate tuck-in complex and the cyclobutenyl-
sodium species [Na{3-C4(SiMe3)4H}], which then adds to 
the tuck-in intermediate to give 3M. Whilst the actual 
mechanism through which 3M forms is likely to be more 
complicated, the sequence in Scheme 2 at least provides 
some insight into the reactivity of the cyclobutadienyl lig-
and, which contrasts to that of other carbocyclic ligands in 
rare-earth chemistry. 

In addition to the reactivity, we were also intrigued by 
the potential impact of the double ligand activation mode 
on the dynamic magnetic properties of 3Dy. Since the dis-
covery of dysprosium metallocene SMMs, the organometal-
lic approach to enhancing the magnetic blocking tempera-
ture (TB) and the effective energy barrier to reversal of the 
magnetization (the anisotropy barrier, Ueff) has grown to 
be a fruitful area of research.8,22,23 The basic principles 

governing the design of dysprosium sandwich SMMs in-
voke molecular geometries in which two approximately 
trans-disposed ligands generate a strong axial crystal field 
by virtue of a small-but-significant covalent contribution to 
the dysprosium-ligand bonding.24–27 When the crystal field 
is strong and highly axial, TB and Ueff can be very large; 
however, when a competing equatorial crystal field is in-
troduced, the opposite effect is observed and fast relaxa-
tion occurs within the magnetic ground state, typically via 
quantum tunnelling of the magnetization (QTM). These 
principles were demonstrated through a study of 1Dy, 
which shows slow relaxation in zero applied D.C. magnetic 
field, although the QTM is strong and an anisotropy barrier 
could not be determined.20 In an applied field of 1 kOe, a 
barrier of Ueff = 325 cm–1 was measured. The poor SMM 
properties of 1Dy are consistent with the dominant influ-
ence of the equatorial tuck-in [CH2SiMe2Cb]– ligand despite 
the strong axial crystal field provided by the cyclobutadi-
enyl ligands. 

The magnetic properties of 3Dy were measured on a 
polycrystalline sample restrained in eicosane. The temper-
ature-dependence of the molar magnetic susceptibility, i.e. 
MT(T), was measured in a DC field of 1 kOe, and the field-
dependence of the magnetization, i.e. M(H), was measured 
at fields in the range 0-7 T at 2, 3 and 5 K, and the results 
are typical of a compound containing a Dy3+ ion with a 
6H15/2 ground term.28 Full details of these measurements 
are provided in the Supporting Information (Figures S21-
S22). Dynamic-field magnetic susceptibility measurements 
on 3Dy reveal typical SMM behaviour in zero applied DC 
field, with well-defined maxima in the frequency-
dependence of the out-of-phase susceptibility, ''(), in the 
temperature range 1.9-37 K (Figures 3, S23-S26). 

 

 

Figure 3. Frequency dependence of the out-of-phase molar 
magnetic susceptibility (''M) for 3Dy, collected in zero D.C. 
field at A.C. frequencies of  = 0.1-1488 Hz at 1.9 K (black 
stars), 2.2 K (lilac hexagons), 2.5-5 K in 0.5 K intervals, and 
then 6-40 K in 1 K intervals. Solid lines represent a guide for 
the eye. 

 

From the AC susceptibility data, the magnetic relaxa-
tion times () were extracted using a standard Cole-Cole 
fitting procedure with -parameters in the range 0.05-



 

0.28, which indicates a moderate distribution of relaxation 
times (Figures S27-S30, Table S3). A plot of ln (/s) versus 
T–1 revealed that the relaxation in 3Dy is dominated by 
thermally activated processes above approximately 12 K 
(Figure S31), followed by a curved section that may reflect 
Raman relaxation, and at lower temperatures  is only 
weakly temperature-dependent, indicating the dominance 
of QTM. Fitting the data with the standard equation ��� =
 ��

��������/��� + ��� + ����
�� , in which C and n are the Ra-

man coefficient and Raman exponent, respectively, and 
����

��  is the rate of QTM yielded Ueff = 309(20) cm–1, 0 = 

1.03(4) × 10–9 s, C = 0.78(2) s−1 K–n, n = 2.07(8) and QTM = 
3.78(8) × 10–3 s. The extracted barrier for 3Dy is similar to 
that determined for 1Dy, however it is notable that the bar-
rier for 3Dy was determined in zero applied magnetic field, 
suggesting that the competing equatorial crystal field in 
this doubly activated cyclobutadienyl complex is less influ-
ential than the equatorial crystal field in its singly activated 
analogue. 

In conclusion, the sodium cyclobutadienyl reagent 
[Na2{4-C4(SiMe3)4}(THF)]2 (2) reacts with rare-earth hal-
ides accompanied by a previously unseen double ligand 
activation process, which results in the tuck-in/allyl sand-
wich compounds [M{3-C4(SiMe3)4H}{4-C4(SiMe3)3--
(CH2SiMe2}Na]∞ (3M) with M = Y, Dy and Lu. Our working 
hypothesis is that the ligand activation modes in 3M are a 
consequence of the basicity of 2 combined with the C–H 
acidity of the trimethylsilyl substituents, which may be 
enhanced upon coordination to the rare-earth metals. The 
axial nature of the crystal field in 3Dy was confirmed by the 
observation of SMM behaviour in zero applied magnetic 
field, with an associated anisotropy barrier of 309 cm–1. 
Alternative synthetic approaches to the intact transfer of 
4-Cb ligands to rare-earth elements are under develop-
ment in our laboratory. 
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