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Brominated [20]silafulleranes: pushing the limits of steric loading
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Stefan Grimme,b Markus Burschc and Matthias Wagnera* 

Starting from the perhydrogenated silafullerane 

[nBu4N][Cl@Si20(SiH3)12H8], treatment with BBr3 leads to partially 

and exhaustively brominated clusters, 

[nBu4N][Cl@Si20(SiBr2H)12Br8] (120 eq. BBr3, room temperature, 30 

min) and [nBu4N][Cl@Si20(SiBr3)12Br8] (300 eq. BBr3, 130 °C, 3 d). 

Perbromination is accompanied by a massively increased steric 

strain on the cluster surface, which explains why our approach 

achieves regioselective derivatization of the Si32 framework when 

mild conditions are maintained. Partial Br/H exchange on 

[nBu4N][Cl@Si20(SiBr2H)12Br8] (30 eq. iBu2AlH, room temperature, 

16 h) affords [nBu4N][Cl@Si20(SiH3)12Br8].

The siladodecahedranes [nBu4N][Cl@Si20(SiR3)12R8] 

(“silafulleranes”; Fig. 1)1–8 are among the largest structurally 

authenticated oligosilanes and represent a new class of 

saturated silicon cages (along with, for example, 

silatetrahedranes,9,10 silacubanes,11,12 and 

silaadamantanes13,14). Together with the unsaturated 

siliconoids15–18 and the completely ligand-free Zintl ions,19–21 

these form the trinity of molecular silicon clusters.22 Each of the 

[Cl@Si20(SiR3)12R8]– entities consists of an Si20 core that 

encapsulates a Cl– ion and is decorated with 12 SiR3 groups and 

8 R atoms in perfect Th symmetry.1,3 For future development, it 

would be desirable if the silafulleranes did not carry 44 of the 

same functional groups R, but at least two different types of 

substituents R and R' with largely orthogonal reactivity so that 

R and R’ can be addressed individually. Considering that both 

Fig. 1 Silafullerane anions [Cl@Si20(SiR3)12R8]– ([A]–/[1]–; R = Cl/H);1,3 a 
representative fragment containing one Si–R and one Si–SiR3 vertex is depicted 
separately.

the perhydrogenated silafullerane [nBu4N][Cl@Si20(SiH3)12H8] 

([nBu4N][1])3 and its perchlorinated analog 

[nBu4N][Cl@Si20(SiCl3)12Cl8] ([nBu4N][A])1 exist and that SiH 

moieties provide highly diagnostic NMR handles, the most 

obvious choice would be R/R’ = H/Cl. Indeed we have recently 

succeeded in the synthesis of the mixed H/Cl-silafullerane 

[nBu4N][Cl@Si20(SiH3)12Cl8] ([nBu4N][B]) by partial Cl/H 

exchange on [nBu4N][A]. This approach was based on the higher 

reactivity of the sterically exposed silyl groups compared to the 

more protected core positions toward the H– donor iBu2AlH.3 

However, a reverse synthesis strategy for partially halogenated 

silafulleranes, starting from [nBu4N][1], also appears promising, 

since an increase in steric hindrance at the cluster surface as 

halogenation proceeds could keep some of the H substituents 

in place. Earlier quantum-chemical calculations have indicated 

that the perchlorinated framework of [A]– already probes the 

limits of steric bulk.1 In bromination of [1]–, the chance that a 

defined number of Si–H bonds will remain should therefore be 

even higher than in chlorination.

Herein, we report that this conceptual approach is indeed valid, 

as the treatment of [nBu4N][1] with BBr3 under varying 

conditions, combined with subsequent partial hydrogenation, 
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Scheme 1 Syntheses of the mixed H/Br-substituted silafulleranes [nBu4N][2]–
[nBu4N][4] from [nBu4N][1]. (i) 120 eq. BBr3, oDFB, room temperature, 30 min, 
>90%; (ii) 300 eq. BBr3, oDFB, 130 °C, 3 d, manually picked crystals; (iii) 30 eq. 
iBu2AlH, oDFB/Et2O, room temperature, 16 h, 35%. The substitution patterns are 
illustrated by representative cluster fragments containing one Si–R and one Si–
SiR3 vertex (R = H, Br).

provides selective access to [nBu4N][Cl@Si20(SiBr2H)12Br8] 

([nBu4N][2]), [nBu4N][Cl@Si20(SiBr3)12Br8] ([nBu4N][3]), and 

[nBu4N][Cl@Si20(SiH3)12Br8] ([nBu4N][4]) showing different 

degrees of bromination (Scheme 1).

At room temperature, a suspension of [nBu4N][1] in ortho-

difluorobenzene (oDFB) reacts with BBr3 (120 eq.) within 30 min 

to afford [nBu4N][Cl@Si20(SiBr2H)12Br8] ([nBu4N][2]) in >90% 

yield. Analogous to [A]–, the anion [2]– carries 8 cluster-bonded 

halogen atoms; in contrast to [A]–, [2]– is decorated with 12 

SiBr2H instead of 12 SiCl3 groups. As anticipated, the 

exhaustively brominated analog of [A]– is apparently too 

sterically loaded to be accessible under ambient conditions. 

Pushing the system towards perbrominated 

[nBu4N][Cl@Si20(SiBr3)12Br8] ([nBu4N][3]) requires the use of 300 

eq. of BBr3, an elevated temperature of 130 °C, and an increased 

reaction time of 3 d (sealed glass tube). Moreover, a low 

concentration of  mmol L–1 should be maintained to avoid 

premature precipitation of poorly soluble products that are 

almost – but not completely – perbrominated. Taking 

advantage of the higher reactivity of silyl-bonded compared to 

cluster-bonded Br atoms, we finally achieved the synthesis of 

the mixed SiH3/Br-substituted silafullerane 

[nBu4N][Cl@Si20(SiH3)12Br8] ([nBu4N][4]) from [nBu4N][2] and 

iBu2AlH (30 eq., oDFB/Et2O, room temperature, 16 h). 

[nBu4N][4] was isolated by precipitation from the reaction 

mixture through addition of n-hexane (35% yield). The colorless 

compounds [nBu4N][2]–[nBu4N][4] are sensitive toward air, 

moisture, and tetrahydrofuran (THF).

All NMR spectra were recorded in oDFB/C6D12 (5:1 mixtures). In 

the 1H NMR spectrum, [2]– shows one singlet at 5.79 ppm with 
29Si satellites (Fig. 2a; 1J(H,Si) = 284.6 Hz, cf. HBr2Si–SiBr2H: 
1J(H,Si) = 293.1 Hz23); [3]– does no longer give rise to a resonance 

assignable to Si-bonded H atoms. In the case of [4]–, one intense 

signal at 3.73 ppm (1J(H,Si) = 203.4 Hz) arises from the 

chemically equivalent SiH3 groups (cf. [1]–: (1H) = 3.47, 1J(H,Si) 

Fig. 2 (a) 1H, 29Si, and 35Cl{1H} NMR spectra of [nBu4N][2] (oDFB/C6D12 5:1). In the 
1H NMR spectrum, 29Si satellites are marked with blue dots. (b) 
Crystallographically determined structures of the silafullerane salts [nBu4N][2] and 
[nBu4N][3] in the solid state (for clarity, the cations are omitted and only the major 
occupied sites of the disordered SiBr2H groups of [2]– are shown).

= 191.8 Hz3). The fact that the SiH3 nuclei of [4]– are significantly 

more shielded than the SiHBr2 nuclei of [2]– is consistent with 

the commonly observed deshielding effect of halogen 

substituents on geminally positioned protons in mixed 

hydrido(halogeno)silanes.23,24 Due to the poor solubility of 

[nBu4N][3], no meaningful 29Si NMR spectra could be recorded. 

Each of the two anions [2]– and [4]– is characterized by three 29Si 

NMR signals for its Si0, SiI, and SiIII centers, which testifies to the 

postulated average Th symmetries of the siladodecahedranes in 

solution and, in turn, to highly selective substitution reactions. 

In the case of [2]–, not only 1J(H,Si) = 284.6 Hz (d; SiIII), but also 
2J(H,Si) = 20.5 Hz (d; Si0) is resolved (Fig. 2a). All experimentally 

determined (29Si) chemical shifts are in good agreement with 

the corresponding computed values (Table 1). The endohedral 

Cl– ion within each of the cages [2]––[4]– gives rise to one sharp 
35Cl NMR resonance. Since 35Cl is a quadrupolar nucleus (I = 

3/2),25 this rarely observed feature requires a near-negligible 

electric field gradient inside the dodecahedron, which is only 

fulfilled if the substitution pattern maintains high symmetry. 

(35Cl) is a useful probe of the degree of the Cl– Si20 host-guest 

interaction: the upfield shift of (35Cl) along the series [1]– [4]–

[2]– [3]– (Table 1) is diagnostic for an increasing Cl– Si20 

interaction2 upon increasing the number of electronegative Br 

atoms in the substituent spheres.

The presence of Si–H bonds in [2]– and [4]– is also indicated by 

IR-stretching bands at (Si–H) = 2177 cm–1 (calcd.: 2225 cm–1) 
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Table 1. Experimental (calculated) 29Si and 35Cl NMR-spectroscopic parameters of the 

silafulleranes [nBu4N][A], [nBu4N][B], and [nBu4N][1]–[nBu4N][4] (experimental data and 

calculated 29Si chemical shift values for [nBu4N][A],1–3 [nBu4N][B],3 and [nBu4N][1]3 as 

previously reported).a NMR shifts were calculated at the SO-ZORA-

PBE027(COSMO(CH2Cl2))28,29/ZORA/TZP30,31//PBEh-3c32(SMD(CH2Cl2))33 level of theory 

applying ORCA 5.0.334–36 for the geometry optimization and AMS2022.10137 for the NMR 

shielding calculation. More computational details can be found in the ESI.

Compound (29Si) (35Cl)

Si0 SiI SiIII

[nBu4N][A] –60.3

(–63.5)

31.1

(31.7)

10.3

(15.9)

274.5

(278.3)c

[nBu4N][B] –73.4

(–72.6)

51.5

(54.3)

–97.7

(–98.5)

363.7

(360.6)c

[nBu4N][1] –58.5

(–58.3)

–14.9

(–23.9)

–93.7

(–98.6)

469.0

(472.2)c

[nBu4N][2] –63.1

(–63.6)

17.1

(18.6)

–7.9b

(1.8)

308.7

(308.8)c

[nBu4N][3] n. o.d

(–59.8)

n. o.d

(6.7)

n. o.d

(–15.9)

271.2

(268.4)c

[nBu4N][4] –68.1e

(–67.1)

35.4e

(38.5)

–93.9e

(–95.1)

372.9

(371.2)c

a: NMR spectra were recorded in oDFB/C6D12 (5:1 mixture) with the exception of 

the spectra of [nBu4N][A] and [nBu4N][1], which were measured in THF-d8.1,3 b: See 

Table S2 for NMR-spectroscopic parameters of H/Br-substituted disilanes (H3-

nBrnSi–SiBr2H, n = 0–323). c: These values were obtained after scaling according to 

the following linear equation: (35Cl, scaled) = 0.8728฀ (35Cl, calcd) – 7.3179. d: n. 

o. = not observed. e: The (29Si) values of [nBu4N][4] were determined by 1H29Si-

HSQC and HMBC experiments.

and 2136 cm–1 (calcd.: 2180 cm–1),26 respectively; a 

corresponding signal is absent in the IR spectrum of [3]–. Laser-

desorption ionization (LDI) mass spectrometry in the negative-

ion mode provided further insight into the composition of our 

silafullerane products: The molecular-ion peak [M]– of [4]– was 

detected with a matching isotope pattern at m/z = 1609.82 Da 

(calcd.: 1609.85 Da), next to the peaks of side products with 

slightly deviating H/Br distribution. Analogous to [1]–,3 also [4]– 

undergoes SiH2 elimination under the conditions of mass 

spectrometry. The molecular masses of [2]– (3503.67 Da) and 

[3]– (4450.59 Da) are so high that the limit of our matrix-free 

LDI(–)-MS approach is reached,38 but peaks of characteristic 

fragmentation products could still be detected: In the case of 

[2]– ([Cl@Si32H12Br32]–), the peak of [Cl@Si30H11Br29]– (m/z = 

3203.85 Da; calcd.: 3203.96 Da) is particularly noteworthy as it 

indicates elimination both of SiBr2 and SiHBr fragments from 

SiBr2H groups of the silafullerane. Products of stepwise SiBr2 

elimination were also detected in the LDI(–) MS of [nBu4N][3]. 

Among them, the [M–6×SiBr2]– peak (m/z = 3323.64 Da; calcd.: 

3323.72 Da) corresponds to the heaviest fragment of [3]–, which 

could be unambiguously assigned on its isotope pattern.

Crystals of [nBu4N][2] and [nBu4N][3] suitable for X-ray analysis 

were obtained from oDFB solutions at –30 °C and 130 °C room 

temperature, respectively (Fig. 2b; cf. the ESI for details). In 

both structures, the silafullerane anions are located on 

inversion centers. In the structure of [nBu4N][2], three of the six 

crystallographically independent SiBr2H groups are disordered 

by rotation about the Si–Si bonds to the cluster core; the sums 

of the respective occupation factors agree with a number of 2 

Br atoms per silyl group in all cases. The presence of 44 Br 

substituents in [nBu4N][3] was confirmed using data from a 

synchrotron measurement. The Si–Si bond lengths in partially 

brominated [nBu4N][2] (2.324(5)–2.374(5) Å) and 

perbrominated [nBu4N][3] (2.329(2)–2.376(2) Å) are similar to 

each other, but slightly larger than those in perchlorinated 

[nBu4N][A] (2.295(3)–2.360(2) Å;1 values, differentiated by 

bond type, are given in the ESI). In [nBu4N][2], the vicinal SiBr2H 

groups are mainly oriented such that pairs of  contacts are 

found between them (to give six-membered -

 rings). In [nBu4N][3], 12 short  

contacts  Å) that are close to the sum of 

the van der Waals radii of two Br atoms (3.70 Å39) cannot be 

avoided between adjacent SiBr3 substituents. As a result, 

increased SiIII III distances and SiIII 0 0 angles are found 

within the silyl-group pairs of [nBu4N][3] vs. [nBu4N][2] (SiIII III 

= 4.578(3)–4.617(3) vs. 4.260(6)–4.423(6) Å, SiIII 0 0 = 

116.31(9)–120.39(8) vs. 112.89(19)–118.30(18)°). Furthermore, 

the  distances between silyl- and cluster-bonded Br atoms 

in [nBu4N][3]  Å) are shorter than the 

analogous distances in [nBu4N][2]  Å). These 

trends, which are also evident when comparing the 

corresponding calculated structures (cf. the ESI), suggest higher 

steric hindrance within the substituent sphere of the 

perbrominated silafullerane [nBu4N][3] relative to partially 

brominated [nBu4N][2].

The silafullerane anion [Cl@Si20(SiH3)12H8]– ([1]–) stands out for 

its 44 functionalizable groups and therefore represents a 

potential entry point for a rich follow-up chemistry. However, 

this is only valid under the condition that one can derivatize 

either all or a pre-defined subset of the Si–H bonds. We have 

now succeeded in the perbromination of [1]– to give [3]–, albeit 

only at high temperatures (130 °C, 300 eq. BBr3) and on a small 

scale. In situ monitoring of the reaction progress revealed that 

the harsh reaction conditions are mainly required to enforce the 

last few H/Br-exchange steps and the associated massive build-

up of steric repulsion. Based on these findings, it was possible 

to optimize the reaction protocol in a way that allows the 

synthesis of regioselectively brominated [Cl@Si20(SiBr2H)12Br8]– 

in >90% yield ([2]–; room temperature, 120 eq. BBr3, 30 min). 

The subsequent hydrogenation of [2]– with iBu2AlH 

straightforwardly furnishes [Cl@Si20(SiH3)12Br8]– ([4]–). 

Considering that Si–H and Si–Br bonds exhibit largely 

orthogonal reactivity (e.g., hydrosilylation vs. nucleophilic 

substitution), the stage is now set for the facile regioselective 

introduction of more sophisticated functional groups.
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