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Abstract: We report the synthesis of five new examples of ladder cyclohexasilanes, possessing up to three 
consecutive fused rings and differing in relative ring fusion configuration and side chain structure. By coupling a 
1,4-dipotassiooligosilyl dianion to a cyclohexasilane, we obtained bi- and tricyclic ladder cyclohexasilanes. 
Combined experimental and theoretical studies suggested that annulation could favor the cis configuration under 
kinetic control, while the trans configuration predominates under thermodynamic control. Computational studies 
show that with each additional ring in the trans-diastereomeric series, the predicted onset of light absorption shifts 
to longer wavelengths. 

Introduction 

Ladder molecules and macromolecules feature two parallel chains of atoms formed by the consecutive fusion of 
two or more rings. This class of polycyclic compounds has long posed a significant synthetic challenge due to their 
architectural complexity and attracted interest for the unusual properties arising from their constrained 
conformations and restricted degrees of freedom.[1] Examples of carbocyclic ladder compounds include ladderanes, 
which possess both biological significance[2,3] and rich mechanochemically coupled cycloreversion chemistry,[4,5] 
fused cyclohexanes arising from Diels–Alder cycloadditions,[6,7] and conjugated acenes and heteroacenes.[8–10] 
Beyond carbon, inorganic examples of ladder covalent compounds are rare, while ladder-like coordination 
polymers,[11] polysiloxanes,[12] and minerals are better represented.[13] Matsumoto synthesized the smallest 
example of a ladder cyclosilane, the bicyclo[2.2.0]hexasilane, in 1987.[14] Speaking to the considerable challenge 
posed by these compounds, 20 years later Matsumoto reported that reductive coupling of linear dichlorosilanes 
affords complex mixtures of ladder polysilanes with between four to eight consecutive fused cyclotetrasilanes, from 
which individual examples could be isolated by recycling high-performance liquid chromatography.[15,16] 



 

Scheme 1. A) Prior work: Synthetic access to diastereomeric siladecalins, the simplest ladder polymer of cyclohexasilane. B) This work: synthesis of a ladder 
tricyclosilane.  

In 2019, we reported the stereocontrolled synthesis of both diastereomers of siladecalin 3Ph (Scheme 1a), the 
smallest example of a ladder polysilane consisting of fused 6-membered rings.[17] The tetraphenyl siladecalins 3Ph 
could be converted to the hydrido-functionalized siladecalins 3H by protonolysis and reduction without erosion in 
relative configuration. We found that relative configuration influenced conformation-dependent absorbance 
spectra;[18] the rigid trans-siladecalin 3H strongly absorbed UV light (λ ~ 270 nm), while the conformationally 
dynamic cis isomer did not. These insights sparked our interest in the next highest congener, a tricyclo-Si14 scaffold 
consisting of three fused cyclohexasilanes (Scheme 1b). At the same time, we appreciated that the extension of 
the ladder polysilane by just one additional ring would result in considerable additional complexity. While the 
siladecalin, or bicyclo-Si10, exists in two diastereomeric forms, the tricyclo-Si14 has five possible diastereomers 
differing in the relative configurations at the ring fusions (Figure S1). The tricyclo-Si14 diastereomers are named 
following the convention developed for the carbocycle perhydroanthracene: trans,syn,trans (tst), cis,trans (ct), 
trans,anti,trans (tat), cis,anti,cis (cac), and cis,syn,cis (csc).[19,20] 

 
Herein, we report the synthesis and isolation of four examples of ladder tricylohexasilanes possessing a core of 14 
silicon atoms arranged in three consecutive fused rings while differing in the exocyclic substituents and relative 
configuration at the ring fusion. These ladder tricyclosilanes rank among the most complex oligosilanes yet 
synthesized,[21,22] based on size, multiple rings, and multiple stereogenic-at-silicon centers. We also report the 
stereoselective synthesis of an additional example of a siladecalin (bicyclo-Si10 compound, 3TMS). Our results 
show that cis diastereoselectivity is enhanced under kinetic control, while thermodynamic control increases the 
yield of trans configurations. We expect these results to inform the emerging area of stereoselective synthesis at 
silicon and other main group centers[23–29] by providing examples of configuration-dependent properties that could 
inform target and substrate design, as well as insight into reaction conditions that could result in unexpected 
racemization. We also find computationally that as the number of rings in trans-fused ladder polysilanes increases, 
the onset wavelength of the σ*←σ transition shifts to longer wavelengths. This progressive redshift reflects 
extended σ-conjugation, which lowers the HOMO–LUMO gap and yields significant oscillator strengths (f = 0.05–
0.29) that corroborate enhanced delocalization in longer Si–Si frameworks. 

Results and Discussion 



In our siladecalin synthesis,[17] we found that salt metathesis of 1,2-dichlorocyclohexasilane 1 and dianion 
2Ph[30–35] allowed construction of the bicyclic framework of 3Ph (Scheme 1a); the initially formed cis-3Ph major 
product could be equilibrated to the thermodynamically favored trans-3Ph diastereomer. This suggested the 
possibility of synthesizing a ladder tricyclohexasilane by simultaneous coupling of two equivalents of a dianion to 
a tetrafunctional cyclohexasilane like 4 (Scheme 2a). We anticipated not only employing dianion 2Ph but also 
Marschner’s dianion 2TMS bearing trimethylsilyl substituents.[36]  

 

Scheme 2. A) Retrosynthesis: bis-annulation of tetrafunctional cyclosilane 4 to give tricyclo-Si14 scaffolds. B) Synthesis of cyclosilane 4. i) Li, 
THF; i-PrMgCl; Cl2SiMe2, 78%; ii) F3CSO3H (2.0 equiv.), CH2Cl2 ; iii) NEt3•HCl (2.0 equiv.), Et2O, 92% (2 steps); iv) Na, toluene, 50%; v) 
F3CSO3H (4.4 equiv.), CH2Cl2; (vi) NEt3•HCl (4.4 equiv.), Et2O, 76% (2 steps).  

Ultimately, we accomplished the synthesis of 4 in six steps from commercially available starting materials (Scheme 
2b). Ph2MeSiCl was converted to the silyl lithiate[37] which was then coupled to Me2SiCl2 to give trisilane 5. One 
phenyl ring was removed from each terminal silicon atom by triflic acid (F3CSO3H)[38–40] and the intermediate silyl 
triflate was converted to the more stable chlorosilane 6 by addition of triethylamine hydrochloride (NEt3•HCl).[41] 
Chlorosilane 6 is known and was isolated as a ca. 1:1 mixture of two diastereomers, meso and trans. Trisilane 6 
dimerized to the cyclohexasilane 7 upon reductive coupling initiated by Na. While 7 was isolated and carried forward 
as a mixture of diastereomers, two were separated by chromatography, and their relative configuration was 
assigned by X-ray crystallography (Figure S2). Finally, the remaining aromatic rings were removed by F3CSO3H, 
yielding 8, which was converted to the chlorosilane 4 by reaction with NEt3•HCl. A crystal structure of the major 
diastereomer cac-8 was obtained (inset, Scheme 2b).  

Having obtained the key tetrafunctional cyclosilane 4, we first investigated the coupling of 4 with dianion 2Ph. While 
a variety of reaction conditions were evaluated (Table S1), promising results were obtained when two equivalents 
of 2Ph were added slowly to 4 as a solution in either benzene or toluene as a solvent at 0°C (Figure 1a). Higher 
temperatures did not increase the yield. After column chromatography, a mixture of at least two products was 
obtained that we were ultimately able to assign as predominantly the high symmetry tst and low symmetry ct 
diastereomers of ladder tricyclosilane 9Ph (dr ca. 1:2 tst:ct, Figure 1b). The assignment of relative configuration 
arose from selective crystallization of pure diastereomers from different solvents: tst-9Ph recrystallized from toluene, 
while ct-9Ph recrystallized from hexanes. The crystals of tst-9Ph (block) and ct-9Ph (rod) were also of different 
morphologies (Figure S3). X-ray crystal structures of each diastereomer are shown in Figure 1c. While unidentified 
residual material could correspond to additional diastereomers, these could not be isolated in sufficient purity or 
quantity for definitive determination (Figure S4).  

We next investigated the reactivity of dianion 2TMS, which has been extensively employed by Marschner in the 
synthesis of cyclosilanes.[42,21] The reaction of 2TMS with cyclosilane 1 yielded a new example of a siladecalin, cis-
3TMS, in 82% yield and as a single diastereomer (Figure 1d). Assignment of relative configuration was based on 
the crystal structure (Figure 1e). The dianion 2TMS therefore reacted with increased diastereoselectivity relative to 
2Ph: as we previously reported, cis-3Ph is the major product of the reaction between 1 and 2Ph, but in 23:77 
trans:cis dr and 50% yield.[17] Increased cis selectivity was also observed in the reaction between dianion 2TMS 
and 4, which yielded a different set of diastereomeric ladder tricyclosilanes than 2Ph (Figure 1d). Instead of the 
trans,syn,trans (tst, minor) and cis,trans (ct, major) diastereomers observed with 2Ph, the two isolated 



diastereomers were the cis,trans (ct, major) and the cis,anti,cis (cac, minor). Structural assignments were made by 
recrystallization from the reaction mixture in toluene or tetrahydrofuran/methanol (Figure S5). Details of the 
recrystallization procedures are reported in the SI. We note that the purity of each isolated diastereomer was lower 
than for the 9Ph series.  

 

Figure 1. a) Synthesis of 9Ph. b) Cropped 1H NMR (400 MHz, CDCl3) of the unpurified reaction mixture and pure tst- and ct-9Ph indicating a 
ca. 1:2 tst:ct diastereomeric ratio. c) X-ray crystal structures of tst-9Ph and ct-9Ph. Exocyclic substituents are shown in wireframe, with the 
exception of methyl groups at the stereogenic ring fusion silicon atoms. Solvent molecules, disorder, and hydrogens omitted for clarity. 
Displacement ellipsoids given at 50% probability level. Black = carbon; blue = silicon. d) Synthesis of 3TMS and 9TMS. e) X-ray crystal structures 
of cis-3TMS, ct-9TMS, and cac-9Ph. Exocyclic substituents are shown in wireframe, with the exception of methyl groups at the stereogenic ring 
fusion silicon atoms. Solvent molecules, disorder, and hydrogens omitted for clarity. Displacement ellipsoids given at 50% probability level. 
Black = carbon; blue = silicon.
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To assess whether kinetic or thermodynamic factors govern the increased cis selectivity, we evaluated the relative 
stabilities of the diastereomeric products by calculating the ground state energies of the five possible diastereomers 
of 9Ph and 9TMS at the PBE0-D4/def2-TZVP (CPCM, Toluene) level of theory (Figure S6). For the TMS series, 
calculations revealed that tat-9TMS is the most thermodynamically stable diastereomer, although it was not isolated 
experimentally; in contrast, the experimentally isolated diastereomers, ct-9TMS and cac-9TMS, are higher in 
energy by +14.9 and +44.3 kJ mol-1, respectively. These energy differences strongly suggest that the high cis 
selectivity observed with dianion 2TMS results from kinetic control. In contrast, for dianion 2Ph, the experimentally 
isolated diastereomers tst-9Ph (ΔG = 0 kJ mol-1) and ct-9Ph (ΔG = +3.9 kJ mol-1) emerged as the two lowest-
energy isomers. In our previous study of siladecalins, we observed that the addition of dianion 2Ph equilibrated the 
initially formed cis-3Ph to the more stable trans-3Ph. This suggested the possibility that the isolation of tst-9Ph and 
ct-9Ph reflects thermodynamic control. Supporting this hypothesis, we found that reducing the reaction time 
between 2Ph and 4 from 16 hours to 3 hours significantly increased the amount of the ct isomer relative to the tst 
(10:90 tst:ct, Figure S6). 

However, the finding that dianion 2Ph, but not 2TMS, epimerizes a stereogenic silicon center complicates our 
understanding of the epimerization mechanism. In our synthesis of the siladecalins, we hypothesized that 
coordination of anionic 2Ph to a stereogenic Si could transiently form a pentacoordinated silicate that could return 
to a tetrahedral geometry with either retention or inversion of configuration. This hypothesis was rooted in extensive 
prior work on the racemization of stereogenic-at-silicon silanes via hypervalent silicon.[43–46] However, it is unclear 
why 2Ph and 2TMS would differ in the ability to form a hypervalent silicon, suggesting that a different mechanism 
may be operative.  

We hope these experimental findings will motivate further mechanistic studies. Conformational analysis of 
cyclohexanes and fused ring systems is foundational in natural product synthesis[47] and of clear, emerging 
relevance to complex inorganic molecular skeletons as well.[21] Moreover, configuration-dependent conformation 
impacts key properties, and we will show below that the trans configuration accessed under thermodynamic control 
results in interesting conformation-dependent light absorption. 

We investigated how the onset of light absorption (λonset) changed with each additional ring. A redshift is observed 
for π-conjugated fused rings (linear acenes) from benzene to naphthalene to anthracene. Unlike the planar and 
rigid acenes, however, the ladder cyclohexasilanes are not planar. The photophysical properties of linear oligo- 
and polysilanes have long been appreciated to be conformation dependent, with the longest-wavelength light 
absorption occurring in an all-anti conformation.[18,48,49] The conformational diversity of the ladder 
tricyclohexasilanes is readily apparent from the X-ray crystal structures in Figure 1, which show multiple ring 
conformers, including chair, twist, and boat, sometimes within the same molecule. Prior computational[50] and 
experimental[51] work indicates that ring-inversion (e.g., chair-flipping) is much more rapid for cyclohexasilanes than 
cyclohexane.  

We therefore became particularly interested in the comparison of monocyclic, bicyclic, and tricyclic compounds 
with a trans ring fusion as a well-defined homologous series in which the longest all-anti conformation would shift 
from 2 to 4 to 6 consecutive Si atoms (Figure 2a) if all rings adopted a chair conformation. The cis diastereomers 
necessitate a gauche conformation, resulting in shorter σ-conjugated pathways. In short, we would predict that 
λonset (reflecting a σ*←σ HOMO–LUMO transition) should progressively increase with increasing rings within the 
trans series, but λonset within the cis series would minimally change with increasing rings due to gauche 
conformational defects. The simplified skeletons in Figure 2a correspond to the ct- and tst-9Ph skeletons isolated 
herein, as well as the monocyclic and bicyclic systems for which we have previously reported the synthesis and X-
ray crystal structures,[32,33] suggesting an opportunity to validate the predicted trends. 
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Figure 2. a) Simplified representations of the longest all-anti segments (highlighted in bold) in diastereomeric mono-, bi-, and tricyclic systems constrained to chair 
conformations. Any cis relative configuration introduces a gauche conformation.[52] b) Real solid-state cyclohexasilane conformations from X-ray crystal structures. 
All organic substituents omitted for clarity.  

However, there are several confounding factors in real samples, including: 

(1) The UV-vis spectra of phenyl-functionalized cyclosilanes contained an absorption band at ca. 280 nm, 
hypothesized to arise from the exocyclic phenyl rings, which obscured the conformation-dependent σ*←σ 
transitions of the Si–Si framework (Figure 3a, Figure S8). Multiple attempts to remove the phenyl rings were not 
successful. We previously reported the conversion of 11Ph to 11H [39] and the conversion of cis- and trans-3Ph to 
cis- and trans-3H[17] by Si–Ph ipso-selective protonolysis with F3CSO3H followed by Si–O3SCF3 reduction with 
LiAlH4. However, the attempted comprehensive dearylation of tst-9Ph under a variety of conditions was always 
accompanied by Si–Si bond cleavage (Table S2, Figure S9). Prior work has documented Si–Si cleavage during 
related reactions[53,54] and has shown that in oligosilanes bearing multiple phenyl rings, the cleavage of the first 
phenyl group is fastest, as proximal triflate substituents deactivate further protonolysis.[55,56] 

(2) The solid-state structures of the ladder cyclosilanes show that these structures do not exclusively adopt chair 
conformations. Only in the X-ray crystal structure tst-9Ph did all rings adopt a chair conformation; in trans-3Ph, one 
cyclosilane adopted a boat conformation (Figure 2b). While some of these distortions may arise from intermolecular 
π-π interactions in the solid state, it suggests that at room-temperature and in solution, the cyclosilanes could also 
deform away from the chair conformation.  

(3) Real samples are not always diastereomerically pure: the dr’s of the bicyclic trans-3Ph and cis-3Ph are 90:10 
and 15:85 trans:cis, respectively. While tst-9Ph could be isolated as a single diastereomer, ct-9Ph still contained 
ca. 6% of the tst diastereomer; tst-9Ph and ct-9Ph have very similar absorption spectra, which may reflect 
contributions of the tst diastereomer to the overall spectrum (Figure S10).  
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Figure 3. a) UV-vis spectra of 11Ph, trans-3Ph, and tst-9Ph. Solvent = pentane, [compound] = 5×10-6 mol/L, room temperature. b) HOMO and 
LUMO plots of 11Ph, trans-3Ph, and tst-9Ph and their associated energies (eV) calculated at the PBE0-D4/def2-TZVP (CPCM, Pentane) level 
of theory.  

Since attempts to chemically remove the aromatic rings were not successful (vide supra), these structures were 
examined computationally, providing a robust framework for interpreting the complex experimental spectra. Time-
dependent density functional theory (TD-DFT) was employed to gain deeper insight into the structure-property 
relationships of ladder polycyclosilanes by probing the nature of their electronic transitions. Calculations on both 
methyl- and phenyl-substituted systems allowed the inherent effects of extended σ-conjugation to be distinguished 
from substituent influences, effectively decoupling the contributions of the silicon framework from those of the 
aromatic π-system. Moreover, this computational approach enabled the analysis of pure diastereomers and 
conformers, thereby isolating intrinsic electronic effects that are often obscured in experimental samples. 
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Figure 4. HOMO and LUMO plots of 11Me, trans-3Me, and tst-9Me and their associated energies (eV) calculated at the PBE0-D4/def2-TZVP (CPCM, Pentane) 

level of theory. 

TD-DFT analysis at the CAM-B3LYP-D3(BJ)/def2-TZVP (CPCM, Pentane) level of theory confirms that as the 
number of rings in trans-fused ladder polysilanes increases, the onset wavelength of the σ*←σ transition shifts to 
longer wavelengths (Table S3). In the methyl-substituted series (Figure 4), the lowest-energy excitation shifts from 
approximately 254 nm in the monocyclic (11Me) system to 281 nm in trans-3Me and further to 303 nm in tst-9Me. 
This progressive redshift reflects extended σ-conjugation, which lowers the HOMO–LUMO gap and yields 
significant oscillator strengths (f = 0.05–0.29) that corroborate enhanced delocalization in longer Si–Si frameworks. 

In contrast, the phenyl-substituted ladder polysilanes exhibit markedly different spectral features due to the 
aromatic π-system. In this series (11Ph, trans-3Ph, and tst-9Ph), the computed lowest-energy transitions are 
symmetry-forbidden π*←σ excitations with negligible oscillator strengths (f = 1.0x10-7) (Figure 3b). Notably, these 
weak states are nearly degenerate with higher-lying, allowed σ*←σ transitions that collectively produce the intense 
absorption band observed at 280 nm. This interplay indicates that although phenyl substitution extends effective 
conjugation through σ–π interactions and induces a redshift relative to the methyl-substituted systems, the allowed 
transitions of the silicon framework are effectively masked by the intense aromatic absorptions 

Conclusion 

Herein, we report the first examples of ladder tricyclohexasilanes by a double-annulation strategy employing a 
dianion and tetrafunctional cyclohexasilane. Four different examples, representing three of the five possible 
diastereomers, were isolated. We found that depending on the identity of the dianion and with a shorter reaction 
time, a pronounced cis diastereoselectivity was observed that yielded predominantly the cis,trans and cis,anti,cis 
diastereomers. With extended reaction times, the more thermodynamically stable trans,syn,trans diastereomer 
could be isolated. These results point to selectivity determined by kinetic versus thermodynamic control, supported 
by computational studies of relative diastereomer stability. At the same time, these data complicate an earlier model 
of thermodynamically-controlled epimerization based on transient formation of a pentavalent silicate; such a model 
would predict that dianions 2Ph and 2TMS should both result in epimerization, while our data show that only 2Ph 
leads to the trans ring fusion.   More mechanistic understanding is need, as a combined experimental and 
theoretical study of light absorption in the homologous series of ladder compounds bearing the trans configuration 
(11Ph, trans-3Ph, and tst-9Ph) revealed extended σ-conjugation with each additional ring. We believe these results 
will motivate mechanistic study of stereomutation in complex cyclosilanes towards the goal of stereoselective 
synthesis of well-defined σ-chromophores. 
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Herein, we report the synthesis of a homologous series of ladder cyclohexasilanes containing 1, 2, or 3 fused rings. The tricyclosilanes 
rank among the most architecturally and stereochemically complex oligosilanes yet synthesized. A combined experimental and 
theoretical study suggested that the diastereoselectivity in a key annulation is governed by kinetic control. This study also revealed 
extended σ-conjugation with each additional ring within the all-trans ladder cyclosilanes series.  
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