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Abstract. Electron transfer is a powerful tool for promoting chemical reactions. A subset 
of redox-mediated transformations are “electroneutral” reactions, where the reactant and 
product are in the same oxidation state. In such processes, electrons (or holes) can serve 
as genuine catalysts if the products have higher reduction (or oxidation) potential than 
the reactants, i.e. in the presence of electron (or hole) upconversion. 
This work explores the differences between electron and hole catalysis in redox-activated 
transformations of the same substrate. We show that for redox upconversion to occur in 
both the reductive and oxidative mode, the reduced and oxidized reactions must follow 
different paths. The chosen substrate, 1,2-disila-3,5-cyclohexadiene 1, combines an 
electron-rich π-system with a Si-Si bond can undergo Si-Si bond scission in both the 
oxidative and reductive regimes. Single electron oxidation with a molecular oxidant leads 
to the formation of a radical cation that undergoes an intramolecular rearrangement with 
the elimination of dimethylsilylene and the formation of a radical cation of silole, 2. The 
latter can oxidize another molecule of neutral reactant 1, a step that closes the hole 
catalytic cycle. The unique utility of radical-cationic reactivity mode is illustrated by the 
lack of hole-upconversion under electrochemical conditions where the radical cationic 
reaction path is aborted by further oxidation at the electrode.  
In contrast, the radical anion formed from one-electron reduction of 1 is unreactive. This 
persistent species can be formed reversibly in THF, both chemically and 
electrochemically. Its reactivity can be unlocked by the addition of stoichiometric amounts 
of water. Although the subsequent reaction also involves Si-Si bond cleavage, it follows 
a path that is different from the radical-cationic version. Interestingly, electrochemical 
experiments clearly confirm that this process is also a chain reaction that requires 
catalytic amount of electrons (0.3 equiv.) for the complete conversion of the substrate. 
Computations identify a possible mechanistic pathway to the observed products and 
support the importance of reductant upconversion for this electron-catalyzed process.  
Hence, this work identified the first molecular system that can undergo true electron-
catalyzed and hole-catalyzed processes and confirmed that these processes lead to 
different products. 
 
Keywords. Organosilicon electrochemistry, cyclic voltammetry, silicon-silicon bond 
cleavage, electron catalysis, hole catalysis, electron upconversion, hole upconversion. 
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1. Introduction 

Electron transfer serves as a powerful tool for promoting chemical 
reactions.[1,2,3,4,5,6,7] As expected, many of these reactions lead to either oxidation or 
reduction. However, a subset of redox-mediated transformations are “electroneutral” 
reactions, where the reactant and the product are in the same oxidation state. In such 
reactions, addition of an electron or hole is temporary and the “borrowed” electron/hole is 
transferred to an external agent at the end of reaction.  If the electron/hole can be 
transferred from the product radical ion to a fresh molecule of the neutral starting material, 
the overall transformation becomes a self-propagating chain reaction where electrons 
and holes serve as true catalysts.[8,9,10] A thermodynamic requirement for this process is 
that a product radical ion should be a more powerful reducing/oxidizing agent than the 
reactant radical ion. In other words, electron and hole catalysis require electron and hole 
upconversion. 

  



3 
 

R R Pr

R Oxidation
-e+e

Reduction

+e
Pr

-e

A.

B. "Redox-neutral" reaction

electron is borrowed electron is returned

R

e

R

P

P

e

∆Grxn

∆Grxn

E(R) E(P)

 ∆Gup 
= ∆Grxn

−∆
Grxn

Electron upconversion occurs if radical-anionic reaction is 
less exergonic than its neutral counterpart

if ∆Grxn <∆Grxn, 
then E(R) < E(P)

R

R

∆Grxn

P

∆Grxn

∆Gupe
P

exergonic
R=reactant
P=product

less exergonic

C.

 
Scheme 1. Two types of reactions mediated by electron transfer: A) Oxidation and reduction lead 
to change in the oxidation state of the substrates. B) “Redox-neutral” reactions retain the oxidation 
state because addition of an electron or hole happens temporarily. C) Thermodynamic cycle for 
converting reaction exergonicity to reductant upconversion. 

This may seem an impossible requirement because a simple electron transfer 
process is exergonic only when it converts a stronger oxidant (or reductant) into a weaker 
oxidant or reductant. If electron transfer is the only process, the decrease of redox 
potential for a process that decreases free energy of the system is unavoidable, because 
change in reduction potential simply reflects change in energy per unit charge. However, 
the situation changes when chemical bonds are formed and broken simultaneously with 
charge transfer. In such cases, reactions can be thermodynamically favorable while 
producing strongly reducing/oxidizing species from weakly reducing/oxidizing reactants. 
Previously, we have explained this seeming paradox by showing how part of reaction 
exergonicity can be converted into increase in the redox potential. In a closed 
thermodynamic cycle, the difference in exergonicity of neutral and radical ionic reaction 
has to translate directly in change in the redox potential for the product radical ion relative 
to the reactant radical ion (Scheme 1C).  We have coined the term “reductant 
upconversion” or “electron upconversion” for such processes under reductive conditions 
[11]  and “oxidant upconversion” or “hole upconversion” under oxidative conditions 
(Scheme 2).[12] 
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Scheme 2. (Left) The paradox of redox upconversion, where a reactant with a lower redox 
potential is converted into a product with a higher redox potential. (Right) Redox upconversion 
creates efficient hole/electron catalyzed electrocatalytic cycle where the radical ion of the product 
can transfer the catalytic hole (or a catalytic electron) to the fresh molecule of reactant, restarting 
the catalytic cycle.  

The concept of redox upconversion as a thermodynamic prerequisite of efficient 
redox catalytic cycles is relatively new. The scope and limitations of reductive 
upconversion were systematically analyzed only recently,  whereas the intriguing 
possibility of analogous oxidative upconversion remains very scarcely documented.[13] 
Electron upconversion is not rare. In fact, it is expected for associative reactions between 
a radical and an anion. It can serve as a reliable tool in designing reactions as illustrated 
by a variety of bond-forming reactions that proceed under mild conditions (Scheme 
3A).[14,15,16,17,18]  

In this work, we focus on more challenging dissociative redox upconversion. 
Fragmentations are common in redox reactions as electron transfer often weakens 
chemical bonds. In particular, removal of an electron from a bonding orbital during 
oxidation can weaken a chemical bond contributing to the HOMO. In a similar way, the 
injection of an extra electron during reduction can weaken a chemical bond when the 
LUMO has contributions from the relevant antibonding orbital. A common result of such 
redox activation is fragmentation of the initially formed radical ion along the weakened 
bond, followed by a cascade of subsequent transformations of ionic and radical 
intermediates.  
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Scheme 3. A) Two examples of associative reductant upconversion for C-H amination mediated 
by molecular oxygen.  B) The utility of reductant upconversion in controlling the timing for the 
oxidation step in a multistep reaction in the presence of anions, radicals, and an oxidant. C) The 
principle of dissociative reductant upconversion and examples of electron transfer initiated bond 
cleavage. 

A corollary of this well-known behavior is that reductive X-Y fragmentations 
generally involve systems with the relatively low-lying 𝜎𝜎𝑋𝑋−𝑌𝑌∗  antibonding orbitals whereas 
the oxidative X-Y fragmentations involve systems with the relatively high energy 𝜎𝜎𝑋𝑋−𝑌𝑌 
bonding orbitals.  Reductive fragmentations via electron upconversion typically involve 
bonds with electronegative elements such as oxygen and nitrogen in  N-O bond in the N-
benzyloxyphthalimide[19], O-O bonds in cyclic peroxides,[20] or S-N bond in azosulfide 
radical anions[21]  (Scheme 3C). Electron upconversion in fragmentation of C-C bonds 
next to acceptor groups in 1-phenyl-2-nitroethanol radical anion[22] are also known. Such 
fragmentations produce the upconverted product radical anions that are much more 
reducing agents (0.44-0.88 V) than the reactant radical anions.  

On other hand, oxidative fragmentations are expected to be observed for bonds with 
electropositive elements. These general expectations suggest that a comparison of redox 
catalyzed transformations of the same substrate in the oxidative and reductive regimes 
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may be difficult. However, such comparison would be interesting from a fundamental point 
of view because even if both redox catalytic cycles initiate bond cleavage as the initial 
stage, the subsequent stages cannot be expected to be identical, if both cascades must 
proceed through an electrocatalytic chain mechanism with redox upconversion. In 
general, if one takes a pair of compounds (i.e., the reactant and the product of a chemical 
reaction), the one that is easier to reduce is also the one that is harder to oxidize (Scheme 
4). Hence, if the product radical anion is more reducing than the reactant radical anion, 
the product radical cation is likely to be less oxidizing than the reactant radical cation.   

 

R P
e-

cat

R P
h+

cat

If R
 is easier to reduce than P

then R
 is harder to oxidize than P

R P
e-

cat

R P
h+

cat

If R
 is harder to reduce than P

then R
 is easier to oxidize than P

 

Scheme 4. Synthetic complementarity of the two redox approaches: cascades mediated by hole- 
and electron catalysis are unlikely to give the same product.  

So, if bonds containing electronegative elements are easy to reduce while bonds 
with electropositive elements are easy to oxidize, what kind of “chameleonic” substrate 
would be easy to reduce and oxidize? The answer is “weak bonds”, especially longer 
bonds with heavy elements. Such bonds generally have low σ/σ* separation, so they can 
be both a good donor and a good acceptor.[23] Indeed, Scheme 5 illustrates that the 𝜎𝜎𝑆𝑆𝑆𝑆−𝑆𝑆𝑆𝑆∗  
orbital is also relatively low (between 𝜎𝜎𝑂𝑂−𝑁𝑁∗  and 𝜎𝜎𝑁𝑁−𝑁𝑁 

∗ and much lower than 𝜎𝜎𝑁𝑁−𝑁𝑁∗  and 
𝜎𝜎𝐶𝐶−𝐶𝐶 
∗ orbitals in the model substrates) while at the same time, the 𝜎𝜎𝑆𝑆𝑆𝑆−𝑆𝑆𝑆𝑆 is relatively high 

in energy (higher than the all of the other σ-orbitals shown in Scheme 5). These notable 
features suggest that the same Si-Si bond may be broken in both the oxidative and the 
reductive regimes. 
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Scheme 5. The calculated natural bonding orbital (NBO) energy of bonding (σ-orbitals) and 
antibonding (σ*-orbitals) for bonds potentially involved in electron transfer initiated bond cleavage. 
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From this point of view, molecules with a Si-Si bond provide an intriguing structural 
motif for the fundamental studies of the upconversion processes in redox-mediated 
reactions. Furthermore, such compounds are of general interest in chemistry as the 
closest analogs of organic compounds, for which catenation and the presence of C-C 
bonds are typical. They are also of practical interest, due to their specific electronic and 
redox properties[24,25,26,27] promising for photonics,[28] microelectronics,[29] molecular 
wires design,[30,31,32] etc. As the Si-Si bond is more labile than the C-C bond, redox 
catalysis may be broadly applicable in this molecular family.  

This work will compare the two modes of redox catalysis (i.e., single electron 
oxidation and reduction) for disilacyclohexadiene 1 (Scheme 6). Its oxidative ring 
contraction into a silole derivative 2 has been reported [33,34] but its mechanism has not 
been studied in detail and it was unclear if hole upconversion is important. Furthermore, 
the radical-anionic chemistry of 1 has not been studied before. Most importantly, there 
are no examples of reductant upconversion and catalysis by electrons associated with 
breaking the Si-Si bond. Hence, testing if any of the two upconversion modes is possible 
in this system became the first subject of this study.   

SiMe2
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Ph

Ph
Ph

Ph

SiMe2

Ph

Ph
Ph

Ph

+ 1/n (SiMe2O)n

e-

1 2  
Scheme 6. Possible electrochemical transformation of disilacyclohexadiene 1. 

2. Methods 

2.1. Materials and Synthetic procedures 
The 1,1-dimethyl-2,3,4,5-tetraphenylsilole (2) and 1,1,2,2-tetramethyl-3,4,5,6-

tetraphenyl-1,2-disila-3,5-cyclohexadiene (1) were synthesized as described 
previously.[35,36] Their structure and purity were confirmed by 1H, 13C and 29Si NMR 
spectroscopy, mass-spectroscopy and elemental analysis. The samples were stored in a 
dry argon-filled glove box with water and oxygen contents below 0.1 ppm before using. 

Synthesis of 1,2,3,4-tetraphenylbutene-2. In the glovebox, 414 mg (1 mmol) of 1,1-
dimethyl-2,3,4,5-tetraphenylsilole 2 was dissolved in 20 ml of dry THF, after which 23 mg 
(1 mmol) of sodium was added. The solution quickly acquires a lilac color. The mixture 
was left to stir for 48 hours. Then a 2% solution of water in THF was added dropwise to 
the solution until the lilac color completely disappeared. The resulting yellow solution was 
evaporated, the solid residue was extracted three times with 20 ml of petroleum ether, 
and the extracts were combined. The mixture is passed through silica gel, then 
evaporated to a volume of about 5 ml and placed in the freezer. After 48 hours, the 
solution was separated from the precipitated crystals of the starting 2, the crystals were 
washed with ice-cold petroleum ether, and the washing was added to the solution. The 
solution is evaporated under vacuum, the product is a viscous yellowish mass, yield 25%. 
The structure of the product was confirmed by 1H and 13C NMR and HRMS. NMR (THF, 
δ) 1H: 7.2-6.7 (m, 20H, Ar), 4.01 (s, 4H, CH2). 13C: 142.97 (C), 139.61 (C), 138.23 (C), 
129.95 (CH Ar), 128.50 (CH Ar), 128.13 (CH Ar), 127.32 (CH Ar), 125.79 (CH Ar), 125.72 
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(CH Ar), 40.5 (CH2). HRMS (ESI): found 378.2201, calculated for [C28H24+NH4+]+ 
378.2216; found 383.1758, calculated for [C28H24+Na+] 383.1770; found 399.1500, 
calculated for [C28H24+K+] 399.1510. 

Experiment with EtBr. The experiment was held in glovebox. In NMR tube a solution 
of 12 mg (0.25 mmol) 1 and 0.3 mg (30 mol% eq.) potassium in 0.5 ml THF was prepared. 
After 1 day all the solution became red, the radical anion was formed. The tube was 
placed without lid into a gas chamber with 1 ml EtBr on bottom. After 2 days the solution 
became pale yellow, the tube was retrieved, closed with lid and parafilm, spectra were 
obtained (Figure S2). 

Experiment with I2. The experiment was held in glovebox. In NMR tube a solution of 
12 mg (0.25 mmol) 1 and 0.3 mg (30 mol% eq.) potassium in 0.5 ml THF was prepared. 
After 1 day all the solution became red, the radical anion was formed. The tube was 
placed without lid into a gas chamber with iodine crystals (~200mg, >>1eq.) on bottom. 
After 2 days the solution became pale yellow, the tube was retrieved, closed with lid and 
parafilm, spectra were obtained (Figure S3). 

Experiment with PCl3. The experiment was held in glovebox. In NMR tube a solution 
of 12 mg (0.25 mmol) 1 and 0.3 mg (30 mol% eq.) potassium in 0.5 ml THF was prepared. 
After 1 day all the solution became red, the radical anion was formed. The tube was 
placed without lid into a gas chamber with 1 ml PCl3 on bottom. After 2 days the solution 
became bright orange and gel like, the tube was retrieved, closed with lid and parafilm, 
spectra were obtained (Figure S4). 

Experiment with TsOH. The experiment was held in glovebox. In NMR tube a 
solution of 12 mg (0.25 mmol) 1 and 1 mg (100 mol% eq.) potassium in 0.5 ml THF was 
prepared. After 1 day all the solution became red, the radical anion was formed. The 1 ml 
2% solution of TsOH (~1.1 eq.) in THF was added within a few seconds. The red color 
changed to yellow, and a large amount of TsOK as a precipitate was formed. 1 day later 
spectra were obtained (Figure S5). 

Experiment with tetracyanoethylene. The experiment was held in glovebox. In NMR 
tube a solution of 12 mg (0.25 mmol) 1 and 0.4 mg (40 mol% eq.) potassium in 0.5 ml 
THF was prepared. After 1 day all the solution became red, the radical anion was formed. 
The 1% solution of TCNE in benzene was added dropwise using micropipette into the 
tube for 30 min until the content became yellow solution with violet precipitate. 1 day later 
spectra were obtained (Figure S6). 

 
2.2. Photolysis experiments 

NMR tube was filled in glovebox with 1.5 ml of dried over molecular sieves benzene 
and 100 mg 1, then under resin tube, locked with forceps, was retrieved from box, 
degassed under vacuum and, keeping vacuum inside, sealed. Reference NMR spectra 
obtained. A DRSh-500 high-pressure Hg lamp (500 W) with water filter (to prevent IR 
sample heating) was used for photolysis. NMR tube with the solution has been photolyzed 
for 7 hours, each 15 min the tube was shaken, each 2 hours NMR spectra were obtained 
to control the reaction. After 7 hours less than 5% of 1 was in the sample, the photolysis 
was stopped, as over exposition led to tetraphenylsilol deposition in the mixture. NMR 
spectra showed the molar ratio for mixture components: 4 : 3 : 2 : 1 = 7 : 16 : 1.5 : 1. NMR 
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tube was heated in water bath for 5 hours 70 oC. After, NMR spectra were obtained, molar 
ratio of components was 4 : 2 : 1 : 3 = 50 : 3 : 2 : 0. The tube was opened in glovebox, 
the solvent was evaporated, the product was a viscous pale-yellow mass, well soluble in 
benzene, THF, hexane. As all the attempts to recrystallize it failed, the mass was used 
as was. The yield, obtained via integral comparison of 1H spectra peak (as the tube was 
sealed no solvent evaporation was possible, peaks were compared with the satellite of 
benzene), was 90% (main impurities – unreacted 1 and 2). 

4. 1H NMR, δ ppm (C6H6): 7.35-6.7 (m, 20H, Ar), 0.74 (s, 6H, CH3, 2JSi-H=6.1Hz), 
0.51 (s, 6H, CH3, 2JSi-H=5.8=Hz). 29Si NMR, δ ppm (C6H6): +40.8. 13C NMR, δ ppm (C6H6): 
140.36, 138.5, 136.9, 129.6, 129.4, 127.3, 125.4, 124.1, 47.2 (Cbridge, 1JSi-C=39Hz), 1.31, 
-4.4.  

3. 1H NMR, δ ppm (C6H6): 7.35-6.7 (m, 20H, Ar), 0.48 (s, 3H, Sisilirane-CH3, 2JSi-

H=6.8Hz), 0.39 (s, H, Si-CH3, 2JSi-H=6.8Hz), 0.37 (s, 3H, Sisilirane-CH3, 2JSi-H=8.1Hz), 0.21 
(s, 3H, Si-CH3, 2JSi-H=7.9Hz). 29Si NMR δ ppm (C6H6): -38 (Sisilirane), +22 (Sipentacycle). 13C 
NMR δ ppm (C6H6): 140 (=C-Si), 129.6, 129.4, 127.3, 125.3, 124.1, 55.8 (Csilirane), 32.4 
(Si-C-Si), 1.3, -4.4, -4.8. 

 
2.3. NMR / HRMS / GC/MS / X-Ray 

1H NMR (300 MHz) and 13C NMR (75 MHz) were recorded in protic (non-deuterated) 
solvents on Bruker Avance-300, and 29Si (60 MHz) – on Bruker AM300 at ambient 
temperature. NMR spectra were referenced using the signal of protio solvent (for 1H 
NMR), the dominant solvent signal (for 13C NMR), and Me4Si signal (for 29Si NMR). EPR 
spectra were recorded with a Bruker EMX 6/1 (9.8 GHz) spectrometer, coupled with an 
ER 4102ST resonator.  

High resolution mass spectra (HRMS) were measured on a Bruker micrOTOF II 
instrument using electrospray ionization (ESI). The measurements were done in a 
positive ion mode (interface capillary voltage 4.5 kV); mass range from m/z 50 
to m/z 1600; external or internal calibration was done with ESI Tuning Mix, Agilent. A 
syringe injection was used for the solutions in methanol (flow rate 3 μl min−1). Nitrogen 
was applied as a dry gas (flow rate 4 l min−1); the interface temperature was set at 180 
°C.  

In GC/MS TRACE GC ULTRA chromatograph with a DSQ II quadrupole mass 
spectrometric detector equipped with a capillary column 30 m long and 0.25 mm inner 
diameter was used. TR-5MS 0.25 μm thick was used as an active phase. The carrier gas 
was helium supplied at a rate of 1.2 ml/min. The injector temperature was 280 °C, the 
starting column temperature was 70 °C (2 min), the final column temperature was 280 °C 
(10 min), and the temperature rise rate was 15 °C/min. For mass spectrometric detection, 
an ionization energy of 70 eV was set. 

X-ray diffraction data were collected at 100 K on a four-circle Rigaku Synergy S 
diffractometer equipped with a HyPix6000HE area-detector (kappa geometry, shutterless 
ω-scan technique), using graphite monochromatized Cu Kα-radiation. The intensity data 
were integrated and corrected for absorption and decay by the CrysAlisPro program.[37] 
The structure was solved by direct methods using SHELXT[38] and refined on F2 using 
SHELXL-2018[39] in the OLEX2 program.[40] All non-hydrogen atoms were refined with 
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individual anisotropic displacement parameters. All hydrogen atoms were placed in ideal 
calculated positions and refined as riding atoms with relative isotropic displacement 
parameters. A rotating group model was applied for methyl groups. 

 
2.4. Cyclic voltammetry and controlled potential electrolysis 

Oxidation and reduction behavior of 1 and 2 was analyzed by cyclic voltammetry 
using a digital potentiostat IPC-Pro-MF (Econix). The solutions preparation and all 
measurements were made in an argon-filled glove box with water and oxygen contents 
below 0.1 ppm. Before that, acetonitrile (HPLC grade, Acros) and tetrahydrofuran (HPLC 
grade, Acros), with initial water content of <100 ppm, were stored over 4 Å molecular 
sieves preliminarily dried under oil-pump vacuum at 200-250 оС for 4 hrs. Bu4NBF4 
(Sigma Aldrich) was dried under oil-pump vacuum at 80 оС for 4 hrs. The water content 
in Bu4NBF4/MeCN did not exceed 10 ppm, and in Bu4NBF4/THF did not exceed 5 ppm 
as determined by Karl Fischer titration using a Mettler-Toledo Titrator C10SD. The 
compounds 1 and 2 dissolved in the supporting electrolyte with a concentration of 5·10-3 
M were electrochemically tested in a standard three-electrode glass cell at a potential 
sweep rate of 100 mV s-1. The working electrode was a glassy carbon disc electrode with 
a diameter of 1.7 mm. Before using, it was polished with abrasive paper and then GOI 
paste until the surface attained a mirror shine. The counter electrode was a Pt wire pre-
annealed in a gas burner flame to remove oxides and other possible contaminations. The 
potentials of the studied processes were measured versus the Ag wire coated with AgCl 
(prepared by galvanostatic anodizing in 5% HCl solution) separated from the bulk 
electrolyte solution by an electrolytic bridge filled with the supporting electrolyte. The 
reference electrode was calibrated versus the ferrocene/ferrocenium redox couple. Also 
ferrocene was used as standard to establish a one-electron current level under the 
experimental conditions. 

When performing controlled potential electrolysis, the counter electrode was 
separated from the cathode electrolyte solution by a diaphragm in the same way as the 
reference electrode. The working electrode was a glassy carbon rod (d = 1.7 mm) 
immersed in the solution by 3 cm. The cathode electrolyte solution was stirred during the 
electrolysis. The decrease in the substrate concentration in the solution was monitored 
by the i/t-curve, as well as using cyclic voltammetry. 
 
2.5. Quantum chemical calculations  

All quantum chemical calculations were performed by the ORCA [41,42,43] ver. 5.0.2 
program package using a hybrid PBE0 [44] density functional in a triple-zeta basis set with 
two polarization functions def2-TZVPP [45] and atom-pairwise dispersion correction with 
the Becke-Johnson damping scheme (D3BJ) [46,47]. All calculations were performed in 
acetonitrile unless specified, using the implicit conductor-like polarizable continuum 
model (CPCM). TightSCF convergence criteria were applied throughout. RI-J and “chain 
of spheres” COSX approximation [48] with the def2/J auxiliary basis set [49] was used to 
speed up calculations. Full geometry optimization with TightOpt convergence criteria was 
carried out to find stationary points on the potential energy surfaces. Numerical harmonic 
frequency calculations were used to obtain thermodynamic quantities and verify that all 
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stationary points found were local minima. Visualization of molecular orbitals were 
produced using the ChemCraft 1.8 program.[50,51] Electronic structures and properties 
were analyzed by Natural Bond Orbitals (NBO, Version 3.1) [52] analysis implemented in 
Gaussian09. 

 
3. Results & Discussion 

 
3.1. General considerations and comparison of radical-cation and radical-anion 
formation  
 

As a starting point, let us inspect the frontier Molecular Orbitals (FMOs) of 1. 
Calculations reveal that the HOMO is significantly localized at the Si-Si σ-bond while the 
LUMO has large contributions from the diene π-system, with no bonding character on the 
Si-Si bond. The MOs suggest that resulting products are likely to be different for the two 
regimes and that the oxidation is more likely to result in Si-Si bond cleavage.   
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-4.85 eV

-2.37 eV

2.48 eV
(57.2 kcal/mol)

X-ray:

Si
Me

Me

Ph
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Ph
Ph

Si
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Ph
Ph
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Ph

Me

Me

Me
Me

21

A

B

C

 
Figure 1. A. Structures of compounds 1 and 2 (panel A).  X-ray structure (panel B) and frontier 
Molecular Orbitals (FMOs) of compound 1 (Panel C).  

We also compared the redox potentials of these molecules. The voltametric curves 
of oxidation and reduction of 1 and 2 on a glassy carbon working electrode in 0.1 M 
Bu4NBF4/acetonitrile solution are shown in Figure 2. In addition, summarized in the table 
are the oxidation (Ep

ox) and reduction (Ep
red) peak potentials, and the differences (ΔEp), 

including the energies of the longest-wavelength transitions in the UV-Vis spectra. In 
agreement with the principle presented in Scheme 4, hole upconversion would be 
observed during transformation of 1+. into 2+., while electron upconversion will not occur 
for the analogous transformation of the two radical-anions.   
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Compound Ep
ox, V Ep

red, V ∆Ep, V hν, nm (eV)

1

2

0.890

1.155

-2.379

-2.125

3.269

3.280

340 (3.65)

361 (3.44)

[34]

[34]

Reduction vs. Oxidation

  
Figure 2. CV curves for 1 and 2 with table summarizing the reduction and oxidation peak 
potentials , including  their differences in comparison with HOMO/LUMO transitions in UV spectra. 
The voltammograms were recorded in 0.1 M Bu4NBF4/MeCN electrolyte (water content < 10 ppm 
/ 0.5 mM) on a glassy carbon disc electrode at a scan rate of 100 mV/s. The concentration of the 
analytes is 5 mM in both cases (upconversion is only possible if 1 is converted into 2 in the 
oxidative regime). 

Intrigued by the differences between the two redox processes, we proceeded to 
explore their chemical outcomes. Although it was already reported that single electron 
oxidation initiates the ring contraction in disilahexadienes 1 with the formation of a silole 
derivative 2, [53,54] the role of hole catalysis in this process was not explored. To our 
knowledge, the chemistry associated with one-electron reduction of 1 has not been 
explored.  

 
3.2. Oxidation  

The formation of 2 during single electron oxidation of 1 was discussed in the 
literature using chemical oxidants such as (4-BrC6H4)3NSbCl6 (47% yield in CH2Cl2, 
substrate/oxidant ratio not given).[33] In the photochemical version, the reaction was 
studied in the presence of catalytic amounts of (10%) methylene blue (59% yield in 
Bu4NBF4/MeCN) [33] and C60 (65% yield in benzene/benzonitrile after 10 hours of 
irradiation with 21% conversion) as photosensitizers.[34] Once excited, each of the 
sensitizers becomes a sufficiently strong electron acceptor to oxidize 1.  Because the 
sensitizer’s radical anion is a powerful reductant, it may give the electron back to the 
radical cation of the product. Although this step regenerates the photocatalyst, it also 
prevents electron transfer from the neutral reactant to the oxidized product (a condition 
for establishing a true hole-catalyzed process). Hence, the involvement of redox 
upconversion in photoredox processes can be suppressed. In general, the catalytic cycle 
based on hole upconversion is absent, the reaction will need an influx of photons to keep 
the catalytic cycle repeating itself.  
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A plausible radical cation mechanism in the absence of photocatalysis is shown in 
Scheme 7. Oxidation of 1 produces the radical cation A. The Si-Si bond in a disilane is 
generally quite weak and contributes significantly to the HOMO. As a result, single 
electron oxidation is followed by rapid Si-Si cleavage with the formation of the distonic 
radical cation B. [55] The latter species contains a highly electrophilic center Si+ that can 
readily attack the double bond.[56] This attack forms a five-membered intermediate C, 
stabilized by the β-Si effect.[57,58,59,60]  Elimination of dimethylsilylene would produce the 
radical cation D, which is the product of one-electron oxidation of 2. D is a more powerful 
oxidant than A, and therefore can easily oxidize unreacted 1 in the bulk solution. This 
hole transfer step closes the catalytic cycle by converting D into neutral product 2, and, 
at the same time, generating a new equivalent of the reactant radical cation A. 

A priori, one can also consider the possibility of hole-catalyzed conversion of 1 into 
2 by intramolecular rearrangement of A to D with the elimination of dimethylsilylene, 
bypassing the stages of formation of B and C as kinetically independent particles. 
Regardless of which of the two scenarios are correct, each of them would be 
accompanied by oxidant upconversion as follows from the relative oxidation potentials of 
1 and 2.  Based on these potentials, hole transfer from D to 1 is exergonic.  
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Scheme 7. Transformations of 1 into 2 via single electron oxidation. Note that oxidation of Si-
radical center in B intercepts it and diverts to a different path. 

 
 Disrupting chain process by overoxidation:  
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Unfortunately, the sequence of transforming 1 to 2 cannot be reproduced via 
electrochemical activation. Most likely, this is a consequence of overoxidation of the key 
intermediate B with the disruption of the catalytic cycle. Based on the literature data, the 
oxidation potential of B to E has to be lower than the oxidation potential of 1 to A.[55] 
Hence, the electrochemically produced silicon-centered radicals (i.e., formed via ring 
opening of a disilane) should be readily oxidized to the respective cations more easily. 
Dication E is a super-reactive particle capable of entering into a variety of chemical 
reactions, including with the media, etc. 

For a chemical oxidant, the instability of the initial radical cation towards further 
oxidation does not prevent the involvement of B in the catalytic cycle. This is simply due 
to the low probability of simultaneous encounter of molecule 1 with two molecules of the 
oxidant under the typical experimental conditions. In contrast, electrochemical oxidation 
occurs in the near-electrode space, where sequential oxidation that makes the 
transformation of B into E inevitable, is much more likely. 

Indeed, the direct electrochemical oxidation does not lead to transformation of 1 into 
2. If the silole derivative 2 were formed, the electrooxidation curve of compound 1 would 
show not only a peak at 0.89 V (oxidation of 1), but also a peak in the region of 1.15 V 
(oxidation of 2). However, the experiments do not show the 1.15 V peak (Figure 1). 
Furthermore, the hole-catalyzed 1-to-2 conversion is a process requiring catalytic 
amounts of oxidant. Therefore, during its course, a decrease in the current of the oxidation 
peak of 1 relative to the level corresponding to 1 e- per molecule should be observed. 
However, the corresponding current is significantly larger than 1 e- suggesting ECE 
(‘electrochemical-chemical-electrochemical’) mechanism. [61]  

Alternatively, it could be suggested that the rearrangement of A to D may be 
relatively slow on the voltammetry time scale. However, in this case, one would expect 
the chemical reversibility of the oxidation peak of 1. Instead, the oxidation peaks of both 
1 and 2 are completely irreversible, which indicates that the respective radical cations 
undergo rapid further chemical transformations under the experimental conditions 
(Bu4NBF4/MeCN). 

Taken together, these data provide a valuable lesson in the design of hole-catalyzed 
processes.  On one hand, the hole catalyzed conversion of 1 to 2 is a clear example of 
hole upconversion as a more powerful oxidant D is formed from a weaker oxidant A. The 
0.26 V difference in potentials between A and D corresponds to 5.0 kcal/mol hole 
upconversion that should be sufficient for running an efficient hole-catalytic cycle. Indeed,  
the oxidative transformation of 1 into 2 proceeds well in the chemical version. However, 
the catalytic cycle is interrupted as the reaction follows a different path (the A-B-E 
mechanism in Scheme 7 in the electrochemical version. Oxidation is necessary but 
overoxidation derails the catalytic cycle!  

3.3. Reduction 
Unlike oxidation processes, the reductive transformations of 1 via the formation of 

its radical anion, as far as we know, has not been reported in the literature. From Figure 
2 the possible cyclopentadiene product 2 has a lower reductive potential than reactant 1, 
indicating reductant upconversion is not possible if product 2 is generated by the 
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reduction of 1 (i.e., the transformation 1→2 corresponds to the model presented in 
Scheme 4 on the right).  

As shown in Figure 2, compound 1 is reduced in acetonitrile by a one-electron 
mechanism based on the corresponding peak current. This process is chemically 
irreversible, i.e., the radical anion F, formed from 1, is unstable, likely due to the 
interaction with acetonitrile. Indeed, when the solvent is changed to THF, the reduction 
curves of 1 become chemically highly reversible even at relatively low potential scan rates 
(>50 mV/s). For comparison, Figure 3 shows the CV curves of 2 recorded under the same 
conditions.*  
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Figure 3.  (Top) Reversible transformation of 1 to F by reduction of 1 (electrochemical or with 
potassium) and oxidation of F (electrochemical or with air, I2, EtBr, TCNE, PCl3) in THF. (Top left) 
CV curves for reduction of 5 mM of 1 at a scan rate of 50 (red), 100 (blue) and 200 (gray) mV/s . 
The voltammograms were recorded in 0.1 M Bu4NBF4/THF electrolyte (water content < 5 ppm / 

 
* THF is a less common solvent in electroorganic practice than acetonitrile due to the high 
ohmic resistance of salt solutions in THF. As the result,  the shape of the CV curve is 
greatly distorted and certain limitations and difficulties arise when performing 
potentiostatic electrolysis. Nevertheless, the results obtained in both media, as aprotic 
solvents, are very often identical but, interestingly, not in this case. 
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0.25 mM) on a glassy carbon disc electrode. (Top right) EPR spectra for 100 mM of F solution in 
THF/benzene 5:1 generated by reaction of 1 with 1 eq. of potassium. (Bottom) The same for 2 
and G. 

Disilacyclohexadiene radical anion is formed reversibly 
The injection of a non-stoichiometric amount of electrons into solution of 1 does 

not initiate any self-propagating process. The persistent radical anion F can be obtained 
by reducing the corresponding reactant with alkali metals. Adding 30 mol% of potassium 
to a solution of 1, is accompanied by a paramagnetic broadening of the signals in its NMR 
spectra. This species is persistent and can be stored in the glovebox for several weeks 
without changing the structure of the spectrum and its intensity. This clearly shows that a 
chain reaction does not occur under such conditions. Figure 3 shows the corresponding 
EPR spectrum of the radical anions F and G. Upon contact with air (when the vessel is 
opened and intensively stirred), the decay of F occurs within a few seconds (the intense 
color disappears), and NMR spectra show that it is almost completely converted back to 
1. The addition of single electron oxidizing agents such as I2, EtBr, TCNE, PCl3 leads to 
a similar result. Adding excess acid such as TsOH (a strong proton donor) is also 
accompanied by the preferential conversion of F to 1, rather than the protonation of the 
radical anion as one would expect. Considering the absence of additional oxidizing 
agents, such as oxygen, in the TsOH solution (according to CV data), this is probably 
because TsOH is relatively easily reduced, thus can also act as a strong oxidizing agent 
for F.  

Noteworthy is the sharp difference in the profile of the EPR spectra of F (gi = 
2.0035, 10 aH = 1.29 G, 10 aH = 0.43 G, 6 aH = 0.2 G, aSi = 11.42 G) and G (gi = 1.9985, 
LW = 6 G). The radical anion silole G has the simplest form of spectrum, while the 
spectrum of F has a very rich hyperfine structure. This can be explained by the sharp 
difference in the structure of 1 and 2. At first glance, both compounds have a similar 
butadiene backbone complemented by four aromatic substituents. However, only 2 has 
a relatively flat five-membered ring, whereas 1 has a strongly twisted structure of a six-
membered ring, even the four butadiene carbon atoms in it are not in the same plane. 
Because of this, the unpaired electron in the F has many different intramolecular 
interactions. This interpretation is consistent with the results of quantum chemical 
simulation. 

 
Resurrecting redox-catalytic chain with O2: uphill electron transfer still 

works, but is slow. 
The above data suggest that the reductive chemistry of disilacyclohexadiene is 

devoid of electron-catalyzed self-propagating chain reactions and transformations. 
However, this conclusion would be premature. In this section, we will show how, 
paradoxically, the catalytic cycle is promoted by the most common quenchers of radical 
anion chain reactions i.e., oxygen and water. It is known that oxygen is a strong electron 
acceptor capable of effectively removing the electron and suppress the catalytic cycle, 
whereas water is a proton donor which can protonate anionic intermediates. Both 
processes generally contribute to chain termination in radical anionic reactions. 

Indeed, when a solution of 1-. (F) in THF is opened to air with stirring, it quickly 
turns into solution of 1. However, when a 3:7 1-./1  mixture was kept under argon 
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atmosphere containing just 0.01% of oxygen, we observed quantitative formation of silol 
2 along with dimethylsilanone oligomers in 24 hours (Scheme 8). 
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Scheme 8. Formation of 2 upon prolonged exposure of solution of 1 in the presence of a catalytic 
amount of electrons in an atmosphere containing low amounts of oxygen. 

 As we have shown earlier, there is no electron upconversion in such a cycle 
because the reduction potential of 1 is significantly more negative than the potential of 2. 
To understand the difficulty with initiating an electron-catalyzed chain self-propagating 
process that would involve radical anions F and G, we can evaluate the equilibrium 
constant of the reaction between the neutral and one-electron reduced forms of the two 
compounds 1 and 2.  The  0.267 V difference in the Е1/2 reduction potentials for 1 and 2 
in THF suggests that the equilibrium is strongly shifted to the left with the equilibrium 
constant ~ 3×10-5  (Scheme 9).  
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Scheme 9. Equilibrium in reversible electron transfer between 1 and 2 and their reduced forms 
F and G. 

Thus, it would be difficult to expect the propagation of a chain reaction with these 
species to be efficient and the chemical reaction would still require a long time. Indeed,  
it takes as long as 24 hours to reach completion in this case. However, chain reaction is 
still possible provided that the co-product of converting 1 into 2 is quickly and irreversibly 
removed from the catalytic cycle. In this case, extremely thermodynamically stable 
siloxanes act as such stable and irreversibly formed co-product (Scheme 8). 

Quite interesting is the difference in the behavior of the F/1 system in open air vs.  
dry oxygen-containing argon. In open air, 1 is quantitatively reformed and no 2 is 
analytically detectable, while quantitative formation of 2 occurs in dry conditions. It is 
obvious that oxygen is a single electron oxidizing agent with respect to both F and G. An 
additional product in such F/1 systems is superoxide O2•– . Under aprotic conditions, O2•– 

is completely stable, and these reactions proceed reversibly (Scheme 10).  
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Scheme 10. The mechanism of formation of 2 during long-term (24 hours) exposure of the F/1 
system in the presence of 0.01% of oxygen and the absence of water, and fast (several seconds) 
formation of compound 1 under conditions of excess water and oxygen (with stirring in air). O2 
reduction potential from [62]. 
 

Even though the equilibrium is shifted to the right, the radical-anions F and G are 
formed again and again, and the electron injected into the catalytic system remains, 
although somewhat “cooled”. At the same time, the formation of oligosiloxanes during the 
interaction of F with oxygen is a completely irreversible process which pushes the 
catalytic cycle to convert 1 into 2. Thus, the electron and molecular oxygen act as 
unexpected allies, because they are both necessary to start and propagate the catalytic 
cycle. The wheel of the catalytic cycle rotates slowly but surely. 

So, the presence of molecular oxygen makes it possible to “pull out” the SiMe2 
fragment from the six-membered ring of 1 to form a five-membered ring of 2, due to the 
extreme stability of the silicon-oxygen bonds. On the other hand, a further narrowing of 
the ring would lead to the formation of anti-aromatic cyclobutadiene (Scheme 11), which  
is so unstable that Si-O bond formation cannot outweigh it.  
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Scheme 11. Under electron catalysis conditions, O2 can “pull out” only one SiMe2 fragment from 
six-membered ring of 1, but not the second. Conceptual approach to "pull" both SiMe2. 

The discovered process is an example of how an unfavorable (for a catalytic 
reaction) but reversible process can be boosted by the presence of one favorable and 
irreversible stage. In this scenario, even a “cold” electron can be a completely effective, 
albeit not fast, catalyst. Under these specific circumstances, electron down-conversion 
can also be compatible with a catalytic cycle. 
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On the other hand, when the F/1 system is exposed to air (i.e., under conditions of 
a large excess of oxygen), the equilibrium shifts more to the right. In this case, the catalytic 
electron is permanently removed from the redox cycle because superoxide is extremely 
unstable in air which contains moisture, [63] and causes it to decompose quickly and 
irreversibly. Without superoxide, 1 is tolerant to air and can be stored without 
decomposition for years. However, F (its radical anionic form) is unstable under these 
conditions.  
  

Resurrecting redox-catalytic chain with water: restored electron 
upconversion leads to faster reaction but changes the product 

As seen from  
Figure 4, a twofold molar excess of water in the solution decreases the reduction 

peak current of 1 approximately 5-fold, relative to the one-electron level (at a potential 
scan rate of 100 mV/s). A significant decrease in the current indicates that electron 
transfer in the presence of water initiates a relatively fast (< 1 s) chemical reaction which 
develops independently without requiring a new portion of the reducing agent. In other 
words, such behavior is a signature of a chain process. In contrast, the reduction peak 
current of 2 in the presence of water is still close to the one-electron level. 

 

 

[H2O]/ [1]=2

[H2O]/[1] <0.1

 

Figure 4. Effect of water on CV curves for 5 mM of 1 at a scan rate of 100 mV/s. The 
voltammograms were recorded in dry 0.1 M Bu4NBF4/MeCN electrolyte (water content < 10 ppm 
/ 0.5 mM) and in the presence of water (200 ppm / 10 mM) on a glassy carbon disc electrode.  

In this reaction, if a chain reaction is initiated by reduction of 1, then the reduction 
peak current will decrease as the reduction range of 1 is repeatedly scanned. The 
corresponding voltametric curves obtained at 100 mV/s are shown in Figure 5. Potential 
scanning was performed from -2100 mV to -2600 mV and then in the reverse direction, 
which corresponds to 10 seconds per cycle. This scanning was repeated 10 times. For 
clarity, the relative values of the reduction peak currents in each subsequent scan are 
shown normalized to the peak current in the first scan (in solid blue, Figure 5 A). The peak 
current decreased approximately 4x by the second scan, and it has only 10% of the initial 
value in the fourth cycle. This is proportional to the decrease in the concentration of 
substrate 1 in the vicinity of the electrode during the chain reaction (its complete 
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disappearance cannot be expected due to the diffusion of the substrate from the bulk 
solution). For comparison, Figure 5A also shows the oxidation peak currents versus cycle 
number of ferrocene (dashed line), taken as a standard of a chemically reversible 
process. The peak current of ferrocene does not decrease significantly with additional 
scans (< 3 - 4% decrease). 

A. B.

 
Figure 5. CV curves of reduction of 5.0 mM of 1 (the blue solid lines) and oxidation of 1.6 mM of 
ferrocene (the dashed lines) in 0.1 M Bu4NBF4/MeCN electrolyte in the presence of water (200 
ppm / 10 mM) on a glassy carbon disc electrode. A. 10-fold cycling of 1 at a scan rate of 100 
mV/s. The forward peak current in each cycle normalized to the current in the first scan (currents 
were measured from the baseline) i.e. how much the current decreases in comparison to the first 
scan. The current of the standard of a reversible process (ferrocene) remains almost unchanged, 
while for 1 the current drops significantly. B Reduction of 1 at a scan rate of 25, 100, 200, 500, 
1000, 1500 and 2000 mV/s and oxidation of ferrocene at a scan rate of 50, 100, 200, 500 and 
1000 mV/s. The plot of absolute values of the forward peak currents versus the square root of the 
potential scan rate (currents were measured from the baseline). The standard of a reversible 
process (ferrocene), the correlation is strictly linear, while for 1 the current increases 
disproportionately.   

In turn, the relative decrease in the reduction peak current of 1 during an 
electrochemically initiated chain reaction should reduce with an increase in the potential 
scan rate. This is because, within a shorter time, a smaller molar amount of the substrate 
can react in a chain process, and thus a larger amount will participate in the stoichiometric 
redox reaction at the electrode. The reduction peak current of 1 versus the square root of 
the potential scan rate is shown in Figure 5B. For comparison, the oxidation peak current 
of ferrocene is also shown. For ferrocene the relationship is linear, in accordance with the 
Randles-Sevcik equation.[64] In the initial part of the plot the peak current of 1 is noticeably 
lower than that of ferrocene, despite 1 having a concentration 3 times greater. The low 
peak current of 1 at a low scan rate indicates that the chain reaction of 1 dominates and 
consumes any unreacted reactant 1 before it is able to reach the electrode. However, at 
a scan rate of about 1 V/s, the relative currents become equal, and at higher rates, the 
current of 1 becomes higher than the ferrocene current, indicating that most of reactant 1 
is being reduced by the electrode instead of consumed in the chain reaction. Overall, the 



21 
 

non-linearity of 1 further supports that an electrochemically initiated chain reaction is 
occurring after the initial reduction of 1. 

To get insights into the electron-water-catalyzed version of the process, we 
analyzed the products of reductive electrolysis tandem gas chromatography-mass 
spectrometry. Electrolysis was performed at a controlled potential of reduction of 1 (-2.38 
V) at a concentration of 5 mmol/L in acetonitrile with the 10 mmol/L of H2O and the 
Bu4NBF4 supporting electrolyte on a working electrode made of a glassy carbon rod. The 
counter electrode and the reference electrode were separated from the catholyte by 
diaphragms. After passing only 0.30 F/mol of electricity, the starting compound, 1, is not 
detected on the voltammetric curves and is not recorded using gas chromatography. 
Analysis of the resulting mixture by gas chromatography with detection of products by 
electron impact mass spectrometry (Supporting Information Figure S1) showed the 
presence of 18 peaks of oligomeric siloxanes (SiMe2O)n, which are typical products of 
dimethylsilanone oligomerization.[65] The peaks sequentially emerging in the mass 
spectra, recorded after separating the product mixture by chromatography, corresponded 
to particles with n up to 6. Peaks with higher retention times most likely corresponded to 
particles with higher n values, persistent during chromatography, but decomposing under 
electron impact conditions during detection. Another reaction product is 
tetraphenylbutene TPB. There were two signals, different in the retention times, but 
identical in mass spectra and corresponding to isomeric cis- and trans-
tetraphenylbutenes in a ratio of 40:60. However, it can be concluded that isomerization 
occurs under the conditions of GC-MS analysis, since NMR analysis of the mixture 
showed quantitative conversion of 1 to TPB and (SiMe2O)n (Figure S1). Other products 
were not observed. 
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Scheme 12. Identified products of electrochemically initiated reduction of 1. 

At first glance, these products may be unexpected, since tetraphenylbutenes are 
formally the products of four-electron four-proton reduction of 1. At the same time, the 
amount of electricity spent on their formation under electrolysis conditions is less than 
10% of the “required” amount of 4 electrons per 1 product.  

Similar results can be obtained in wet THF. Figure 6 shows the corresponding CV 
curve of reduction of 1 compared with that of separately synthesized, isolated, and 
characterized TPB. the curve of 1, following the peak of its reduction, which is decreased 
relative to the one-electron level, there is a peak of reduction product in shape, potential 
and current identical to the TPB curve. After passing 0.30 F/mol of electricity through 
solution of 1 at its reduction potential, peak of 1 completely disappears on the CV curve 
and only the TPB peak remains. NMR and GC/MS analysis shows the presence of only 
TPB and (SiMe2O)n in the solution (in addition to the background electrolyte). 



22 
 

 
 
Figure 6. CV curves for 5 mM of 1 in wet 0.1 M Bu4NBF4/THF (water content 200 ppm / 10 mM) 
at a scan rate of 100 mV/s on a glassy carbon disc electrode before (gray) and after (blue) passing 
0.30 F/mol of electricity at a controlled potential of reduction. For comparison, a CV curve of 5 
mM TBP is shown (in dry 0.1 M Bu4NBF4/THF, water content < 5 ppm / 0.25 mM).  

An experiment was also performed in which solution of 1 with 30 mol. % of 
potassium in the glovebox was placed in a closed vessel saturated with deuterated water 
vapor. The corresponding deuterated TPB and (SiMe2O)n were obtained as products 
(Scheme 13). Thus, a likely participant in the cyclic process with electron upconversion 
provoked by water is the hydration product of F. 
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Scheme 13. Electron-catalyzed decomposition reaction of 1 under the influence of D2O vapor. 

So, water or oxygen somewhat paradoxically promotes the electron-catalyzed chain 
processes of decomposition of a Si-Si-containing compound. It is also interesting to note 
that the process is again quenched in their joint presence (Scheme 8). Undoubtedly, it 
would be interesting to propose a logical and substantiated mechanism for the process 
involving water. 

It is known that the product of photolysis of 1 is the bicyclic structure 3, which can 
be reversibly converted into 4 (Scheme 14).[66] From general considerations, it can be 
assumed that these compounds, as well as their radical anions, could be participants in 
the discovered chain process. In particular, the authors of the cited work observed TPB 
as a hydrolysis product of 4. Since the photolysis results were obtained several decades 
ago, and the corresponding compounds were not fully characterized using NMR (only on 
1H nuclei), we repeated the photolysis experiment. Compounds 3 and 4 were obtained 
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and characterized using 1H, 13C and 29Si NMR spectroscopy. The results indicate that in 
none of the experiments described above even traces of these compounds could be 
detected. To support this and the explanation, one can use the data of quantum chemical 
calculations.  
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Scheme 14. Products of photochemical transformations of 1.[66] 

Computational analysis of the radical-anionic reaction 
Computational analysis of the reductive pathway allowed us to draw the following 

conclusions about the reaction mechanism. The primary product of electron transfer to 1 
is the corresponding radical anion F. Its reactivity determines the subsequent sequence 
of chemical reactions. The breaking of the weakest bond is a likely process that follows 
electron transfer. Such a bond in 1 is the Si-Si bond, the cleavage of which after electron 
transfer is typical not only in the oxidative, but also in the reductive mode.[67]  

However, the Si-Si bond cleavage radical anion F is not predicted to be a stable 
intermediate (~46 kcal/mol uphill). Rearrangement to a five-membered intermediate I 
analogous to the one formed in photochemical reaction was found to be uphill by ~ 10 
kcal/mol. [66] Hence, in a full agreement with the experimentally determined persistence 
of radical anion F, this species has no thermodynamically favorable escape route 
(Scheme 15) .  
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Scheme 15. Equilibrium between the radical anion forms of compounds 1, 3 and 4 analogous to 
photochemical transformations. The transformation of the radical anion F into H and I is extremely 
thermodynamically unfavorable. The corresponding reactions are very strongly shifted towards F, 
which makes the participation of such equilibria in a fast chain process unlikely.  
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 The situation changes, however, with the addition of water which allows a much 
more  favorable formation of radical anion J which is promoted by the greater strength of 
Si-O bond (Scheme 16). Further reaction with water can lead to cycle opening driven by 
the formation of one more Si-O bond in the intermediate L. Presence of the extra electron 
weakens the alkene C=C bond in L and, together with the steric repulsion of the two bulky 
Si-group, facilitates rotation around this bond, leading to the mixture of two geometric 
isomers.    
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Scheme 16.  Transformations of 1 in the single electron reduction regime in the presence of 
water. 

Taking a deeper look at the mechanism of the electron-catalyzed pathway shows 
that reductant upconversion can occur at multiple steps throughout the reaction (Figure 
7). After reduction, rearrangement of radical anion F results in five-membered J, which 
corresponds to an upconversion of nearly 9 kcal/mol. Next, reaction of water with J into 
L is favorable (∆G = -29 kcal/mol), but L is even less upconverted in comparison to the 
starting compound F (∆Gup = 7.8 kcal/mol). Finally, radical anionic version of the final 
product TPB from L  is thermodynamically favorable and TPB•–  is also upconverted (∆Gup 
= 9.3 kcal/mol) relative to F as shown in Figure 7 for the cis isomer. In the presence of 
water electron catalysis is unavoidable in the electron upconversion regime. 
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Figure 7. A. Thermodynamics of consecutive hydrolysis of neutral and radical-anionic 
disilacyclohexadiene 1. B. Evaluation of reductant upconversion mediated by the single electron 
reduction of compound 1 in water. Each intermediate and  the final product of  the radical anionic 
pathway are upconverted relative to the starting radical-anion F.  

 An intriguing question is why the introduction of water and subsequent ability to 
form the Si-O bonds opens the doors for electron upconversion. One should recall that 
the upconversion originates from the difference in exergonicity of two reactions, i.e., the 
radical-anionic reaction vs. its neutral counterpart. A possible explanation is that the Si-
O bond which is known to be one of the strongest chemical bonds renders the key neutral 
reactions (such as conversion of 1 into 5) highly exergonic but contributes less to the  
respective radical anionic transformation FJ. A more detailed analysis of how the Si-O 
bond strength changes upon one-electron reduction will be the topic of our future studies.  

Furthermore, computational results support that water is necessary for electron 
upconversion as shown by the analysis under dry conditions where molecular oxygen 
(3O2) can oxidize F to afford 2 (Scheme 17). First, the stubbornness of F to directly form 2 
stems from the unfavorable thermodynamics of this process (∆G = 32.1 kcal/mol), 
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supporting that oxygen is necessary for F to react. Although electron catalysis is present, 
there is no electron upconversion in the absence of water, which is expected since G is 
not a strong reductant relative to the starting material.  
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Scheme 17: A. conversion of F to 2 is more thermodynamically favorable with molecular oxygen. 
B. Electron upconversion is not present in the absence of water. 

 
After upconversion was confirmed from the computed Gibbs free energies, we 

explored the intermediates in the pathway to determine the location of the radical anion 
(see details in SI Scheme S4). An alternative pathway (Scheme 18) can be proposed 
from F to the final product which results in the formation of intermediate K (∆Gup = 9.5 
kcal/mol) and continues on the same pathway from K to M (intermediates in Figure 7). In 
any case, both experimental and computational results support the involvement of water 
to facilitate the catalytic cycle via the upconversion. This explains the seemingly unusual 
formation of formal products of four-electron reduction of 1 despite the need for only 
catalytic amounts of electricity (0.30 F/mol). 
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Scheme 18. Alternative pathway which forms intermediate K and dimethylsilanone. 

4. Conclusions 
 

The electrochemical behavior of a cyclic conjugated π-electron system containing a 
silicon-silicon bond shows that single electron transfer, either oxidative or reductive, 
breaks the Si-Si bond. However, the subsequent sequences of reactions that propagate 
the electron and hole catalytic cycles are fundamentally different (Scheme 19). In one-
electron oxidation, the resulting distonic radical cation is stabilized by ring contraction 
leading to the formation of radical cation of silole 2. Because it is a more powerful oxidizing 
agent than the radical cation of the starting diene 1, the product radical cation oxidizes 
the starting compound to close a true hole-catalyzed cycle.  

It is also interesting that chemical and electrochemical oxidation of the same 
substrate can lead to different results. In particular, catalytic cycle based on hole catalysis 
couldn’t function in electrochemical oxidation where radical cation is quickly oxidized 
further. The difference between chemical (one-electron) and electrochemical (multi-
electron) oxidation illustrates that multielectron pathways should be avoided in the design 
of true hole-catalyzed reactions. “One hole at a time, please” seems to be a requirement 
for hole catalysis.   

In the case of the radical anion, the additional electron also facilitates the Si-Si bond 
scission but not without assistance. The initially formed radical ion is remarkably stable 
and persistent, so the catalytic cycle stalls. Paradoxically, the catalytic cycle can be 
restarted by the addition of either water or oxygen (known “antagonists” of electron 
catalysis). The possibility of forming strong Si-O bonds opens an alternative mechanistic 
path that leads to a different product, tetraphenylbutene. Because the radical anion of this 
product, as well as several intermediate structures, is a more powerful reductant than the 
radical anion of 1, the electron-catalytic cycle is established.  

Thus, both the removal and the addition of an electron to the Si-Si containing 
molecule initiates catalytic cycles accompanied by redox upconversion as summarized in 
Scheme 19. Hole upconversion does not require additional reagents but electron 
upconversion is activated only in the presence of water.  The products are different and 
the nature of the experimentally observed path is, to a large extent, defined by the 
possibility of using redox upconversion. This divergent behavior suggests that redox 
upconversion can be used as a conceptually new tool for developing selective catalytic 
transformations.  
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Scheme 19. Principles and differences of electron- and hole-catalyzed disilacyclohexadiene 
transformations. 
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