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Abstract: In this work we describe the interaction between Lewis 
bases, especially N-Heterocyclic Carbenes (NHCs), and hindered 
neutral silicon derivatives featuring high Lewis acidity. We establish 
that the formation of normal and abnormal Lewis adducts can be 
controlled by playing with the acidity of the corresponding tetravalent 
spiro organosilane. Some DFT calculations allow for gaining insight 
into the thermodynamics of the NHC-spirosilane interaction featuring 
various NHCs differing in size and σ-donor capacity. We introduce 
spirosilanes as new Lewis partners in FLP chemistry and some FLP-
type reactivities are presented, notably the activation of 
formaldehyde that could occur with both hindered NHCs and 
phosphines.   

The theory of Lewis acid and base is of great importance and 
has contributed to the development of the twentieth century 
chemistry. The non-interaction of sterically demanding Lewis 
pairs has been known for nearly seventy years.[1] In 2006, the 
group of Stephan has achieved a major breakthrough 
demonstrating that the unquenched properties of a hindered 
Lewis pair could be used to reversibly activate bonds of small 
molecules.[2] This intriguing concept has opened the gate of new 
types of reactivity, notably the metal-free splitting of hydrogen 
and since then many new Lewis partners have proven to exhibit 
such Frustrated Lewis Pair (FLP) properties.[3] Interestingly, a 
thorough survey of the published literature would probably show 
that the chemical variation on FLPs is relatively limited and 
mainly confined to Group 13 elements such as boron and 
aluminium derivatives for the acid component, among which 
B(C6F5)3 remains predominant.[4] 

Few silicon-based Lewis acids have been involved for that 
purpose and most of them are silyliums derivatives,[5] which are 
isolobal and isoelectronic to boranes and alanes. For instance, 
the group of Müller reported that hindered triarylsilyliums were 
able to activate hydrogen in the presence of a hindered 
phosphane (Scheme1).[5h] Few years later, the group of Ashley 
demonstrated that the isolable Lewis adduct formed between (i-
Pr)3Si+ and P(t-Bu)3 was also able to split hydrogen.[5e] 
Concerning neutral silane species, to the best of our knowledge, 
the only example has been reported by the group of Mitzel with 
an intramolecular system (C2F5)3SiCH2P(t-Bu)2 which can form a 
stable adduct with carbon dioxide (Scheme 1).[6] Aside from this 
intramolecular example, no other tetravalent neutral silicon 
system has been shown to exhibit FLP properties so far. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Scheme 1. Silicon-based FLPs for the bond activation of small molecule 
activation 

Our group has been interested in the reactivity of Martin’s 
spirosilane 1,[7] a peculiar tetravalent organosilane featuring two 
hexafluorocumyl alkoxy ligands that is known to possess good 
Lewis acid properties and lead to stable pentavalent species in 
the presence of various charged nucleophiles.[8]A hexavalent 
complex with phenanthroline was also isolated.[9] Recently, we 
demonstrated that using low sterically-demanding NHCs such as 
IMe (R = Me) and IMes (R = Mes), the interaction with the 
Martin’s spirosilane 1 was strong and in these cases classical 
Lewis adducts of type 2 were formed in which the silicon moiety 
displayed a trigonal bipyramidal geometry.[10] 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 2. Interaction between Martin’s spirosilane and NHCs (Mes = 2,4,6-
trimethylphenyl, Dipp = 2,6-diisopropylphenyl)[10]  

In sharp contrast, with more encumbered Lewis bases such as 
hindered NHCs, NMR monitoring revealed that no such 
interactions with 1 occurred and therefore we were in the 
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presence of FLPs (Scheme 2). In this case, the system evolves 
towards the formation of a stable abnormal adduct of type 3. [11] 
 
Interestingly, at high temperature in toluene, the classical Lewis 
adduct 2b formed between IMes and spirosilane 1, rearranges 
to afford the abnormal adducts 3b (Scheme 3). This normal-to-
abnormal adduct rearrangement has already been observed 
with metal complexes[12] such as trialkylgallium[13] or 
aluminum.[14] However it usually occurs with bulkier NHCs such 
as IPr or ItBu which could attest for the good Lewis acidity of 1 
but also its steric hindrance.  
 

 
Scheme 3. Interconversion of NHC adduct 2b into the abnormal adduct 3b. 

At this stage, we wondered whether we could tune the reactivity 
of spirosilane 1 by introducing electron-withdrawing groups, 
namely CF3 groups, on the aromatic scaffolds. In that case, it 
would be interesting to evaluate the influence of these 
substituents on the electrophilic character of the silicon atom 
and also to see if different behaviors can be observed when 
confronted with hindered NHCs. On the other hand, we were 
curious to assess the FLP character in the use of spirosilanes as 
new Lewis acid partners for the activation of small molecules.    
 
Firstly, the spirosilane analogue 4 bearing CF3 groups on the 
aryl rings was readily obtained by using known procedure.[8a] 
 
 
 
 
 
 
 

Scheme 4. Synthesis of spirosilane CF3-analogue 4 

The Lewis acidity of 1 and its CF3-analogue 4 were assessed 
using the Gutmann-Beckett method.[15] A slightly higher 
electrophilicity of 1 compared to  B(C6F5)3 was measured with a 
corresponding acceptor number of AN = 84.4 (for B(C6F5)3 AN = 
81.4).[16] As expected, the Lewis acidity of spirosilane 4 was 
higher than that of 1 with a AN calculated to be 89.2. 
 Interestingly, while only the abnormal adduct was obtained 
from IPr and spirosilane 1 (see scheme 2), no such adduct was 
formed at room temperature with the CF3 analogue 4. In this 
case, the normal adduct 5c was obtained instead (Scheme 5). 
Performing the reaction at higher temperature led to the 
formation of the abnormal adduct 6c. It is worth mentioning that 
the normal adduct 5c also rearranges to 6c in refluxing toluene. 
This change of behavior can presumably be attributed to the 
higher Lewis acidity of 4 compared to that of Martin’s spirosilane 
1. Using the more hindered ItBu NHC directly affords the 
abnormal adduct 6d even at room temperature. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 5. Interaction between spirosilane 4 and hindered NHCs  

The structure of the abnormal adduct 6d could be confirmed by 
X-ray diffraction analysis (Figure 1). In this structure, the 
Si−CNHC distance is about 1.93 Å which is shorter than the one 
observed in classical adducts such as 2a and 2b (about 1.96 
Å).[10] This can be attributed to the stronger σ-donor character of 
mesoionic NHC compared to Arduengo-type NHC.[17] In addition, 
the trigonal bipyramidal geometry of the pentacoordinated silicon 
moiety is slightly distorted featuring a large O-Si-O angle of 
187.0° probably due to the steric congestion. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. X-Ray crystal structure of 6d (CCDC 1905664) 

To gain further insight into the thermodynamics of the NHCs-
silanes interactions, we performed DFT calculations at the  
B3LYP and M05-2X levels and the 31G** basis set using the 
Gaussian09 program. The geometrical parameters obtained with 
the M05-2X method fit well with the X-Ray crystallographic 
structures with notably a very good estimation of the Si−CNHC 
lengths (Table 1). Conversely, the B3LYP method 
underestimated the interaction between the two partners and 
gave a longer calculated Si-CNHC bond length. A difference of 
about 15-20 kcal.mol-1 was observed between the two methods 
for all enthalpies of adduct formation probably due to the better 
appreciation of the dispersion factors with M05-2X.[19] 
Nevertheless some trends can be stressed from both methods. 
It turned out that the formation of the normal adducts 2 between 
NHCs and 1 was highly dependent on the steric bulk on the 
NHC. The exothermicity of the Lewis adducts formation indeed 
decreased by 20 kcal.mol-1 between 2a (from dimethyl IMe) and 
2c (from IPr) and about 25 kcal.mol-1 between 2a and 2d (from 
ItBu NHC). A Gibbs free energy (ΔG°298) of 0.5 kcal.mol-1 for the 
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formation of 2d indicates that in this case the adduct formation is 
endergonic which is fully consistent with our experimental 
findings. In addition, a high charge transfer of about 0.45 from all 
NHCs to silane 1 has been deduced from the NBO analysis. The 
gain of electron density is mainly redistributed to the apical 
bistrifluoro alkoxy ligands while the charge at the silicon remains 
approximately unchanged (from +1.21 to +1.15). 
  
 Table 1. Thermodynamic parameters obtained by DFT calculations for the 
formation of normal adducts. Distances are given in Å and energies in 
kcal.mol-1. 

 
 

 
 
The energy corresponding to the formation of the normal adduct 
between the CF3 analogue 4 and IPr was also calculated at the 
M05-2X level of theory (Scheme 6). Interestingly, the Gibbs free 
energy is much more exergonic by about 10 units than the one 
calculated for spirosilane 1 (-18.2 vs -8.7 kcal.mol-1). This result 
is in good agreement with the experimental result. Indeed, the 
classical adduct 5c can effectively be formed with 4 and not with 
the less acidic spirosilane 1. 
 
 
 
 
 

Scheme 6. Calculated interaction between CF3-analogue 4 and IPr at the 
M05-2X/ 31G**level of theory  

Regarding abnormal adducts, the calculated Si-CNHC bond 
length of compound 3c is longer with both methods than the one 
deduced from the X-ray structure, which indicates an overall 
underestimation of the bond strength and consequently of the 
aNHC-Si interaction. Interestingly and also fully consistent with 
our results, calculations showed that the abnormal adducts 3c 
and 3d are more stable than the corresponding normal adducts 
2c and 2d (Table 2).  
 
 
 
 
 
 
 
 
 
 

 

Table 2. Thermodynamic parameters obtained by DFT calculations for normal 
to-abnormal adducts interconversion. Energies are given in kcal.mol-1. 

 
 

 
We then examined the behavior of 1 and 4 towards bulky 
phosphines such as tri-isopropyl and tri-tert-butyl phoshines. No 
interactions were detected by NMR spectroscopy, suggesting 
FLP systems in all these cases or a very weak degree of 
interaction. In order to ascertain a FLP type of behavior with 
bulky NHCs and phosphines, we looked at the possible 
activation of various substrates. Unfortunately, the Lewis acid 
partners 1 and even more acidic 4 proved to be inefficient for the 
activation of H2 and CO2 in the presence of hindered bases. 
Nevertheless, activation of formaldehyde[20] was possible with 
the sterically encumbered IPr NHC and triisopropylphosphine. In 
these cases, the three-component zwitterionic adducts 7-10 
could be isolated (Scheme 7).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 Scheme 7. FLP type reactivities using spirosilanes 1 and 4 as Lewis acid 
partners 

A XRD structure of 9 was obtained and confirmed the insertion 
of the aldehyde component into the FLP system (figure 2).  

 
Figure 2. X-Ray crystal structure of 9 (CCDC 1523671) 
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Finally, the Lewis partners 1 and the hindered tri-tert-butyl 
phoshine was used for the activation of alcohols such as 
benzylic alcohol to form benzyloxysilicate 11 (Scheme 8).  
 

 
Scheme 8. Synthesis of benzyloxysilicate 11. TMP (1,1,5,5-
tetramethylpiperidine) 

Adduct 10 was fully characterized by NMR. It notably displayed 
by 1H NMR an AB system with a large splitting of the two 
diastereotopic benzylic protons[21] highlighting the intrinsic 
chirality of the spirosilane moiety. This interesting feature 
potentially opens the way for further FLP - based asymmetric[22] 
transformations using chiral spirosilane analogues.[23] 

 

To conclude, we have shown that the Martin’s spirosilane and its 
CF3-analogue possess a high Lewis acidity along with a 
sufficient hindrance that allow for hampering the interaction with 
hindered Lewis bases. For the NHCs series, we established that 
the formation of the normal Lewis adduct over the abnormal 
adduct could be favored by only increasing the Lewis acidity of 
the tetravalent organosilane. The thermodynamics of these 
NHC-silane interactions were studied by DFT calculations that 
gave some trends in accordance with the experimental findings. 
Finally, a FLP character was unambiguously evidenced in 
several diagnostic reactions such as the activation of benzylic 
alcohol and formaldehyde. Further applications of Martin’s 
spirosilane and congeners in FLP chemistry are now under 
active scrutiny in our laboratory.   
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Herein, we report on the interaction between hindered Lewis bases and 
spirosilane derivatives. Normal and abnormal Lewis adducts were selectively 
isolated using N-Heterocyclic Carbenes, by tuning the Lewis acidity of the Lewis 
acid partner. Some FLP-type reactivities are also presented. 


