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1. Introduction 

 

It is hard to overestimate the importance of the five membered heterocycles. 

Among these compounds aromatic molecules are of specific importance.
1
 To achieve 

(4n+2) electron containing aromatic system the main issue is the ability of the 

nonbonding electron pair of the heteroatom to conjugate with the * orbital of the 

butadiene moiety. While in case of pyrrole, furan and thiophene the electron pair of the 

heteroatom has p-character which makes conjugation favorable, in phosphole or in 

silolide anion (silolide) the heteroatom has a pyramidal environment with significant s-

type electron pair and therefore decreased conjugation. In the latter two cases the 

aromatic structure is a first-order saddle point on the potential energy surface, with 

significantly reduced inversion barrier compared to the phosphine (PH3) or to the 

silylide (SiH3

) anion.

2
 As it should be expected the formation of the aromatic system 

in the planar structure decreases the inversion barrier,
3
 however this is not enough to 

fully overcompensate it. 

In the case of phosphole the substituents on the ring can decrease the inversion 

barrier, moreover with sterically demanding groups on the phosphorous Luis Quinn and 

György Keglevich were able to synthetize nearly planar phosphole exhibiting 

electrophile substitution reactivity.
4
 It should be noted that the only known fully planar 

phosphole so far is a 1,2,4-triphosphole.
5
 

We envisaged, that studying the effect of substituents on silolide ions we can 

find systems, with significantly decreased inversion barrier which exhibit then 

significant aromaticity. With enhanced aromaticity they may be used as interesting new 

ligands in transition metal complexes similar to cyclopentadienide. During my PhD 

studies I used quantum chemical calculations to reveal the effect of substituents on the 

aromaticity of the silolides, and prepared the first aromatic lithium-silolide based on the 

calculated results. Its aromaticity was studied using both experimentally (NMR, X-ray 
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crystallography) and by using DFT methods.  

 

 

2. Literature review 

 

Aromatic compounds exhibit significant reactivity differences compared to their 

saturated derivate. In spite of the frequent use of the term aromaticity in chemistry, its 

definition is still somewhat hazy. The most widely used definition is the ground state of 

a planar conjugated π-electron system that fulfills certain geometric, energetic and 

magnetic requirements. These requirements can be described with different aromatic 

descriptors; however the correlation between these parameters were always in the 

middle of theoretical arguments. In similar systems (e.g. five membered heterocycles) 

these parameters show excellent linear correlation, and are therefore useful tools to 

estimate and compare the aromaticity compounds.
6
 Commonly applied aromatic 

parameters are Bird-index
7
, a NICS

8
 and ISEc

9
 values, which I also applied during my 

PhD work.  

Bird index is geometric parameter, which based on the bond length equalization 

in an aromatic ring (e. g. in benzene the carbon-carbon bonds have the same length). 

The bond length difference in the ring can be easily followed by the bond order 

distribution applying the Gordy equation.
10

  The normalization of the bond order 

distribution resulted in Bird index with a 0-100 scale where aromatic compounds have 

a value near 100 while nonaromatic systems close to 0. 

The magnetic shielding evolved around aromatic compounds is also suitable to 

compare the aromaticity in magnetic aspect. However experimental determination of 

the magnetic shielding is not easy to achieve, the NICS value, which is the calculated 

negative of the absolute magnetic shielding in the centrum of the ring is widely used as 

a magnetic descriptor.
8
 For aromatic compounds NICS has a negative value, while 

nonaromatic compounds have a NICS value near zero. 

One of the useful energetic descriptors is ISEc (isomeric stabilization energy), 

which can be calculated with the homodesmotic reaction showed in Figure 1. The lower 
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(more negative) energy belongs to the increased aromatic stability. 

 

Figure 1.   Homodesmotic reaction for ISEc calculation 

Aromatic descriptors in Table 1 show that pyrrol, furan and cyclopentadienide having 

increased aromaticity, while only thiophene is aromatic among the heterocycles with 

heavier elements. Phosphole and silolide has lower aromaticity due to their pyramidal 

structure.  

Table 1.    Bird-indices (I5) , NICS(0) and ISEc values of five-membered heterocycles
11

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Theoretically the aromaticity of the silolide should exceed the aromaticity of 

phosphole with its lower inversion barrier and more planar structure; however the 
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7
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11

 
11


 
furan 
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11


 
thiophene 68

11
 

11
 

11




experimental results do not confirm this. Silolides with reported X-ray structures 

exhibit pyramidal environment around the silicon and therefore limited conjugation.
12

 

In some cases NMR spectroscopy is useful to estimate the aromaticity of 

silolides.
13

 It is generally accepted that the delocalization in silolide dianions (where the 

pyramidalization problem is not relevant) results in a charge transfer from the silicon 

toward the butadiene moiety, which is considered to result in a downfield effect on
 29

Si 

NMR signals compared to the neutral tetravalent synthetic precursors (e.g. 

dichlorosiloles). This so called charge transfer effect was assigned to an increased 

delocalization and therefore increased aromaticity. There are several examples for this 

effect in the case of silolide dianion or phospholide anion, however only a single 

example was reported for silolide anion (20a - Figure 2.), which was then considered 

aromatic. Nevertheless, it was never considered how large the effect of the substituents 

is on the planarity (and the aromaticity) of the system.  

 

19  20a  

(
29

Si) = 3.6 ppm  (
29

Si) = 25.1 ppm 

Figure 2.   
29

Si NMR chemical shift change during the formation of tert-butyl-

tetraphenylsilolide anion  

3. Methods 

 

To study the effect of substituents DFT calculations were carried out using the 

Gaussian 09 program package on differently substituted silolide anions, while NICS 

and ISEc values were calculated to quantitatively compare their aromaticity. In most 

cases planar silolides were first-order saddle points, while pyramidal silolides were 

always real minima on the potential energy surface. The distribution of the mesomeric 

structures was calculated with NBO-NRT program set.  

During the preparative work standard Schlenk techniques were used, the 

products were isolated by distillation or recrystallization. 
1
H, 

13
C, 

29
Si, 

7
Li és 2D 
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(HMBC, HSQC, 
1
H

29
Si correlation) NMR spectroscopy were mostly used for 

identification. Elemental analysis, GC-MS or HRMS were further applied on the less 

sensitive products. 

The X-ray crystallographic measurements were carried out by Dr. Petra 

Bombicz or by Dr. Tamás Holczbauer.  

 

4. Results 

 

4.1. Effects of the substituents on the aromaticity of silolides 
K1

 

 

In order to obtain a general picture on the substituent effect, we have selected 

groups with different electronic properties and have investigated their effect at different 

positions. To compare the aromaticity of the substituted silolides we applied different 

aromaticity descriptors (ISEc, NICS(1), NICS(1)zz), and calculated inversion barriers 

(Einv) and have also determined the weight of the mesomeric structures (Figure 3.).  

 

Figure 3.   mesomeric structures for silolides  

Substituents with –M effect (SiH3, or synthetically more conveniently SiMe3) 

on the alpha carbons, like in the case of phosphole, stabilize the planar structure, and 

greatly decreases the inversion barrier (60: 1.38 kcal/mol). The CC bond lengths are 

nearly equal even in the nonplanar minimum, furthermore in the planar form the CC 

bond is shorter than CC., which indicates the significant contribution of mesomeric 

structure b or c. 

Having the effect of the ring substituent investigated, we considered the 

coordination of the alkali cation. The 5
-coordination decreases the inversion barrier 

and the bond length differences, and increases ISE and NICS values according to our 

studies (Table 2.). 



 

Table 2.   Geometric parameters and aromatic descriptors for lithium-2,5-

disilyl-silolides  

    

 60pl
f
 60 61pl

f
 61 

SiC
a
 1.801 1.811 1.802 1.801 

CC
a
 1.429 1.428 1.434 1.438 

CC
a
 1.409 1.410 1.406 1.403 

∆CC
b
 –0.020 0.018 –0.028 –0.035 

ASS
c
 360.0 349.6 360.0 359.0 

Einv
d
 1.38 – 0.83 – 

ISEc
d
 –36.9 –17.1 –34.5 –21.3 

NICS(1)
e
 –10.7 –10.4 –9.5 –9.6 

NICS(1)πzz
e
 –23.7 –22.9 –23.1 –23.1 

a
[Ǻ]; 

b
bond length difference: CC = CC– CC [Ǻ]; 

c 
Angle sums at silicon [

o
]; 

d
[kcal/mol]; 

e
[ppm]; 

f
planar state is also minimum. 

The presence of both Li counteraction and SiH3 groups on the -carbons 

resulted in a nearly planar silolide with small inversion barrier. Interestingly the planar 

structure, which was first-order saddle point in most cases, was a real minimum in the 

case of 60 and 61. THF coordination reduces somewhat the interaction between the 

anionic ring and Li
+
 consequently, the flattening effect of the counteraction, and the 

aromatic delocalization on the anionic ring is reduced.  

In conclusion, we investigated the effect of the different substituents on the 

aromaticity of the silolide ring, and revealed that with the properly chosen substituents 

the aromaticity of the silolide ring can be fine-tuned.  

 

4.2. Attempts to prepare 1-methyl- and 1-tert-butyl-silolide-anion  

 

Precursors (42, 66) were synthetized according to Tamao’s method (Figure 4.). 

1-tert-butylchlorosilol (67) was prepared from the reaction of 42 with tBuLi. 



 

Figure 4.   preparation of chlorosiloles (42, 66) according to Tamao’s method 

Direct metalation of 66 and 67 using alkali metals (Li, Na, K) resulted in a 

mixture of products, which could not be isolated or identified by NMR spectroscopy. 

The presence of multiple products can be explained with the formation of a tricyclic 

dimer dianion reported for the tetraphenyl analogue in a previous paper (Figure 5.)
14

. 

DFT calculations confirmed that the formation of the dimer dianion (74) is 

thermodynamically favored. 

 

 

Figure 5.   formation of tricyclic dimer dianion  

(74Li: Erel = –27.1 kcal/mol; G = –2.6 kcal/mol M06-2X/6-31+G(d,2p) level of 

theory) 
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4.3. Preparation of 1-mesityl- and 1-bis(trimethylsilyl)methyl-silolide 
K4 

 

In order to avoid the formation of dimer dianion we decided to choose bulkier 

substituents at the ring silicon. To obtain the aimed aromatic lithium-silolides we 

prepared chlorosiloles (80, 81) from the reaction of 42 and MesLi, or (SiMe3)2CHLi.  

The THF solution of 80 and 81 was then treated with 2 equivalents lithium to obtain 

silolide 84 and 85 which were identified by 
1
H, 

13
C, 

29
Si és 

7
Li NMR spectroscopy 

(Figure 6.). 

 

Figure 6.   preparation of lithium-silolides (84, 85)  

The crystal structure of 85 has been determined by X-ray crystallography 

(Figure 7.). 

 

Figure 7.   molecular structure of lithium-1-mesitylsilolide (85) 

Geometrical parameters (SiC, CC bond length) from X-ray crystallography 

showed an increased conjugation between the silicon lone pair and the butadiene 

moiety. Interestingly the CC bond is shorter than the CC bond, showing the 

increased weight of the mesomeric structures b and c (Figure 3.). This behavior seems 

to be unique among the five membered heterocycles. 
1
H, 

13
C, 

29
Si NMR signals 

changed according to the aforementioned charge transfer effect during the metalation 



further proving the enhanced aromaticity. The NICS(1) and Bird-index values in the 

calculated structure of 85 lithium-silolide and its anionic form (85

_cal pyramidal, 

85pl

_cal: planar structure) at M06-2X/6-31+G(d,2p) level also showed aromatic 

behavior (Table 3.).  

Table 3.   Aromatic parameters in different forms of lithium-1-mesitylsilolide (85)  

 85_cal 85

_cal 85pl


_cal 

ASS
a
 358.4 330.2 360 

I5 90 65 81 

NICS(1)
b
 -8.2 -6.7 /-7.7

c
 -6.8 

a 
Angle sums at silicon [

0
]; 

b 
[ppm] 

c 
due to the nonplanar structure of the ring, NICS(1) values at the two 

sides of the ring are nonequivalent 

 

4.3. Preparation of silolide dianions 
K2

 

  

The reaction of dichlorosilole 42 with 4 equivalent lithium, sodium or 

potassium in dioxane or THF resulted in the expected silolide dianions 86–88 (Figure 

8.). 

 

Figure 8.   preparation of silolide dianions (86, 87, 88)  

8688 were identified by 
1
H,

 13
C, 

29
Si NMR spectroscopy, and the structure of 

88 was determined by X-ray crystallography. NMR and X-ray results together with the 

DFT calculations proved the high aromaticity of the dianions.  

 

4.4. Preparation of iron-complexes and attempts to synthetize ferrocene analogues
K3

 

 

We envisaged that increased aromaticity of the silolide ring will favor the 

formation of ferrocene analogues via CO elimination from 1
-iron-silolide complexes. 

The reaction of 1-chlorosiloles (42, 66) and K[FeCp(CO)2] resulting the 1
-iron-



silolide complexes (92 and 93) in good yield. In the case 1-chlorosilol 67 the bulky tert-

butyl group prevented the formation of complex 95 (Figure 9.). Complexes 93 and 94 

were identified by 
1
H, 

13
C, 

29
Si NMR, MS, and X-ray crystallography. 

 

Figure 9.   preparation of 1
-iron-silolide complexes (93, 94, 95) 

The attempted transformation of complexes 93 and 94 to the corresponding 

silaferrocenes by CO eliminations were unsuccessful using UV irradiation, Me3NO or 

simple heating. DFT calculations revealed that the increased stability of the carbonyl 

complexes can be attributed to the increased electron donating behavior of the silicon to 

the central Fe, while the aromaticity of the silolide ligand seems to have less influence.  

 

5. Thesis points 

 

1. Quantum chemical calculations were carried out to study the effects of the 

substituents on the aromaticity and on the inversion barrier of silolides. It was revealed 

that SiH3 and SiMe3 groups on the -carbons enhance the planarity, and consequently 

the aromaticity based on different aromaticity descriptors (e.g. NICS, ISEc). (K1) 

 

2.  Direct metallation of 1-methyl and 1-tert-butyl-chlorosiloles resulted in a 

tricyclic dimer dianion according to NMR measurements and DFT calculations. 

 

3. We could successfully synthesize, and structurally characterize the first planar 

silolide anion. This compound turned out to be aromatic, and exhibits an unprecedented 

high contribution of non-classical resonance structures with Si=C double bond. (K4) 

 

 



4. We synthesized new silyl-substituted silolide dianions, with potassium, sodium 

and lithium counterions, and characterized by X-ray crystallography the lithium 

derivative, which was found to exist in two different coordination isomers. The 

experimental (NMR, X-ray diffraction) and calculated results proved the increased 

aromaticity of the dianions. (K2) 

 

5. Preparation and structure determinations by X-ray crystallography of two new 

1
-iron-silolide complexes have been carried out. Quantum chemical calculations 

revealed that presence of Si-Fe bond enhances the stability of these complexes against 

CO elimination which makes them unable to form ferrocene type molecules in thermal 

reaction. (K3) 

 

6. Potential applications 

 

Lithium-silolides are possible starting materials for transition-metal complexes, 

while dianions were already applied to prepare silylenes.
15

 The chlorosilol precursors 

possess high fluorescence activity which makes them useful for preparing OLEDs. 

Fluorescence spectroscopic studies are in progress in our research groups to reveal 

possible applications. 
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